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Abstract
We study, at the one loop level, the dominant contributions from a single universal extra di-
mension to the process Z — bb. 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 the p parameter.
An estimate of the subleading corrections is furnished, together with a qualitative discussion on

the difference between the present results and those derived previously for the non-universal case.
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I. INTRODUCTION

Models with large extra dimensions [, @, B, l] have been extensively studied in recent
years, and have served as a major source of inspiration in the ongoing search of physics
beyond the Standard Model (SM). The general idea behind these scenarios is that the
ordinary four dimensional SM emerges as the low energy effective theory of more fundamental
models living in five or more dimensions with the extra dimensions compactified. The
effects of the extra dimensions are communicated to the four dimensional world through
the presence of infinite towers of Kaluza-Klein (KK) modes, which modify qualitatively the
behavior of the low-energy theory. In particular, the non-renormalizability of the theory
is found when summing the infinite tower of KK states. The size of the extra dimensions
can be surprisingly large without contradicting present experimental data (see for instance
B, G [ B B L0 L1, [ L3, L4 [F]). This offers the exciting possibility of testing these
models in the near future, since the lowest KK states, if light enough, could be produced in
the next generation of accelerators.

Extra dimensions may or may not be accessible to all known fields, depending on the
specifics of the underlying, more fundamental theory. Scenarios where all SM fields live
in higher dimensions have been the focal point of particular attention [[, [[d]). This type
of extra dimensions is refered to in the literature as “universal extra dimensions” (UED).
From the phenomenological point of view, the most characteristic feature of such theories
is the conservation of the KK number at each elementary interaction vertex [[3, [[g]. As a
result, and contrary to what happens in the non-universal case, the coupling of any excited
(massive) KK mode to two zero modes is prohibited. This fact alters profoundly their pro-
duction mechanisms: using normal (zero-mode) particles as initial sates, such modes cannot
be resonantly produced, nor can a single KK mode appear in the final states, but instead
they must be pair-produced. In addition, the conservation of the KK number leads to the
appearance of heavy stable (charged and neutral) particles, which seem to pose cosmologi-
cal complications (e.g. nucleosynthesis) [I]; however, one-loop effects may overcome such
problems [[7. Finally, this conservation yields the additional important feature that, the
constraints on the size of the extra dimensions which are obtained from SM precision mea-
surements are less stringent; this is so because the extra modes do not affect the tree-level

predictions, and make their presence felt only through loop corrections. This last point mer-



its particular attention, given its phenomenological importance, together with the fact that
loop calculations in the context of such theories constitute a relatively unexplored territory.

In general the precision electroweak observables most sensitive to radiative corrections,
whether from within the SM or from its extensions, are those enhanced by the large top-
quark mass : Ry, or equivalently, the process Z — bb [I§, [0, B0, 1], the B — B -mixing [27],
and the p parameter. These observables have already been considered in models with extra
dimensions. Thus, R, was considered, for instance, in [I8, B3, 4], B — B was considered
first in [B3] and, recently, it has been studied in the context of UED in [, Bf], In the case
of theories with UED the study of the corrections to the p parameter has yielded a lower
bound on the size of the compactification scale, the inverse of the compactification radious,
R, of about 300 GeV [[d]. In this paper we will study in detail the bound obtained on the
size of a single UED from the process Z — bb. Our experience with the radiative corrections
induced by the SM particles suggests that the bounds obtained from this process could in
principle be comparable to those extracted from the p parameter; the reason is that the
aforementioned enhancement induced by the dependence on the mass of the top-quark takes
place in both cases. A simple one-loop calculation, motivated by the behavior of the theory
in its gaugeless limit and subsequently corroborated by a more detailed analysis, reveals
that, contrary to what has been claimed in [[f], the leading corrections to the left-handed
Zbb coupling, g, due to the KK modes corresponding to a single UED, display a strong
dependence on the mass of the top-quark (they are proportional to my}). This fact makes the
bounds obtained from R, comparable to those obtained from the p parameter; in particular
we find R~ > 300 GeV at 95% CL.

The paper is organized as follows: In section II we start from the five-dimensional La-
grangian and after standard manipulations we derive the corresponding four-dimensional
interactions and mass spectrum, paying particular attention to the interactions involving
top and bottom quarks. In section III we first discuss the physical arguments which suggest
a strong dependence of the result on the top-quark mass; then we present a more detailed
one-loop calculation which demonstrates precisely the announced leading behavior. The
subleading corrections, e.g. terms suppressed by an additional factor O(M3,/m?) are also

estimated. Finally, in section IV we present our conclusions.



II. THE LAGRANGIAN

We will concentrate on the electroweak part, SU(2), x U(1)y, of the SM Lagrangian,
written in five dimensions; we will denote by x the four normal coordinates, and by y = x*
the fifth one, which will undergo compactification.

The Lagrangian £ assumes the form
TR
,C:/ dy(£A+£H+£F+£y), (2.1)
0

where

1 1
La = =P Fipy = 7F" Fuw

Ly = (Dy®)'DYd — V()
Lp = QI Dy)Q + UG Dy)U + D Dy)D
Ly = —QY,o°U — QYy®D + h.c. (2.2)

In the above formulas M, N = 0,1, 2, 3,4 are the five-dimensional Lorentz indices, F};y =
oW —ONWE + ge®®WE, W is the field strength associated with the SU(2);, gauge group,
and Fy;n = Oy By — Oy By that of the U(1)y group. The covariant derivative is defined as
Dy = 0y —igWi,T*—ig' By Y, where g and ¢’ are the five-dimensional gauge coupling con-
stants of SU(2), and U(1)y, respectively, and T and Y are the corresponding generators.
I'ys denote the five dimensional gamma matrices, I', = v, and I'y = ivs, and the metric
convention is gy v = (+,—, —, —, —). The fermionic fields @), D and U are four-component
spinors and carry the same quantum numbers as the corresponding SM fields. SU(2) and
color indices have been suppressed. Finally, ® and ®¢ = i72®* denote the standard Higgs
doublet and its charge conjugated field, and Y, are the Yukawa matrices in the five di-
mensional theory; they mix different generations, whose indices are suppressed. We do not
include lepton or gluon couplings because they are not relevant for our discussion.

Next, as usual, we assume that the fifth dimension is compactified on a circle of radius R
in which the points y and —y are identified (e.g. an orbifold S'/Z,). Fields even under the
Zo symmetry will have zero modes and will be present in the low energy theory. Fields odd
under Z, will only have KK modes and will disappear from the low energy spectrum. One

chooses the Higgs doublet to be even under the Zs symmetry in order to have a standard



zero mode Higgs field. Then we carry out the Fourier expansion of the fields,

Az, y) = LA(O)(x)—i- V2 iA(")(:c) cos <%> :

As(z,y) = Z Aé")(x) sin <

R R

Q) = P+ 23" [0 (@) cos (%) + @ () sin ()]
Ur,y) = ——=UR(@) + [

U (z) cos (%) + UM (z) sin (%)] . (2.3)

where the expansion for A, applies to any of the gauge fields and (after suppressing the
Lorentz index p) for the Higgs doublet, whereas that of A5 applies to the fifth component
of the gauge fields. Similarly, the expansion for U is valid also for D. The above expansions
allow us to carry out the standard y integration in Eq. (B.1), and obtain the KK spectrum
and the relevant interaction terms. We will mainly be interested in third generation quarks,
thus, Q'™ and QI()n) will refer to the upper and lower parts of the doublet ) and the U™
will be KK modes of right-handed top quarks. In particular, the relation between the mass-
and gauge-eigenstates of the KK quarks can be expressed as

(n) t : t /(n)
Q COS( v SN o (;2
t V5 ( n) ( n) t 7 (2 ])

U —7ssin(al) cos(at) ')
and the mixing angle is given by tan(2at) = m,;/m,,, where m,, = n/R. The case of Ql()") is
similar but since we are neglecting all mass scales except m; and m,, the mass eigenstate is

simply Q;f") = 75621()”). The mass spectrum assumes the form (we remove the primes)

mQp =My, My =mMmyn =\/mi+mj. (2.5)

The couplings between the quarks and the scalar modes are important to our purposes,
because they are proportional to m;. In contrast to what happens within the SM, they will
be physical degrees of freedom, i.e. they cannot be gauged away by choosing, for example,
a unitary-type of gauge. After dimensional reduction, the fifth components of the charged
gauge fields, W5_("), mix with the KK modes of the charged component &~ of the Higgs

doublet. After diagonalization one obtains a physical boson, @;("), and a Goldstone boson



@5(") that will contribute to the mass of the KK gauge bosons. In particular,

n G ™ L iMy ® ™ 0
o — Mol 2“ w Mw 20 gy =) (2.6a)
v mi + My,
o iMy W™ o, o) 70
pm — Uwlls W M =0 gy=(n) (2.6b)

V/m2 + M,

As seen from the expansion, the W5 has no zero mode, there is no physical zero mode @;(0)

and the zero mode Goldstone boson comes entirely from the zero mode Higgs field. On
the other hand, for 1/R > My the KK Goldstone bosons are mainly the W5_("), while the
physical scalars are mainly the KK modes of the Higgs doublet (™). Their couplings are
exactly the same as those of the Goldstone bosons of the SM, e.g.

3
Ly — %mtij;’Qg";qﬁ(") +he. (2.7)

where we have written only the third quark generation and in the following we will neglect
the mixings, V;; /2 dy;.

The electroweak symmetry breaking proceeds by minimizing a Higgs potential of the
standard form, e.g. V(®) = —u2®'® + A(®'®)2. The mass terms of the different KK
scalar modes are given by m%, = —pu? + m?2, in such a way that if g < R™! only the

neutral component of the fundamental mode, q)((]o)

, gets a vacuum expectation value (VEV),
((ID(()O)> = v/v/2. At low energy, when no KK modes can be produced, and at tree-level this
model coincides exactly with the SM. In particular, the VEV of the zero mode Higgs doublet

induces mixing between W;Eg) and B,SO) giving rise to a massless photon, A,(P), and a massive

Z boson, Z,SO).
After a bit of algebra one arrives to the expression of the couplings of the Z boson with

the KK modes of the rest of the fields, given by

L, = %Zﬁo) [JHO) y gulm) 4 gt (2.8)

where the J#O©) is the usual SM neutral current, and

Je = (1 - gsi) S — (1 — gSi) VQp — <§83,) T 4

Jg(n) = (=14 2s2)d*™igrd= 4 hee. . (2.9)

Here an), QI()n) and U™ are Dirac spinors, and the ellipses denote the contribution of D™

fields, which are not relevant for our calculation. Similarly, the interaction of the charged
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bosons with the quarks is given by

Ly — %[z}mﬂwjm i Wy MW + he) . (2.10)

The couplings of the photon may be derived similarly. From the above equations it is

straightforward to extract the necessary Feynman rules for our calculations. The couplings

of the photon may be derived similarly.

III. CALCULATING Z — bb

In this section we will compute the corrections to the effective Zbb coupling due to the
presence of a single UED. Shifts in the Zbb coupling due to radiative corrections, either
from within the SM or from new physics, affect observables such as the branching ratio
Ry = Ty /T}, where Ty, = I'(Z — bb) and T, = I'(Z — hadrons), or the left right asymmetry
Ap. These type of corrections can be treated uniformly by expressing them as a modification

to the tree level couplings gr,r) defined as
Ci(_W”(QLPL + grPr)bVZ, . (3.1)
W

Z and b’s are SM fields, Ppg) are the chirality projectors and

1 1
gL = —3 + 53%4/ + 5g§M + 5gEP , (3.2a)
1
Jr = 55%4/ + 695" + 695", (3.2b)

where we have separated radiative corrections coming from SM contributions and from new
physics, (NP). It turns out that, both within the SM as well as in most of its extensions,
only g, receives corrections proportional to m? at the one loop level, due to the difference
in the couplings between the two chiralities. In particular, a shift dg¥* in the value of g,

due to new physics translates into a shift in R}, given by

SRy = 2Ry(1 — Ry) 603" | (3.3)
. T 9%

and to a shift in the left-right asymmetry A, given by

4929L
§A, = —IRIL 5 NP 3.4
= B+ g (3:4)



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 correc-
tions to dgz, from the SM itself, §g7™, is to resort to the gaugeless limit of the SM [P7], e.g.
the limit where the gauge couplings g and ¢, corresponding to the gauge groups SU(2) and
U(1)y respectively, are switched off. In that limit the gauge bosons play the role of external
sources and the only propagating fields are the quarks, the Higgs field, and the charged and
neutral Goldstone bosons G* and G°. As explained in [2§, 9] one may relate the one-loop
vertex Zbb to the corresponding G°bb vertex by means of a Ward identity; the latter is a
direct consequence of current conservation, which holds for the neutral current before and

after the Higgs doublet acquires a vacuum expectation value v.

br

FIG. 1: The only diagram contributing to the SM G®bb vertex in the gaugeless limit for massless

b-quarks.

In practice, carrying out the calculation in the aforementioned limit amounts to the
elementary computation of the one-loop off-shell vertex G%b. In the gaugeless limit and
for massless b-quarks the only contribution to this vertex is depicted in Fig. [, where the
cross in the top-quark line represents a top-quark mass insertion needed to flip chirality (an
insertion in the other top-quark line is assumed). This diagram gives a derivative coupling of
the Goldstone field to the b-quarks which can be gauged (or related to the Z vertex through
the Ward identity) to recover the Zbb vertex. Then, one immediately finds

sgp

(2m)* (k2 —m2)2k2  (4m)2



where G is the Fermi constant, and the m} dependence coming from three Yukawa couplings
and one mass insertion is partially compensated by the 1/m? dependence coming from the
loop integral.

In the case of a single UED this argument persists: one must simply consider the analog
of diagram in Fig. [, where now the particles inside the loop have been replaced by their
KK modes, as shown in Fig. B If we denote by dg¥#” the new physics contributions in the

UED model (the SM contributions are not included) the result is

\/_GFm zd4k
UED ,_
091 N o Z/ 2(k2 —m2)

\/_Gpmt Z/ T \/_Gpmt 7T2R2
e tm2 . (n)E 12

(3.6)

and depends quartically on the mass of the top quark. Notice that there are several differ-
ences with respect to the SM: (i) The cross now represents the mixing mass term between
Qg") and U™ which is proportional to my; (i) The ®*™ for n # 0, are essentially the
physical KK modes of the charged Higgses as shown in Eq.(E.6H); (iii) From the virtual
momentum integration one obtains now a factor 1/m?, instead of the factor 1/m? of the SM

case.

b

FIG. 2: The dominant diagram contributing to the UED G°bb vertex in the gaugeless limit for

massless b-quarks.

This simple calculation allows us to understand easily the leading corrections arising from
extra dimensions.

A more standard calculation of the Zbb vertex in UED yields exactly the same result. In



br,

A

FIG. 3: Dominant UED contributions to the Zbb vertex.

this case the radiative corrections to the Zbb vertex stem from the diagrams of Fig. [}.
If we neglect the b-quark mass and take M, < R~!, the result, for each mode, can be
expressed in terms of a single function, f(r,), defined as

_ .9 \/§GFm?

iM™ = b )2 f(rn)u+" Prue, (3.7)

where v and u' are the spinors of the b quarks and ¢, stands for the polarization vector of
the Z boson. The argument of the function f is r, = m?/m?2.

Although the complete result is finite, partial results are divergent and are regularized by
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using dimensional regularization. The contributions of the different diagrams in Fig. f are

4 rn — log(l+1y)
(a) — (1= 242
fien) ( 3Sw) [ T'n ] 7
2 2r, + 12 —2(1+r2)log(l+r,)
(b) — _ - 2 _ n n n n
e - (22) 1y B |
1 2r, + 3r2 — 2(1 4 r,)*log(1 + 1,)
(C) — _ - 2 n n n n
7o) = (=5 +52) [+ - ,
11 9 + 32 — 2(1 + 1,)2 log(1 + 7
f(d)(rn)+f(6)(rn) — (5 _553‘) {5n_|_ n 4 37y, (21‘27’ )" log(1 + 7 )} (39

where 6, = 2/¢ — v +log(4n) +log(u?/m?), and p is the 't Hooft mass scale. From Eq. (B.§)
it is straightforward to verify that all terms proportional to §,, cancel, and so do all terms
proportional to s2, as expected from the gaugeless limit result. Thus, finally, the only term
which survives is the term in f((r,) not proportional to s, yielding the following (per

mode) contribution to gr:

500 — V2G pm? [rn —log(1+ rn)} | (3.9)

L= (4m)? T

which is precisely the one obtained from the gaugeless limit calculation, e.g. Eq. (B.g) with
the elementary integration over the Feynman parameter x already carried out. Notice also
that the above result is consistent with the decoupling theorem since the contribution for
each mode vanishes when its mass is taken to infinity, e.g. r, — 0.

In order to compute the effect of the entire KK tower, it is more convenient to first
carry out the sum and then evaluate the Feynman parameter integral; this interchange is
mathematically legitimate since the final answer is convergent. Thus,

gyEP Zd ") = \/_GFmt/ dz Zl%—i = \/;g:;thUED( ) (3.10)

where a = mRm;, and

1 1
Fuep(a) = ~3 + %/ dx \/z coth(ay/T)
0
a  at 6

It is instructive to compare the above result with the one obtained in the context of
models where the extra dimension is not universal. In particular, in the model considered in

B3] the fermions live in four dimensions, and only the gauge bosons and the Higgs doublet

11



live in five [A]. In this case there is no KK tower for the fermions, and therefore, in the loop-
diagrams appear only the SM quarks interacting with the KK tower of the Higgs fields. The
result displays a logarithmic dependence on the parameter a, which gives rise to a relatively
tight lower bound on R™!, of the order of 1 TeV. Specifically, the corresponding F'(a) is
given by!

oo LE‘2
F = —14+2 ————coth
(a) + a/o dx(l ) coth(ax)

Q

(% log(/a) — % _ %g/(z)) o (3.12)

where the expansion on the second line holds for small values of a, and (' is the derivative
of the Riemann Zeta function. The appearance of the log(a) in F'(a) and its absence from
Fugp(a) may be easily understood from the effective theory point of view. Due to the KK-
number conservation in UED models, the tree-level low energy effective Lagrangian when
all KK modes are integrated out is exactly the Standard Model; there are no additional
tree-level operators suppressed by the compactification scale. Since one-loop logarithmic
contributions, log(a), can be obtained in the effective theory by computing the running of
operators generated at tree level, it is clear that in the UED no log(a) can appear at one
loop in low energy observables. The situation is completely different if higher dimension
operators are already generated at tree level, as is the case of the model considered in
ref. [R3], where the leading logarithmic corrections can be computed by using the tree-level
effective operators in loops.

We next turn to the bounds on R~'. We will use the SM prediction RPM = 0.21569 +
0.00016 and the experimentally measured value R,® = 0.21664 £+ 0.00068. Combining
Eq. (B3) and Eq. (BI0), we obtain Fygp(a) = —0.24 + 0.31, and making a weak signal
treatment [BJ] we arrive at the 95% CL bound Fygp(a) < 0.39. The results for a single
UED can be easily derived from (B:I7]), yielding

R > 230 GeV . (3.13)

The SM prediction for the left-right asymmetry AS™ = 0.9347 4 0.0001 and the measured
value A, = 0.921 £ 0.020 gives a looser bound.

! Note that, unlike in ref. [P3], the F(a) does not include the SM contribution.
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FIG. 4: Diagrams giving subleading contributions to the G°bb vertex.

Above we have computed only the leading contribution, which goes as Gpm{ R?. There are
also formally subleading contributions, suppressed by (at least) an additional factor Mg, /m?;
given that this factor is not so small such corrections could be numerically important, and
should be estimated. The dominant contributions of this type come from diagrams with
Wf ™) and VV5jE ) running in the loops. Since these corrections are still proportional to m?
they can be estimated using again the Ward identity that relates the GY couplings to the Z
couplings. The relevant diagrams are shown in Fig. ]. Their contribution modify the value

UED

of dg; ™" as follows:

t
Taking these corrections into account leads to a slight modification of the bound on the

59U —

compactification scale, R~! > 300 GeV. Evidently, this bound is absolutely comparable to

the one obtained from the p parameter.

IV. CONCLUSIONS

We have computed the leading contributions, for a large top-quark mass, to Z — bb in
a model with one universal extra dimension. These contributions depend quartically on the
top-quark mass and can be evaluated easily in the gaugeless limit of the theory, where only
one diagram contributes.

There are subleading corrections, formally suppressed by a factor M3, /m?, which, in

13



principle, can be important. We have estimated them by considering the diagrams with the
KK modes of the W~ and the W5_(") running in the loop, and found that they contribute
a +65% of the correction.

None of the contributions contains logarithmic (log(R)) corrections. This can be under-
stood from the KK-number conservation, which leads to the absence of tree-level low-energy
operators (containing only SM fields). These results have been used to set a bound on the
compactification scale R~ > 300 GeV at 95% CL which is comparable to the bounds ob-
tained from the contributions of KK modes to the p parameter [1f] in this model, and which
is much weaker than bounds obtained in models with no KK-number conservation [23].

What are the consequences of these results for further studies of UED in b-physics? In
B it was shown that the vertex Z — bb and B — B mixing are highly correlated, and
that it is very difficult to obtain a relatively large contribution to B — B mixing evading
the bounds coming from Rj,. This was corroborated explicitly in B3] in a model with
only scalars and gauge bosons in extra dimensions. Recently B — B mixing has also been
considered in UED 25, Bg. Although the simple argument, developed in [BI]|, was based
on the logarithmic corrections and it is not applicable in the case of UED because of the
absence of logarithmic corrections both in Z — bb and in B — B mixing, we believe that

some correlation still exists. This will be further explored in a future work.
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