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Higgs mechanism and bulk gauge boson masses in the Randall-Sundrum model
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Assuming the breaking of gauge symmetries by the Higgs mechanism, we consider the associated bulk
gauge boson masses in the Randall-Sundrum background. With the Higgs field confined on the TeV-brane, the
W andZ boson masses are naturally an order of magnitude smaller than their Kaluza-Klein excitation masses.
The electroweak precision data require the lowest excited state to lie above about 30 TeV, with fermions on the
TeV-brane. This bound is reduced to about 10 TeV if the fermions reside sufficiently close to the Planck-brane.
Thus, some tuning of parameters is needed. We also discuss the bulk Higgs case, where the bounds are an
order of magnitude smaller.
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It has recently been realized that the large hierarchy bethe original hierarchy problem. This sugge$® that the
tween the Planck scale and the electroweak scale could bidiggs boson should be confined to the TeV-brane, i.e. The
related to the presence of extra dimensifihls An interest- gauge boson mass arises from the boundary.
ing realization of this concept is the Randall-Sundrum model In this paper we will investigate this scenario in more
[2]. It relies on the 5-dimensional non-factorizable geometrydetail. We will study the properties of bulk gauge bosons

which are related to broken gauge symmetries, i.e. Mk

ds?=e 20y dx“dx’+dy?, (1)  andZ bosons. We will show that in the case of a TeV-brane

Higgs field, thew andZ boson masses are naturally an order
where o(y) =k|y|. The 4-dimensional metric ig,,=diag  of magnitude smaller than the mass of their first KK excita-
(—1,1,1,1),k is the AdS curvature, ang denotes the fifth tions. We will demonstrate that th& andZ boson mass ratio
dimension. This metric results from a suitable adjustment ofind sifé,, can be successfully reproduced by a moderate
the bulk cosmological constant and the tensions of the twauning of the brane mass parameter. We also discuss con-
3-branes which reside at tt® /Z, orbifold fixed pointsy  straints from universality of the coupling of the gauge bosons
=0, y==R. Because of the exponentiélwarp” ) factor, to fermions. In the phenomenologically viable parameter
the effective mass scale on the brane locategi-atrR is ~ range we recover the 4D relationship between gauge and
Mpe "R If kR~11 this scale will be®(TeV), and the Higgs boson masses. Contraints arising in the bulk Higgs
brane is referred to as the “TeV-brane.” Hence the modelcase are also briefly discussed.
can generate an exponential hierarchy of scales from a small Let us consider the following equation of motion for a
extra dimension. U(1) gauge bosom\ of 5-dimensional mashi:

In the setting of Ref[2] only gravity propagates in the 5d
bulk, while the standard modéSM) fields are confined to 1
the TeV-brane. However, since a microscopic derivation is \/?aM(\/—_ggMNgRSFN§—M29RSAs= 0, 2
still missing, it is interesting to study other possibilities. Bulk 9
scalar fields were first d|scussgd in REJ. The conse- .wheregy,n denotes the 5-dimensional metric. In genekl,
quences of SM gauge bosons_ln the bul_k were studied "Brises from some Higgs mechanism and consists of bulk and
Refs.[4,5]. In Ref.[6] the behavior of fermions in the bulk boundary contributions
was investigated, and in Réf7] the complete SM was put in
g:ft[)g]lk Finally, bulk supersymmetry was considered in M2(y) = b2k?-+ a%k(y— mR) + 32k 8(y). 3

Bulk gauge fields are necessary if the SM fermions live in . . ) Lo
the bulk. By localizing the fermions at different positions in depending on whether the Higgs fields live in the bulk and/or

the fifth dimension it seems possible to address the questiofd! the branes. The gauge boson masses can be expressed in

of fermion mass hierarchy, non-renormalizable operators anff'M$ Of the parameters of the Higgs potential. For the TeV-

proton decay[9,10,8. New possibilities for baryogenesis Prane Higgs field, for instance, we have

may open up if the fermion separation is reduced by thermal 2 2

correction in the hot early univer$é1]. 2295“ _ %vz (4)
Bulk vector bosons with bulk masses have been consid- 2Nk 2k

ered to some extent in Reff5,7]. It was found that the

“zero” mode acquires a mass comparable to the mass of thevhereu denotes the Higgs boson mass parameteriatite

“first” Kaluza-Klein (KK) excitation, unless the bulk gauge quartic coupling, both understood as 4D quantities, @i

boson mass is extremely fine-tungd. Since gauge boson the 5D gauge coupling: = u/\\ is the VEV of the Higgs

KK excitations should have masses in the TeV rapgé], field.

the W-boson mass could only be generated by reintroducing Using the metriq1l) and decomposing the 5D field as
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one obtaing4,5]
(—d5+20" dy+MH)f,=e2"mif,, (6)

where m,, are the masses of the Kaluza-Klein excitations

AEL“), and o'=dy0. (We work in the gaugeAs=0 and

3,A*=0.)

Requiring the gauge boson wave function to be even un

der the Z, orbifold transformation,f,(—y)=f,(y), one
finds[5]

fn:_ ’ (7)

my -
Ja(re

mn
+ Ba( mn)Ya( —e’

N, k

where the order of the Bessel functionsais- \/1+b?2. The
coefficientsg, obey

52
( - ?+1_a)‘]a(xn)+xn‘]a—l(xn)
Ba(Xn,a%) =~ ( =

a
2 +1- a') Y a(Xn) +X0Y o —1(Xn)

8

Bo(Xn,8%) = Bo(QX,,—82), 9)

kR

where we defined the warp factofl=e™", and x,

=m, /k. Note that for non-vanishing boundary mass terms
the derivative off, becomes discontinuous on the bound-
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a bulk or boundary mass term is added, the “zero” mode
picks up a mass, and its wave function displays a
y-dependence.

In the case of a bulk mass terin~1, one findsm,
~mkQ 1, i.e. approximately of the same value as the first
excited state in the massless cd3é Although the bulk
mass term is of ordeM,, the gauge boson mass does not
become Planck-sized, becaukgis localized at the TeV-
brane, where the effective mass scale is small. At first sight
this seems encouraging, but it was also shown in Re¢that
extreme fine tuningg~Q ! is necessary in order to bring
down theW-boson mass, i.ang, from its natural TeV size
range to the experimental value. One therefore would have to
start with a weak scale bulk mass term, which is nothing but
the original fine tuning problem. These results follow from
expanding Eqs(8), (9) in the regimex,<1 andx,()<<1.
Along the same lines we find that a gauge boson mass term
at the Planck-brane has the same implications,

a? a?

2~ —_— T —
X0~ 2InQ ~ 27kR’ D
Since their is no warp factor suppression, onlyderQ ! is
a W-mass below the Kaluza-Klein scale possible.
If the Higgs field is on the TeV-brane however, we arrive
at a different conclusion. Expanding Ed8), (9) for xo<1
andQxy<1 we find

aries. The normalization constarits, are defined such that wherey~0.5772, which reduces to

(U/7R) fTRdyfo=1.

An analogous discussion also holds in the non-Abelian

case.

Equations(8), (9) encode the masses of the different KK

states. In the limim,<k andm,Q>k, one findg[8]

M=\NT5 77

a 3
n+—— —) akQ L. (10

02x2 o’ ! 12
SNTRYD) a2 I X0\’ (12
AT RARLCY

2 a2
2 2%—:— <
X0~ oma~ 2mkr’ 21 (13
0232~ 2z _ 2 a>1. (14)
°“InQ  wkR’

Similar to the case of a bulk or Planck-brane mass term, we
find a linear relationship betweenandx, for small values

In this regime the masses of the excited KK states are indesf a. But in contrast to the former, this behavior remains
pendent of the boundary mass terms. The bulk mass terwalid up to a<1, because of the appearance of the warp

enters viaa, but its contribution is also suppressed by thefactor. Fora=1, x, saturates at a value typically an order of
warp factor. This is because the excited states are localized atagnitude smaller thaxy, which corresponds to the mass of
the TeV-brane as a result of the exponential in their wavehe first excited state. This demonstrates that a Higgs boson
functions. If the SM fermions live on the TeV-brane, it was at the TeV-brane can, in principle, explain weak gauge boson
found that the masses of the gauge boson KK states shoutdasses of order 100 GeV, while keeping the KK states in the
be in the multi TeV range in order to be in agreement withTeV range[12]. The saturation results from the drop of the
the electroweak precision ddt4]. In the case of bulk fermi- wave function near the TeV-brane for largevhich dimin-
ons the corresponding constraints becoming wedKes], ishes the overlap with the brane mass term.
reducing tom;>0.5 TeV for fermions on the Planck-brane  In Fig. 1 we show(x, as a function of for Q=10 i.e.
[5]. kR=10.26. Fora>1 we obtain()x,~0.24.[In the evalua-

Let us now considem,, the mass of the lowest lying tion we numerically solved Eq$8), (9), but Eg.(12) would
state. In the case with neither bulk nor boundary mass termalso reproduce the results at a percent accuracy |eveé

one findsmy=0, and the correspondingero mode¢ wave
function is not localized in the extra dimensidg(y)=1. If

mass of the first excited KK state depends very weaklya.on
In our example we find it rises frofix,(a=0)=2.45[4,5]
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FIG. 1. Qx, versusa for a warp factor() =10, FIG. 3. Plots ofs; [see Eqg.(15)] and &, (16) versusa, with
Q=10"

to (x,()=3.88. In Fig. 2 we display the resulting ratio

between the mass of the ground state and the first exciteg0.2. From Fig. 2 we deduce that/x,=100. As a result
state. For small enougla we find x;/Xo=m;/mgyx1/a, the mass of the first KK excitation has to obew;
while for largea the ratio approaches; /x~15.4. For dif- =10 TeV. The constraint om, is proportional to 1{/;.
ferent values of) the results hardly change since the warpWe stress again that it does not depend on where the fermi-
factor only enters logarithmically in Eqél3), (14). ons live. The warp factor only enters logarithmically.

Since the ground state mass scale, i.e. The W and Z boson Once the “zero” mode acquires a mass its wave function
masses, is experimentally known to .00 GeV, we con- (7) depends on thg coordinate. In contrast to excited states
clude that in the brane Higgs scenang=1.5 TeV is nec- the wave function tries to avoid the TeV-brane where its
essary. This bound does not rely on the electroweak precmass arises, as shown in Fig. 4. As a result the successful
sion data and is independent of the position of the fermion§M predictions of the gauge couplings to fermions of ke
in the fifth dimension. It could only be weakened if the warpand Z bosons can be affected. The resulting constraints de-
factor in Eq.(14) is substantially reduced, which would re- pend on the position of the fermions in the fifth dimension.
introduce the hierarchy problem. For example, the coupling of th& boson to a fermion on

We next discuss constraints on KK excitations arisingthe TeV-brane is given bgyfy(7R), whereg, denotes the
from the electroweak precision data. From Fig. 1 we deduceoupling if the boson were massless. SifigerR) <1 in the
that the relationship between the boundary mass teand  brane Higgs scenario, the resulting gauge coupling is some-
the ground state mass becomes highly non-linear in the ravhat reduced. In Fig. 3 we present the resulting deviation
gimeax=1. As a result the very successful SM predictionfrom the SM prediction,
that the gauge boson masses are proportional to their cou-
plings to the Higgs boson could be spoiled. We measure the 0,=1—fo(7R), (16)

deviation from the linear behavior afa) by as a function of the brane mass paramat¢f) =10'). For

Xo(ar) 5,=10"3, we finda=<0.06, a constraint more stringent than
=@ " (15  the one from the mass ratio=M,,/M,. From Fig. 2 we
learn thatx,; /xo=310, i.e.m;=30 TeV, a bound which is
and taker =M, /M,=0.88. ForQ=10" the results are proportional to 1{/5,. With this restriction the effects of the
shown in Fig. 3. They are well approximated h§; KK states are automatically in agreement with the elec-
~0.02%2, i.e. The non-linearity increases quadratically with troweak precision data, which only requires,=23 TeV
a. Sincer is measured to an accuracy of about i@nd no  [4].
deviations from the SM prediction have been fo(ihd], we If the massive gauge boson is coupled to fermions on the
require §;=10 3. This leads to the modest constraiat Planck-brane the effective gauge couplings hardly deviate

120 1.000 0.05
1004 0.998 0.1
80

1 0.996 ]

% 0y 0.2

0.994 1
407
20 0.992 4
0 1 2 3 4 0 4 8 12 16 20 24 28 32
a y

FIG. 2. Mass ratio of the lowest lying and the first excited KK FIG. 4. Ground state wave functiofy(y) [Eq. (7)] for a
state versus for Q=10 =0.2, 0.1, 0.05, wher€ = 10",
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2=2 1 10001 M= pQ 1= hoQ L, (17)
5 4 3 2 1.2 .3 ..
In 4D the gauge and Higgs boson masses are related by
L o 001 MZ,=(g?/2.)MZ . In the brane Higgs scenario this relation-
ship is certainly violated in the regime=1 due to the non-
L _0.002 linearity in my(a) (see Fig. 1 However, in the phenomeno-
logically viable parameter range<a,,,~0.14, wherem?)
L 0.003 ~(gé/4mR)v? (13), (4), andg~gs/\27R, the 4D relation
is recovered, up to small correction of order £0Using Eq.
L —0.004 (4), the parameters of the Higgs potential have to obey
FIG. 5. Deviation ofg/gy from unity versus the fermion mass ) 2
parametec, for a=0.14 andQ) = 10", me - Amax 2_)\ (19
k2 27kR gz '

from the SM prediction, sincéy(0)~1 (see Fig. 4 The
resulting constraintn; =4 TeV, is weaker than that arising Assumingh ~1 we find that a moderate tuning<0.04 is

from Eq. (15). . .
Bulk fermions interpolate between the TeV- and therequwed to r_eproduce th_e measuliindZ boson masses in
the brane Higgs scenario.

Planck-brane scenarios. As discussed in Héll, depend- Finally, let us briefly summarize our results for the bulk

ing on the bulk mass term,,= co™ for the fermion, the zero Higgs case, which may be especially interesting if SM fer-
mode of the fermion is localized at the TeV-braree<(1/2) mions reside on the Planck-brane in order to eliminate un-

O AL e T iante hgher cimersional opertos. A Tev-rane Higgs
. L ; . case cannot provide masses for these fermions. To solve the
W-boson wave function has a nontrivigddependence, it

then couples non-universally to fermions localized at differ hierarchy problem, one has to rely on some additional
R ; o “mechanism, for instan rsymmetry. TheZ n
ent positions in the fifth dimension. This is completely analo- echanism, for instance supersymmetry boso

gous to thec-dependent coupling of the excited gauge boson 125° ratiq15) leads tom; =250 GeV, which is rather weak

states discussed in RdB]. We have repeated the analysis compared to the brane Higgs cg;aleiao Tev). Stronger
. : restrictions arise from the modification of the gauge cou-
for the ground state of the massive gauge boson. In Fig. 5 we

. - - - Y plings (16). For Planck-brane fermions we findn,
display g/go—1 as function ofc for a=0.14 andQ =10, =600 GeV, while for TeV-brane fermions this increases to

wheregy would be the coupling of a massless gauge boson, ~3.5 TeV, bounds which are again weaker than for the
The shape of the gauge coupling of the massive ground staﬁglw ' !

is similar to those of the excites KK statgy. However, the eV-b(ane Higgs case. The wave functllon of the “zero
. L . mode increases near the TeV-brane. This results also apply
amplitude of the variation is much smaller. In the lirit>

—oo, g approaches the result of the TeV-brane fermid;. in the Planck-brane Higgs scenario.
In the regimec=1/2 the deviation of the SM prediction fgr

becomes small. In this cases only constrained by the/,Z We would like to thank G. Dvali and G. Gabadadze for

boson mass rati@l5). very useful discussions. S.H. is supported in part by the Al-
Taking into account the warp factor, the Higgs bosonexander von Humboldt foundation. This work was also sup-

mass on the TeV-brane is given (3] ported by DOE under contract DE-FG02-91ER40626.
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