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Effects of extra space-time dimensions on the Fermi constant
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Effects of Kaluza-Klein excitations associated with extra dimensions with large radius compactifications on
the Fermi constant are explored. It is shown that the current precision determinations of the Fermi constant, of
the fine structure constant, and of ttdéandZ mass put stringent constraints on the compactification radius.
The analysis excludes one extra space-time dimension belby TeV, and excludes 2, 3, and 4 extra space
dimensions opening simultaneously belev8.5 TeV, 5.7 TeV, and 7.8 TeV at the 90% C.L. The implica-
tions of these results for future collider experiments are discu$S€856-282(199)05821-X

PACS numbgs): 11.10.Kk, 12.15.Lk

Kaluza-Klein theories have a long and rich histgty?2]. 1 1
The TeV scale strings provide a new impetus for studying Ls=— ZFMNFMN—(DMHi)T(DMHi)—lﬁi—FMDMlﬁ
these theories in the context of low energy phenomenology.
Until recently much of string phenomenology has been con- —V(H)+---, (D)
ducted in the framework of the weakly coupled heterotic
string where a rigid relationship exists between the stringvhereM, N are the five dimensional indices that run over
scale Mg,) and the Planck scalépgne [3], i.e., Mg,  Values 0,1,2,3,3; (i=1,2) stand for two Higgs hypermul-
~gsuM pranck Where M piana= (87Gy) “H2 and whereGy is  tiplets which contain the MSSM Higgs bosoD,=dy
Newton's constant and numerically Mpgo=1.2 —i9®®Ay, whereg® are the gauge coupling constants and
X 10' GeV. However, recently the advent of string duali- the SU(3)<SU(2)xXU(1) indices are suppressed, and
ties has opened the new possibility which relates the stronyf(H;) is the Higgs potential. This theory is constructed to
coupling regime of one string theory to the weak coupllnghaVeN 1 supersymmetry in 5D. We compactify this theory
limit of another. Thus it is conjectured that the strongly OnS'/Z, with the radius of compactificatioR. In our analy-
coupled S@B2) heterotic string compactified to four dimen- Sis we assume that the gauge fields and the Higgs fields live
sions is equivalent to a weakly coupled type | string compacin the five dimensional bulk while the quarks and leptons are
tified on four dimensions. In this context the string scale carfonfined to a four dimensional wall, i.e, atZa fixed point
be very differen{4,5]. While one is very far from generating [10]. After compactification the resulting spectrum contains
realistic TeV string models the generic features of models omassless modes with=1 supersymmetry in 4D, which pre-
this type with low values of the string scales can nonethelessisely form the spectrum of MSSM in 4D, and massive
be studied 6—8]. Here we adopt the picture that matter re- Kaluza-Klein modes which forml=2 multiplets in 4D. The
sides inD=d+4 dimensions while gravity propagates in the modes in O can be further labeled as even or odd under the
10 dimensional bulk. In the context of type | strings one mayaction of Z,. The MSSM spectrum and their Kaluza-Klein
conjecture that matter resides orpdrane p=d+3) with ~ excitations are even undef, while the remainingN=1
compactification ofd dimensions occurring internal to the massive set of Kaluza-Klein fields are odd. We carry out a
brane while the compactification of the remaining«(6)  spontaneous breaking of the electroweak symmetry in 5D
dimensions occurs in directions transverse to pHerane. Which gives electroweak masses to tié and Z gauge
We focus on thel compactifications internal to the brane and bosons and to their Kaluza-Klein modes in addition to the
the compactifications transverse to the brane will not concerﬁompactlflcatlon masses, i.e., Kaluza-Klein modes have
us here. We shall work within the framework of an effective masses 102+ n?M3), n=1,2,3..., ©, where m’ arise
field theory, which is a valid approximation in the domain of from electroweak symmetry breaklng andR? arise from
energy investigated below. The main motivation of this pa-compactification of the fifth dimension. In 4D a rescaling of
per is to analyze the effects of the Kaluza-Klein excitationscoupling constants is needed, i.¢>/JmR=g; whereg;
associated with the extra dimensions on the Fermi constanrire the gauge coupling constants in four dimensions. The
Gg which is one of the most accurately determined quantitiesnteractions of the fermions to zero modes and to Kaluza-
in particle physicg9]. In our analysis we shall assume that aKlein modes after rescaling is given by
numberd of extra dimensions open at a low scale—each
associated with a common radius of compactificatiRn
=M le i Llnt_ A,ul + \/—2 A,u) ’ (2)
We consider the 5D case first. Our starting point is the
minimal supersymmetric standard mod®SSM) Lagrang-  whereA ,; are the zero modes arﬁd;i are the Kaluza-Klein
ian in 5D and we exhibit here a few terms to define notatiormodes.
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The Fermi constant is very accurately known from the For the case of one extra dimension, after compactifica-
weak interaction processes. Its current experimental valugon and integration over th&/ boson and its Kaluza-Klein
obtained from the muon lifetime including the complete two- excitations we obtain the effective Fermi constant to leading

loop quantum electromagnetic contributiong 9% order inM,/Mg to be
Gg=1.166371)x 10 ° GeV 2 (3) 2 \12
o= 14 T M (7)
where the number in the parenthesis is the error. We com- F F 3 M% '

pare now the experimental result @ of Eq. (3) with the
predictions ofGg of Eq. (3) in the standard mod€SM). In

Defining AGEX=GE"—GZM, identifying GE" with the ex-
the on-shell schem&:z" is given by[11] etining A%r £ identifying G’ with the ex

perimental value of the Fermi constant, and using (Bgwe
find Mg>1.6 TeV (90% C.L.). This limit orMg is stron-
EM: T (4) ger than for the case when one has just an eWfreecur-
\/EM\Z,\,sin2 Ow(1—Ar) rence. Thus if one had an exti recurrence with a mass
Mw:, the analysis above will give a limitMy,
where sif gy, =(1-Mg/M2) in the on-shell scheme. The >905 GeV. The stronger limit for the Kaluza-Klein case is
fine structure constant: (at Q®=0) is very accurately due to an enhancement factorof\3. This factor arises in
known, i.e.,a”'=137.0359, and\r is the radiative correc- part due to summation over the tower of Kaluza-Klein states
tion and is determined to bgl2] Ar=0.0349-0.0019 and in part due to the coupling of the 4D fermions to the
+0.0007 where the first error comes from the error in theKa|uza_K|ein gauge bosons being stronger by a factodz)f
mass of the top quarknf=175+=5 GeV) and the second relative to the couplings of the fermions to the zero mode
error comes from the uncertainty e{M;). With the above gauge bosons as can be seen from @}. The current ex-
one can use the measured valuedlgf andM to derive the  perimental limit on the recurrence of & is My,
value of GE™. The currently measured values My, and ~ >720 GeV given by the analysis at the Fermilab Tevatron
M; are My=80.39-0.06 GeV [13] and M;=91.1867 5 collider data with the DQdetector14]. Thus our result

+0.0020 GeV[12]. Using the above determinations one gn M is much stronger than the current experimental limit
finds that the standard model prediction® is in excellent — gp g, .

accord with experiment. Thus we conclude that the contribu- - Another independent constraint dig can be obtained

tion of the Kaluza-Klein modes must fall in the error corri- rom atomic parity experiments. The atomic parity violations
dors of the standard model to be consistent with current €X5rise from the Z exchange and the low energy effective in-
periment. Since the fine structure constant dhgare very  iqraction governing the violation is [15] LSV

Zﬁgg;a;}e;ﬁwkt%%\,\;nrr?rzsfnot];teh?nigg;sgnggitec\)/w:fss g —(GRN2)%Ciiey,yseqy*g. In SM the measured
quantity isQ3M=2[(2Z+N)Cy,+ (Z+2N)C14] WhereZ is

in the evaluation of the radiative correctidir. To exhibit h b f i adis th b f i in th
the relative contribution of the errors from these sources tc’i € number of protons aridIs the number of neutron In the
atomic nucleus being considered. The exchange of the

Gr we find that Kaluza-Klein Z bosons contribute an additional interaction,
AGEIGg|sy= VA(1/sir? 6yy—2)%( My /M) 2+ (SAT)2. l.e.,
)

The quantity 2(1/sihéy—2)~5 is accidentally large and LEV=(AGE"/\2) X Ciiey,yseqy a;. 8
thus the error inM,, dominates the error in the standard '
model contribution to the Fermi constant. Using the abov
analysis we find that GZM=(1.167750.0049)
X 10" % GeV 2. We note that while the error in the mea-
surement of th&V mass is less than 0.1% it gets enlarged to
around 0.5% due to the enhancement factor of 5. Even so the
error corridor ofGE'\’I is very narrow and places a strong
constraint on new physics. Thus we use this corridor to con
strain the Kaluza-Klein contributions to the Fermi constant. iy
In our analysis we shall assume that the radiative corrections w (C9=—73.12-0.06. (10
from the Kaluza-Klein states tAr are small. This assump-
tion will turn out to bea posteriorijustified in view of the  The above result givea QS*— Q=0.71+0.84 where we
largeness of the limits on masses of the Kaluza-KI&K) have added the errors in quadrature. We define the Kaluza-
excitations obtained in this analysis. Under the above asKlein contribution to Qy, by AQLK=(AGKX/GEMQEW
sumption we then require th@£" be limited by the errorin  and require thatnQXK be limited by AQyy, i.e., AQKK
AGM e, <AQy. This leads to a constraint oMy of Mg
KK 1 SM _2 >1.4 TeV (90% C.L) which is less strong than the limit
AGE/Gg"<==*0.82x10 = (90% C.L). (6)  obtained from the analysis &g but still quite impressive.

eI'he most accurate atomic parity experiment is for cesium
which gives

&(Cs)= —72.41+0.25+0.80 9)

while the standard model gives

116004-2



EFFECTS OF EXTRA SPACE-TIME DIMENSIONS ON . .. PHYSICAL REVIEW &0 116004

The current accuracy of the experimental determinations of 10’ . . . . . . . .
other electroweak quantities produce less stringent con-
straints onMg.

The above analysis can be extendeddtextra dimen-
sions. We consider here only compacifications with common o IS
compactification radiu®R and Z, type orbifolding. Integra- 10 *\\ E
tion on theW boson and its Kaluza-Klein excitations similar
to the 5D case gives the following result for the sum of the
standard model and Kaluza-Klein mode contributions

M2 10
W
Gef= GEMKd(—Z (12)
M R
whereKy is the Kaluza-Klein dressing of the Fermi constant 10

d
Kg(c)=1+ > (2P 9C,)Cy(c). (12)
p=1

Kaluza—Klein Correction AG,/G,

Here C,=d!/p!(d—p)!, Cp(c)=2,;p[c/(c+l2§)] where 107

Ep=(k1,k2, ... .Kp), andk; run over the positive integers
1,2,...9. We can expres&y(c) in terms of the Jacobi
function

—4 1 1 1 ] ] 1 1
* it \\d 0 05 15 25 35 45 55 65 75 85 95
K d(c): f dtet 03( —) (13) Common Scale of Extra Dimensions M,, (TeV)
0 Ccm
FIG. 1. Plot of the ratio AGE¥/GE™) as a function of the com-
where 65(z) for complexz (Imz>0) is defined byé;(z) mon scale of extra dimension. The curves correspond to the case
=3>r__.. expmk?z). For the case of more than one extrad=1 (solid), d=2 (dot-dashell d=3 (long dashejj and d=4
dimension both the sum of E¢12) and the integral of Eq. (dashedl The horizontal solid line corresponds to the 2rror on
(13) diverge. To obtain a convergent result the lower limit onAGF"/Gg" while the horizontal dotted line is what ther2error
the integral must be replaced by a cutoff. The physical origiﬁ"”” be if the error in theW boson measurements decreased by a
of the cutoff is a truncation of the sum over the Kaluza-Klein factor of 2.

states when their masses exceed the string scale. With ﬂ?—?ereau is the effective grand unification theof@UT) cou-
cutoff we obtain the following approximate expressions forp”ng constant, b;=(—3,1,33/5) for SU(3}x SU(2),
H | 1=

AGKKIGEM . . _
X U(1)y describe the evolution of the gauge couplings from
02 M Mo\ 2 the scaleQ to the scaleMg, bi“=(—6,—3,3/5) are theb,
AGKKIGM=|——+27 In( S”) (_W) . d=2, minus the contribution from the fermion sector which has no
3 Mg/ |\ Mg Kaluza-Klein excitations, and; are the corrections arising

(14 from the Kaluza-Klein states. The requirement thatM ;)
42 d—2 ) be compatible with the CERE* e~ collider LEP data leads
_) ™ (M_Str) (M_W) to constraints orMi and Mg,. For a givend and My the
d—2/I'(1+d/2)\ Mg Mg/’ unification of ¢y and a, thus fixes the ratioM ;,,/Mg. Thus
for a givend andMpg, one usesy; and a, to computeq,,
d=3. (15  and My, /Mg. Inserting these values far=3 in Eq. (16)
gives a3(Mz) within the current error bars. In Reff8] an
Numerically we find that the approximation of E¢l5  extension to include two additional multipleEs, and F_
agrees with the exact result of EQ.2) to 2—3 % while the  \yith SU(3)cXSU(2). xU(1)y quantum numbers (1,1,
approximation of Eq(14) is good only to about 10% be- 4 2) for F, and (1,1;-2) for F_ was proposed with a mass
cause of the slow convergence of the log function in thisscaleMF in the rangeMgyw<Mg<Mpg. Inclusion of this
case. The quantitied r andM g, are not completely arbitrary - mytiplet improves the agreement af with experiment but
but are constrained by the unification of the gauge couplingsstherwise does not affect our analysis in any substantial way.
Thus in a TeV scale unification the gauge coupling evolution  The result of our analysis on the lower limit on extra
is given by([7,8] dimensions under the constraints of unification of gauge cou-
KK plings and under the constraint of E) is given in Fig. 1.
bi In( MR) bi ( Mstr

AGK¢IGEM=

Mz

i ' n For the case of one extra dimension the analysis of Fig. 1
2 2 shows that the constraint of E@) puts a lower limit oM g
(16 of 1.6 TeV. This is the same result that we got previously

ai(Mz) t=agt+
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from Eqgs.(6) and(7). This is because in this case the unifi- Kaluza-Klein excitations may still be accessible at the CERN
cation of the gauge coupling constant constraint gives a higharge Hadron Collide(LHC) [16].

value of Mg, /Mg so the finite sum on the Kaluza-Klein ~ One may ask to what extent our limits are dependent on
states simulates to a very good approximation the sum on thae assumption of an underlying supersymmetry. Since loop
infinite tower of Kaluza-Klein states. For the case of 2, 3,corrections toAr from the Kaluza-Klein states are ignored,
and 4 extra dimensions the analysis of Fig. 1 shows that Eqyhich turns out to be a reasonable assumption in view of the
(6) produces a lower limit oM of 3.5 TeV, 5.7 TeV, and |argeness of the masses of the Kaluza-Klein states, the essen-
7.8 TeV. In these cases the truncation of the Kaluza-Kleinjg| constraint from supersymmetry arises via the cutoff. For
tower is rather severe as one goes o higher values@Q.,  he 5p case this constraint is rather mild but does get severe
Msy/Mg=7.6 ford=2 and this ratio becomes smaller for ¢ 5ne goes to a larger number of extra dimensions. Thus our
larger va_lues ‘.de (and further the ratiMs,/Mg must be_ conclusion is that the 5D limit is essentially model indepen-
progressively fine tuned more severely as one goes to highgg, . v + the limits deduced for the 6D—8D cases do require

values ofd). The SF’?C""C. nature of the cutoff |mpose_d N the underlying supersymmetric framework and the results
troduces an uncertainty in the accuracy of the predlctlon§Iere are thus more model dependent

oo 0 _
which isO(19%) ford=1 and gets larger for larger values of Finally we note that the limits on extra dimensions are

o _ ;
?OlrJIiJaEO Sr(vl ;)llﬁ)sfgfrjda rigé sTgsel?cr)gt?]r;esrsooi(:rs]:ivuer;Cesr;?;rsltgr constrained severely by the errors in the standard model pre-
9 brog y dictions of Gk which are dominated by the error in thg

number of Kaluza-Klein states that are retained in the trun- b . by th in th
cation procedure under the unification of the gauge couplin (nass measurement and su dominated Oy the error in the top
¥nass measurement. Thus if future experiments further reduce

constants constraint. As pointed out earlier the analysis i ; . .
- p Y the errors in these measurements, then one will obtain more
very sensitive to the error in the measurement ofihigoson . ; e .
stringent bounds on the radius of compactification, or if one

mass. Thus if this error oM, were to decrease by a factor sees a deviation from the standard model prediction it might

of 2, which is not an unlikely possibility, then the limit on : . e
My, for d=1 will increase to 2.1 TeV, and the limits fat be a smoking gun signal for a TeV scale compactification.

=2,d=3, andd=4 will increase to 4.4 TeV, 7.1 TeV, and

9.5 TeV as can be seen by the intercepts of the dotted line in This research was supported in part by National Science
Fig. 1. These results may be contrasted with the previoufoundation grant no. PHY-9602074. We thank Professors
limits of ~300 GeV from an analysis of contact interactions C.W. Kim and J.E. Kim for the kind hospitality accorded
[7]. Thus none of the Kaluza-Klein excitations of theor Z  them for the period of the visit at the Korean Institute of
boson will become visible at the Tevatron. However,Advanced Study, Seoul where this work was initiated.
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