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We study, at the one loop level, the dominant contributions from a single universal extra dimension to the
processZ—>bH By resorting to the gaugeless limit of the theory we explain why the result is expected to
display a strong dependence on the mass of the top quark, not identified in the early literature. A detailed
calculation corroborates this expectation, giving rise to a lower bound for the compactification scale which is
comparable to that obtained from tleparameter. An estimate of the subleading corrections is furnished,
together with a qualitative discussion on the difference between the present results and those derived previ-
ously for the nonuniversal case.
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[. INTRODUCTION tant feature that the constraints on the size of the extra di-
mensions which are obtained from SM precision measure-
Models with large extra dimensioi$—4] have been ex- ments are less stringent; this is so because the extra modes
tensively studied in recent years, and have served as a majdo not affect the tree-level predictions, and make their pres-
source of inspiration in the ongoing search for physics beence felt only through loop corrections. This last point merits
yond the standard moddSM). The general idea behind particular attention, given its phenomenological importance,
these scenarios is that the ordinary four dimensional SMogether with the fact that loop calculations in the context of
emerges as the low energy effective theory of more fundasuch theories constitute a relatively unexplored territory.
mental models living in five or more dimensions with the In general the precision electroweak observables most
extra dimensions compactified. The effects of the extra disensitive to radiative corrections, whether from within the
mensions are communicated to the four dimensional worlEM or from its extensions, are those enhanced by the large

through the presence of infinite towers of Kaluza-KI{K)  top-quark massR,,, or equivalently, the proces&—bb
modes, which modify qualitatively the behavior of the low- [18—21] theB—Emixing [22], and thep parameter. These

energy theory. In particular, the nonrenormalizability of theobservables have already been considered in models with

theory is fou_nd when summing the_ infinite tower Of_K_K extra dimensions. Thu®, was considered, for instance, in
states. The size of the extra dimensions can be surpnsmgty

; - ; 16,23,24, B—B was considered first irk3] and, recently, it
large without contradicting present experimental degee .
for instance[5—15]). This offers the exciting possibility of has been stu_d|ed.|n the context of UED (5,26 In the
; . . ase of theories with UED the study of the corrections to the
testing these models in the near future, since the lowest KK

- . » parameter has yielded a lower bound on the size of the
gtates, it light enough, could be produced in the next generégompactification scale, the inverse of the compactification
tion of accelerators.

Extra dimensions may or may not be accessible to aI[adIUS’R’ of about 300 GeV16]. In this paper we will study

i . o . —In detail the bound obtained on the size of a single UED
known fields, depending on the specifics of the underlying — ) ) .
more fundamental theory. Scenarios where all SM fields liverom the procesZ—Dbb. Our experience with the radiative
in higher dimensions have been the focal point of particula€Orrections induced by the SM particles suggests that the
attention[12,16)). This type of extra dimensions is referred bounds obtained from this process could in principle be com-
to in the literature as “universal extra dimensiondJED). parable to those e)ftracted from t,hfparameter; the reason is
From the phenomenological point of view, the most characlhat the aforementioned enhancement induced k_)y the depen-
teristic feature of such theories is the conservation of the KKI€nce on the mass of the top quark takes place in both cases.
number at each elementary interaction veft¢®,16. As a A simple one—!oop calculatlor], motlvated by the behavior of
result, and contrary to what happens in the nonuniversdf€ theory in its gaugeless limit and subsequently corrobo-
case, the coupling of any excitéhassiveé KK mode to two rated by a more Qetalled analysis, r_eveals tha_t, contrary to
zero modes is prohibited. This fact alters profoundly theirWhat has been claimed [16], the leading corrections to the
production mechanisms: using nornfaéro-modg particles  left-handedZbb coupling,g, , due to the KK modes corre-
as initial states, such modes cannot be resonantly producegonding to a single UED, display a strong dependence on
nor can a single KK mode appear in the final states, buthe mass of the top quarkhey are proportional tm?). This
instead they must be pair produced. In addition, the consefact makes the bounds obtained fréty comparable to those
vation of the KK number leads to the appearance of heavpbtained from thep parameter; in particular we finR !
stable (charged and neutpaparticles, which seem to pose >300 GeV at 95% C.L.
cosmological complications(e.g. nucleosynthegis[16]; The paper is organized as follows: In Sec. Il we start from
however, one-loop effects may overcome such problemshe five-dimensional Lagrangian and after standard manipu-
[17]. Finally, this conservation yields the additional impor- lations we derive the corresponding four-dimensional inter-
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actions and mass spectrum, paying particular attention to theetry in order to have a standard zero mode Higgs field.
interactions involving top and bottom quarks. In Sec. Ill we Then we carry out the Fourier expansion of the fields,

first discuss the physical arguments which suggest a strong
dependence of the result on the top-quark mass; then we ) 2 & (") ny
present a more detailed one-loop calculation which demon- Au(X.Y)= \/:RAM (X)+\/:R nzl AL (xjcos =,
strates precisely the announced leading behavior. The sub- m 7

leading corrections, e.g. terms suppressed by an additional \/5 o
factor O(M{/m?) are also estimated. Finally, in Sec. IVwe A (x,y)= —— 3 Ag‘)(x)sin( n_)
present our conclusions. JmR =1
IIl. THE LAGRANGIAN _ 1 o V2 < ") ny
Qxy)= ="+ = X |Q{"(x)coq
We will concentrate on the electroweak pa8U(2), JaR VAR =1
X U(1)y, of the SM Lagrangian, written in five dimensions; ny
we will denote byx the four normal coordinates, and lyy +Qf{‘)(x)sin< —) ,
=x* the fifth one, which will undergo compactification. R
The LagrangianC assumes the form =
- U= U0+ = 3, US"<x>cos(”—y)
£= | T av(eat Lt Lot Ly) 2.3 V7R VaR i1 R

, (2.3

+ U(L”)(x)sin< ﬂ/)

where R

where the expansion fdx, applies to any of the gauge fields
and (after suppressing the Lorentz inde® for the Higgs
doublet, whereas that @&z applies to the fifth component of

1 1
La=— ZFMNaFﬁAN_ ZFMNFMN-

Ly=(Dy®)' DD —V(D), the gauge fields. Similarly, the expansion foiis valid also
for D. The above expansions allow us to carry out the stan-
Lpza(iFMDM)Q+U(iFMDM)U+5(iI~MDM)D dardy integration in Eq.(2.1), and obtain the KK spectrum

and the relevant interaction terms. We will mainly be inter-
ested in third generation quarks, th@{™ and Q" will

refer to the upper and lower parts of the doulileand the

UM will be KK modes of right-handed top quarks. In par-
ticular, the relation between the mass and gauge eigenstates
of the KK quarks can be expressed as

Ly=—QY,P°U—QY,PD+H.c. (2.2

In the above formulasM,N=0,1,2,3,4 are the five-
dimensional  Lorentz indices, Fiyy=dyW3— dnWy
+ge®® WP WS is the field strength associated with the

SU(2), gauge group, an® = duyBn—dnBy that of the () t et Qr M

U(1)y group. The covariant derivative is defined Bg, [ U yscos(ant) sm(ar;) ‘ (2.4
2 < ~ - N . N .

=y —igW2 T2—ig'ByY, whereg and g’ are the five- UM| | —yssin(ay) coday) || y'm

dimensional gauge coupling constants 8fU(2), and

U(1)y, respectively, andr® and Y are the corresponding and the mixing angle is given by tan¢g) =m,/m,, where

generatorsT'y, denote the five dimensional gamma matrices,M,=n/R. The case oR{" is similar but since we are ne-

I',=v, andI'4,=iys, and the metric convention igyy= glecting all mass scales except and m, the mass eigen-

(+,—,—,—,—). The fermionic fieldxQ, D andU are four- state is simplyQ,"=ysQ{" . The mass spectrum assumes

component spinors and carry the same quantum numbers &g form (we remove the primes

the corresponding SM field&§U(2) and color indices have

been suppressed. Finalfp, and®¢=i r>®* denote the stan- Mp=My, Mgr=Mmyn= \/mt2+ mﬁ- (2.5

dard Higgs doublet and its charge conjugated field, ¥pd

are the Yukawa matrices in the five dimensional theory; they The couplings between the quarks and the scalar modes

mix different generations, whose indices are suppressed. W&f€ important to our purposes, because they are proportional

do not include lepton or gluon couplings because they aré m;. In contrast to what happens within the SM, some of

not relevant for our discussion. the charged scalar modes will be physical degrees of free-
Next, as usual, we assume that the fifth dimension is comdom, i.e. they cannot be gauged away by choosing, for ex-

pactified on a circle of radiuR in which the pointsy and ~ ample, a unitary-type of gauge. After dimensional reduction,

—y are identifiede.g. an orbifoldSY/7,). Fields even under the fifth components of the charged gauge fieWs " , mix

the Z, symmetry will have zero modes and will be present inwith the KK modes of the charged compondhnt (" of the

the low energy theory. Fields odd undgéy will only have  Higgs doublet. After diagonalization one obtains a physical

KK modes and will disappear from the low energy spectrumboson,®- (", and a Goldstone bosahg " that will con-

One chooses the Higgs doublet to be even unde¥jlesym-  tribute to the mass of the KK gauge bosons. In particular,
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)L —) w2 for our calculation. Similarly, the interaction of the charged
o-(M_ mMuWs 7 +iM @ W W bosons with the quarks is given by
¢ Jm2+MZ, > .
2.6 — - =
(2.63 £W=E[bLy“W#(”)Q§’L‘)— ib, W5 WQR+H.c.].
n+0 (21@
—(n) IMWW5( )+mn<1f(”) Mw—0 ) ' ' o
O = JmEEMZ O, The couplings of the photon may be derived similarly. From
my+Mw (2.6b the above equations it is straightforward to extract the nec-

essary Feynman rules for our calculations.

As seen from the expansion, tié; has no zero mode, there
is no physical zero mod®;‘® and the zero mode Gold-
stone boson comes entirely from the zero mode Higgs field. In this section we will compute the corrections to the

On the other hand, for B&>M,, the KK Goldstone bosons effectiveZbb coupling due to the presence of a single UED.

; —(n) i i i e — . " . .
are mainly thews ", while the physical scalars are mainly ghifs in thezbb coupling due to radiative corrections, either

the KK modes of the Higgs doubldt~™. Their couplings  from within the SM or from new physics, affect observables
are exactly the same as those of the Goldstone bosons of tRgcn as the branching ratig,=T',,/T},, whereT,=T'(Z

SM, e.g.

lll. CALCULATING Z—bb

—bb) andI',=I'(Z—hadrons), or the left right asymmetry
A, . These type of corrections can be treated uniformly by

V2 — expressing th dification to the tree level li
== UM O +(n) p g them as a modification to the tree level couplings
Ly=—-mVyUg Q'@+ H.c., @7 g, defined as

where we have written only the third quark generation and in iﬁyu(ngﬁngR)bz#_ (3.2

the following we will neglect the mixingsy;~ &; . Cw

migzge; :la?;g)gvsgtiﬁg;?rgfe:% 2;2?5';% ?c:;)r;:}’ezd;q?)y:mlm Z andb’s are SM fieldsP (g, are the chirality projectors and
— 2P D+ XN (O T®)2. The mass terms of the different KK
scalar modes are given by;,,=— u2+m2, in such a way 9=-5* §S\2N+ 89+ sgr'” (3.29
that if «<R™ ! only the neutral component of the fundamen-
tal mode,fI)E)O), gets a vacuum expectation val(éEV), 1
(dPY=v/\2. At low energy, when no KK modes can be Or= 53\2/\/+ S9R"+ S9R' (3.2b
produced, and at the tree level this model coincides exactly
with the SM. In particular, the VEV of the zero mode Higgs where we have separated radiative corrections coming from
doublet induces mixing betweah®} andB(? giving rise o SM contributions and from new physi¢siP). It turns out
a massless photo”), and a massiv& boson,z{?. that, both within the SM as well as in most of its extensions,

After a bit of algebra one arrives to the expression of theonly g, receives corrections proportional t? at the one
couplings of theZ boson with the KK modes of the rest of loop level, due to the difference in the couplings between the
the fields, given by two chiralities. In particular, a shiffg'" in the value ofg,

due to new physics translates into a shiftRp given by
L= g ZO 3O 4 g1 4 g8, (2.9

Z_CW gL
+oR

5Rb: 2Rb( 1- Rb)

sor’, (3.3

where theJ“( is the usual SM neutral current, and
and to a shift in the left-right asymmet#y, given by

4 ,\— 2 ,\—
J“<“>=(1—§s3v) Q%”)wQﬁ”)—(l—gsi)QEWQS‘) TS 3.4
( (9f+0R)?

340 =(~1+28)@ Migrd V4 H.c, 2.9

va) UM yrygM4 ..

w| b

These equations, when compared with experimental data,
will be used to set bounds on the compactification scale.

By far the easiest way to compute the leading top-quark-
mass dependent one-loop correctionséty from the SM
itself, g7V, is to resort to the gaugeless limit of the SM
HereQ{™, Q™ andU™ are Dirac spinors, and the ellipses [27], e.g. the limit where the gauge couplingsand g’,
denote the contribution d(" fields, which are not relevant corresponding to the gauge grougs)(2), and U(1)y re-
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bL bL

FIG. 1. The only diagram contributing to the SGPbb vertex FIG. 2. The dominant diagram contributing to the UBSbb
in the gaugeless limit for masslebgjuarks. vertex in the gaugeless limit for massldsguarks.

play the role of external sources and the only propagating 5gtJ ~
fields are the quarks, the Higgs field, and the charged and
neutral Goldstone boson&~ and G°. As explained in

— o 4 22
[28,29 one may relate the one-loop vert&bb to the cor- _ V2Gem; fl dxx V2Gem{ 7R

respondingG®bb vertex by means of a Ward identity; the (4m? A=t Joxmi+mi  (4m)? 12

latter is a direct consequence of current conservation, which (3.6)

holds for the neutral current before and after the Higgs dou-

blet acquires a vacuum expectation value ) )
In practice, carrying out the calculation in the aforemen-a&nd dependguartically on the mass of the top quark. Notice

tioned limit amounts to the elementary computation of thethat there are several differences with respect to the GM:
The cross now represents the mixing mass term between

Q™ andU™, which is proportional tan,; (i) the &=,
for n#0, are essentially the physical KK modes of the
charged Higgs bosons as shown in E}6b); (iii) from the

spectively, are switched off. In that limit the gauge bosons o \/EGme > id4k
1 f (k2—

(2m)* A= M) *(k*= )

one-loop off-shell vertexz®bb. In the gaugeless limit and
for massles$ quarks the only contribution to this vertex is
depicted in Fig. 1, where the cross in the top-quark line rep
resents a top-quark mass insertion needed to flip chirait ; . ; .

insertion in ?hg other top-quark line is assume'rf)his r(ga?a-y \f/rr:]uzali:;?ergzn;??]e”;;i%?tﬁg o(f)rt]ﬁe %t?\;a::njsenow a factor
gram gives a derivative coupling of the Goldstone field to the -If‘h’is simple calculation aIIc;ws us to understénd easily the
b quarks which can be gaugedr related to theZ vertex |e54ing corrections arising from extra dimensions.

throqgh the. Ward 'identitvyto recover thezbb vertex. Then, A more standard calculation of thabb vertex in UED
one immediately finds yields exactly the same result. In this case the radiative cor-

rections to the&Zbb vertex stem from the diagrams of Fig. 3.
If we neglect theb-quark mass and takiel,<R ™!, the

M Fmy [ Fm? result, for each mode, can be expressed in terms of a single
qu_ V2Gemi [ id% _2Gem{ It for each mode, can b di f a singl
9 (2m)* (kZ_th)ZkZ_ (4m)2 ' ' function, f(r,), defined as

i i 4 g V2Gem? —
where G is the Fermi constant, and the; dependence iM®OW=i = ———=f(r)u’y*Pue,, (3.7
coming from three Yukawa couplings and one mass insertion Cw (4m)
is partially compensated by thenﬁ dependence coming
from the loop integral. whereu andu’ are the spinors of the quarks and, stands

In the case of a single UED this argument persists: ongor the polarization vector of th& boson. The argument of
must simply consider the analog of diagram in Fig. 1, wherghe functionf is r,=m2/m?.
now the particles inside the loop have been replaced by their Although the complete result is finite, partial results are
KK modes, as shown in Fig. 2. If we denote By’=° the  divergent and are regularized by using dimensional regular-
new physics contributions in the UED modghe SM con- ization. The contributions of the different diagrams in Fig. 3
tributions are not includedhe result is are
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br

FIG. 3. Dominant UED contri-
butions to theZbb vertex.

which is precisely the one obtained from the gaugeless limit
; calculation, e.g. Eq(3.6) with the elementary integration

over the Feynman parametgralready carried out. Notice

also that the above result is consistent with the decoupling

4 )[rn—log(lﬂn)
S _—

Mn

(b)
() theorem since the contribution for each mode vanishes when
2, 2r,+r2—2(1+r3)log(1+r,) its mass is taken to infinity, e.g,—0.
= 735w On— o2 , In order to compute the effect of the entire KK tower, it is
Mn more convenient to first carry out the sum and then evaluate
© the Feynman parameter integral; this interchange is math-
FE(rn) ematically legitimate since the final answer is convergent.
1 21 +3r2=2(1+r,)%log(1+r,) Thus,
= —E"-S 5 > s
r 0 o
" gUEP= 2 59" = \/—GFmtJ dx> fnX
(4m? Jo n=1 141X
FO(r)+£€(ry)
2
:(E_ 132 2r,+3r2—2(1+r,)%log(1+r,) _ V2Gem; Fuen(@) (3.10
2 3w 2r2 ’ (4m?2 T '
(3.9
wherea=7Rm, and
where 8,=2/e— y+log(4m)+log(u¥ng), and  is the 't 1 )
Hooft mass scale. From Ed3.8) it is straightforward to = . :__+§J dx /X coth avx
verify that all terms proportional t@, cancel, and so do all ven(@)=~5 %3 Vxcoth(ax)
terms proportional tas\fv, as expected from the gaugeless ) 4
limit result. Thus, finally, the only term which survives is the &2 b 31
) . 2 +0(@°) (3.11
term in f(®(r ) not proportional tcs;,, yielding the follow- 12 270

ing (per modé¢ contribution tog, : o _ _
- It is instructive to compare the above result with the one

obtained in the context of models where the extra dimension
’ (3.9  isnotuniversal. In particular, in the model considere{i2]
the fermions live in four dimensions, and only the gauge

gl \/—GFmt[ n—log(1+r,)

(4)? Mn
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bosons and the Higgs doublet live in fiy8]. In this case &g by,
there is no KK tower for the fermions, and therefore, in the
loop diagrams there appear only the SM quarks interacting
with the KK tower of the Higgs fields. The result displays a
logarithmic dependence on the parametewhich gives rise

to a relatively tight lower bound oR ™%, of the order of 1
TeV. Specifically, the correspondirig(a) is given by

X
— coth(ax)

w 2
F(a)=—1+ 2af0 dx(1+x )

~(Elo /a)—l—i ’(2))a2 (3.12
3 g 3 772§ J : (a) Qo (b) el

where the expansion on the second line holds for small val- FIG. 4. Diagrams giving subleading contributions to &b

ues ofa, and{’ is the derivative of the Riemann Zeta func- vertex.

tion. The appearance of the lay(in F(a) and its absence

from Fyegp(@) may be easily understood from the effective

theory point of view. Due to the KK-number conservation in roughly estimated using again the Ward identity that relates
UED models, the tree-level low energy effective Lagrangiarthe G° couplings to theZ couplings. Some diagrams are
when all KK modes are integrated out is exactly the standardhown in Fig. 4. Their contribution modifies the value of
model; there are no additional tree-level operators supsg=P as follows:

pressed by the compactification scale. Since one-loop loga-

rithmic contributions, logf), can be obtained in the effective J2Gem? M2
. . UED Fmt w
theory by computing the running of operators generated at 69, =——Fuep(a)| 1+3— . (3.19
. . 2 2
the tree level, it is clear that in the UED no lajjcan appear (4m) m;

at one loop in low energy observables. The situation is com-
pletely different if higher dimension operators are alreadyTaking these corrections into account leads to a slight modi-
generated at the tree level, as is the case of the model cofication of the bound on the compactification scae,*
sidered in Ref[23], where the leading logarithmic correc- >300 GeV. Evidently, this bound is absolutely comparable
tions can be computed by using the tree-level effective opto the one obtained from the parameter.
erators in loops.

We next turn to the bounds dR™~ 1. We will use the SM IV. CONCLUSIONS
prediction R5M=0.21569-0.00016 and the experimentally
measured valueRP®=0.21664+0.00068. Combining Eq. We have computed th_e leading contributions, for a large
(3.3) and Eq.(3.10, we obtainF jep(a) = —0.24+0.31, and  top-quark mass, t&—bb in a model with one universal
making a weak signal treatmef80] we arrive at the 95% extra dimension. These contributions depeprtically on
C.L. boundFgp(a)<0.39. The results for a single UED the top-quark mass and can be evaluated easily in the gauge-

can be easily derived from E¢3.11), yielding less limit of the theory, where only one diagram contributes.
There are subleading corrections, formally suppressed by
R-1>230 GeV (3.13 a factorM@,/mZ, which, in principle, can be important. We

have estimated them by considering the diagrams with the
KK modes of thew (™ and theW; (" running in the loop,
The SM prediction for the left-right asymmetrA5™  and found that they contribute-865% of the correction.
=0.9347-0.0001 and the measured valu&*P=0.921 None of the contributions contains logarithnjilog(R)]
+0.020 gives a looser bound. corrections. This can be understood from the KK-number
Above we have computed only the leading contribution,conservation, which leads to the absence of tree-level low-
which goes aGem{R?. There are also formally subleading energy operatorécontaining only SM fields These results
contributions, suppressed kgt least an additional factor have been used to set a bound on the compactification scale
M2/m?; given that this factor is not so small such correc-R™>300 GeV at 95% C.L. which is comparable to the
tions could be numerically important, and should be estifounds obtained from the contributions of KK modes to the
mated. The dominant contributions of this type come fromp parametef16] in this model, and which is much weaker
diagrams WithWi(”) andWsi(”) running in the loops. Since than bounds obtained in models with no KK-number conser-
these corrections are still proportional t? they can be Vvation[23].
What are the consequences of these results for further
studies of UED inb physics? In31] it was shown that the

INote that, unlike in Ref[23], the F(a) does not include the SM  vertex Z—bb and B—B mixing are highly correlated, and
contribution. that it is very difficult to obtain a relatively large contribution
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to B—B mixing evading the bounds coming froRy,. This correlation still exists. This will be further explored in a fu-
was corroborated explicitly ifi23] in a model with only ~ turé work.
scalars and gauge bosons in extra dimensions. Recently

B—B mixing has also been considered in UEE5,26. Al-

though the simple argument, developed3a], was based on  Thjs work has been funded by the MCYT under the Grant
the logarithmic corrections and it is not applicable in the casesFM2002-00568, by the OCYT of the “Generalitat Valenci-
of UED because of the absence of logarithmic correctionging” under the Grant GV01-94 and by the CICYT under the
both in Z—bb and in B—B mixing, we believe that some Grant AEN-99-0692.
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