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Constrained standard model from a compact extra dimension
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An SU(3)XSU(2)xU(1) supersymmetric theory is constructed with a TeV-sized extra dimension compac-
tified on the orbifoldSY/(Z,%x Z}). The compactification breaks supersymmetry leaving a set of zero modes
that correspond precisely to the states of the 1 Higgs doublet standard model. Supersymmetric Yukawa
interactions are localized at orbifold fixed points. The top quark hypermultiplet radiatively triggers electroweak
symmetry breaking, yielding a Higgs potential that is finite and exponentially insensitive to physics above the
compactification scale. This potential depends on only a single free parameter, the compactification scale,
yielding a Higgs boson mass prediction of 23 GeV. The masses of all the superpartners and the Kaluza-
Klein excitations are also predicted. The lightest supersymmetric particle is a top squark of mag9 15&gV.

The top Kaluza-Klein tower leads to theparameter having quadratic sensitivity to unknown physics in the
ultraviolet region.
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[. INTRODUCTION unified theories provide a relation between the three gauge

The standard model provides an economical descriptiogoupling constants, and yet breaking the grand unified gauge
of particles and their interactions in terms of 18 free paramsymmetry is the least attractive and constrained aspect of
eters. There are nine parameters associated with the massksse theories.
of the quarks and charged leptons, and four parameters to It is commonly believed that the most satisfactory way to
describe the flavor mixing of the quarks. There are threeonstruct a physical theory of EWSB is to extend space-time
independent gauge couplings, and the final two parametesymmetry to include supersymmetf]. In this case, the
are associated with the Higgs boson. One is the vacuum exjuadratic divergence in the Higgs boson mass parameter
pectation valu¢VEV) of the Higgs field, which is accurately coming from a top quark radiative correction is canceled
determined by the Fermi coupling constant, and the other iby that coming from a scalar top. Including supersym-
the mass of the Higgs boson, which is unknown, althoughmetry breaking at scaleg,sy, the resulting divergence is
precision electroweak data suggest it is less than 188 GeV #igarithmic
the 95% confidence levél].

Despite the phenomenological success and mathematical mﬁ'oc—m§USY|nA, 2
consistency of the standard model, it does not provide a

physical description of electroweak symmetry breakingso that EWSB may be triggered by physics all the way up to
(EWSB). The theory is believed to be an effective theorythe cutoff[3]. The Higgs mass is reliably computed in the
valid at all energies below some cutoff. Yet the mass effective theory, and is not dominated by unknown physics
parameter of the Higgs field has radiative corrections thajt the cutoff. However, the economy of the theory has been
grow quadratically withA sacrificed. An entirely new sector of the theory must be in-
troduced, with the sole purpose of breaking supersymmetry
mﬁ“—Az- (1)  to generate the scal@gysy. There are now many alterna-
tives for this sector, and their relative merits are hotly de-
The physics of EWSB is at or beyond the cutoff, and hencéated, but the fact remains that such a new sector of the
not adequately described by the low energy effective theorytheory is inherent to the present formulation of super-

In this paper we introduce a theory that does provide aymmetric theories. Indeed it was realized from an early
full physical description of EWSB, in terms of new physics stage that supersymmetry breaking could not occur in the
at a mass scale of 400 GeV. Our theory contains 17 frestandard model sector, but had to be somewhat remote from
parameters, one fewer than the standard model, so that w€[4], necessitating a mediation mechanism between the two
are able to predict the mass of the Higgs boson. sectors.

A key feature of most theories that go beyond the stan- The result of this mediation is to introduce a set of new
dard model is an enhanced symmetry structure. Symmetriggarameters describing the strengths of the soft supersymme-
are the key to constructing more predictive and elegant thedry breaking interactions. These parameters themselves give
ries. Yet they are also a challenge, because nature does nige to a host of new problems: why are the squarks nearly
possess these additional symmetries, so they must be brokdegenerate so as to avoid flavor-changing @rilviolating
and this often introduces great freedom. For example, grandroblems? Why are there any light Higgs bosons in the
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theory? There is no obvious symmetry keeping them lighttive energy desert—and fits well with the possibility that the
Why is the proton stable? This success of the standard mod&indamental scale of gravity is in the multi-TeV domain
is lost when the theory is made supersymmetric—apparently12]. What breaks supersymmetry, causing the mass shift
the proton could decay via squark exchange. What distinpetween quark and squark KK towers?
guishes matter from the Higgs boson? In the standard model Once extra dimensions have been introduced at the TeV
this is clear: matter is fermionic while the HIggS pal’ticle is Sca|e, a nhew poss|b|||ty opens up for Supersymmetry break-
bosonic. Supersymmetry provides no such clear separatio;hg [8,13), that is not available in the conventional energy
requiring an artificial distinction between the Higgs bosonyesert version of supersymmetry: the Scherk-Schwarz
and the sne_utrino. Studying solutions to these problems h"’l’ﬁechanisn[14]. Modifying the periodic boundary condition
been an active area of research for many years. . by using anR symmetry, the excluded modes are different
e o e e et el frmions and bosons, breaking supersymmety. An
' icit extension of the standard model that breaks supersym-

that no superpartners have bgen d|scovered..1?he natgrahty etry via the Scherk-Schwarz mechanism has been proposed
the proposed models is certainly not perfect: in gravity me

diation only about 3% of parameter space gives acceptabl[éLs]’ flustrating some important advantages over conven-

theories, while in other schemes, such as gauge mediation,j“él)nal supersymmetric theories. For example, ghproblem

S U . S solved, and supersymmetry breaking generates tree level
similar amount of tuning is required to keep the charge irac masses for the gaudinos and Hidasinos. However. a
slepton masses above the CERNe™ collider LEP2 limit. gaug 99 | f

. . ; special choice of charges is necessary to keep the Higgs bo-
On the other hand, supersymmetric theories with a Perturgon light at tree level. Below the compactification scale,

bative energy d_esert certainly have some very positive feaI'T1~—~25 TeV, a conventional, logarithmic radiative EWSB
tures. It is possible to construct a relatively complete frame- ' ’

. . 2 occurs, with a spectrum that is similar to gauge mediation.
work with a successful, precise prediction of the weak X
. . More generally, Scherk-Schwarz supersymmetry breaking
mixing angle[4,5], the correct order of magnitude for neu- -
trino masses from the seesaw mecharfiéinand the correct offers the prospect of a predictive superpartner spectrum
: where radiative corrections are finite and dominated by the
order of magnitude for the dark matter abundance from the

) . : compactification scalgl6]. This softness results because the
cosmological freezeout of the lightest supersymmetric par-

ticle (LSP) [7]. However, given the shortcomings discusse dsupersymmetry breaking involves the global structure of the

) . ) . r]wodes, and is therefore nonlocal. At distances beneath the
above, we are motivated to investigate a more economica

compactification scale supersymmetry breaking effects are
theory of EWSB. : AL : .
Consider compact spatial dimensions, with a Compactiﬁ_exponentlglly damped; this IS quite unlike the case of super-
cation scaleR™ ! of order an inverse TeV ’in which standard symmetry in 4D, where radiative EWSB can originate from
) . ' distances many orders of magnitude smaller than the weak
model particles propagaf@]. In this case there are Kaluza-

) . R scale. Given this exciting result, it is surprising that more
Klein (KK) towers for each particle propagating in this bulk. explicit theories have not been constructed.

Imposing a symmelry on a compact space reduces the UM~ this paper we construct a theory by combining Kaluza-
e e in EWSE wih nonoca supersyrmety reakig, We
theory that is vectorlikd9]. Furthermore assu’me that the troduce a_smgle compact dimension of radRsn which
underlying bulk theory is éupersymmetr’ic For example ifoVery pavticle Of. the standard mo.del propagatése bulk of
the top quark propagates in the bulk there Will be KK tow,ersthe 5D theory is supersymmetric, so the KK towers have
multiplets corresponding to two supersymmetries in 4D.

for both the top quark and the top squark. In such a Situ"’ltionl'wo orthogonal reflection symmetries are imposed on the

one can study radiative corrections to the Higgs boson mass .
with contributions from the entire KK towerL0]. In the circle. One removes half of the modes in the KK towers, so

case that supersymmetry is unbroken, there is an exact caF1h—at the zero modes possess a single supersymmetry. This

cellation between the top and stop KK towers. However, i2€ro mode structure is chiral, as needed for the quarks and
supersymmetry is broken so that the masses of the squark

tower are shifted relative to the masses of the quark tower by
an amount of ordeR™ %, the cancellation is no longer com- IMost studies of extra dimensions at the TeV scale have consid-

plete. Remarkably, the result is completely finite, ered the case that the Higgs bosons propagate in the bulk, while the
quarks and leptons do n¢l7—20. This is surprising since the
1\2 orbifold construction allows an elegant understanding of why the
mf,oc - (ﬁ) , 3 lightest bulk modes are chiral—a property that is crucial for matter

but irrelevant for the Higgs boson. A possible reason for this is the
. power law running of couplings in 5D: with matter in the bulk, the
and therefore independent of the cutdffof the theory. The 55 yykawa coupling grows more rapidly and the gauge couplings
introduction of an extra compact dimension at the TeV scalgecome nonperturbative before they unify. We insist that all stan-
allows a new resolution of the Higgs boson massgard model particles propagate in the bulk, and find that there is an
divergence—one where the physics of EWSB is necessarilgnergy interval in which the 5D theory is perturbative. Even with
right at the weak scale itsgl10]. Such Kaluza-Klein EWSB  perturbative power law unification of gauge couplings, the predic-
implies that the gauge couplings will become nonperturbation for the weak mixing angle is unreliable, as it is quadratically
tive not far above the TeV scald1]—there is no perturba- sensitive to the physics at the cutoff.
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leptons, but gives an electroweak gauge anomaly from thecalarA®. There are two gauginos, and\’, reflecting the
Higgsino. However, the second reflection symmetry reducepresence of two supersymmetries on reduction to 4D, and a
the number of supersymmetries to zero, yielding zero modeteal scalaro. It is often convenient to view the theory as a
with precisely the states of the 1 Higgs doublet standardN=1 4D theory; the 5D vector multiplet can be decomposed
model. Supersymmetry breaking by this second reflectionnto a 4D vector supermultipled(A“,\), and a chiral mul-
can be viewed as a discrete versif2l] of the Scherk- tiplet in the adjoint representatioB(¢s ,is), where ¢
Schwarz mechanism. Imposing one reflection symmetry to= (o+iA%)/\2 andys=\".
break one supersymmetry and obtain chiral zero modes has The standard model matter and Higgs fields also propa-
been widely used in the literature; the novel feature of oulgate in 5D, and are described by a set of hypermultiplets
theory is the imposition of two reflections to break both su-(¥,¢,¢")x, whereV is a Dirac fermion, and, ¢’ are two
persymmetries. The bulk is remarkably pristine, containingcomplex scalars. Each of these decomposes into twdN4D
just four parameters: the three gauge couplings and the con=1 chiral multipletsX( ¢y ,¥x) and X°( 5, ¥y), whereWw
pactification scal® %, which sets the mass scale for the KK = (,4°") and ¢’ = ¢°'. Conjugated objects have conjugate
towers. Every standard model particle is massless, and all theansformations under the gauge group, Xirdns over three
superpartners of the standard model have nRass generations of matteQ,U,D,L,E, and asingle Higgs bo-
The physics of flavor occurs on branes not in the bulk.sonH.
The reflection symmetries allow supersymmetric Yukawa in- The 5D theory contains a SU(R symmetry under which
teractions to be placed at their fixed points: for the up sectof\,\") and (¢,¢’) are doublets, while all other fields are
at the fixed point of one reflection, and for the down andsinglets. The two supersymmetries of the 4D theory are re-
charged lepton sectors at the fixed point of the second refledated by A<=\’ and ¢« ¢’ and play a crucial role in the
tion. As the two reflection symmetries leave different super-construction of our theory. The 4D=1 language, which
symmetries unbroken, these Yukawa couplings involve theve use from now on, hides both the SU29ymmetry and
same Higgs doublet, even though the underlying theory ishe second supersymmetry. TNe= 1 fields depend oy as a
highly supersymmetric. These brane Yukawa interactions ineontinuous parameter; on compactification this leads to KK
volve the usual 13 physical flavor parameters of the standarthwers ofN=1 fields.
model. As in the case of conventional supersymmetry, there
is no immediate progress in the understanding of flavor. Our A. The SY%Z, orbifold

theory is _described in detail in sec. Il. _ If the extra dimension is taken to be a cir@& of radius
The Higgs boson interacts with the entire KK top quark then each field has modes ™R n=0.12..., and the

tower on the branes gontaining_thg (;op %uark YUKawahcoufermionic matter and Higgsino states are vectorial. To obtain
pling, and Kaluza-Klein EWSB is induced. However, there opira matter, we first consider restricting the space of the
are no extra free parameters to describe the resulting Higgs, 1.2 dimension to the orbifol&/Z,. A Z, symmetry is

potential. Thus, the Fermi constant is used to determine thﬁ]troduced under whici— —y and all fields are either even

compactification scale, and the Higgs boson mass is Pres: odd having modes

dicted. The one-loop calculation of the compactification

scale and the Higgs boson mass is presented in Sec. lll. In ny

Sec. IV we show that the Higgs boson mass has very little +: COSF (4)
sensitivity to unknown physics at short distances, although in

the case of the compactification scale there is some sensitiv- ny

ity to the ultraviolet(UV). We also study the parameter — sin, ()

and find that it has quadratic sensitivity to the UV.

Ignoring brane interactions, all superpartners are degenerespectively, so that only the even fields contain zero modes.
ate with masR*. The large top Yukawa not only induces Since A* appears in the covariant derivati@ the vector
EWSB, but significantly modifies the spectrum of the topmuiltiplet is evenV . . On the other hand Inps appears in
squarks, the neutralinos and the charginos. These masses @® and therefore the chiral adjoint multiplet is ody, .
computed in Sec. V, where we show that the LSP is a toprhe term in the superpotenti®ID°X¢ ensures thaX andX®
squark. The collider phenomenology of the superpartners ifave oppositeZ, charges. The conjugate label is arbitrary,
briefly discussed, and we note that our theory possesses and without loss of generality we may choose ,X¢ —the
anomaly free U(13 symmetry. Conclusions are drawn in copjugate fields do not contain zero modes. These assign-
Sec. VL. ments are the same no matter whetds matter or Higgs
field—the orbifold only has one type of hypermultiplet and
does not provide any distinction between matter and Higgs
field. The physical space of the orbifold is the interval 0

We introduce a compact spatial dimensiprwith a size  <y<aR, since once a field configuration is specified in this
of order an inverse TeV, and require that the 5D theory igegion, it is fixed everywhere on the circle. The end points of
supersymmetric. The standard model gauge bosons proptie interval are fixed points under tlye— —y transforma-
gate in 5D and are contained in 5D vector supermultipletsion. The orbifolding has therefore brokeM=2 to N=1
(AM \,\",0). The 5D vector fieldAM contains the standard supersymmetry, and 5D Lorentz to 4D Lorentz symmetry at
model gauge boson from its first four components, and a 4bhe boundary.

Il. THE THEORY AND THE TREE-LEVEL SPECTRUM
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The symmetries of the bulk forbid interactions that break A
the flavor group U(3) acting onQ,U,D,L,E. In particular,
bulk Yukawa interactions are forbidden by supersymmetry.
However, we can introduce interactions on the 4D subspaces
of the orbifold fixed points, which we call brane interactions.
Such interactions necessarily violate 5D Lorentz symmetry
andN=2 supersymmetry. However, we insist that they pre-
serve the same space-time symmetries as the orbifgld:
4D Lorentz symmetry antN=1 supersymmetry. Note that
we started with two supersymmetries, and we could have the
orbifold and brane interactions break different supersymme-
tries. This would give a theory with supersymmetry com-
pletely broken in a hard way, and hence we require that the
Z, orbifold and brane interactions leave one supersymmetry

y:

R

IE]

FIG. 1. SY(Z,% Z;) orbifold in the fifth dimension.

unbroken.

The allowed brane superpotential depends on the hyper- ony
charge sign choice for the Higgs chiral multipldf which (+,+): cos——, (6)
contains the zero mode. One choice alld@& H, while the R
other allows QDH+LEH) — we can get masses for the up
sector, or for the down and charged lepton sectors, but not (+,-): cos(2n+1) y @)
for both? One can take various views on this problem: per- ’ R 7
haps it is not a problem, but a useful zero-order approxima-
tion allowing an understanding of whg,>m,, although the . (2n+1)y
anomalies of the zero modes need to be canceled. Alterna- (=.+): sin R ' (8)
tively, one could introduce two Higgs hypermultiplets, so
that both choices can be made. This will lead to a minimal (2n+2)y
supersymmetric standard mod®SSM)-like 4D theory at (=—) sin——p—, 9
scales below R. In this case, the extra dimension has not
addressed many of the issues familiar to the MSSM: supe¥gith n=0,1,2 ... . Any component field will have just one

symmetry breaking and mediation, the distinction betweeqype of mode, according to it&,XZ} assignment; only

matter and Higgs boson and the origin Rfparity. In this  fie|ds with (+,+) assignment contain a zero mode. The

paper we explore a third alternative. modes are completely specified over the circle once they are
We have seen that orbifolding with ori&, breaks one  given on the interval &y<R/2, which we choose to be

supersymmetry and allows one type of Yukawa couplingne physical space.

The freedom of choice of the charge Hf turns out to be There are two ways to interpret the quantum numbers of

equivalent to the choice of which supersymmetry is kepthe two discretez, symmetries. One way is the following.
unbroken by the orbifolding. We find that if we orbifold e firstZ,, which is the reflectiory— —v, leaves a super-

twice, using twoZ, s, both supersymmetries can be bmkenysymmetrys unbroken, and givesl=1 multiplets with the
and both types of Yukawa coupling are allowed. Thes  ;5yalz, orbifold quantum numbers discussed in the previous

have different fixed points so that the two supersymmetrieg,psection. such a, andXC . Brane interactions, located

are broken at different locations in the bulk, maintaining the,; o fixed points ay=0,7R, should preservé&. For ex-
softness of radiative corrections.

ample, choosindd to have positive hypercharge allows the
superpotential ternQUH. WhenZ, is introduced, the cou-
plings of this interaction on the two branesyat0 andy
= 7R are constrained to be equal.
The S'/(Z,% Z;) orbifold is constructed from the circle  How doesz}, act on thesé=1 multiplets? This action is
by imposing two paritiesZ,: y——y andZ,: y'——y’,  identified with theR parity, Rp, of this S supersymmetry,
wherey’=y—mR/2. These correspond to reflections abouti.e., with #— — 4. For any hypermultipletX can be chosen
the axesA andA’ in Fig. 1. The modes of the circle are now to beRp even or odd—there are now two types of hypermul-
assembled into four types rather than two, according to theitiplet, one in which the zero mode is a scalar, and the other
(Z,,Z5%) quantum numbers, where the zero mode is a fermion. Thus supersymmetric
theories on th&'/(Z,% Z}) orbifold provide an inherent dis-
tinction between Higgs and matter multiplets depending on
2Brane interactions involving® fields are also allowed by gauge Whether theirZ, andZ; quantum numbers are the same or
invariance, but all components &€ vanish on the orbifold fixed different: H(+,+),M(+,—). Invariance of the interactions
points, and hence these interactions also varRsparity violating ~HD°H® and MD°M¢, then, determines the quantum num-
interactions, such asLE, are also allowed. bers for the conjugate multiplets®(—,—),M¢(—,+). Co-

B. The S%(Z,XZ}) orbifold
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7/’M(+,+) ¢H(+7_) A/i(_*_’_*_)

/ / / FIG. 2. Quantum numbers of
dar(+, =) d)c‘f(_ +) dr(+,+) c}(_ ) A+, —) wz‘(_ +) the matter, Higgs, and gauge mul-
M . M\ " /H ! . / ’ tiplets under the two orbifoldings

o y——y andy’' ——y’.
Yir(=-) 7= +) ¢z(= -
variance of the gauge derivativég* andD® determines the K/IT ¢I/| &T ¢L
assignments for the vector and chiral adjoint multiplets: M’( R H’( HE| .
V(+,+),%(—,—). Making the usual superfield expansions, Y Y n i

H=¢y+ 0y, etc., gives the quantum numbers for the u
components of the Higgs, matter, and vector hypermultiplets V’(A ) 2,( ¢z> (10)
shown in Fig. 2. s N
It is interesting to note that anomaly freedom of the low
energy effective theory does not allow a single Higgs hyperThe S’ chiral superfields are labeled by the left-handed fer-
multiplet with a circle reduced by a singl, orbifolding.  mions they contain, while th&' vector multiplets are la-
Two Z, orbifoldings are necessary to restore anomaly freebeled by the bosonic components. The zero modes lie in
dom. For matter hypermultiplets, however, fermionic zeroM',H®’, andV’. On comparing with th& multiplets
modes remain after orbifolding with both, s—anomalies .
cancel between multiplets as in the standard model. bm o[ D™ bn
The second orbifold clearly breaks supersymmetry, since M I ¥ Iy
the components of aN=1 superfield have different modes.

The tree-level spectrum is shown in Fig. 3. The zero modes &° A b
are in one-to-one correspondence with the particles of the HC( ?) V ) E( 2), (11
standard model, and have KK excitations with massgR2 i A s

The superpartners of standard model particles and the states ) .
obtained by an SU(2) transformation on these superpart- ©N€ dlsc_overs that the transformation CbTetwé.éand S is
ners have KK towers of states of mase1@21)/R. Finally, ~accomplished by the interchanges— ¢ ) and (\ — i),
the conjugate quarks, conjugate Higgs boson, aachave @ discrete subgroup of the SU@ymmetry. This inter-
KK towers of mass (2+2)/R. At an arbitrary point in the changing betweers and S’ multiplets is easily visualized
bulk, supersymmetry is also broken by the wave functions ofrom the multiplet arrangements of Fig. 2. Th&y(Z;)
the modes. At the orbifold fixed points at=0 andy guantum numbers of botBandS’ superfields are also easily
=7R/2, the supersymmetry of the wave functions is re-read from this figure, as they are always given by the quan-
stored, except for the zero mode. tum numbers of the boson.

The second interpretation of th&4,Z5) quantum num- The brane interactions at the} fixed pointsy=+ wR/2
bers results if we first orbifold the circle &} about the axis ~are Q'D'H® +L"E"H®"). Remarkably, sincéi®’ contains
A’ of Fig. 1. This produces the same orbifold discussed irf€ zero mode Higgs boson, these are precisely the interac-
the previous subsectio/Z}, with fixed points rotated by 10ns needed to give mass to down-type quarks and charged
712 to y=+wRI2. The crucial point is that the supersym- leptons. Why is there not a complete symmetry under the

metry left unbroken by this orbifolding’ is not the super- intercha?g;e Z;~Z, and S—S'? The interchange
symmetryS, which is preserved by first orbifolding by,  ($x—¢x') results in the zero mode Higgs boson lying in
about axisA. The S' multiplets are easily identified by chiral multiplets of opposite hypercharge in the two cases,

grouping together th&,=+ andZ,=— component fields and this changes the form of the gauge-invariant brane inter-
of Fig. 2: actions.
In this second viewpointZ, is identified as theR parity
mass UM O AY O A Sy, Yn Wip S ox Rp of the supersymmetr§’, with §'——¢". Here ¢’ is thg
superspace coordinate fo®', for example: M’ = ¢y,
6/Rt — —— + 6"y . This identification ofZ, can be readily verified
5/R+ o o from the quantum numbers of Fig. 2.
The action of the discrete symmetries can be summarized
4/R1 —— —— by
3/R+ —e— —
2/Rt —— —— Zy: y—=Y, (0'—=—=10"),,
1/R —— —— , , /
: ) Zy: Y-y, (0 0)s. 12

The superspace coordinatésand 0’ are those of different
FIG. 3. Tree-level KK mass spectrum of the matter, Higgs, andorthogonalN=1 supersymmetry subgroups—they are not
gauge multiplets. the superspace coordinates of the full 5D theory. The first
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viewpoint uses th& transformation, while the second view- Higgs potential at tree-level is striking. In the next section
point uses th&’ ones. In the MSSMR parity is imposed in  we calculate the radiative contributions to the Higgs poten-
anad hocfashion to avoid proton decay—it is not inherent to tial from interactions involving the large top Yukawa cou-
the formulation of the theory. In our theorR parity be- pling. We find that the effects of virtual KK towers lead at
comes part of the orbifolding symmetry of E42), and is an  one loop to finite corrections to the Higgs potential involving
unavoidable consequence of the basic formulation of théhe single parametd®. The Higgs mass squared is negative,
theory. It therefore comes as no surprise that, when the irthe Fermi constant is used to determiReand the physical
teractions of the low energy theory are derived, they aremass of the Higgs boson is predicted.
found to conserve baryon and lepton numbers at the renor-
malizable leveP

Our theory may be formulated as a Scherk-Schwarz lll. THE HIGGS BOSON MASS AND THE
theory as follows. Start with 8'/Z, orbifold of radiusR’, as COMPACTIFICATION SCALE

described in the previous subsection. On imposing the con- _ . . .
dition In the previous section, we have investigated the tree-

level structure of the model and found that the matter content
d(y+27R)=Rp ¢(Y), (13)  of the massless sector is precisely that of the standard model.
In this section, we calculate the one-loop effective potential
on the modes of any component fiefd one discovers that Of the Higgs boson coming from KK towers of the quark
the allowed modes are precisely those of Hs—(9), with ~ hypermultiplets through the top Yukawa coupling. We find
R=2R’. However, this formulation hides the symmetry be-that the Higgs boson receives a negative mass squared and
tweenZ, andZj, symmetries, as it stresses the roleZgfand  EWSB is radiatively triggered. Furthermore, the effective
Rp=2,7}. pqtenUaI is finite and depend; only on the top Yukawe_l cou-
To summarize: we have taken every particle of the stanP!i"g Y1 and the compactification radié& Thus, demanding
dard model to propagate in a compact dimension of Bize the VEV of the Higgs field to be 175 GeV, we can calculate

In the case that the 5D theory is supersymmetric, and th gvglue of f{he phys?cal Higgs _boson mass and the compac-
compact space is the orbifol8/(Z,% Z)), the effective tification radiusR, which determines the masses for the su-

theory beneath the scaleRLis nonsupersymmetric and chi- perpartners and the KK excitations.
ral, having the gauge and multiplet structure of the standard
model. The most general brane interactions, consistent with

Z,%xZ; and the supersymmetries preserved by each separate ) _ _
orbifold, up to cubic order, are Before computing the one-loop effective potential, we

first calculate diagrammatically the mass squared for the
o Higgs doublet by making a KK decomposition of the original

5( y— gR) 5D theory. The interactions between the Higgs boson and the
KK modes of the quark fields are read off by expanding the

A. The Higgs boson mass squared

1 ) 1
SLo+ay—7R)] | d00,QUH+ 5

T , e e brane interaction given in Eql4). After eliminating the
+tolyt+5R fd 0'(N\pQ'D"H" + NgL'E'H) auxiliary F fields, the relevant terms are
+H.c. 14 oo f
(49 Sin= J dx > (T‘zm¢c,kn5nﬁ’¢ng¢u,|¢H
Together these interactions break supersymmetry completely ’
— but the locality of the operators results in the breaking f,
being soft, even though the low energy 4D theory contains + —m¢cyk77§ nfﬁ¢fjfk¢Qy|¢H+ H.c.
Yoy du+ z/;ngDdaL. At scales below R, these give the V2
Yukawa coupling matrices of the standard model propor- o £2
tional to the matrices. p . Hence, the low energy effec- _ E (_tnqs,fﬁ( 7208  bo b
tive theory ispreciselythe standard model, with the Higgs kifzo | 2 VKT TRATQITHTH
potentialconstrainedto have the tree-level form, 2
t
g2 +g'2 + Eﬂﬁbﬂfﬁ( ﬂan)2¢IJ,k¢u,|¢L¢H)
Vio="g |pu|*, (15)

fy

_kJZ:o (ﬁng]n{/le,ka,l(ﬁH"' H.c.| |, (16)

whereg and g’ are the standard model SU(2) and U(1)
gauge couplings. The absence of any free parameters in the

where gy, is the zero-mode Higgs bosomiy ., ¥ k. Py «

3R parity violating interactions could be introduced, if we allow and ¢y . (M ZQ,U) represent thekth KK mOdQS of
the coupling constants to have the opposite signs on two branesthe component fields in the hypermultiplet (see Fig. 2
=0 and#R (y=*wR/2). The dimensionless couplingf; is defined by f,;
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ok Pk Y.k ¢Q K QU
bu b bu bu s \\\ FIG. 4. One-loop diagrams
______ . PR DU ' i contributing to the mass squared
én N S n of the Higgs boson.
---r N~ aeaaoaoeT e R
¢U17¢Ql Yy

=(\y)ss/ (7R)¥?% n,‘f, n¢ and nE are the values of the wave In this expression, we first sum over the tower of KK states
functions aty=0 for the ¢y «, ¥wk, andFy  fields, re- and then perform the momentum integral. The resulting

spectively. Higgs mass squared is
The Higgs boson mass is generated at the one-loop )
level via loops of KK towers of theQ and U multiplets. 2 _ Nef? fw X X
There are three diagrams, as shown in Fig. 4, giving the  "%x~  1o8r2)o dx 1 cotf? tantf| =
contributions
(21)
- SO A | DAl mie, 214(3) Nef?
—imgy =N 2 22 2_ 2 - 4 2 (22)
(2m)* [ (pPP=mie ) (p>—m5)) 647* R
(n)2(n))?p? (9d)2(n)? where/(x) is the Riemann’s zeta function. We find that the
- (PP—m2 )(pP—m2,)  (p2—m2,) radiative correctionmfzSH is negative, so that EWSB is indeed
.k il ¢,k

triggered by loops involving the top KK towers. Further-
17 more, the result is finite and UV insensitive, since the mo-

mentum integral is exponentially cut off ape~R™%;
Thus, substituting the KK masses and wave functions 0b99.99% (99%) of the integral comes from the region:

tained in the previous section, <5/R (pg=3/R). This extreme softness arises because the
geometrical separation between the two orbifold fixed points
2k 1\ %o in the extra dimension acts as a point-splitting regularization.
m¢,k:§Emk, = E = Nk We can also rewrite Eq22) by using the 4D top Yukawa
couplingy,= f,/2%2? as
(19 .
21{(3) Ncys
2 _
2k+1 o F M=~ gt RZ (23
My =Mgek= "R =Mk m=m=1, 77

It is interesting to note that a similar calculation for the
into Eq. (17), we obtain the one-loop induced Higgs bosonsquark mass squared gives a vanishing remﬂt =
mass squared in the present model.
Performing a Wick rotation to Euclidian momentum

spacepg, and changing to the variable= pgR, gives B. The effective potential

We would like to compute the Higgs potential with suffi-

o d* m2 cient accuracy that the minimization leads to a determination
—i mfb =iN.f 2 Pe __k of the compactification scale and the Higgs mass to better
H Yo b 2mt | (p2+md)(pE+m?) than 10%. Balancing the negative Higgs mass squared, given

above, against the tree-level gauge quartic Higgs interaction

775 77|2 Pé of Eq. (15) is not sufficient. In fact, it is not even sufficient to
(pEJFmE)(péerlz) (p2+m2) (19 include the quartic interaction obtained from integratin_g out
the top KK tower, as can be seen from the following simple
argument. The only dimensionful parameter of our theory is
Icht2 d*x 2 R, so that this must set the scale of the effective potential.
J'(Z,]T)A The contribution obtained by integrating out the top KK
tower at one loop involves a factor of the top Yukawa cou-
* ,7&,”2 pling y; for each external Higgs field. Hence the one-loop top
X 5 2 > KK tower contribution takes the fornv,=f(x)/R*, where
k=0 | (x*+(2k) ) (x“+(21)7) x=y2R2¢ by, . Expandingf (x) = Ax+Bx2+Cx? In x+Dx
1 -, all the coefficientsA,B,C, ... arise at one loop and
— . (20)  are expected to be comparable. Truncation at finite order is
O+ (2k+1)D)(X°+ (21 +1)?) therefore unreliable.
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The one-loop, all-orders effective potential from integrat- 008

ing out the top KK tower is
0.05

dip 7 p?+mg (H)
, (24) 0.04

1
Vt(H):ETrJ(%T)“k;x In p2+m§k(H)

S
whereH=|¢y| and the trace is taken over all states of the X
top hypermultiplet of a givek, giving a factor N, . Clearly
we only need the field-dependent eigenvalues of the bosor
and fermion mass matricemak and M, - The top Yukawa

0.01

coupling on the brane leads to a mixing of the tree-level ot
modes Eqs(6)—(9) of the top states. For example, to leading e
order in (¢)R, the effective theory below B/ contains 001 - - ” - . .
mass matrices for the squarks of the f6rm RH
12 1 FIG. 5. The Higgs potentia normalized by the compactifica-
(_ +4m?  —2m= tion radiusR as a function oORH=R)| ¢|. Dashed, dot-dashed, and
+ ct R R ?q.0 solid lines represer,, V=V, o+V, andVy with a gauge qua-
—Emass:(¢Q'° U'O) 1 1\2 ¢S dratic term, respectively.
g (g
H) = = arctag ZRH 30
+(QU). (25) M= TR =) %9

However, this leading-order matrix does not include exactlyAs H varies from 0 to=, m(H) grows from 0 to a maxi-
the effects of mixing between these states and the heavigium value of 1R. This dependence of the top quark mass

states. We find the exact tree-level eigenvalue conditions tgn the electroweak field is quite unlike the standard model.
be For smally, it reduces to the standard model resmit

=vy;H, but, for the observed value of the top mass, the effect
: ( 7R m:k) (myRH)2 of mixings with the heavier KK modes is important. Increas-
a =

(26) ing H leads to a larger splitting of each level, but there is no
2 4 level crossing. These eigenvalues can be used in(Z,
with —co<k<+o0, by choosing the positive sign in Egs.
(28) and(29), and, using calculational techniques from Ref.
[16], we find

and

4 : @7 6N, < cog(2k+1)mR m(H)]

R msk) _ (myRH)?
Vi(H)= °R4 k§=:0 (2k+ 1)5 - (31

cotz( 5

giving eigenvalues

2k+1 The denominator ensures that the higher terms in this series
mg, (H)= R +my(H) (k=0,1,2...) (28  are rapidly suppressed. Taylor expanding arotie0, the
quadratic term in this potential reproduces the mass squared
of Eq. (23) obtained by diagrammatic calculation.
The potentiaV, is a monotonically decreasing function of
H, as shown in Fig. 5. Runaway behavior is prevented by the
me (H) = 2—kimt(H) (k=1,23...). (29) tr_ee-level gauge potentiad o of Eq. (15),_5_0 that the com-
K R bined potentialVy=Vy o+ V, has the minimum shown in
Fig. 5, given by the minimization condition

and

The zero-order degeneracy of each level is split by 2At
each mass eigenvalue there is a single Dirac fermion, or two 1 (#8
complex scalars. There is also a single 0 fermion mode, ﬁz(ﬁ

1/4
) (M,v)Y?=341 GeV, (32
the top quark, with mass

wherev =(H). More precisely, the right-hand side should be

multiplied by the factor~¥* where
“4Integrating out the tower ofpy  (k=1,2,...) generates the

term Sy (f212) iy obm obtiby in the low-energy Lagrangian, o
which cancels infinities present in the bare Lagrangian (E6), g=sin 7R m]z
=S olf12) B obm oblibri - k=0

si(2k+1)7R m]
(2k+1)*

(33
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Accidentally, the minimum occurs at a value Rfsuch that 21¢(3) g?+9'2/3
R m is very close to 1/2: s[iTR m] is unity to better than <2i>H: 2 > (36)
1%, and the deviation of from unity only affects 1R at the 16m R

level of about 1 GeV.

In the last section we stressed that compactification of our_, -~ ~ 1 0
5D theory led to a low energy effective theory that was the his '”Cfeas?’*? by 3%. -
standard model with the Higgs potential constrained to have The remaining uncertainties are th? electrow_eak correc-
the tree-level form oWy ¢. In this section, we have discov- ians to the hlgher_ terms in the effect|ye potenﬂgl and_the
ered that EWSB in the low energy effective theory is quitet\’vo'loc.)p top contributions to the effecuve potential, which
unlike that of the standard model, because the relevant Hig e estimate at 1% and 6%, respectively. We have calculated

potential involves interactions to all orders in the Higgs field, € induced VEVs for the higher KK modes OOf the Higgs
not just the quadratic and quartic terms. For example, th oson, and found these effects to be at the 1% level. Hence

Higgs VEV is not given by the familiar form?= — miH/A, the compactification scale is

where\ is the quartic coupling. If this were true we would 1
find v2xy?R™2/(g?+g’?). Minimization of the all orders R~ 35220 GeV, (37)
potential has given a different dependence,

he effect of including this quadratic term is shown in Fig. 5.

giving superpartner masses=sf350 GeV and masses for the
1 L first KK excitations of=700 GeV. The physical Higgs bo-

4= (34  son mass is

v = 1
(g*+g') R
my=127-8+2 GeV. (39

wherelL is the loop factor giving the relative size of tree and

one-loop terms in the minimization condititr=36/75. The I these predictions, the first uncertainty is a combined the-
scale of the VEV is still set byR 1, and runaway is pre- oretical uncertainty from the effects discussed above, while
vented by the nonzero value of the gauge couplings, buthe second uncertainty im,, follows from the experimental
because of the accident mentioned above, there is essentiaijicertainty of =5 GeV in the measured value of the top

no sensitivity to the uncertainty in the experimental value ofduark mass. . .
the top quark mass. In the above calculation we performed summations over

Given thatR ™ is the only scale in the problem, why have an infinite tower of KK modes. However, as discussed in the

the superpartners not yet been discovered? The origin of tHéext section, our theory becomes strongly coupled at ener-
difference betweeR ™! andv =175 GeV can be seen from 9ies of about 3% and must be cut off in some way. Are we
Eq. (34). The weakness of the gauge couplings actually in-COrrect to use the exact mass eigenvalues of E2f9.and
crease above the compactification scale by 16%. However (29) rather than the eigenvalues of mass matrices involving
the loop factor ¥4 increase® ! abovev by a factor of 2.3. just the lower modes? Equivalently: what is the sensitivity of
The weak gauge bosons are lighter than the superpartnefd!l results to the details of the UV cutoff? One may worry
because EWSB is driven only at one loop. Nevertheless, bdhat there is a large sensitivity as each term in the sum of Eq.
cause it is the fourth root df that appears im, the super- (20) is separately quadratically divergent. The crucial point
partner masses are not far above the weak boson masses.S that we require our cutoff to preserve supersymmetry.

ExpandingV,, about the minimum gives the physical Since supersymmetry is broken nonloc_ally at the sézﬂé_,
Higgs boson mass the cutoff must preserve the cancellations that occur in the

naive KK summation. This is nontrivial, since a quadratic
1 divergence still appears if the sums in EgO) are termi-
my=\2M| 1— >~ co§ mRm]|=127 Gev, (35  hated at some finite value, even keeping an equal number of
4 bosonic and fermionic states. Thus we assume that the infi-
nite sum over the KK modes gives the correct regularization
where omitted terms in the expansion affect the Higgs bosonf the theory; deviations from this “KK regularization”
mass by less than 1 GeV, and we have uséSatop quark must be extremely small.
mass of 166 GeV in evaluating ¢esR m]=0.06. An uncer- Finally, we note that in the above calculation it has been
tainty of 5 GeV in the experimental value of the top quarkassumed that the KK towers of the quark multiplets have
mass translates into a 2-GeV uncertainty on the Higgs bosomasses quantized precisely in units dR1/n general, how-
mass. ever, the KK excitations receive wave-function renormaliza-
tions due to brane interactions and their masses are renormal-
ized. This can cause a shift of the compactification radius by
as much as a few tens of percent, which thereby acquires
A correction to the effective potential of the Higgs bosonsome sensitivity to unknown UV physics. Remarkably, the
comes from one-loop radiative corrections from the KKHiggs boson mass prediction is much less sensitive to these
tower of the SU(2X U(1) gauge multiplets. Here we study wave-function renormalizations, so that even in this case the
only the contribution to the quadratic term in the potentialtightness of Eq(38) is maintained. This issue is discussed in
[16] the next section.

C. Predictions and uncertainties
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IV. SENSITIVITY TO PHYSICS ABOVE THE modes have kinetic terms with coefficient-Zy. For 1R in
COMPACTIFICATION SCALE the region of 350 GeV, experiments requizg|<0.2. As we
In the previous section we computed one-loop radiative?r:‘c‘cussI be]:;i)wl,_z_H '.f scale fdepiﬁndlc_en;t—tms kboung ?pp;hes at
corrections to the Higgs potential, yielding a prediction of € scale Ix. LIMIs on z for e fight quarks and leptons,
both the Higgs boson mass and the compactification Scalféom_tree-level contributions of eleciroweak gauge bosons to
1/R, which determines the masses of the superpartners afgcc'sion electroweak observables, are also gbout 0.2. The
the KK excitations. The sum over KK modes softened theexperlmental constraints G, andzy, for the third genera-
usual logarithmic divergence of supersymmetry to give ion quarks are much milder. We take this limit on the Higgs
completely finite result, suggesting that the physics of EWSEZ factor to imply that it is also reasonable for these quark
is really governed by the energy scaleRl/and has little factors to be less than 0.2. This is strengthened by the esti-
sensitivity to whatever physics occurs at much higher enerates provided below, suggesting valueszgf andz, in
gies. In this section we demonstrate that the compactificatiothe range of about 0.1.
scale does have some sensitivity to physics in the UV, and What are the effects of theZfactors on the results of the
we estimate this uncertainty. Remarkably, the Higgs bosomalculation of the previous section? TlZefactor for the
mass is much less sensitive to these effects, so that the prigiggs field does not affect the results at all. It is removed by

cise prediction of Eq(38) is still expected to hold. going to canonical normalization before the calculation is
begun, and affects only the relation between the 4D and 5D
A. Constraints from precision electroweak data top coupling.

. ) To find the effect of theZ factors forQs; or U; we pro-
. For many theories in which the standard model gauggeeq as follows. We make a KK mode expansion and rescale
interactions propagate in a fifth dimension, precision elecyhe fie|ds of the equivalent 4D theory to obtain canonical
troweak data place a bound on the radius of oRIeF=3  |inetic energy. We study the mass matrices for the fermion
TeV [19,20. These stringent bounds apply when matter ory 4 poson KK modes to linear order iy, and find that

Higgs fields are located on a brane, and arise because the, eigenvalue conditions have changed from E28) and
interactions of brane fields with the bulk gauge bosons vio-(27) to

late momentum conservation in the extra dimension. For ex-

ample, the kinetic tern#(y)Q'e?VQ introduces interactions TR Mg, TR M, (mRyw)?
between the zero-mode quarks and the excited modes of the ta tal =

gauge bosonsy,y,Af do. This allows both the production of
single gauge KK modeA{’ and the generation of four zero-
mode fermion operators from their virtual exchange. Similarand
effects result for brane leptons, while the situation for the

brane Higgs field is particularly dangerous. The operator TR Mg, TR Mg, _ (mRyw)?
S(y)HTe9VH causes mass mixing between ¥veandZ zero o 2(1-2q) “N2a=zp) A(1-29)(1-12y)’
modes and their excited modes, and also induces a VEV for (41)

the weak triplet scalar in the SU(2) chiral adjoEr{20]. All

these effects are absent to leading order in our theory bewhich, to linear order irzq s, reduces to Eq26) and(27)
cause both matter and Higgs fields propagate in the bulk. Alvith the replacement B— (1—z)/R, wherez=(zq+z,)/2.
interactions, apart from the Yukawa interactions, conserv&Vith this replacement, Eq$28)—(35) all apply, so that it is
momentum in the fifth dimension, so that the effects thal1 —7)/R that is determined by the minimization of the

could produce the stringent bounds do not occur. Nonzeroyjiggs potential to be 352 GeV. The numerical predictions

mode states can only be pair produced, and, for states @b the top squark masses and Higgs boson are unaltered,

Fermilab Tevatron and the CERN Large Hadron collider

(LHC). 1 _
At one loop, the top Yukawa interaction generates brane g~ (1+2)(352£20) GeV. (42)

kinetic terms forQ5,U5; andH. The contribution from short

distances €R) is expected to be supersymmetric, For |zq,y|<0.2, the uncertainty on R/ from Z factors is

1 20%. The Higgs boson and top squark masses are affected
5[5()/)4' 5(y—7rR)]f d46(ZQ3Q§e9VQ3+Zuaugegvug only at quadratic order iag , , which is at the percent level.

+ ZHHTegvH). (39 B. Power law running
In the 5D theory the gauge and Yukawa couplings display
Even thoughQs,U3, andH propagate in the bulk with ki- power law running behavior. Th& factor for the vector
netic termngengS, etc., the brane kinetic interactions vio- field, and therefore for the gauge coupling, is linearly diver-
late momentum conservation in thyedirection, leading to gent. From the 4D viewpoint, the KK modes imply that the
terms linear in KK modes. We define a dimensionless branene-loop beta function coefficient at scdédeis proportional
Z factor zy=Zyx/(27R), so that, in the 4D theory, the zero to ER, the number of KK modes lighter thaB. For the
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chiral fieldsQs,U andH, the 5D interaction is proportional ~ In scaling fromM to 1R, the couplingy; changes by

to 8(y), and this makes th& factor for these fields more @bout 20%. Using the one-loop formulas for theactors,
divergent. From the 4D KK viewpoint, this can be seen di-this scaling would generatg;=0.2. Again we find a contri-
rectly from the one-loop wave-function diagram. Instead ofbution at an acceptable but interesting level. Since this con-
having a sum over a single tower of KK modes in the loop,tribution gets most support from nedt, where the theory

as in the gauge case, there is a double sum, as the KK modapproaches strong coupling, it is not surprising that our two
can be different in each propagator. Thus in the 4D languageontributions are estimated to be comparable. We stress that
the coefficient of the anomalous dimension at enefgis  we do not know whether such contributions will be present
proportional to ER)?. At scale 1R, g5 andy, are compa- in nature. Both are dominated by the UV, and, for example,
rable, but at larger energies the top coupling changes mudk could be that our 5D theory is cut off at some scale below
more rapidly, and is the first coupling of the theory to be-M by being incorporated into some other theory. Our analy-
come nonperturbative. Paying careful attention to the threshsis shows that large values nf, are not expected—our cal-
olds of the different species of particles, we find that theculation of the compactification scale is under control and
one-loop evolved top Yukawa coupling diverges at abouhas limited sensitivity to the unknown UV physics, and the
6/R. Using conventional strong coupling arguments, the topprecise prediction of the Higgs boson mass is maintained.

Yukawa coupling becomes nonperturbative at sddlele- Light fermions, such as the electron, do not have signifi-
fined by cant braneZ factors generated by their Yukawa couplings.
However, if our 5D theory is the low energy effective theory

(M)= 4 43) of some more fundamental theory, valid below some cutoff-

Yi (M R)3’2' scaleA, then the fundamental theory could lead to a value of

the Z factor atA, given purely be dimensional analysis of

. ) |Z|=1/A. In this case the first superpartner will have a mass
Numerically, M=5/R=1.7 TeV. At this scale, the 4D cou- shifted to (1R)[1+1/(27RA)]. This is a small effect—a

pling y; may not be increased relative to i?s valge at scale|g_geV shift forA=M — but represents an important lift-
1/R by more than 20% or so. From the 4D viewpoint the Iossing of the degeneracy. Brane kinetic terms for the gauge

of 3erturbativity is largely due to the multiplicity of KK fie|4s could similarly lift the degeneracy of the gauginos.
modes.

The gauge couplings change very little over the interval
1/R to 5, and are all perturbative &l. At energies larger
than M, evolving at one loop, the gauge couplings become Thep parameter has been measured to have the standard
nonperturbative before unifying—there is no calculable apmodel value, with a limit on additional contributionsp
proximate power law unification. In fact, the one-loop analy-<0.003 at 95% confidence level, providing a powerful probe
sis already becomes unreliableMatas higher loop diagrams of new theories. Unfortunately the parameter cannot be
involve the nonperturbative coupling . reliably computed in our theory.

On first sight it appears that the dominant contribution to
Ap in our theory comes from the scalar states of the top
quark hypermultiplets that have mas®1h the absence of

There are several reasons for studying the size of th&WSB. By diagonalizing the 2 2 mass matrix of Eq(25),
braneZ factors: The compactification scale has UV sensitiv-we find that these states contribyt€)=0.012. If this were
ity only through theZ factors; while the Higgs boson and top an accurate calculation of the dominant contribution\im,
squark masses are remarkably insensitive toZHhectors, our theory would be experimentally excluded. However, it is
small changes are possible; as the theory becomes nonpewt a reliable result for several reasons. If the “exact” ei-
turbative atM, is it reasonable that,(1/R)=<0.2?; the de- genvalues of R+m, are used we fing"=0.006. If we
generacy of many states at the scalR tbuld be lifted by include the “3R” scalar states, by diagonalizing the rel-
even quite small contributions to the brafdactors. evant 4<4 scalar mass matrices, we fipd"+ p®)~0.04

We can consider two contributions @,—a boundary using “exact” eigenvalues. Similarly the fermion states at
value atM, coming from the nonperturbative interactions 2/R and 4R are expected to contribute!®+ p(*)~0.02.
aboveM, and a contribution that results from radiative cor- These values are approximate as they are sensitive to the
rections involvingy; from M to 1/R. Here we give rough precise values used for the masses and mixings. We conclude
estimates of these contributions. that mixing between the lighter and heavier modes has an

Using a strong coupling analysis in higher dimensionsimportant effect orp.

[22], we estimate an upper bound for the boundary contribu- The sensitivity ofp to higher modes is most dramatically
tion of Zy=3#w/(2M), giving z4z=3/(4AMR)=0.2. We do seen by studying the contribution from the whole KK tower:
not know that such boundary terms are present; howeveg quadratic sensitivity to the UV emerges. We have already
even if this bound is saturated, there is no conflict withseen that radiative corrections from the top Yukawa interac-
experiment—the effects in precision electroweak data are aton generate the interactiof(y) [d*6Z,HTeVH with Z,,

the level of current observations. Of course, although nohaving a quadratic sensitivity to the cutoff due to the power
expected, we cannot exclude large boundafsctors forQ4 law running of the top coupling. ThiZ factor induces a
andU; giving large shifts to the superpartner masses. positive contributionps from the VEV of the electroweak

D. The p parameter

C. Estimate of brane Z factors
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triplet in theX, multiplet. We now find that the higher dimen- ~ TABLE I. ContinuousR charges for gauge, Higgs, and matter
sion operatos(y) [d*A(&/M*)(HTe9VH)? is also generated Ccomponents. Heren represents,u,d,|,e.

with ¢ having quadratic sensitivity to the cutoff. In the strong
coupling limit, this boundary operator could lead to a contri- R gaugeV Higgs H matterM
bution as large ap™|=0.05. Contributions to thgp param- 4 he

eter are not reliably computed from the lowest lying KK

, , +1 Fe m,me

mode. Our theory requires a cancellation betwgg® 0 A’Z\AC r;] m’mc

+p@+pB®+ p* and the other contributions thp at the L ! - mm
- X

level of one order of magnitude.

V. SUPERPARTNER SPECTRUM AND COLLIDER

PHENOMENOLOGY gaugino masses can be traced to Risymmetry. The pat-

tern of R charges is not symmetrical about zero for the matter
What are the first states that will be encountered beyon@nd Higgs fields because we insist that the Hifgis R
those of the standard model? From Fig. 3, we see that theggutral, so that th& symmetry is not spontaneously broken.
are the superpartners, and their SU{Dartners, which at The leading effect that lifts the degeneracy of these states
tree level are all degenerate with mas®.1Consider the is EWSB. Even though this occurs radiativelyR=0.4 is
overall picture of the low energy effective theory beneath thegiven by the fourth root of the loop factbr and is not small.
TeV scale, after the states of masR2ind above have been These effects are important only for the top squarks and their
integrated out, so that only the standard model fields and theonjugates, and for neutralinos and charginos.
“1/R” states remain. It is clear that this effective theory is  There are four top-type scalars, but fortunately (1)
very different from the MSSM, which contains two Higgs XU(1)ew ensures the mass matrix splits into two<2
doublets, and a single set of superpartners. blocks. Sincet, Cq; andtgr="U}, the two stop scalars,

We stress that our effective theory below a TeV containsamﬁR have opposit&R charges and cannot mix. Neverthe-
the 1 Higgs doublet standard model, and two superpartners

i i ~ Tct :
for every standard model particle. Even though our fuIIISSSLZ?'X'ngS can _occurwnhm the pa'rL(_’tR? and_ the pair
theory is supersymmetric, our effective theory is not. Therd tr.t('). Each pair has the mass matrix given in E2f).
is no energy scale in which a 4R8=1 supersymmetric de- Taking the mixing with the heavier states into account, the
scription is appropriate. Rather, the low energy theory re€igenvalues are
flects the underlyindN=2 supersymmetry coming from the 1
fifth dirrlension, with a superpartnprand a conjugate super- m.. R m;. (45)
partnerp® for every standard model particfe
For R"1=352 GeV, there are two charged 2/3 colored sca-

lars T,z of mass 186 GeV, and two, g, of mass 518
In this section, we use a tilde to denote these superpartnergeV. Thel,R subscript labels whether the state contdins

q.u,gl,l~,ge~ fg)r the squarks and sleptoris,for the Higgsino, or'ts. Each mass eigenstate has roughly comparable SU(2)
andg,®,z,y for the gauginos, which we collectively denote doublet and singlet components, and each has a large cou-
by . The SU(2),-rotated statéswe call conjugate super- pI|n.g Fo the top quark and the Higgsino. Including one—lqop
partners, thusﬁgzac is a conjugate squark angk of the radiative corrections from th(i QCD gauge KK tower in-

. . . .~ creases these masses by 6%tforto 197 GeV and 1% for
SU(3) gauge multiplet is a conjugate gluing.

T, to 522 GeV. Remarkably, the one-loop contribution pro-
portional to the top coupling? vanishes.
Introducing bran& factors forQ5; andU;, as in Eq.(39),

In studying the mass matrices for these states, it is useflﬂ1e 2% 2 mass matrix for the scalaré (:ch) becomes
to notice that the theory possesses an accidental, continuous LR

R symmetry. We choose it to be such thita(d’) carriesR 1-27
charge+1 (—1). The resultingR charges are shown in Q

p=(p,p°). (44)

A. Spectrum

1-z
2 - Uy
R? +4m; 2my R ( tL)

Table I, and are the same for all members of the KK tower. I 19

The standard model particles are neutral, while the superpart- R 1-z, 1-2z, ”fgf

ners and their conjugates have chargek. While the con- —2m R RZ

jugate matter fields and conjugate gauge fidids, the (46)

scalaj are neutral, the conjugate Higgs boson field has
charge +2. The absence of anA terms or Majorana to linear order inzq . The mass matrix for the scalars

(tr,1{") is obtained by the interchangg«z, . To leading
order inzg y and inm;, the eigenvalues of this matrix are

5The only case wherp andp® are not in the same SU(RXdou-  (1—2)/R=m;, wherez= (zo+2y)/2. Using Eq.(41), which
blet is the Higgsino. includes mixings with all heavier scalar modes, one discov-
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700

1 1
=(1-2zy) ﬁMW(HEZH)
600 - ~ ~
(h+ wc+)
1 1
8 X - (49
4 on
g
200 for the charginos, and
100 | 1 1
ﬁ(l_ZH) Mz| 1+ 524 0
° 0 0.‘05 0;1 0.‘15 0.2 0.‘25 0.3 ( h 0 ZC) 1 1 ~
ZH z
- M Z( 1_ EZH> ﬁ
FIG. 6. The top-squark and chargino masses as a function of (50)
. Solid, dashed lines represem and;(123 fields, respec- _ _ _
t|ve|y 2,,>0.2 is disfavored by preC|S|0n electroweak data. for the neutralinos. The mass eigenvalues for the charginos
are shown in Fig. 6 as a function »f . The neutralino mass
ers that this result is exact im,. As shown in Sec. III, eigenvalues have a very similar behavior, but with a smaller

minimization of the Higgs potential determinesz)/R  SPlitting at z,=0. The Xxi state has a masR *, and

=352 GeV, so that the top squark masses are independent Btpanges wittz,, only because the extraction Bf * from the

the Z factors, to linear order, as shown in Fig. 6. Higgs VEV involvesz,. The orderz, terms in Eq (49)
Although there are six charginos and six neutralinos, theause a significant mass splitting betwee}n and X3 »

mass matrices have a very simple form, largely determme@hat)(l may well not be the lightest chargino.

by U(1)g and U(1)y symmetries. Both charginos and neu-  All the remaining superpartners, squarks, sleptons, glui-

tralinos have a ¥3 Dirac mass matrix, which splits into nos, and their conjugates remain closely degenerate with a

block diagonal form, giving chargino masses mass ofR™ 1. Radiative corrections from the strong interac-
tion lift the mass of the colored states by about 6 GeV com-
1 pared to the noncolored ones. EWSB allows us to determine
R \/EMW Fe- 1 R™1=352+20 GeV, where the uncertainty is from our the-
Rt @) ~ ) + ot oretical calculation. Brang factors can also affed® *
— 2My 1 o | R shown by they; curve in Fig. 6, for the case that tt&
R factors are generated purely from the 5D power law running

(47)  of the top coupling.

The supergravity multiplet in 5D contains the graviton
and neutralino masses Gun, the gravitinoV,,, and a vector field,,. The KK
decomposition of this 5d multiplet leads to two 4D multip-
lets: the graviton multiplefg,,,(+,+), g +,—), ¥5(—,

1 M, F0 +),B,.(—,—)] and the radion multiple{(gss+iBs)(+,
S R +£”,‘yc’". (48) +)o A+, =) (= +),9,5(= . ) ]. The towers of KK
1 7 R modes have the usual spectrum with only the 4D graviton
—Mz R and the radiorysg having a zero mode, while the next light-

est states are the fermionic ones &.1IWe assume that the
_ o _ . radion acquires a mass by a mechanism that stabilizes the
The minus signs in thé2,1) entries are extremely important. sjze of the compact dimension. It has z&aharge and is

The pure gaugino stateg; and ), are the lightest, with unstable to decay to standard model particles.
massR™'=352 GeV. The mixed gaugino/Higgsino states  The two top scalars, - andty_ are lighter than all other
are increased in mass: X;, s both have mass superpartners by a significant amount, having masses

R 1J1+2M3R?=370 GeV, andx3, both have mass
R™1J1+M2R?=364 GeV.

These shifts are of ordeM3/R and hence small. The This result is remarkably insensitive to brafefactors, as
brane wave functiorZ factor for the Higgs field does not shown in Fig. 6. The top scalars remain at least 100 GeV
correct the form of thé‘(l masses, but does induce correc- Ilghter than the Ilghtest chargino or neutralino. In addition,
tions to the form of théy, ; mass matrices, which, to linear the braneZ factors do not lift the degeneracy betwegn
order inzy, become andtr_ to the leading order. Since the one-loop gauge cor-

m; =197+20 GeV. (51)
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rection andD-term contribution also do not lift it, the mass and one with— 1. These cascade to eventually giye or

splitting between these two scalars would be, if any, verythrei andis. orT[, respectively. Thus, unlike in the case of

small. . : . .
~ ~ , direct scalar top production, events occur in which the stable
Althought, _ andtgr_ have opposite U(R) chargei, the charged particles have the same sign.
heavier may decay to the lighter, for example, by If the gluino is heavier than the squarks the decay chain is

changing gluino exchange, and the lifetime is very sensitivqop when the decay is not forbidden by phase space. For the

to the scalar mass differences and the size of the flavQgase that the squarks are heavier than the gluino the decays
changing coupling. Decays may also be induced by certain ~  ~ di—aay. Recall thaid and™ Dirac f
higher dimension operators. For the most plausible ranges /€949 andg—aqy. Recall thalg andy are birac ter-

parameters the decay does not occur inside a collider deteBions, andy refers to squarks and conjugate squarks.)All
tor, unless the heavier scalar is stopped, but would be exstates that are kinematically open will be populated. The
pected to occur cosmologically. We refer to these two scalarghree charginos will all decay vigt — bt _ . The neutralinos

as the LSP and the next to LSRLSP). decay tott_ if open, but the lightest neutralino will decay

via a virtual chargino:x°—qqy*, Yy —bt_. Hence all
events resulting from pair production of the ‘R states
For run Il of the Fermilab collider the most promising contain twob quark jets.
signals of our theory are the standard model Higgs of mass at
1278 GeV, and the LSP and NLSP top scalars of mass C. U(1)g symmetry
197+20 GeV. The pair production cross section for these . . .
scalars at a center of mass energy of 2 TeV is 360 fb each In Sec. VA, an accidental U(%) symmetry, given in
[23]. This is significantly more than the rate for producing Table I, played an important role to r_eveal the mass spectrum
them via pair production of the gluinos and other squark®f the theory. Here we note that this UgLls an anomaly-
with mass of 350 GeV, followed by cascade decays to thdree symmetry. In the usual 4N=1 theory, an anomaly-
LSPs. Once pair produced, these scalars will hadronize bffee U(1)k symmetry requires the introduction of additional
picking up au or d quark and becoming a fermionic meson exotic states, beyond those of the MSSM, since the gauginos
TO=Ut_ or T*=di_, with almost equal probability. While and the gravitino carry a U(J;)ano.maly[26]. prever, in .
the charged meson is expected to be slightly heavier than tH8€ present model, there are conjugate gauginos and conju-
neutral one, both will be sufficiently stable to traverse thedate gravitino, so that the U(#)is automatically anomaly-
entire detector. Hence the signals for scalar top pair produdree; the quarks and leptons have zero charges and all the
tion are events with one- or two-heavy stable particles withother fermionic states are vectorlike. The Ugymmetry is
electric charge+ e.® Furthermore, the antistop bound states,a linear combination of the U(1) subgroup of the SU{2)
TO=ut_andT =df_, can oscillate by exchanging isospin @utomorphism group oi=2 supersymmetry algebra and a
and charge with background material in the detector, causinr?eCtor“kev nonRk U(1) symmetry under which the Higgs
intermittent highly ionizing tracks. These signals have beerfields transform asH(—1) and H°(+1) [H'(-1) and
investigated in the context of gauge mediation models wittH®'(+1)] again demonstrating that U(d)s anomaly-free.
stop NLSP[24]. The present experimental limit on such par-  The above remarkable property allows us to imposeRhe
ticles from run Ib at the Tevatron collider is about 150 GeVsymmetry as an exact symmetry of the theory. Since neither
from CDF[25]. EWSB (h)#0 nor chiral condensatiofgq)#0 breaks this
For sufficiently low speeg, the charged mesofis" will  U(1); symmetry, it may remain as an unbroken symmetry.
stop inside the detector, and eventually give a positron withrhen, the LSP is absolutely stable since Biparity, Rp or
very low momentum, presumably in the MeV range, By R/, is a discrete subgroup of the U{d$ymmetry, and some
decay to the neutral state. Ti" contains the NLSP, another higher-dimensional operators are forbidden by the symmetry.
possibility is that this NLSP decays to the LSP giving decay Anomaly freedom raises the interesting possibility that
products With_ energies of order the scalar mass differencepis U(1); symmetry is a gauge symmetry. In the usual 4D
for example, in the GeV range. _ _ N=1 supergravity, a gauge symmetry cannot remain at
At the LHC the situation is more complicated since all the|oy energies since a nonvanishing Fayet-lliopoulbserm
squarks, gluinos and their conjugates will be pair producedef order of the Planck scale is generated and breaks AJgfl)
However, these will all cascade to the LSP or NLSP, so onCene Planck scal¢27]. This is true even in théN=2 case
again a crucial signal becomes the observation of events witfpg). |f the same is true of our theory, the low-energy con-
one or two stable charged particles. The initial pair producsequence of the gauged Uglmay only be the presence of a
tion reaction produces one particle with Uglgharge+1,  discrete gauge symmetry suchRuparity. However, it is not
completely clear whether the U(d symmetry is necessarily
broken in the present theory, and if it remains unbroken at
8If R-parity violating interactions are introduced on the branes, thdow energies we would have a massless W(gauge boson
top scalars may decay into the standard model particles inside tH#at couples only to the superpartners and conjugate super-
detector. partners.

B. Collider phenomenology
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VI. CONCLUSIONS Because supersymmetry is broken nonlocally by the global

In this paper we have proposed an embedding of the sta roperties of the orbifold, all supersymmetry breaking ef-

dard model in a supersvmmetric theory with an extra dimen-eCtS are finite and reliably calculated in terms of physics at
) a supersy . 1 y , . the compactification scale. Unlike 4D supersymmetric theo-
sion compactified on the orbifol&*/(Z,XZ;)—a circle

. : ) ries, which have a large logarithmic dependence on physics
with two orthogonal reflection symmetries. All standard ge o9 b by

: ) at high energies, supersymmetry breaking effects are expo-
model particles propagate in the bulk, yet, because the Con?fentially shielded from physics abo®s *
pactification breaks supersymmetry, they are the only mass- There are three Dirac charginos of ma852, 370, 37D

less modes at tree level. The only interactions in the bulk are . ;

) i eV and three Dirac neutralinos of ma&b2, 364, 364
the_ 5D supersymmetric SU(X)SU_(Z)X U(1) gauge inter- eV, where the splitting is induced by EWSB. The EWSB
actlons,- Whlch_lead at low energies to the standard- mod plittings are largest for the top squarks, with two having a
gau’gze mttiractlons and the tree-level Higgs potentgd ( mass of 19% 20 GeV and two having a mass of 522 GeV.
+9'%)|#|*/8. The orbifold allows for two different types s other superpartners have a mass clos&®td, while all
of hypermultiplet, according to whether the zero mode is gy eycitations of the standard model have a mass close to
scalar or a fermion. Thus the orbifold provides a distinction, p-1_ 204+ 40 The LSP is a top squark and is most likely

between the Higgs aqd lepton doublet superfields. stable. It will be copiously produced at future runs of the
The Yukawa couplings for up-type quarks appear as 4Drayatron collider

supersymmetric interactions at the fixed points of e Sensitivity to physics at energies much ab&ve! enters

symmetry, while the Yukawa couplings for down-type only through supersymmetric interactions at the orbifold

quarks _and charge_d Ieptons appear as 4D supersymmetyg o 4 points. This gives an additional 20% uncertainty to all
interactions at the fixed points of ti& symmetry. Because the masses given above, except for the masses of the top
supersymmetry acts differently at these spatially separateglquarkS and the Higgs boson, which are more rigidly tied to
locations, all Yukawa interactions involye just a single Higgs gy sp. Higher dimension operators also contribute toghe
doublet, ¢,;. The top quark KK tower induces a one-loop narameter, and must cancel contributions from the superpart-
effective potential for the Higgs boson that depends on theers and KK excitations at the level of one order of magni-

compactification sca_lle. This pot_ential contain_s a neg_ativqude. This UV sensitivity implies that cannot be reliably
mass squared, and is a monotonically decreasing function %fomputed.

| . It triggers EWSB, but runaway behavior is prevented oy theory becomes nonperturbative at a scale of about 2
by the stabilizing effect of the tree-level gauge quartic interrey apove which it becomes incorporated in some other
action. Requiring the minimum to give the observed valueyigher dimensional theory. This might be a quasiconformal
for the Fermi coupling determines the compactification scalejjg|q theory with an energy desert, or it could be that the

R™=352+20 GeV, leading to a prediction for the Higgs fyndamental scale of gravity is not far above 2 Tg\2].
boson mass ofmy=127+8 GeV. It is remarkable that the

Higgs potential does not have the standard model form, and
the dependence of the top quark mass on the Higgs VEV is
also nonstandard.

The nature of the orbifold automatically ensures that su- We would like to thank N. Arkani-Hamed, R. Rattazzi, D.
persymmetry is broken and that the superpartners all havBmith, and N. Weiner for discussions. Y.N. thanks the Miller
massR ! at tree level. There is no additional supersymmetrylinstitute for Basic Research in Science for financial support.
breaking sector or mediation mechanism, and hence no softhis work was supported by the E.C. under the RTN Con-
supersymmetry breaking parameters suchuas,,,mg,A  tract No. HPRn-CT-2000-00148, the Department of Energy
or B. There is no fine tuning between parameters for successmnder Contract No. DE-AC03-76SF00098 and the National
ful EWSB, as there is only a single free parame®r!.  Science Foundation under Contract No. PHY-95-14797.
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