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Effects of standard model Kaluza-Klein excitations on electroweak observables
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The presence of an extra dimension of sieTeV ! introduces a tower of Kaluza-Klein gauge boson
excitations that affects the standard model relations between electroweak observables. The mixiigasfdhe
Z bosons with their excitations changes their masses and couplings to fermions. This effect depends on the
Higgs field, which may live in the bulk of the extra dimension, on its boundary, or may be a combination of
both types of fields. We use high-precision electroweak data to constRiME find limits from 1 to 3 TeV
from different observables, with a model-independent lower bound of 2.5 [R0A56-282(199)01021-9

PACS numbdps): 11.10.Kk, 12.15.Lk, 12.66:i

[. INTRODUCTION of mixing between the zero and tinenodes of theNV andZ
bosons. This leads to a modification of théand Z masses
It is widely believed that the standard mod8&M) is the  and their couplings to the fermions. The second effect arises
low-energy limit of a more fundamental theory including from the exchange of KK excitations of thé/, Z, and y
gravity. It is also believed that one of the requirements forvector bosons, which induces extra contributions to four-
this fundamental theory is the existence of more than threé&rmion interactions. We calculate these effects and show
spatial dimensions, which would be compact and with a rahow to put bounds on the size of an extra dimension from
dius R of Planckian size. Recently, however, it has beerhigh-precision electroweak data. We find limits ofR ffom
suggested that the extra dimensions can appear at mudhto 3 TeV from different observables, with a model-
lower energies. A first possibility was given in Reff$,2] in  independent lower bound e#2.5 TeV.
the context of string theory. It was shown that large extra
dimensions do not necessarily spoil the gauge coupling uni-
fication of the four-dimensiona#D) theory. A more radical Il. FRAMEWORK
possibility, proposed in Ref3], is to decrease the scale of , .
unification of gravity with the gauge interactions down to the _ 1 he model that we want to study is bass_ed on an extension
TeV. This can be realized by means of two submillimeter©f the SM to 5DE5]- The fifth dimension® is compactified
extra dimensions in which only gravity propagates. Althoughon the ssegmer5$ 1Z5, a circle of radiusk with the identifi-
the gauge interactions would not feel these submillimetefationx°— —x>. This segment, of lengtrR, has two 4D
dimensions, a fundamental scalgtring scalg in the Tev ~ boundaries at°=0 andx= 7R (the two fixed points of the

region suggests the possibility of compact dimensions of thi€rbifold S/Z;). The SM gauge fields live in the 5D bulk,
size where the SM fields do propagate. while the SM fermions are localized on the 4D boundaries.

Large (~TeV™1) extra dimensions find also an interest- The Higgs fields can be either in the 5D bulk or on the 4D
ing motivation as a framework to break Supersymmm boundaries. Models with the HIggS fields in the bulk have
This has been studied in detail in Refl§—7], where a com- been considered in Ref$5,9], while models with Higgs
pactification scale around 3—20 TeV was predicted. Also refields on the boundary have been considered in R8{3].
cently, how an extra dimension could lead to the unification” h& most general case consists of a SM Higgs field which is
of the gauge forces at the TeV scale was discu§8¢d. a combination of both types of fields. We will then assume

In this paper we study the effects of extra dimensions orihe presence of two Higgs doublets; and ¢,, living, re-
electroweak observables. If the SM gauge bosons can prop&Pectively, in the bulk and on the boundary.

gate in a Compact dimension, théquantized momentum TO i"ustrate hOW to Obtain the SM in SUCh a framework
along this dimension can be associated to the m#g¢n  (for more details see Ref10,5,7), let us consider a (1)
=1,...») of a tower of Kaluza-Kleir(KK) excitations. As ~9auge theory in 5D with two scalarg; in the bulk ande,

a consequence the relations between electroweak observabl@galized on thex°=0 boundary, together with a fermian
will be modified with respect to those of the 4D SM. There living on the same boundary. We assume that all these fields
are two kinds of effects. The first one is due to the presencBave U1) charges equal to 1. The 5D Lagrangian is given by

1 _
2 .
T 55:__2FMN+|DM¢1|2+[|QUMDMQ+|DM¢2|2]5(X5).
*On leave of absence from IFAE, Universitat Aotoma de Bar- 49z
celona, E-08193 Bellaterra, Barcelona. (1)
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whereDy =dy +iVy, M=(u,5), andgs is the 5D gauge masses and couplings of the lightest modes. The eigenvalues

coupling. The fields living in the bulk are defined to be evenof the matrix(4) can be obtained at this order by the rotation
under theZ, parity, i.e., ®(x°)=®(-x°) for ®=Vy,d1. g 2R with
They can be Fourier expanded as

1 6, 6,

* 5
nx
O (x4, x%) = >, cos—PM(xH). 2) -9, 1 J2m2,s2
n=0 R =~ = — —W ﬁ
R , and 6, >
-0, 1 n“Mg
Using Eq.(2) and integrating over the fifth dimension, the . .
resulting 4D theory(in the unitary gaug¢7]) is given by ' ’ )
S 1 1( n? .
_ =10 Y 2 4 12 | \y(My () The mass eigenvalues are
L, n§=)O 2RI 3| g T 207l VPV
* 2 (PN)2_ 12| 1 _nod
m =my| 1—2s —|, 6
ral v+ 7 5, W0 WS 17252 e ©
n=1
_ o M&n%ZZnZM(Z;‘l'O(m\ZN)v n=12,...o. 7
+igo*| 9, +igVP+ig \/Enz,l vidig+ ..., (3

The lightest mode, of maga{f™?, is the one to be associ-

whereg is now the 4D gauge coupling, related to the 5D ated with the SMW boson. Its coupling to the fermions is
coupling by g=gs/\7R. We are only writing the terms &ffected by the rotatiors). We obtain
which are relevant to generate gauge boson masses via Higgs

vacuum expectation valu¢§EV’s) and the couplings of the (P —g| 1— 22 g m\Z/v ®)
gauge KK excitation&/{]” to the fermions on the boundary. gmr =9 B nem2 |

These are the only types of terms that will be needed in our

analysis. Two gomments are in order. Due to the presence @ the neutral SM gauge boson¥; andB, the situation is
the boundary field, and its VEV, the zero and mode of  analogous. After the usual rotation by the electroweak angle
the gauge boson will mix. The mixing terms are allowed duegw, the states are split into the masslasplus its KK ex-

to the breaking ofk®°-translational invariance by the bound- cjtations (with massesnM,), and the KK tower ofZ’s,
aries. Second, the coupling of the KK excitations to the fer\yhose mass matrix is identical to E@) with the replace-

mion is enhanced by a factor of2 due to the different mentm,,—m,. The lightes boson has a mass and a gauge
normalization of the zero and thremodes in the KK tower. Coup“ng to the fermions given by

The generalization of the above Lagrangian to the SM is

straightforward. Following the standard notation, we will pa- ® M2
rametrize the VEVs of the Higgs field by¢$,)=v cospB mPM2=m?2 1_2322 . Zzl, 9)
=vC; and (¢,)=v sin,BEvsB.l For s;=0 the SM Higgs n=1n“Mg
field lives in the bulk and has KK excitations, whereas for
sp=1 it is a boundary field. Th#V/ gauge boson mass matrix oh) g , com?
is given by g7 = Costy 1 ZSBHE1 vl (10
my  V2mish 2mish
ﬁmz &2 M2 yvheremZ and g/cose_w_would be the mass and the coqpling
M2~ W=p c 4 In the case of no mixing between tiZeand its KK excita-
Yol V2mls? (2M)? ’ tions.
where M =1/R, m3,=g?v?/2, andg is the SU(2) gauge Ill. ELECTROWEAK OBSERVABLES
coupling. In Eq.(4) we have neglected terms 6f(mg,) for AND CONSTRAINTS ON M,

the KK-excitation masses, since they are subleading in the
limit M >m,, considered here. From now on we will only th
consider the leading corrections, @(m3/M?), to the

Let us start by considering the effect of the KK tower to
e SM tree-level relation

GSM= s (11)
o 2mEV 1 mEPZmPn2)

we do not specify the couplings @f; or ¢, to the fermions
since it is not needed here. However, the fact that the coupling of
¢, to the boundary is suppressed by a fac{m suggests that where byG;S:;M we refer to the SM prEdiCtion for the Fermi
&1 () is responsible for giving mass to the bottdtap). constant measured in the decay, andn{f" and m{" are
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the measuredphysica) masses. In our model the decay 35
can be also mediated by th& excitations. Therefore, we 3
have
) 25 |- L¢0)
Ge_ g®"* (\29)*
B aenz PYCIVER (12) % 2
V2 8m{Eh?  i=1 8n?M?2 e my
1.5
where nowg®"” and m{l? are given in Eqs(8) and (6), = . [
respectively. On the other handl,is defined at zero momen- Qw
tum where KK contributions are negligible. Then we have 0.5
2 m2
P L 0.2 0.4 0.6 0.8 1
4 m% sin 8
g(ph)z m(Ph2 “ miph2 FIG. 1. Lower bounds on the compactification scile from
- i 1+(2s%+4s2) > |, electroweak observables.
A1 m{p2 B B~ n2m?2
(13) This translates into the lower bound &, given in Fig. 1.

Fors;=0 we haveM . =1.6 TeV. A similar bound was de-
From Egs.(12), (13), and(11), we obtain rived (in this limit s;=0) in Ref.[13]. Notice that the bound
depends strongly os; and goes to zero fos,28= J2—-1.
“ miph2 Therefore, we find that this is not a good observable to con-
1-2(sp+2s5-1) 2, ﬁ] , (14  strainM in a model-independent way.
n=1 n"Mg We can proceed as above to obtain predictions for other

Gr=GV

that the deviati the SM diction d electroweak observables. We have considered three more
thz I(er((p(;ics:ﬁ;jons eviation versus the prediction due t(ﬁ’uantities:(l) Qyy Obtained in atomic parity-violating experi-
. o T
In order to compare with the high-precision electroweakments[ll]’ (2) F(1717), the leptonic width of theZ, and(3)

data, we must include radiative corrections. The loop effectd€ p parameter defined as=m{§"?/(mV? cod &) [11],

of the KK excitations can be neglected in the limit  where 6,y is the Weinberg angle in the modified minimal
>mW.2 In consequence we must only consider the ordinarysubtraction 1S) scheme. The latter can be relafdd] to
SM radiative corrections. These can be easily incorporate¢he physical quantity sféli=(1—gy/gs)/4 that is mea-
by replacing the tree-level relatidfi1) by the loop-corrected sured at the CERNe"e~ collider LEP and SLAC Large
one, that can be extracted from R¢l1]. The excellent petector(SLD)[12]. KK excitations do not contribute to the
agreement betweeB¢" and the observed value leads to aratio g, /g, and therefore do not modify St . The effect

severe constraint on the rat®:/GE"—1. Actually, since  of the KK excitations or’(I717), Qy, andp is given by
the experimental determination @& is still more precise

than m{EM?, the analysis of electroweak observables uses I'(I"17)=T(
Gr, mPY2 anda as input parameters, and takes the rela-

|+|7)SM

* (ph)2
tion in Eqg. (11), corrected by radiative correctiofisee Eqg. % l+2[(s§— 1)2 sir? gy—1]1>, mz_2 ’
(10.63 of Ref.[11]], as a SM prediction for thgV physical n=1 n®M?
massmy". This must be compared with the experimental (16)
value[12] m{f" =80.39+0.06 GeV. Using Eq(14) and the
relation>”_,1/n?=72/6, we derive at the & level “ mph2

_ ASM 2 2 i
= + J— [
SM2r . (ph)2__ . SM2 2. (ph)2 Qw=Qw| 1+2(s3~1) sirt 0Wn§=:1 nm2 |’
ST At S PO PN S AL A ar
B2 mPP?— m{E2] T 2Sp M2
* (ph)2
__ 1 +0.0088 m
=1"0.0083 (15 p=pM 1-2s sir? Ow > 2—2 : (18
n=1 nZMc

2Atthouah A A ina b wherel'(1717)SMis the SM prediction written as a function
Although in a 5D theory the gauge coupling becomes strong a (ph) 27 SM i
energiesu>M,, the KK effects to processes at~my<M, are bf Gr, m™, and sif By, whereaQy," is the SM predic

dominated by the lightest KK modes: the first six KK excitations tion written as a function of Sa"9\N and pSV'= 1.0109
give already the 90% of the sum_,1/n?. Since at energieg +0.0006. All these SM expressions can be found in Ref.
<6M, the theory is still weakly coupled, we can trust the loop [11]. Comparing the prediction§l6)—(18) with the experi-
expansion. We estimate that the uncertainty in our calculation ignental values, we can place bounds bh. These are
=<10%. shown in Fig. 1. The experimental values f@, and
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I'(1"17) have been taken from RefL1]. The experimental that of theZ, and the cross-section production is enhanced by

value of siff &y that appears ip has been taken from Ref. @ factor of 4. From Ref[14], we get the limit M
[12]. We find that the strongest lower bound bh, comes =820 GeV. Similarly, from searches fo¥’ [15] we obtain
from the leptonicZ width, an observable that seems to bethe boundM ;=780 GeV.

ate t irai del ih ext Finally, we want to comment on models with more than
Vvery appropriate 1o constrain modeis with €xtra gaug&,,q extra dimension. Our analysis can be easily extended
bosons. This is becaude) it is measured at the level of

5 i ; just by replacing the surd;,_,1/n? appearing in the above
0.1%, (b) the SM loop corrections are calculated with anequations by the sum over all the KK excitations of the

even better precisiohand (c) its dependence 08, is Very  theory. This sum, however, depends on the manifold on
mild. We find an absolute bound df1;=2.5 TeV. The which the theory is compactifie®]. In addition, for more

bound coming fronQyy is much weaker. This disagrees with than one extra dimension it is not finite. For two extra di-
Ref.[13], where a stronger bound fro@,, was obtained in mensions, for example, the sum diverges logarithmically
the limit s;=0. We think that the reason for this disagree- ~In(A/M¢) and, therefore, depends also on the cutoff of the

ment is that in Ref[13] Q,, was derived not as a function of theory A. Consequently, the lower bounds &k for more
Q%M but as a function on,VMGEM/GF_ The bound fronp is than one extra dimension will be stronger but very model

not very strong either. This is due to the fact that the gauggependent.

boson sector has an approximate(8\tustodial symmetry IV. CONCLUSIONS
only broken by the differencentz—mg,)/m2=0.23. _ . .

One can look for other observables that would lead to 1here are well-motivated theoretical arguments that imply
analogous bounds. For example, the total width of Zher the existence of more than three spatial dimensions. In order

o o to be consistent with all observations, of course, the extra
sirféy from _the relation in Eq(10.93 of Ref. [11]. The_ dimensions must be compactified at some high-energy scale.
latter also gives lower bounds around 2.5 TeV, but with

¢ d q A this scale is around the TeV, their presence must affect the
strong dependence Giy . . . . SM electroweak predictions currently being tested at high
KK excitations also affect the differential cross sections

b e . . > precision experiments.
fore"e”—f*f~ measured at high energiag,>m; . These In this paper we have analyzed these effects. We have

experiments can be used to test four-fermion contact interachown how the associated tower of KK excitations of the SM
tions, and consequently to put lower bounds on the masses gf4s modify the relations between different electroweak ob-
the KK excitationg2]. We find that the largest bound comes ggpyaples. We have considered the most general case by tak-
from+ ILm'fs on the vector four-fermion interaction, jnq the SM Higgs doublet as a combination of a field living
ef[e’y“e J[f "y,f ]. In our model these are mediated i, the 5D bulk and another living on the 4D boundary of the
(predomlrzwazntlz by thg K2K tower of the photon and gives manjfold. We have compared with the present electroweak
ey=—2qie°=,_,1/(n°M¢). The minus sign indicates that gata and have put constraints on the compactification scale.
the contribution interferes destructively with the SM one.\e have shown that, if an extra dimension exists, it must be
The strongest constraint asy IS founplzln the LEP2 experi- compactified at a scale larger than2.5 TeV. This bound
ment, that givese,<4m/(9.3)" TeV"* for leptons at the il be improved with a better experimental determination
95% CL[16]. This impliesM:=1.5 TeV. Constraints oM of, for example, th&V mass. Also new LEP2 data on differ-
can also be obtained from direct searchesZbat Tevatron ential cross sections foe*e”—f*f~ can, as discussed
[14]. The present limit for a SM-Iik&’ is Mz,>690 GeV.  above, be very useful to establish the maximum length of an
In our model, however, we must consider that the couplingextra dimension.
of the KK excitations to fermions is a factgf2 larger than
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