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Effects of Kaluza-Klein excitations ong,—2
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An analysis of the effects associated with the Kaluza-Klein excitations of the photon and \&f ahel Z
bosons org,,—2 for d number of extra dimensions with large radius compactifications is given. The Kaluza-
Klein effects ong,,—2 are found to be very sensitive to the number of extra dimensions. For models where the
quark-lepton generations live on the four-dimensional wall, it is shown that when the constraints from the
Kaluza-Klein corrections to the Fermi constant are included, the effects of the Kaluza-Klein excitations to
g, — 2 become too small to be observable. A model which evades Kaluza-Klein corrections to the muon decay
u— ever,, without suppression of their effects @ — 2 is discussed.S0556-282199)03021-(

PACS numbs(s): 11.10.Kk, 12.15.Ji, 14.60.Ef

[. INTRODUCTION the fermion fields in this case. For the 4D Lagrangian we
shall work in the¢=1 gauge. In this gauge, terms bilinear in

The anomalous magnetic moment of the mugp<2) is A, (#=0,1,2,3) andAs form a total divergence in 4 dimen-
one of the most accurately determined quantifigsin par-  sions and theA, and As; decouple at the bilinear level. To
ticle physics. Here we analyze the effects of Kaluza-Kleinnormalize the 4D Lagrangian a redefinition of the couplings
[2] excitations org,, in theories with large radius compacti- is needed, i.egs/\/mR=g. Normal mode decomposition on
fications [3-5]. Such theories are currently being investi- S'/z, indicates mass terms for th& bosons of m3,
gated because they might arise in the strong coupling limit of n2/R2, n=0,1,2... =, where the first term arises from
the heterotic string which can yield a string scale in the TeVspontaneous breaking of the electroweak symmetry and the
region[3]. The framework of the model we work in is dis- second term arises from the compactification, and similar
cussed in Ref[5]. Our viewpoint is that the fields of the relations hold for the Kaluza-Klein excitations of tAéoson
minimal supersymmetric standard model reside in-()  and for the Higgs boson. The above analysis can be extended
dimensions while gravity propagates in the 10 dimensionalo include supersymmetry. Before compactification this 5D
bulk. In the language of type | string theory the minimal theory has arN=2 supersymmetry. After compactification
supersymmetric standard mod®SSM) fields reside orp  the massless sector of the theory INis 1 supersymmetry
=3+d branes and we consider compactifications internal tqvhile the massive Kaluza-Klein states maintainN 2 su-
the brane. persymmetry. The model can be extended imensions.

Our analysis is in the framework of an effective field
theory and we illustrate our procedure for the standard model
(SM) case ford=5. Here our SM fields will consist of gauge
fields Ay (M=0,1,2,3,5), the Higgs multipled, and the
guarks and lepton multiplets. We assume a formVVoH) The framework of the analysis is as in R¢b]. The
such thatH develops a vacuum expectation value and sponanalysis of the one loop contribution @, — 2 can be carried
taneous breaking of the electroweak symmetry takes place ssut in the usual fashion and a finite contribution arises from
that H=(1/y2)(V+H;+iH,). We next choose a five di- each Kaluza-Klein mode. Neglecting the relatively small
mensional gauge fixing term of the form contributions from the Yukawa couplings, the contributions

to g,—2 at the one loop level from the/ andZ exchange

II. CONTRIBUTION OF W AND Z KALUZA-KLEIN
EXCITATIONS

i 1 M 2 and from their Kaluza-Klein excitations fat extra dimen-
o=~ 2_5((9MA ~EVgsH2)" D gons is given by
In this gauge the bilinear term involvingy,, andH, form a GSMm? (5 M
total divergence of the forna,,(H,AM) and hence can be (Aa),= Fw _Kd(_"\’)
dropped. The remaining terms in the Lagrangian have a #om?2y2 6 Mg
simple decomposition among the vector bosons, the Higgs 5 4 12 M
and the fictitious Goldstone bosons. After spontaneous | = =+ = | sir Oy — _) }Kd(—z)] ®)
breaking we compactify the Lagrangian 8%Z, with a ra- 123 4 Mg

dius of compactificatiorR.

We shall assume that the Higgs and the gauge fields livelerea,=(g,—2)/2, G is the Fermi constant as evalu-
in the five dimensional bulk and the fermions live at one ofated in the standard mode#,, is the weak angle in the
the orbifold points. Thus we will have only zero modes for standard modelM, (M;) is the W (Z) boson massM g
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=1/R is the common mass scale at which the extra dimenthe d extra dimensions the result

sions open up, and the functidty(c) is defined by ,

a m
= it (Aa)¥=——LG 8
Kd(c)=J dte™! 03(—) ©) ko 3m M3
0 cm
here
Here 65(7) for complex 7 is given by 65(7) W
=3¢ _ . exp(wk®r) where (Imr>0). In the limitc=0 one o it)]d
has K4(0)=1 and Eq.(2) reduces to the standard model G:fo dt 5| —J| —1. 9

result[6]. For the casel=1 Eq.(3) gives a convergent re-
in Eq. (3) is needed for the cas=2. As discussed in Ref. yipytions, for d=1 the photonic Kaluza-Klein exchange
[5] this cutoff is determined consistently by comparison withcontribution is finite while a cutoff is needed for higher val-
the truncation on the sum over the Kaluza-Klein states sies ofd. The cutoff is introduced in the same way as dis-

that only the states up to the string scale are retained in thgssed for the casé, and one gets the following results for
sum. One finds the following results fory for d=2: various cases:

( MR)2 (d) 2/(d—2)( MW>2 9
A,= , Aq=|T| = —, d=3 ™ m
> Mgy 2 Mgt (Aa))“(d=1)=ag —5 (10
9 M3
As discussed in Ref5] one must carry out a redefinition a [ 272 M., | m>
of the Fermi constant because of the dressing of the Kaluza- (Aa)?*(d=2)= 3_(T+27T|n MS r)—’; (12)
Klein states and the experimentally obsen@d is to be ™ R/ Mg
identified as "
dr2 d-2
a T M m
Mi (Aa)ZKK(dZ:”:s_(d—z) d ( MS”) w2
GF:GEMKd — |- (5) m I'l1+ = R MR
M§& 2
. . i . Lo (12
Using this redefinition we find that the contribution of the
Kaluza-Klein modes t@, is The total Kaluza-Klein exchange contribution &, is the
sum of the contribution from th&/ andZ Kaluza-Klein ex-
We 7KK Gpmi 5 ) 1\2 change contribution and from the photonic Kaluza-Klein ex-
(Aa), 202 '3 S 1 change contribution
5 My My aﬁK=al‘ﬁ"ZKK+azKK. (13
SR IV s AV AV

We note that after redefinition of the Fermi constant Wie
(6)  andZ Kaluza-Klein exchange contributica, - *““ as given
by Eg. (6) is negative while the photonic Kaluza-Klein ex-
change contributiora’" as given by Eq(8) is positive.
Thus one has a partial cancelation between these two contri-
Yutions with thea)’~“*" contribution being about 40% of
the a7 contribution in magnitude but with the opposite
272 M sign. We emphasize here that in any numerical analysis of
str . .. .
T+277In 7 ) Eq. (13) the constraints arising from Ed@5) (which holds
R only within the current error bars @:z" and experiment on

For d=1 Kj(c) is given approximately byK;(c)=1
+ (?13)c while thed=2 cases require a cutoff as discussed
above and one finds that the following results give a goo
approximation:

K,y(c)=1+c

d a2 M.\ d=2 Gg) should be included. For the compactifications consid-
Kd(c)(d>3):1+c(d_2> 5 ( MSU) (7)  ered here and in Ref5] these constraints okl at the 2r
F( 1+ _) R level areMg>1.6 TeV[5] for d=1 (in Ref.[7] the limit
2 Mg>2.5 TeV ford=1 is derived, Mg>3.5 TeV for d

=2, Mg>5.7 TeV ford=3 andMg>7.8 TeV ford=4.
I1l. CONTRIBUTION OF PHOTONIC KALUZA-KLEIN
EXCITATIONS IV. SIZES OF KALUZA-KLEIN EFFECTS ON (G, —-2)

In the above we computed the contributions arising from We discuss now the prospects for the observation of the
the W and Z Kaluza-Klein excitations t@,, . There are also Kaluza-Klein contributions in they, experiment. For this
contributions toa,, arising from the exchange of the Kaluza- purpose we review first the current situation ap. The

Klein excitations of the photon. Here our analysis gives forcurrent experimental value ofa, is [1] a,‘ixp
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=11659230(84x 10 1% where the quantity in the parenthe- 10°
sis is the uncertainty while the corresponding uncertainty in

the theoretical determinations is significantly smaller. The

most recent standard model prediction fom, is
al'*°"(SM)=11659162.8(6.5% 10 *°. This result includes

«° QED contributiong 8], the hadronic vacuum polarization 10
[9] and light by light hadronic contributionsl0], and the
standard model electroweak contributigrisl]. Essentially

all of the uncertainty in the standard model result arises from
the hadronic contributions which include the hadronic
vacuum polarizatiofi9], and the light by light hadronic con-
tribution [10]. The total standard model electroweak contri-
bution up to two loops[11] is given by a"(SM)
=15.1(0.4)x 10" 10,

The newg, Brookhaven experiment E8Z12] will be
able to reduce the current experimental uncertainty by a fac- 1o
tor of 20 to a level of 4 10~ 1%, With this sensitivity the new
g, experiment will be able to test the standard model elec-
troweak contribution even with the current level of uncer-
tainty in the hadronic contributions. In fact the experiment
will be able to probea,, to a level of~8x 10" (where we 10" e
have combined the experimental error and the hadronic error 03 05 07 09 11 13 15
in quadraturg Further, it is expected that the uncertainty in Common Scale of Extra Dimensions M, (TeV)

the hadronic error may reduce even more by per'haps aS FIG. 1. Plot of sum of the photonic Kaluza-Klein exchange
much as a factor of 2 from the data from the ongoing and,,ntribution and thew and Z Kaluza-Klein exchange contribution

future precision low energy experiments at VEPP-2M,, a, as a function of the common scale of extra dimension when
DA®NE and BEPC. Of course a further reduction of thethe G- constraint is included. The curves correspond to the case

hadronic error will sharpen the ability of the Brookhavend=1 (solid), d=2 (dot-dashell d=3 (long dashel and d=4
experiment to probe new physics. (dashedl The horizontal solid line corresponds to the limit to
In the analysis ofalf'( we impose the gauge coupling uni- which the Brookhaven experiment E821 will be able to prahe
fication to constrain the ratiM,, /Mg the details of which  The vertical lines correspond to ti@&- constraints, which are de-
are discussed in Reff5]. The results are displayed in Fig. 1. duced to beMg>1.6 TeV ford=1 in Ref. [5] (shown by the
The analysis exhibits a sharp dependence of the contributioyertical dashed lineandMg>2.5 TeV ford=1 in Ref.[7] (shown
of the Kaluza-Klein excitations t@“X on the number of by the vertical dot-dashed lin@nd the allowed region lies to the

extra space time dimensions. The sharp dependence on'ight of these vertical lines. The constraints by for d>1 are
arises from the summation over the number of Kaluza-Klein®Ve" MOre Severe.

states because of the combinatorics factors. As discussed al- . . ] )

ready there is a partial cancelation between Weand Z interactions receive no Kaluza-Klein corrections. Conse-
Kaluza-Klein exchange contribution and the photonicquently there are no constraints arising at the tree level from
Kaluza-Klein exchange contribution after a redefinition ofthe experimental accuracy & and from the atomic parity
the Fermi constant is taken into account. As discussed abowXperiments orMg, although corrections at the loop level
and in Ref.[5] the analysis of the Kaluza-Klein mode con- can arise which are, however, expected to be much smaller
tribution to Gg gives strong constraints oh . Figure 1  than what one would otherwise expect. Other experimental

shows that with these constraints by the newg,, experi- bounds as those arising frqm contact interactions using LEP
ment will not come even close to exploring the extra dimen-data are also evaded in this model. Further, one would also
sions, i.e., the total Kaluza-Klein contribution falls more than€Xpect here a significant suppression of the production of the
1-2 orders of magnitude below the sensitivity that will be Kaluza-Klein excitations of th&/ and theZ boson at thep
achievable in the new,, experiment. colliders due to the dominance of the first generation in the

In the above we assumed that all the quark-lepton generguark content op(p). However, Kaluza-Klein corrections to
tions lie on the 4-dimensional wall. We discuss now avarianbM_z in this model are not suppressed. The analysis here
of the model considered above where the first quark-leptoghows that the new,, experiment will be able to probe two
generation lies on the wall while the second quark-leptornextra dimensions up to scalddz~0.65 TeV, three extra
generation lives in the bulk. In this case the first quark-leptoryimensions up to scaledz~1 TeV, and four extra dimen-
generation will have no couplings with the Kaluza-Klein sjons up to scalesz~1.4 TeV. We note that the scales
modes while the second generation will have such couplingsyhich can be explored well exceed the mass bound on the
In this model the procesg—ev,v, receives no Kaluza- Kaluza-Klein modes of the quarks inferred from the fourth
Klein correction at the tree level and thGg is uncorrected generation quark searches which gives a lower limit of 130
at this level. Similarly in this case the atomic parity violating GeV [13].

»

Total Kaluza-Klein Correction Aa
o
L

1.7 1.9 21 23 25 2.
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V. CONCLUSION the bulk and the second generation lies on the wall. In this
. . . case effects from extra dimensiotis2 may become visible

In this paper we have investigated the effects of Kaluza;y the Brookhaven experiment. Furthermore, a muon collider
Klein excitations arising from extra dimensions with large may pe able to explore these extra dimensions directly. Of
radius compactifications og,—2. These effects consist of course a fundamental string model will have to justify such
the photonic Kaluza-Klein exchange contribution and of thean assignment of generations between the bulk and the wall.
W and Z exchange contribution. For the case of one extra After completion of this work there appeared a pafet]
dimension the Kaluza-Klein contribution ta, is finite. ~ where an analysis of the effects of Kaluza-Klein excitations
However, a cutoff is necessary for the casel ektra dimen- of the photon ong,—2 is given, but the effects of the
sions,d=2. We have derived approximate relations for theKaluza-Klein excitations for theV and Z bosons are not
Kaluza-Klein contributions for these caseee Eqs(6, (7), considered. However, the main point o_f this paper.is to com-
(10)—(12)]. For d=2 these approximate relations are accu-Pute the one-loop Kaluza-Klein graviton corrections go
rate toO(10%) while ford=3 the relations are accurate to —
O(1-2%). We have given a quantitative analysis of the
contributions of the Kaluza-Klein excitations ¢f W andZ
under the constraints of the unification of the gauge coupling The research of P.N. was supported in part by the Na-
constants. Our analysis shows that for the case when all théonal Science Foundation grant no. PHY-9602074. The
quark-lepton generations lie on the 4D wall, inclusion of thework of M. Y. was supported in part by the Grant-in-Aid for
constraints orMg, arising from the analysis of Kaluza-Klein Scientific Research from the Ministry of Education of Japan
mode contributions t& lead to effects oy, —2 which are  on Priority Area 707 “Supersymmetry and Unified Theory
too small to be observable by the n@y experiment. We of Elementary Particles,” and by the Grant-in-Aid
also considered a model where the first generation lives itNo.09640333.
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