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Breaking the electroweak symmetry and supersymmetry by a compact extra dimension

Riccardo Barbieri, Guido Marandella, and Michele Papucci
Scuola Normale Superiore and INFN, Piazza dei Cavalieri 7, 1-56126 Pisa, Italy
(Received 10 July 2002; published 8 November 2002

We reexamine in some more detail a recent specific proposal for the breaking of the electroweak symmetry
and of supersymmetry by a compact extra dimension. Possible mass terms for the Higgs boson and the matter
hypermultiplets are considered and their effects on the spectrum analyzed. Previous conclusions are reinforced
and put on firmer ground.
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[. INTRODUCTION AND MOTIVATION at least about 100 times bigger than the supposed physical

. . _ Higgs squared mass. The usual hierarchy problem, coupled
Electroweak symmetry breakin@WSB) remains an un with the knowledge of the top mass, has acquired a “low

f’:;ﬂf; (s:iegnrf;“hrgsbelﬂgr'gnega;gtcﬁh% Sé%?r']tzl?O%Z?ase);pseséqnergy” aspect. We underline that this was not the case, a
cific physical description of EWSB. The Higgs boson has nOtmeaC;sdsvsgcr){o\;wlligv%e (ES\i/\\//:nT t\ggfpg?;a?vrzl|lgtg? |_a|g|(:j> %L\etggp
been found, nor any supersymmetric particle, which, as beEWPT one can call tﬁis the “LEP paradof1]
lieved by many, could play a crucial role intriggering All t,his sounds pretty familiar as an ar urﬁent in favor of
EWSB. Similarly any possible mechanism of dynamical . prefty g . :

. ) ; : . the existence of superpartners, and maybe it is. With the
EWSB, if realized, is at least well hidden in the relevant dataIntroduction of the loops of the top squark, of mass, Eq
so far. This is where we stand at the moment. It is very likely, 1.1) turns into ' T
on the other hand, that the progression of the upgraded Fe?-'
milab Tevatron runs and, especially, the coming in operation
of CERN Large Hadron Collidegil.HC) will change the situ- 5 3 ) 2 A?
ation in this decade, making available crucial data on the = Jmg(top quark—top squaiﬂc\/_ > Gemym;log—
physics of EWSB. All this motivates further thoughts on this 2m m;
problem. A2

Where do we look for an orientation, however? Theoreti- =0.1 melog—s (1.2
cally, the quadratic divergence of the Higgs boson mass in T
the standard modé€EM) remains a crucial aspect of EWSB.

This is neither new, however, nor sufficiently discriminating

among alternative theoretical ideas. More significant, maybeStIII divergent, but only Ioggnthmpally. The top squark a.nd.
is the impressive series of electroweak precision testd?® other superpartners might exist then, but where? It is in

(EWPT) performed in the 1990s mostly at the CERNe~ the very spirit of this_ en_tire arggment that the correcﬁi_bﬂ!). .
collider LEP but also at the Tevatron and at SLAC Linear@nd the other contributions toy; should not exceed signifi-
Collider SLC. As is well known, these data brilliantly con- cantly the (100 GeVj range without an accidental tuning
firm the SM at the level of the pure electroweak radiative@mong the different parameters involved. In turn, by inspec-
corrections. Although indirectly, this suggests that any drastion of definite supersymmetric extensions of the SM, this
tic departure from the SM cannot occur, if it does at all,Nas led to the expectation that some superpartner, as the
below a few TeV. Furthermore, always indirectly, evidenceH199s boson itself, had to be discovered, in particular at LEP,
emerges from the same data in favor of a light Higgs bosoVhich did not happen. Since this was an expectation and not
in the hundred GeV range. Here we stick to this interpreta@ theorem, the failure to find supersymmetry at LEP is not of
tions of the EWPT, not unavoidable but plausible: there is!mmedlate interpretation either. With some amount of tuning
indeed a light Higgs boson, close to the direct lower bound" the space of parameters, standard superpartners, with

of about 110 GeV, while the physics remains perturbative ugnasses close to the current lower bounds, can certainly exist,
to 2—3 TeV energies at least. ready to be found at the upgraded Tevatron and/or at LHC.

This view would have a problem, however, if we also The success of gauge coupling unification supports this view.

supposed at the same time that no new weakly interacting@" the bad side, however, by allowing an increasing amount
particles were present below the cutoff scaleat or above of tuning, all superpartners could escape detection even at
2-3 TeV. The dominant radiative correction to the HiggsLHC'

boson mass, from the top loop, cutoff atwould in fact be All this justifies, in our opinion, the exploration of alter-
(G, is the Fermi constant ammt, the top mass native possibilities: we seek a model with a naturally light

Higgs boson in the 100 GeV region, perturbative up to a few
TeV at least and with a structure in between possibly deter-
)2 mined in terms of a minimum number of parameters. This

t

3
om? (top quark= —— Gem?A?=(0.9 Te\)?

V2m?

3 TeV has motivated the proposal of RE2]. In this paper we re-
turn to it in some more detail, also in view of the contents of
(1.)  Refs.[3-6].

0556-2821/2002/68)/09500313)/$20.00 66 095003-1 ©2002 The American Physical Society



BARBIERI, MARANDELLA, AND PAPUCCI PHYSICAL REVIEW D 66, 095003 (2002

s SUSY 7 i, t
RSN RO RO
5D sb T . oo T
p SUSY ; Fy, Fy u

] ) ) FIG. 3. One-loop diagrams contributing to the mass squared of
FIG. 1. Component diagram of the hypermultiplet in 5D. the Higgs boson.

The structure of the paper is the following. In Sec. Il we pling can be introduced as a superpotential term localized at
recall the solution of the LEP paradox proposed in RBf.  one of the boundaries, say=0,
Section Il contains a description of the complete extension
of the SM and of the in principle relevant parameter space. 5 moan
This includes suitable mass terms for the matter and Higgs EY:I dy 5(y)f d"Onh QU +H.c. 2D
hypermultiplets as discussed [6]. In Sec. IV we give a
detailed discussion of EWSB with the inclusion of maSSWhereﬁ, Q, U areN=1 chiral multiplets. In particula@
terms, small relative to R. The spectrum of the model and 5,4 () each contain the fields and ¥ of Fig. 1 with the

the consequent phenomenological implications are sUMMasresponding quantum numbers. It is irrelevant at this stage

rized in Sec. V. whetherh does or does not haveyadependence. We assume

that the scalah contains ay independent componehf(x)
which plays the role of the standard Higgs field.

We suppose that supersymmetry is relevant to solve the We are in a position to compute the one-loop contribution
LEP paradox, as defined above, and that the left-handed tdg the Higgs boson mass due to the coupliadl). This is
quark, with its doubleQ=(t,b), , and the right-handed top Most readily done by means of the propagators in mixed
quark tg live in 5 dimensions of coordinatesc(,y). For  (P..Y) spaceGi(p;y,y’) for the different components of the
every matter Weyl spinof this amounts to introducing a superfield,i=f,f,F [7]. Corresponding to the diagrams of
hypermultiplet of &, ,y)-dependent fields according to the Fig. 3 one has
scheme of Fig. 1, wheré® denotes a spinor with the same
chirality of f but opposite quantum numbers. The 5th dimen- _ N d'p
sion is viewed as a segment of lengiiR/2 with Dirichlet my= 27er (2 m)*
(+) or Neumann ) conditions on the two boundaries:

(+,+), (—=,-), (+,-), (—,+), respectively, for the fields +GFt(p)Ga(p)} (2.2
f, f¢,f, T°. This is a unique way, consistent with the sym-
metries of the free 5D Lagrangian, to obtain a spectrum withwhereG;(p) = G;(p;0,0). Using Eq(B9) of Appendix B we
a single massless mode for the fermifaonly. The spectrum obtain[2]

X

4l

Il. ASOLUTION OF THE LEP PARADOX

{=TrG«(p)Gu(P)]+ Gk (P)Gi(P)

for the entire hypermultiplet with these boundary conditions R
is given in Fig. 2. All fields are periodic over a circle of 5 3y? f@d 3
X X
16R?Jo

X
coth? - |- tantf

radiusR. The 5th dimension can be viewed as compactified oMy =—

on aS(Z,xZ}) orbifold wherezZ, andZ, are the reflec-

tions around the two boundariesyat0 andy= 7R/2. Su- 637(3) y?

persymmetry is broken #a Scherk and Schwarz by the =— T

boundary conditions. 87" R
Consistently with supersymmetry, the top Yukawa cou-

(2.3

where £(3)=1.20 andy,=\,/(2wR)%? is the top Yukawa

(+,+) (+,-) (=,+) (= -) coupling in 4D (anticipating ay-dependent Higgs field as
mass well). The finiteness of Eq(2.3) is a consequence of local
6/R . . supersymmetry conservation in 5D, as discussed below.
5/R —e— —e—

/R A. The relation between the compactification scale

3/R and the cutoff

2/R e e The finiteness of Eq(2.3) and the spectrum in Fig. 2,

/R . . with all extra particles in the top hypermultiplet living at or
0 . above the compactification scaleéRl/look as a right step in

the direction of solving the LEP paradox. The price to be
FIG. 2. Tree-level KK mass spectrum of a multipleiector, ~ paid, however, is the non-renormalizability of the coupling
matter or Higgs with the indicated boundary conditions. (2.1) in 5D. Any model that incorporates the physics of Sec.

095003-2



BREAKING THE ELECTROWEAK SYMMETRY AND . .. PHYSICAL REVIEW D66, 095003 (2002

Il must be thought of as an effective field theory valid up to  TABLE I. ContinuousR charges for gauge, Higgs boson and
some cut-off scaleA. This is not necessarily a problem, matter components. Here) representsy, u, d, I, e.
however, as long aA is itself not lower than 2—3 TeV and is

sufficiently bigger than the compactification scal® $b that R gaugeV Higgs H matterM
Eq. (2.3), or similar ones, remain quantitatively meaningful , , he
in the usual sense of effective field theories. 1 ~ ~ ~ ~

\ h¢ m, m°®

The relation between R/andA can be fixed by requiring
that the top Yukawa coupling in E@2.1) becomes nonper- N _
turbative atA, taking into account the increasing number of -1 N h
states whose thresholds are crossed at every unitRf 1/

With this assumption, the value @ft at A can either be -
estimated by means of usual dimensional arguments, propt iAs) and two Weyl spinors\, \° for every generator of
erly adapted to 5008], the gauge groulSU(3)XSU(2)XU(1) are fixed to be
(+,+), (=,—), (+,—) and (—,+), respectively, by Lor-
1 243 \ 32 an entz, gauge and supersymmetry invariance in 5D. Hence
ﬁ(m) =8.2AAR) (2.4 only the vector zero mode is massless, as shown in Fig. 2.
As to the Higgs hypermultiplet two choices are in prin-
ciple possible for the parity assignments: the, (+) given to
a fermionic componenr(as for the matter hypermultipleter
to a scalar component, with the parities of all other fields

A* A° h m, m¢

yi(A)=

or by noticing that the expansion parameter in a 4D calcula
tion involving the top Yukawa coupling ig0]

o2 fixed automatically. Only the second choice leads to a non-
L(NKK)B anomalous theory and leaves the zero mode of the Higgs
1672 field massless. The two Higgsinost (—) and (—,+), are

all paired to get a Dirac mass atf{2 1)/R, n=0,1, . .. (see
whereNyx=AR is the number of modes below, hence Fig. 2).

. 4 32
Vi(A)= _W(ﬁ) :8.9(AR)73/2. (2.5 A. Residual symmetries after the orbifold projection

2 . L .
V2 The 5D supersymmetric gauge Lagrangian is fixed at this

Matching this value with the measured top Yukawa couplingSt2ge. The symmetries that survive the orbifold projection
at the weak scale givesR=5 [2]. Note thaty, at A has not other than gauge and flavor symmetries are the following.

. (1) 5D supersymmetry witly-dependent transformation

mcreaseAd from 1 by more than 20% or so. The One'IOOpparametergl, £, subject to the boundary conditions:(

evolvedy, starts growing rapidly an=6/R. From the 4D _y ang (— +) [9]. This implicitly assumes the promotion

wewpomtA, it is the multiplicity of states, rather than the in- ¢ supersymmetry to a local symmetry, hence to supergrav-

crease ofy, itself, that causes the loss of perturbativity. ity. We note that the scale of the supergravity couplings need
Is AR=5 enough to defend the predictivity of an equa- not be connected with the cut off of Sec. II.

tion such ag2.3)? We claim that it is, as it can be checked by  (2) A continuousR symmetry withR charges given in

writing the most general Lagrangian, involving the top andTable I, intact even after EWSB. The absence of Arigrms

the Higgs fields, consistent with the various symmetries angér Majorana gaugino masses can be traced back to this sym-

containing operators of arbitrarily high dimensions, all as-metry.

sumed to saturate perturbation theoryAatThe corrections (3) Alocal y parity under which any field transforms as
that these extra couplings induce are not large. The value of
A itself, or of 1R, will be set in the following. We also e(y)—ne(mRI2-Y) (3.1
anticipate that the gauge couplings, growing more slowly
thany,, remain perturbative below or &t. where 7 is the parity assignment at any one of the two
boundaries. Note that this cannot be extended to a global 5D
. THE COMPLETE MODEL AND THE RELEVANT parity symmetry which includes the two boundaries since
PARAMETER SPACE Z,xZ, is the most general discrete symmetry groupSin

_ ) 9]. This symmetry is enough, however, to forbid local mass
The most straightforward way to include the gauge angerms for the hypermultiplets.

Higgs multiplgts is to take every field in 5D. With maitter and  These symmetries strongly constrain the form of the 5D
gauge fields in 5D(discret¢ momentum conservation holds (bulk) Lagrangian£s, but leave open the possibility of suit-

in the 5th direction, thus weakening the lower bounds onypje | agrangian terms at the two boundaries, so that, for the
1/R. Furthermore, it is essential that the Higgs boson alsqgig Lagrangian

lives in 5D if one does not want to duplicate the Higgs mul-
tiplets as in standard supersymmetric modske below.
The parity assignments of the fields in the gauge multip-

7R
let, a 4D vectorA,, a 4D complex scalap=(1/1/2)(S L=Lst dy)Lat o\ y= -

y— )cg. (3.2

TRl
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Some of the terms irC, and £, will in fact be generated L= —[ym(y) ¥+ H.c]-M?(|¢|?+]¢°[?)
anyhow, subject only to the usual non-renormalization prop- 5 12
erties of supersymmetry. One important fact to notice about —2M[8(y)+ 8(y— 7RI2)](|]*—[¢°?) (3.3

L4 and L, is that they respect differeN=1 supersymme- irrespective of the specific boundary conditions for the dif-

_trles, assoc!ated with the parametégsand £, Wh'Ch vVan- - ferent components. Note the appearance of the boundary

ish, respectively, ay=mR/2 andy/zo. In practice, to Writé o |y the formulation of the theory on a circ&, the

down the most general, and £; one employs the usual 1555 termm(y) has to satisfy €,—) boundary conditions

rules of 4DN=1 supersymmetry after identification of the {5 pe alsaz,x z} invariant. Furthermore, bulk supersymme-

proper supermultiplets. In turn this identification can be doneyy implies thatm(y) is piecewise constant in the four dif-

by considering the 5D supersymmetry transformation anderent patches of the circle; hence,

setting there eitheg; or &, equal to zero. If one looks at the

Higgs hypermultiplet it is immediate to see, anyhow, thatthe  m(y)=M 75(y),

supermultiplets whose components have the same orbifold

parities and do not vanish at the boundaries [@né+, +1, ye(0,7R2)U(7R,37R/2),

+),h(+,—)] and[h'(+,+),h%(—,+)], respectively, ay 71)=) _q y e (nRI2aR)U(37RI2.27R). 34

=0 andy=wR/2. This is what makes it possible to write

down Yukawa couplings both for up and for down quarks orThe effect of a mass term like E¢3.3) on the spectrum is

for the leptons to a single Higgs fiell{ +,+) and still be  discussed in Sec. Ill D. We point out, however, that if these

consistent with(local) supersymmetry. The Yukawa cou- mass terms are vanishing at tree level, the non-

plings for the up quarks are locatedyat O and the Yukawa renormalization theorems guarantee that they can only be

couplings for the down quarks and the leptonsyatwR/2  renormalized by finite, negligibly small, non-local correc-

[2]. tions associated to the orbifold breaking of global supersym-
Finally we note thatf, and £, can contain a Fayet- Metry.

lliopoulos term associated with the hyperchatgél). We

shall come back to this possible term in Sec. Ill C. C. The Fayet-lliopoulos term

It was pointed out in Ref.3] that a Fayet-lliopoulo$FI)
term on the boundaries is induced in the model under exami-
nation by one-loop corrections involving the gauge coupling

The boundary conditions, or the orbifolding, turn the vec-to the hypercharg¥. At first this is not surprising since a Fl
torial 5D Lagrangian into a chiral theory. This is obviously term in 4D is both gauge invariant and globally supersym-
the case in the pure gauge-matter sector since the orbifol@etric. It is, however, also somewhat worrisome, still in
projections select chiral fermionic zero modes. It is also trueView of the 4D properties of a FI term. In 4D the FI term
however, in the gauge-Higgs sector in spite of parity conserPréaks supersymmetry and/or the gauge symmetry in the
vation and of the Dirac nature of all Higgsino masses. Som&acuum, something we would not like to happen in view of
of the Kaluza-Klein(KK) vector bosons couple to vector the previous d|sc_:us_5|on. Furthermore, it is not gauge invari-
currents and some others to axial currents. Similarly some dit In supergravity if théJ(1) charge of the gravitino van-
the KK states of the gauge multipletare scalars and some |shes[12,13, Wh'gh Is the case for. Fmally the one_-lopp Fi
pseudoscalars. One wonders then if gauge anomalies mé&rm arises only in the presence of mixdd1) gravitational
appear localized on the boundar[és10]. omalies. . L

The naive answer to this question turns out to be correct5 None of th_ese unpleasant features necessarily SUrvive in
To ensure gauge invariance and the conservation of the co D [6]. In partlcula_r they_are no'g shared by the FI term in the

. . > C%fodel under consideration, which takes the form
responding 5D gauge current, it is enough that the fermionic
zero modes, after the orbifold projection, satisfy the usual 4D
anomaly cancellation conditidri0]. Since the matter fermi- Le=§ 8(y)(Xg—dy2)+ 8| y— (Xa+ 3@)}
ons are anomaly free and there are no massless Higgsinos, (3.5
the orbifold construction described above is anomaly free. A
qualification of this statement is necessary, however. Becausghere?, is the real scalar in the vector hypermultiplet a26g
of the Higgs sector, gauge invariance can be maintained & the SU(2) triplet of auxiliary fields of the 5D vector
the quantum level, but not, at the same time, as the locahultiplet[14]. X5 and2 intervene in the quadratic Lagrang-
parity symmetry defined in Sec. lll A. In particular there is ian without a mixed term
no regularization that preserves both symmetrées1].

The breaking of the locaj parity makes it possible that
there be mass terms for the hypermultiplets. For the hyper-
multiplet of components i, °, ¢,¢%), the 5D mass term
consistent with the residual supersymmetry after the orbifold For the purposes of this paper, it is important to observe
projection is[6] that, in the vacuum, from Eq$3.5),(3.6)

B. Gauge anomalies and hypermultiplet mass terms

7R
2

1 1
5(2):§X§+ E((?ME)(&ME)' (3.6

095003-4
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’7TR 5. mR
X3=—§[5(y)+ 5()/— 7” e o
37 ) we
TR me W
HE=—E oY) =dy——-
showing explicitly that theD-flathness conditions at both
boundariesD=X;—4d,%2=0, D'=X3+4d,2=0 are satis-
fied. Note that, on thé! circle, the vacuum form oE is
(2)Y=—(&2) »(y) with 5(y) as in Eq.(3.4). This amounts i .
4 ; " m MR
to a spontaneous breaking of the logglarity. In turn, after e > . : ey

the replacement of Eq3.7) in the interaction terms of the
X3 and¥ fields with a generic hypermultiplet of hypercharge  FIG. 4. Spectrum of a matter hypermultiplet, in units o0R.1As
Y, function of MR.

Lin=9vY(X3— 9y3)(l|*—[ ) — [(3y—gyY2) 0| Higgs boson, with the cusp 8 R=0 reflecting the change

. . . 2~
_ |(<?y+ng2)go°|2+ UE(3y—GyYS )y Hec, fl{ﬂ??l?i ff the squared mass, which i®yR)“=(4/7)MR at
(3.9

) ) ) ] IV. ELECTROWEAK SYMMETRY BREAKING IN DETAIL
one obtains a supersymmetric mass term as if&§), with

M= —g,Y&/2, wheregy is the 5D hypercharge coupling. ~ The purpose of this section is to study in detail the pos-
Once more we are led to consider a mass term for théible effects of hypermultiplet masses on EWSB. In this pa-

hypermultiplets. With a momentum cutoff, the radiatively ~Per we consider the case that these masses do not exceed
generated FI term is 1/R, leaving the exploration of the alternative possibility to a

future publication. As seen in Sec. Ill, moderate values of
MR are consistent with radiative corrections. Other than the
(3.9 modification of the spectrum, hypermultiplet masses have 3
1612 types of effects on the EWSRB1) a mass term for the to
or U hypermultiplets changes the relation between the top
which, in turn, translates itself into a mass term for a hypermass and the top-Higgs coupling, crucial in EWSB) a

Oy .,

§=

multiplet of hypercharger mass term for the tof or U hypermultiplets influences the
one-loop Higgs mass or the complete one-loop effective po-
gf( A2 g'°R tential; (3) a mass term for the Higgs hypermultiplet gives a
MY)==Y - A? (3.10  tree level mass to the zero mode Higgs fiéee Fig. 5,

22 1 . : . : .
16m 6 which feeds directly in the effective potential.

whereg’ is the usualJ(1) coupling in 4D. _
For AR=5 this is a small mass compared, for example, A. The top mass and the top Yukawa coupling

with the one-loop mass induced for the Higgs by the top loop  The relation between the top mass and the top-Higgs cou-
(2.3. One can nevertheless consider an arbitrary valug of plingy, is obtained by solving the equation of motion for the
as done in Sec. IV C. Finally it should be pointed out that|g\west mode of the fermions in the top hypermultipl€s

this induced FI term has a geometric interpretation in 5Danqy, coupled by Eq(2.1) at they=0 boundary. The in-
supergravity, suggesting that its renormalization vanishes be-

yond one loop and that, with a proper regularization, the case

£=0 is not inconceivable as coming from a suitable more & 6 ImAR) g B
fundamental theory6]. " s bty he
he, R B
he ke h
D. Hypermultiplet spectrum in the presence of a mass term h
It is useful to summarize how the hypermultiplet spectrum
of Fig. 2 is modified in the presence of a mass tdvinas in
Eq. (3.3. This spectrum is worked out in Appendix A both in
the case of matter-like and Higgs-multiplet-like boundary
conditions. The spectra in the two cases are shown in Figs. «
and 5 respectively. A few things are useful to note. In the
large MR limit a supersymmetric spectrum is restored with &, & -~ 5 TR
bound states localized at the boundaries. In Fig. 5 the lightest
state which passes through zero at vanishM& is the FIG. 5. As in Fig. 4 for the Higgs hypermultiplet.
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teraction(2.1) is itself a localized mass term when the Higgs
scalar is replaced by the vacuum expectation valu€his is
done in Appendix A. The result can be expressed as

Ye=Y1776 78 76 (4.2)
where
LN 2m 1 i
Y 2aR)¥2 T oUWl 4.2
i k|7TR .
o', =kjR cot > +*M;R, i=U,Q 4.3
ki=(Mf—m))¥2 (4.4
and 7" are the wave functions for the lightest,Q,h

modes aty=0, normalized tof3™"dy|7'(y)|?>=2#R and
given in Appendix A. AtMy=Mg=M,=0, Eq. (4.1) re-
duces to

_my 2sin7Rm)

" v mRm+sin(7Rm)’

Yt (4.5
Note that in the limitM,=0, [My o|>1/R>m, y, reduces
to the standard valuep, /v, no matter what the sign &l is.
For positiveM, when the top wave function and the Yukawa
coupling are localized at opposite boundaries, this is due to
compensating increase f, which is directly related to the
fundamental coupling in the Lagrangian. Whgp and §/t
differ significantly, it isy, that enters into Eqg2.4), (2.5) to
determine the point of saturation of perturbation theory.

B. One-loop Higgs effective potential for arbitrary My, Mq

The one-loop Higgs mag&.3) from the diagrams of Fig.
3 gets corrected by the presenceMf, andMq. This is in
fact also true for the entire one-loop effective potential which

has to be computed anyhow because of the large correction
to the quartic coupling and because of the higher order terms

in (vR)? which may be important insofar @&is not deter-
mined.
The calculation described in Sec. Il immediately general

izes to the massive case in terms of the propagators in tr}e

presence of masses. Considering, as in(Ed®), the mixed
propagators ay=y’'=0 the effective potential due to top-
quark—top-squark exchanges is

% n 2N

i g-nc, 2 R
X{[G¢(p,0)GR(p,O"
+[G(p,0)GE(p,0)]"
—2[Gy(p.0GR(p.0)]"} (4.6

where G”'9(p,y)=Gi(p,y;My.o) with i=¢, F, ¢. The
propagatorss;(p,y; M) are given in Appendix B, while the

PHYSICAL REVIEW D 66, 095003 (2002
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FIG. 6. Higgs mass as function of the dimensionless parameter
a, Eq. (4.7).

wave function of the Higgs zero mod;%} is given in Appen-
dix A. The integral is performed over the Euclidean
4-momentum.

C. Electroweak symmetry breaking in the presence
of a FI term

As shown in Sec. Il C, a FI term is equivalent for any
hypermultiplet of hypercharg¥ to a mass term, which we
parametrize in terms of a dimensionless variabkes

a M= 2, @7

to be inserted in Eq¥3.3), (3.4).
In the presence of these masses the potential we consider
to determine the VEV of the Higgs field is

21£(3) g , ¢°+g

. — 2 2 2 4

V(h:R,a)=m?[M(1/2)]h?+ ot B g h
+V,(h:M(—2/3),M(1/6)). 4.9

Other than the standard tree-level quartic coupling and the
One-loop contribution from the top-quark—top-squark ex-
changes, Eq4.6), the potential includes the tree level mass
m(M) computed in Sec. Ill D and Appendixahe first term

n the right-hand sidérhs) of (4.8)] and a one-loop mass

0
erm from the KK tower of theSsU(2) gauge multipletgsec-
ond term on the rhs of Eq4.8) [15]].

Imposing the occurrence of the minimum &t=v
=175 GeV determines the Higgs boson magsand 1R,
together with the entire spectrum, as functionsaofThe
Higgs boson mass is shown in Fig. 6. The lightest top
squarks, which are nondegenerate wiaeh0 becauseM
#Mg, occurs in two chiralities. Their mass difference de-
pends on the parametarand is about 70 GeV a=0.1.

The top squark masses together witR &fe shown in Fig. 7.
These figures refine those of RE4).

The sharp increase ofRMith a is due to an increasingly
precise accidental cancellatiqat about 10% level fora
=0.1) between the positive tree level squared mass in Eq.
(4.8) and the negative contribution from the top-quark—top-
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12000 [GeV] [GeV] 150

1000 140

800 L

600 120
M Mhiggs 110

m.
B P 04 03 0z o1 M(fl
a FIG. 9. Higgs mass as function MR.

006 -004 -0.02 002 004 006 008 0.1
FIG. 7. Compactification scale and lightest top squark masses a5 0-1. The reason for interrupting R below 0.1 is that the
functions ofa, Eq. (4.7). mass of lightest top squarkg&1] falls below the experimen-

tal lower bound of about 150 GeV, as shown in Fig. 10. For

squark loop. Note that the estimate of the radiatively inducedM R below —0.4, instead, it is the Higgs boson which be-
FlI term in Eq.(3.10 corresponds to a negligibly smadl  comes too light. This result, however, could not persist for
=102 [4]. MR< —1, where higher-loop gauge corrections become im-

Through R, My and Mg, also the Higgs-boson—top portant[16]. This case will be analyzed elsewhere. In the
quark coupling acquires a dependenceaprdetermined in  interval —0.4<MR=<0.1, both 1R and n; have a non-
Eqg. (4.1 and shown in Fig. 8. Note that the top Yukawa negligible dependence ad, as shown in Fig. 10. The de-
coupling y; is reduced from the standard model value bygeneracy between the two lightest top squark masses would
about 10% due to the localization of the interaction at thebe resolved by takingMy#Mq. The top-squark—Higgs-

boundary. boson couplingy, andy, in this case are shown in Fig. 11.
D. Electroweak symmetry breaking with sizableM =Mq V. SPECTRUM AND PHENOMENOLOGICAL
As we have seen, the mass terms from the FI term have to IMPLICATIONS

be small. Their effect can, however, be significant due to a In the ab fh ltilet N th | ¢
possible cancellation occurring in the Higgs potential be- h the absence of hypermulliplet mass terms, the value o

tween the tree level Higgs squared mass and the radiative%he compactification scale and the spectrum of the lightest

induced effect. Here we consider the possible effects of di articles is given in Table Il with an error that estimates the
rect masses fbr the),Q hypermultiplets, takingvl,=M g uncertainties due to the presence of the extra couplings and
=M for simplicity. At the same time, again for simplicity, operators mentloned in Sec. Il 2]. By Iettl_ng the mass
we set the FI term, or tha parameter, to zero. terms vary in a modergte range, very consistent with rad|a;
y . tive corrections, the main deviation from the massless case is

Proceeding as in Sec. IVC the Higgs potential we Con_due to a possible mass term for the Higgs hypermultiplet

sider is which can partially counteract the top-quark—top-squark ra-
21£(3) g2 9%+g'2 diative corrections that trigger EWSB. This can in turn drive
V(h;R,M)= —h?+ =——h*+V,(h;M,M) up the compactification scale and, consequently, the entire
167* R? 8 spectrum.
(4.9 In Sec. IV C we have explicitly discussed the effects of a

FI term, which is a particular example of this case. The entire
spectrum becomes therefore effectively determined Byiri/
the range of Fig. 7, 300 Ge:R '<1000 GeV. The de-

whose minimization determines,, andR as functions oM.
The Higgs boson mass is shown in Fig. 9 fel0.4<MR

1.4
\ R 1/R 4501 [GeV)
Yt
08
06} %
04
0.2
a
-0.056 -0.025 0.0256 0.05 0075 0.1 MR
_ ) . 04 03 02 01 01
FIG. 8. Top-quark—Higgs-boson couplingy;l and vy,
=\,/(27R)*? as functions of, Eq. (4.7). FIG. 10. Top squark mass and 1/R as function/d?.
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TABLE Il. The particle spectrum and R/in the absence of any 180 [ Mpiggs [GeV]
mass term(Column A and in the presence of a FI ter(@olumn 170
B). All entries are in GeV.
160

A B 150
1R 360+70 3001000 140
h 133+10 Fig. 12 130
1,0y 210+20 1R(1+8%)—m, 120
XX . 110 1/R [GeV]
9.9 | 360=70 LR(120%) 400 600 800 1000
1,, U, 540+ 30 1R(1+8%)+m,
A1,01,l1,hy 720+ 140 2R(1+20%) FIG. 12. Higgs boson mass versuik1lh presence of a Fayet-

lliopoulos term.

. A . Their mass is approximately ®+m) with a lowest pre-
pgndence ofn, on 1R is shown in Fig. 12 obtained from ferred value in the 200 GeV range. In such a low range value
Figs. 6 and 7, whereas the masses of the other particles a,[re L o~ 0.7 .
again given in Table II. Note that the lightest top squiyhs e super-hadron$ “=t,d and T'=t,u and their charge

. . — _0 .
the lightest supersymmetric particleSP), except possibly conjugatesT —,T" could easily be detected at the Tevatron

for | | f B where th i due to Kineti run Il as stable particles, since their possible decay into one
or farge vaiues o where the corrections due 10 KINCUC another is slow enough to let them both cross the detector.

terms localized on the boundaries, giving rise to the maing =« could appear as a stiff charge track with little hadron
uncertainty indicated in Table II, could reverse the order with. i mater activity, hitting the muon chambers and distin-
any C.)f the other superpartners aRl/Uf?'ess an explicit guishable from a muon viaEldx and time-of-flight. The
violation of the U(1)s—symmetry were introduced at the ng g states, on the contrary, could be identified as missing
boundaries, the LSP would be stable. A moderate effectqqy since they could traverse the detector with little inter-
could also arise from an explicit mass term for the top Ny-y¢tion. The cross section for the pair production at the Teva-

permultiplets, as shown in Fig. 10. tron of the top squarks with a 200 GeV mass is 0.4 p#l.
The heavier supersymmetric particles in Table Il could be
A. Phenomenological implications looked at through their chain decay into the LSP. Similarly

Except for the large, somewnhat fine-tuned values & 1/ the discovery of the first states aRéf the KK tower of SM

the Higgs boson is below th&/ W threshold, with a preferred Earticles(heavy %uar_ks, I%ptogs Witlz tbheir mirror pgrtners,
. I - eavy gauge and Higgs bosonsould be strong evidence
mass in the 130 GeV range. It has SM-like coupling® o for the picture of EWSB described in this paper. Note that

and 77 andWWHh ZZh gauge couplings. It could therefore (giscrete momentum conservation in the 5th dimension for-

be Iookedgt in an_assomated productionVah or Zh, fol- bids unsuppressed gauge couplings of the heavy gauge

lowed bybb and 77 decays. We have already mentioned thebosons to the standard fermions.

deviation of the top Yukawa coupling from the SM value

(see Figs. 8, 11 More important for the possible discovery ACKNOWLEDGMENTS

in a hadron collider is the suppression of the Higgs—gluon— ) o

gluon squared coupling, ranging from 10% to 60% relative We thank Roberto Contino, Paolo Creminelli, Lawrence

to the SM value as R increases from 300 to about 700 GeV' Ha”, Federico Minneci, Takemichi Okui, Steven OIiVer, and

where theWW threshold is crosseid.7]. Riccardo Rattazzi for useful discussions. This work has been
A main feature of the model is that the two degeneratgPartially supported by the EC under TMR contract HPRN-

light top squark are the LSP and are stabld {fL)g is exact. CT1-2000-00148.

APPENDIX A: SPECTRUM

14
19 A In this appendix we calculate the KK spectrum of Higgs
p and matter hypermultiplets in the presence of a mass kérm
Y 1 as in Eq.(3.3.
Let (¢,4,F), (% ¢° F° be either a Higgs or a matter
_\ . .
0.6 hypermultiplet. In the presence of a mass term as in(3t®
’ the Lagrangian upon eliminating the F-terms is
0.4 o o
0.2 L=|dwel?+|dme|?+ipotd ,p+igCord P+ ytoyp
MR 7R
-0.4 -0.3 -0.2 -0.1 0.1 +lﬁcﬁylﬂ—M2(|<P|2+|<PC|2)—2M[5(Y)+5 y— 7)}
FIG. 11. Top-quark—Higgs-boson coupling/; and f/t -
=\ /(27wR)*? as functions oMR. X(| 2= ¢%12) =M n(y) (pb°+ ¢ §°) (A1)
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whereM =0,1,2,3,5 whileu=0,1,2,3.
Thus the equations of motion are

o(y)+ 46

7R
(0M0M+M2+2M y—7>”(p=0 (A2a)

C:
2 ||| =0

(A2b)

y—

[&M&M+M2—2M[6(y)+5

7R
(aMaM+M2+2M{5(y)—5(y— 7)”¢=0 (A20)

7R
= ||jr=o

(A2d)

[aMaMJrMZ—zM[&(y)—a(

Equations (A2) must be solved imposing the proper
boundary conditions to the fields, ¢°, #, °. Note that the
delta functions on the left-hand side of E¢82) are both

PHYSICAL REVIEW D66, 095003 (2002

present only if the field under consideration has, ) par-

ity underZ,x Z; symmetry. In all other cases the wave func-
tion vanishes agy=0 and/ory= wR/2 and the delta functions
in the corresponding points are irrelevant.

1. Matter hypermultiplets

If we consider a matter hypermultiplet, then E@a2)
become

7R
[aMaM+|v|2+2|v| 5(y)—5(y— 7)“¢=0 (A3a)
[audM+M2]yc=0 (A3b)
[ImdM+M2+2M 8(y)]e=0 (A3c)
TR
[aMaM+M2—2M5(y—7) ©°=0. (A3d)

Taking for the wave functions the following form:

~ ) 7R 7R

P(X) A¢S|nk<y—7 +B,cosk| y— 7” ye(O,T)
pixy)= - ) 7R 7R 7R

Y(X) —Awsmk(y—T +B,cosk| y— 7” ye(T,ﬂ'R>

PE(X,y) = PE(X)A gesinky,

ye (0,7R)

~ ) 7R
QD(X,y):QD(X)A(PSlnk(y_ 7)! yE(O!ﬂ-R)

A esinky, ye (

@°(X,Y) = ¢°(X)

the mass of every field is given by?=M?+k? wherek is
constrained by EqgA3). Imposing the proper conditions on

Byesink(mR—y), ye (

7R
0'7>
R (A4)
T’WR)’

A few things are worth noticing:
(1) One can get the equations for the bound states by

the wave functions and their first derivatives on the boundananalytical continuation, setting=1ip in Eq. (A5).

we get the following equations fd«

k7R
Y(+,+)=(kK*>+M?)sin——=0

> (A5a)
k@R
Yo(—,—)=sin——=0 (A5b)
k7R B k A5
QD(+,—):>tanT——M ( C)
k@R k
¢(— +)=tan——= . (A5d)

(2) The bound statey(+,+) is massless for every value
of M, while the excited states have masseai)(ﬁ M?2
+(2n/R)%, n=1,2, ....

(3) The equation fory°(—,—) is unaffected by the pres-
ence ofM because of the vanishing of the wave function at
y=0, mR/2.

2. Higgs hypermultiplet
If we consider a Higgs hypermultiplet, then Eq#2)

become
7R h
2

{ﬁMaM+M2+2M[6(y)+5 y— 0 (AGa)
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[y +M2]h¢=0 (A6b) k7R k
)\(—l-,—):tanT:—M (A7c)
[dydM+M2+2M S(y)]N=0 (A6C)
MMMl y— | [xe=o.  (a6d)
M 2 ' k7R k
)\C(—,+):>tan7=—m. (A?d)

With the same procedure of the matter case one gets the
equations

k@R  2kM

Note that Eq(A7a) for the bound state of thiefield leads to

h(+.+)=ta 2 :kZ_MZ (A73) a negative squared masshf<0.
Solving Eq.(A6a) for the zero mode of the Higgs scalar
. _kaR we find for the wave function normalized to
h®(—,—)=sin——=0 (A7b)  p2mRay|n(O)(y)[2=1
|
7R 7R
—k cosk y- % +M sink Y=o
h©(y)= (A8)
M2
\/ZM +(k?+M?)7R—2M coskmR+ | k— T) sink7R

with k the solution of Eq(A7a). Expressior(A8) is valid for

ye[0,mR/2). Note that if M—O0, then h©®(y) following vectors:
—(2wR) 12
2
3. Spectrum in presence of a VEV for the Higgs field X= Fef

If we have a top quark hypermultiplet, then the top
Yukawa coupling 22]

At

LY: 2

[8(y)+ 8(y— wR)]f RohQU+H.c. (A9)

leads to a mass term when we replace the Higgs zero mode
h(©® with its VEV v. To calculate the spectrum in the pres-
ence of such a term it is convenient to rewrite the Lagrangiamvhere

—0-4My qdzre dyt+ n(Y)My g 0
| Tayta(y)Myq 1 0
B 0 0 —O0+4Mg u6.re
Ao 0 dy+ n(y)MQ’U
dy—n(Y)My o io*d,, 0
io#d,, —dy=n(y)My o 0
ML e 0 ~dy= (Y M
0 0 ia#d,

1
a=5[ay)+(y—mR)Jv h©(y=0), &.ro= 5( y—

095003-10

XU‘Q
£=<XJQY5y>MB(
YQ’U

(A1) without eliminating theF auxiliary fields and use the

Then Eq.(Al) becomes

®° b
A e (A10)
_ Zyo
+(ZU,QZE),U)MF St
ZQ,U
(A11)
)\ta*
0 (A12a)
—dy+n(Y)Mqu
1
0
)\ta'*
o#a, (A12b)
dy—n(Y)Mqu
7R
2
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with h(®(y=0) the Higgs zero mode wave functi¢A8) at _ KaR

y=0. (kbcothU—+MU
Taking for the wave functions the for(#\4) (in this case 7

one must consider also the wave functionsFef o ,ngu) A202|h(©)(0) 2

and imposing the proper boundary conditions one can get the MU AR

equations for the masses of the fields 16

?U,0%u,0:90.0 Y00 (A14)
For the top quarkyy o and the top squarkp, o (the

lowest modesone gets

) Afvzlh“”(mlz(
m e —

kQCOthT -M Q

m:+2Mg chothT—MQ

. k7R
N 16 ky COthT —My ~
where ki)' o= \/MﬁyQ—mtz;. The wave function of the top
quark zero mode, normalized 5™ dy|y5 Q(y)|?=1, is

X obtained by solving Eq(A3a). Fory e[0,7R/2) we have

. thWR
choth? —Mg (A13)

7R . 7R
Ky oCoshky o T—y —My gsinhky o T—y

¥y Ay) = (A15)

\/_ mt27TR+ 2M U‘Q(—COShkU'QTrR-i— 1)+[kU’Q+(MZ/kU,Q)]SW]hkU’QWR

The usual 4D top Yukawa coupling, defined as the cou<~ " transformationd23]. In this paper we need only the
pling among the zero modes of the fielis/, ,¢q, is given  propagators for the top-quark—top-squark sector, so we can

by assume from now on that the parities are those of the matter
A multiplets. Using the vectors defined in E&10), £ can be
Yi=VYi 7;8 ng 7;8 (A16) recast in a more compact form as in Appendix A:
wherey,=\(27R) 2 and 7}, (i=h,U,Q) are the wave £=X'"AX+Y'BY+ZCZ (B2)
functions(A8)—(A15) aty=0 normalized in such a way that
where
27R i 2
‘L dy| 7(y)|*=27R. (A17) :(—D—4M5W—WRQ)¢%+anw
—dy+Ma(y) 1 '
Inserting Eq.(A16) into Eq. (A13) we obtain the relation
between the top quark mass and the 4D Yukawa coupling ( —O0+4Mo(y—7R2)  —dy+M(y)
Ye- B dy+M7(y) 1 ’
APPENDIX B: PROPAGATORS ( dy— M 7(y) io"“&ﬂ ) ®3)
In order to obtain the mixed momentum—coordinate space N i;"&# —a,-My(y)]’

propagators for the componengs ¢, F of a hypermultiplet,
we start from the 5D Lagrangian without eliminating the Note that the components of (or Y, Z) have the same
auxiliary fields. IfM #0 the relevant part of this Lagrangian quantum numbers but different boundary conditions.

is Let us focus, for example, on the propagator

L=10,0]+0,0 >+ [FI2+[F2+iyata, p+iyora, g GL(x=x"),.5y.y 1=(e(x, .y ) eT(x,,)),  (BA)
+[Faye°—Fdyo+Hc]+Mn(y)[Fe+Fe+Hc]  the others being analogous. In general all the correlation
oyt Hel =My y+Hel honconsenvation of the 5ih component of momentur in the
—4M 8(y— wR/2)[|h]|2—|h°|?] (Bl  segmen{0,7R/2]. However, being interested in calculating

only loops formed using Yukawa interactions which are lo-
for the generic hypermultiplet of components , F and  calized aty=0, we can impose without any probleyi
their conjugates. The border termaR/2 in the last line is =0 from the very beginning of the calculation, reducing the
necessary to maintain 5D supersymmetric invariance undetependence of EqB4) only to (x—x"), andy.
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previously defined. In particular, defining S12 > Y

One can arrange propagators in matrices using the vectors 7R
sin k( )
k4
‘ k7R M si k7R
cosh ——|~Msinfj ——

|
Gx—x'1y) = (X(xy)X(x' 0) Grlke yiM) =~

(e(xY)e'(x',0)  (e(xy)F(x',0))

TUETxy) et (x,0))  (FET(x,y)FS(x',0 M k7R
(FTOGYe'(x,0)  (F(xy)Fe(x',0)) y 1__2kcot% m )_M}
(B5) i 2
the equations of motion for the scalar Green functions are
. Gy(ks,y;M)
AG(X—X";y)=i38M(x—x")=[8(y)+ 8(y— 7R)] 7R _ 7R
2 . kcoshk|l ——-y||—Msinh k| ——vy
. . . L 4k? ~ (k#R
where g is the usual Pauli matrix. Multiplying the 1st row 4 sinfl ——
of A by the 1st column off we get a system of 2 differential
equations, which after passing to the Euclidian 4-momentum, (B8)

assumes the form:
wherek,= o K,.

— 2 —_— —_ = i
Kag(y) = aM oty = mR/2) +ay+Mn(y)]f(y) =io(y)/2 In the limit M — 0 these propagators become

[—dy+Mmn(y)lg(y)+f(y)=0

7R
where g(y)=(e(y)¢'(0)) and f(y)=(F*'(y)¢"(0)). i S'”f{k4(7‘y”
These coupled equations must be solved imposing the ( G,(ks,y;M=0)= I R
—) and the (,+) boundary conditions iry on g and f, cosl{ 4T )
respectively, using the same techniques of Appendix A. One 2
finally gets the{pe") propagatoiG ,(k,,y;M):
Gy(kg,y:M)=(0e")(y) i Sim—{k4 %R_y”
4
—i sim{k W—R—yﬂ GrlkayiM=0)= ka)
_ 2 cos 5
B k7R - [k7R
4 kCOSl’(T +M SII’I.’(T)
7R
®7) SR kil
Gyks,y;M=0)= B9
where k= \k2+M?2. Analogously the(FF') (+,-) and ulkay ) 4k, sinl-( Kyq R) (B9
(yy') (+,+) propagators are 2
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