PHYSICAL REVIEW D, VOLUME 62, 105012

Ultraviolet dependence of Kaluza-Klein effects on electroweak observables
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In extensions of the standard mod&M) with d extra dimensions at the TeV scale the virtual exchange of
Kaluza-Klein(KK) excitations of the gauge bosons gives contributions that change the SM relations between
electroweak observables. These corrections are finite onlgi=fdk; for d=2 the infinite tower of KK modes
gives a divergent contribution that has to be regularized, introducing a dthefftring scale However, the
ultraviolet dependence of the KK effects is completely different if the running of the couplings with the scale
is taken into account. We find that for larggthe number of excitations at each KK level increases, but their
larger number is compensated by the smaller value of the gauge coupling at that scale. As a result, for any
number of extra dimensions the exchange of the complete KK tower always gives a finite contribution. We
show that(i) for d=1 the running of the gauge coupling decreases an 8% the effect of the KK modes on
electroweak observables, afit) in all cases more than 90% of the total effect comes from the excitations in
the ten lowest KK levels and is then independent of ultraviolet physics.

PACS numbes): 11.10.Kk, 11.10.Hi, 12.15.Lk

I. INTRODUCTION However, the fact that there is an infinite tower of mas-
sive modes instead of just one state is especially relevant for
Theories with large extra compact dimensions offer newmore than one extra dimension. FG=2 the number of
ways to accommodate the hierarchies observed in particlexcitations at each KK level grows with (see below and
physics[1]. They can be realized within a string thedg], the contribution from the heavy modes diverges. This diver-
the only candidate for a consistent description of quantun§€nce, related to the nonrenormalizability of higher dimen-
gravity. Phenomenologically, the nonstandard effects thagional gauge theories, implies that at larger scales the theory
extra dimensions imply can be suppressed to acceptable le(@S 0 be embedded in a more fundamental framework. In
els by their size and their propertié®r example, an extra partlcular., in string theory one wquld expect an exponenqal
dimension could be invisible to some fields and not to Oth'?nuaf)g::sé%gvcg IE: g@ﬁges%%lé?“r\;?h& t\r/]v%ulfg argfiisavr‘]”th
ers. In particular, the possibility of compact dimensions at 9 '

-1 . effective cutoff.
scale;Mc—R _.O(l 'I_'eV) he}s recently recelvgd a lot of From the previous argument it seems to follow that, even
attention. Such dimensions, witl; below the string scale,

) > T if there is a gap between the compactification and the string
could explain gauge unificatiorj3] or supersymmetry gcajeqas suggested by gauge unificatiofor d=2 the vir-
(SUSY) breaking[4]. _ o _ tual exchange of KK modes is always going to be dominated
~ The momentum along a compact dimension is quantizegy contributions near the cutoff, where genuine KK effects
in units of M, and a higher dimensional field is seen in four would be mixed with string effects. We will show that this is
dimensions as an infinite tower of Kaluza-KIgiKK) modes  not the case. The heavy excitations of the gauge bosons have
of massnM;. Let us consider a theory where the gaugeweaker couplings to fermions than the lighter modes, and for
bosons can propagate along the extra dimensions. Its lovany value ofd the main contribution comes from the ex-
energy limit will resemble an extension of the standardchange of the fields in the lowest KK levels.

model(SM) with massive replications of all the gauge fields.

The virtual exchange of these fields will introduce correc- Il. RUNNING OF THE GAUGE COUPLINGS

tions of orderMy,/M¢ to the interactions medlz;ted by tiZe The evolution of the gauge couplings with the scale de-
and W bosons and will change the SM relations betweenengs essentially on the total number of excitations at each
electroweak observablgS]. Ford=1 and compactification gk |evel. Let us consider a model witt compact dimen-
on a circle there are two states at each KK lemelThe  gjons with common radiuR=M -1 . The momentum along

c -

exchange of the complete tower of resonances gives thetrﬁ «tra dimensions i iven by the vectoiM
corrections proportional to e extra ensions Is given Dy the vectorM,.

=(nq,ny, ... ,Nng)M., wheren; can take any integer value.
This momentum is seen in four dimensions as the mass

[’

2M3,  w’M3,
& M2 3M2 @ Mp=nZ+ - +niM=nM;. )

Each KK modeoccupiesa point in ad-dimensional reticle.
The main contribution in this sum is due to the lightest reso-To calculate the numbeN(ux) of KK states with a mass
nances and thus the result is not dependent on ultraviolgimaller thanu=nM_ we can approximate this discrete dis-
details. Actually, the effect of the whole KK tower mimics tribution by the averagetontinuou$ one, and theiN(u) is
the effect of a single resonance with?=3M2/ 72, just the volume of ad-dimensional sphere of radius:
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0.035 that, for large enouglx, « decreases like &~. In Fig. 1 we
0.03 plot the running ofe for M,=1 TeV and different values
0.025 of d
’ Two comments are in order. First, thy 1)y gauge cou-
0.02 pling has a positive beta functiqdue to Higgs contributions
0.015 only) and it will grow with the scale. Howevery has ini-
0.01 tially a smaller value tham, , and both couplings will then
' coincide at a larger scal@round 20/, for d=1 [3]). This
0.005 suggests unification into a larger gauge group, B{&(3),

X SU(3)g or SU(5), where Yang-Mills interactions would
273 u &(lvfz‘s 15 175 20 provide for a negative beta function and a weaker coupling at
higher scales. Second, we would like to mention the SUSY
FIG. 1. Running ofx, for M;=1 TeV and different values a. ~ case. Here one needs to take into account the different field
Dashed lines fod=1,2 correspond to the minimal SUSY exten- content of a fermion in higher dimensions: a minimum of

slons. four components itl=1,2 or eight components for largdr
a2 g [8]. In the first two cases the matter content can be accom-
N()= ™ i) 3) modated in complete 4-dimensional multiplets Wf=2
rqd/2)+1)\ M)’ SUSY: vector superfield¥ will come together with a chiral

_ o superfield, in the adjoint representation of the gauge group,
where the Gamma function above satisfiE$3)=7"%  whereas the Higgs doublets will come in paitsH’ of chi-
I'(d/2+1)=(d/2)I'(d/2) andI'(d+1)=d!, beingd a posi-  ral superfields. The generic SUSY beta function wh
tive integer. =T(chiral)—3C(vector) becomes nowQ=T(H)+T(H")

The KK approach provides a simple framework to under-4 1(3)—-3C(V)=2T(H)-2C(V), with Q=-3 for
stand the running of the gauge coqplin.gs ihdidimensions. SU(2), . We include thed= 1,2 cases in Fig. 1. For largér
At the lowest order the running is given by the one-loopine higher dimensional fields complete hypermultiplets of
contributions tc_J the ve_ctor boson self-energy. At_ each scalg _4 SUSY, including a vector plus three chiral superfields
'“’1we have o mclqde In t.he. I(_)op the KK modgs Il_ghter than, i the adjoint representation of the group. In such scenario
M. Bgcause of this multiplicity the renormalization group one is forced to extend tHRU(2), gauge symmetry to have
equations become Higgs doublets. MoreovetN=4 theories are finite and the
da? Q dat Q beta function vanishef8]. However, the spectrum of zero
il ) ZN(’“)’ (4) modes as well as the interactions of the fermion fields living
w # in 4 dimensions will break thél=4 SUSY and at the two-
Whereazgzl(4w), Q=1T(9)+2T(F)—%C(V), S F and loop level W_iII give nonzero beta functions with a model
V stand respectively for scalar, fermion and vector fieldsdependent sigfi9].
T(®)Sapg=Tr(TAT®) for ®=SF, and C(V)dap
=facpfecp. The first equatiorithe case with no KK reso-

nance$ gives a logarithmic dependence of ! on u, [ll. EFFECT OF THE KK EXCITATIONS ON
whereas the second one predicts a much faster power-law ELECTROWEAK OBSERVABLES
behavior:

As shown in the previous section, the gauge couplings
wd decrease like a power law with the scale, implying that
e 1) . (5 heavier KK modes couple to fermions with smaller strength.
c This will give an important correction to the cumulative ef-

fects of the KK tower on electroweak observables.

In particular, let us consider the Fermi coupling measured
in muon decays. Its definition will include now the exchange
0?f the W boson and its excitations:

Qﬂ_d/27l

a Hw=a (Mo~ 292 7 1)

Let us focus on the&sU(2), gauge coupling of a non-
SUSY extension of the SM witld extra dimensions where
only gauge and Higggbut not quark and leptonfields
propagate. Taking into account the additional degrees
freedom of a vector field in 4d dimensions, we findQ,
=(1+2d—44)/6. This negative beta function will make

f . H 2 a (218
a decreasing function of the scale. From Eg). it follows \ﬁGF:_FL . (6)
a MW n N MC

The authors i3] show that ford=1 the one-loop corrections to . .
the gauge couplings in the 5D theory almost coincide with the run-Th€ Sum above can be approximated by an integral. The

ning in the truncated theory where the heavier modes have been cQimber of modesM(x) at then level[i.e., with a mass in
off. The regularization dependence and KK threshold effects havéhe _interval u+du=(n+dn)M.; notice that n
been discussed ifv]. = \/n21+ ce +I"Id2 is not necessarily an integer number
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FIG. 2. I(A) andly(A) [i.e., the value of (A) neglecting the
running of o ] for M.=1 TeV and different values ad. Dashed
lines ford=1,2 correspond to the minimal SUSY extensions.

dr2

d—1

Y
Then
Aa(p)
S = SEaNw. @

where we have introduced a cutoff ma%s Since the num-
ber dN(u) of excitations with masg. grows proportional to
w971 if the running of e, is neglected the integrdi(A)
converges only fod=1 and diverges like log for d=2
and like A9~ 2 for largerd. However,a, decreases propor-
tional to 1Y at large u. Taking into account the weaker
coupling to quarks and lepton of the heavy modes, the d
pendence of the integral on the cutoff vanishes lik&?1for
all d and the result is always finite.

In Fig. 2 we plot the value of(A) for M;=1 TeV and
different values ofd. We also plotly(A), the result that
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FIG. 3. Ratiol (A)/14(A) for M.=1 TeV and different values
of d.

than 90% of the total correction 8 comes from the exci-
tations in the 6 lowest KK levels fat=1 andd=6 or from
the 7 lowest levels fod=2. The KK effects are then insen-
sitive to physics beyone=7M..

In Fig. 3 we plot the ratid (A)/15(A), which gives the
correction to KK effects due to the running ef . In the
case withd=1, the most extensively considered in the lit-
erature[5], the running reduces the KK effects @ (and
the bound or1VI§) in just a 14%(or an 11% for a cutofiA
=20M.). However, ford=2 the correction is a factor of
0.63 if A=10M. and a factor of 0.09 fod=6 with A
=4M,.

IV. CONCLUSIONS

Bounds on new physics from precision electroweak data
are usually obtained from analysis that combine new physics
at the tree level with standard model effects at one loop. We
have shown that in models with extra dimensions at the TeV
scale this procedure is in general not justified. At the one-
loop level the gauge couplings experier®@®€l) power-law
corrections that decouple the heavy KK modes. We find that
for d=1 the running ofe; accounts for a small reduction
(around 149% of the tree-level KK effect orGg, but for d
=2 it makes finite an effect that diverges at the tree level.

The divergent tree-level result is just expressing that these
(nonrenormalizable higher dimensional extensions of the
SM should be embedded at larger scales in a string theory.
Our result, however, shows that including the one-loop run-
ning of the gauge couplings it is not necessary to introduce
an ultraviolet cutoff in order to cure these pathologies. KK
effects on electroweak observables are insensitive to the
value of the ultraviolet cutoff or to the way the theory is
embedded on the fundamental theory if the larger scale is

e>7MC.
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