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Kaluza-Klein theories and the anomalous magnetic moment of the muon
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We discuss nonminimal couplings of fermions to the electromagnetic field, which generically appears in
models with extra dimensions. We consider models where the electromagnetic field is generated by the Kaluza-
Klein mechanism. The nonminimal couplings contribute at the tree level to the anomalous magnetic and
electric dipole moments of fermions. We use recent measurements of these quantities to put limits on the
parameters of models with extra dimensions.
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The measurements of the electric and anomalous magvhere 7, is the four-dimensional Minkowski metric and
netic dipole moments of fermions provide a very stringentg,; is a metric ork". Depending on the type of model under
test of the standard model of particle physics. The latest meaonsideration, the observable matter fields of the standard
surement ofj— 2 of the muor{1] seems to indicate a devia- model of particle physics are either allowed to propagate in
tion from the standard model. The difference between thehe bulk or confined to live on a four-dimensional surface
experimental value and the theoretical value calculated in thé1*C M4xK". In the former case the typical siteof com-
framework of the standard model is pact manifoldK" is restricted to be small enough, so that the

B B 1o energy scale of Kaluza-Klein excitations of standard model
Aa,=a,(exp —a,(SM)=43(16) X 10" . (D particlesM~L " is higher than the experimentally reach-

For a theoretical review sd&]. This effect does not neces- able oneM =1 Te_\/._ In the latter case the size lif can be
large and even infinite.

sarily imply a conflict with the standard model as there are i L
y Imply If the manifold K" possesses a nontrivial isometry group

theoretical uncertainties in the calculations involving had- . .
ronic quantum correctiong3]. Interpretations of this 2% fgo,r;r)nerturbatlons of the background met(® which have the

effect were immediately proposed in different frameworks

such as compositeness and technicdijy supersymmetry f +q. AAB AB

[5], extra dimension§6], massive neutrinog’], leptoquarks Oap= )7 g;ﬁ W Gaplu (4)

[8], additional gauge bosol8] and other$10]. In this Brief 9upAl, Yo

Report we want to discuss the contribution to the electric and ) N

to the anomalous magnetic dipole moments of fermiondvhere the vector fielda,,

which arises due to the nonminimal coupling Afi:/\ﬁf)fflp), )
Sim=f d*xF,, 4(A+By*)a" (2) are proportional to Killing vector fields £, P

=1,...,dimG. One can, in principle, interpret these fields

of fermions to the electromagnetic fieldF,,=d,A, as observable gauge fields of the standard model if the group
—,A, (%F%[mﬁJ% This nonminimal coupling ge- g contamsSL_J(S)x_SU(Z)_x U(l) as a subgroup._ In _th|s
nerically appears in Kaluza-Klein type theorifkl], e.g., C€a@s€ the minimal dimension of the compact manifi§ftlis
Kaluza-Klein supergravity12]. As is shown in[16,17, the N=7 [15]. ) ] o _
Kaluza-Klein interpretation of gauge fields can be revived in !N general, in models with large or infinite extra dimen-
the framework of models with brane univer§é3,14. sions, when all the fields of the standard model are supposed
Whether the nonminimal coupling?) appears depends on to be localized on a four-dimensional brane, the fietds
the particular assumptions made about the mechanism réannot be related to the standard model gauge fields since
sponsible for the localization of gauge fields and fermions orthey are generally not confined to the bramsé¢*. But, it
the brane. turns out that a certain subset of these fields, which is asso-
In models with extra dimensiorfd2—-14 the space-time Ciated to the symmetry of rotations around the brane can be
is taken to be a product of the four-dimensional Minkowskinaturally localized on the brane in models with warped extra
spaceM* and a Riemannian manifol". In a coordinate dimensions[that is, whenf(y)#1] [16]. It is possible to
chart (x*,y®) on M*x K", a general Lorentz-invariant met- obtain the SU(2)XU(1) group as a group of rotations

ric can be written in the form around the brand17]. Thus, with some modifications,
Kaluza-Klein's idea of relating gauge fields to isometries of
ds?=f(y) nwdx"dx”+gaﬁ(y)dy“dyﬂ, 3 higher-dimensional space-time can also be implemented in

this type of models.
If the observable electromagnetic field originates from
*Email address: calmet@theorie.physik.uni-muenchen.de isometries of higher-dimensional space-time, it differs from
"Email address: neronov@theorie.physik.uni-muenchen.de the electromagnetic field of Maxwell theory in a crucial
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point. Although this field is minimally coupled to scalars, the 1 . 1 . f
coupling to spin-1/2 fields contains nonminimal terf® FADAlIfz—fF“(ﬁﬂ—Aﬂag)\IfnL—F"a(,\IerFa D+ -2

[11]. This coupling results in an additional contribution to \/— \/E f
the anomalous magnetic momeift A+ 0) and to the elec- Jo

tric (if B#0) dipole moment of fermions. The term propor- L8y YO papiphyg 9
tional to yg is T and P violating. 4¢ 8f = ~”

In the simplest(unrealisti¢ five-dimensional Kaluza-
Klein theory the parametes and B are determined by the
five-dimensional gravitational consta@t and the sizd. of
the only extra dimensiorGs andL are, in turn, expressed W =el9%(x) y(y?) (10)
through the four-dimensional gravitational consta@y
~10"* GeV ? and four-dimensional fine structure con- whereq is an integers is a four-dimensional spinor which
stant agep~ 10°2. An order-of-magnitude estimate shows satisfies the massless Dirac equation
that the contribution of the nonminimal couplirig@) to the i
anomalous magnetic moment and to the electric dipole mo- iT#9,4=0 (12)
ment is, in this case, too small to be experimentally detected.

In higher dimensional theories, as we will show below,and y is an-dimensional spinor which obeys
the strength of the anomalous couplit®) depends not only
on the geometry oK" and the (4+n)-dimensional gravita- Y
tional constanG, . , but also on the higher-dimensional pro- - \/__<PF x=0. (12
files of fermions. In this case, the available experimental data
on anomalous magnetic and electric dipole moments capor such configurations the acti¢6) reduces to
provide certain restrictions on parameters of the higher-
dimensional theory. P

Couplings of Kaluza-Klein gauge fields to the fermion 5=f dnyfz\/‘P|gabl|X|2f d“xZ{—F“(aM—iqA#)
fields can be found from the higher-dimensional Dirac action i

Ve

o Ne_ o
So=i f dxdy(detEV) U TAD . ©) * 25 Fuo®T

whereD, is the covariant derivative with respect to the met-
ric ga,. We takeW of the form

fa o q
D,+ Ta+—a

H a
ir P

. (13

y B i TO— A5 e 5 -
whereE is the vielbein field hat denotes the local Lorentz We can takel™ = y",I""=y> where y*, " are conven
tional four-dimensional gamma matrices. The

indexes and the bulk metric is expressed through the vielbei . . . . .
_pCpeD_ .. L . ) ?4+ n)-dimensional spino® must be normalized with re-

as gag=EiEg7mep where ngp is (4+n)-dimensional spect to the norm

Minkowski metrig. The curved space gamma matrided

_EArB _
are rglated Eq the flat space ones Eé= EzI'® where <\I,,q,>:f d“xd”y\/—_g\lfl“o\lf, (14)
{I'B,T1 =228, The covariant derivative of Dirac spinor is
defined as

which yields the following normalization condition for the
n-dimensional spinoy:

|y elgadinz=1 5

q:rom Eqg.(13) we see that the nonminimal coupling of the
fermion field toA, has the form

1 g
DA\I,:aA\P‘F EO)A Uéé\l,, (7)

where 3¢ is the spin connection expressed in a standar
way through derivatives of the vielbein andrag
=%[I's,I'¢] is generator of local Lorentz rotations.

The U(1) gauge group of electromagnetism is a one- _
parametric subgroup of the isometry groéigenerated by a Sint= Rxf d“x:,//FWa’”yf’z,/; (16
Killing vector field £{(y). Taking a coordinatg'= # along
the integral curves of(|(y) we can write the metri¢4) as with

a 1
AR e Ri=3 f d"y fo gl x> (17
gaB= PAL ¢ 0 (8)
0 0  Qap Note that the strength of the nonminimal coupling depends
on the higher-dimensional profilg of the fermion zero
where o= ¢(y?),a=2, ... n, since the metric coefficients mode and, therefore, it can be different for different fermi-
do not depend om. ons. In models with large or infinite extra dimensioRs

Taking the coordinate vielbein for the metk®) we have characterizes the scale of localization of fermions.

067702-2



BRIEF REPORTS PHYSICAL REVIEW D 65 067702

In the absence of
chiral rotations

uv» the action(13) is invariant under  Using the experimental data, one gets

. R COS 2¢<4.6x10 4 GeVv ! (27)

Py=e'"*"y (19
_ ) ) _ ) for the electron,

where« is an arbitrary angle. Until we provide a particular
mechanism by which the fermion fiel¢ gets a mass, we R coS2¢<9.4X10° ¢ GeV ! (28)
have no definite prescription for fixing. For example, in ®
the five dimensional Kaluza-Klein theory the term propor-q, the muon and

tional toI'?9,¥ in Eq. (9) can be interpreted as a mass term
after a a=w/2 chiral rotation(18). The anomalous term R,cos2¢<7.9x10° % GeV ! (29
transforms as

for the 7-lepton. Note thaR, (17), x=e,u,7, can take dif-
ferent values for different fermions. The best limit is ob-
tained for the electron electric dipole moment.

We now consider their anomalous magnetic moments. Let
us first consider the electron. The value of the anomalous

_ magnetic moment of the electron predicted by the standard
Sint= ef d*xF,,#(R, sin2a+iR, cos 2xy®)o**y, (200  model is strongly dependent on the value of the fine-structure
constan{19]. Typically one gets

wheree is the electron chargéve have adopted the usual
normalization for the electromagnetic figldhe parameters Aa.=aq(exp —a,(SM)=34(33.5x10 "%, (30)
A andB (2) are respectively

PT(iy°c*"y°)P=19"(sin 2a+iy° cos 2a) "’ (19

under the chiral rotatiofil8). Thus, in general, the anoma-
lous coupling(16) is

taking the fine-structure constant from the quantum Hall ef-

A=eR, sin 2« (21)  fect measurement. Thus we get
B=eR, cos 2. ae
ReSin2a<——=6.7x10"8 GeV 1. (31)
As mentioned previously, this term gives a contribution to Me

the anomalous magnetic moment of the leptons as well as to )

their electric dipole moments. In old fashion Kaluza-Klein [N the case of the muon, we can interpret the observed
theory, the nonminimal couplin0) is weak, but it can be dewatlon(l) as an effect of the nonminimal couphng. One
sizable in the brane world models where the localized gaug@Ptains the following constraint for the produgf, sin 2.

fields are Kaluza-Klein gauge fields associated to rotations
around the brangl6,17.

The contributions of this nonminimal coupling to the
anomalous magnetic moment of a fermion and to its electric
dipole moment can be deduced directly from E2)). One  Besides the magnitude of the deviation from the standard
gets model prediction for the anomalous magnetic moment, its

KK ) sign is of crucial importance. This sign depends on the angle

a, =R,mysin2a (22) 4 '(18) which is determined by the fermion mass generating

mechanism. Therefore, one gets a constraint on model build-
ing ae[0,7/2]. One cannot obtain constraints from the

e anomalous magnetic moment of thdepton.
=3 R, cos 2 (23 From the above estimates we see that the magnijde

(16) of the nonminimal coupling of fermions to the electro-

for the electric dipole moment the fermion. The mass of thd"@dnetic field is less than or of the order of £ cm. Re-
fermion is denoted byn, . member, thaR, characterizes the higher-dimensional profile

We shall first discuss the electric dipole moment. TheOf @ fermion. For example, in the models with large extra

electric dipole moment of the electron and of the muon havéjimensiqns itis an es.timate' of the fize of the region where
been measured very preciséig] the fermions are localizefthickness” of the brang

We would like to point out that a terrt?) arises also for

; Aa, -8 1
R, Sin2a=——*=4x10"° GeV . (32
"

for the anomalous magnetic moment of the fermion and

KK
d'/f

dSP<(0.18+0.12+0.10 X 10" e cm, (24)  neutrinos. Thus, neutrinos are expected to have a magnetic
moment. Using the available limi.8] for the magnetic mo-
dSP<(3.7+3.4) X 10 e cm. (25)  ment of an electron-type neutrino, one gets
The same precision has not been achieved forrthepton: R,sin2a<3x10 7 GeV L. (33
d?P<3.1x 10 % cm. (26) A similar constraint is obtained for the-type neutrino.
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More stringent limits can be obtained from astrophysical ACKNOWLEDGMENTS
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