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Abstract

We present a 5D gauge theory in warped space based on a bukU(2)p. SUQ2)r
U(1)s L gauge group where the gauge symmetry is broken by boundary oditions.
The symmetry breaking pattern and the mass spectrum resemias that in the standard
model (SM). To leading order in the warp factor the parameter and the coupling of
the Z (or equivalently the S-parameter) are as in the SM, while corrections are expected
at the level of a percent. From the AdS/CFT point of view the mo del presented here
can be viewed as the AdS dual of a (walking) technicolor-likeheory, in the sense that
it is the presence of the IR brane itself that breaks electrowak symmetry, and not
a localized Higgs on the IR brane (which should be interpretd as a composite Higgs
model). This model predicts the lightest W, Z and resonances to be at around 1.2
TeV, and no fundamental (or composite) Higgs particles.
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The last unresolved mystery of the standard model (SM) of pticle physics is the mech-
anism for electroweak symmetry breaking (EWSB). Within theSM it is assumed that a
fundamental Higgs scalar is responsible for EWSB. This pacte has not been observed yet,
and its presence raises other fundamental issues like thetairchy problem (that is how to
avoid large quantum corrections to the mass of a light scalar Nevertheless, the presence
of such a Higgs scalar seems to be necessary, otherwise ttatextng amplitudes of the
longitudinal components of the massiv&V and Z bosons would blow up at scales of order
1 TeV, indicating new strongly interacting physics.

Recently, in collaboration with H. Murayama, we have re-exained [1] the issue of lon-
gitudinal gauge boson scattering and found that there mighbe an alternative way to uni-
tarize the gauge boson scattering amplitudes without a Higgif there is a tower of massive
Kaluza-Klein (KK) gauge bosons present in these theoriese@ also[[2/73] and, for similar
considerations in gravitational theories, seél[4]). Inl[Me have presented a toy model im-
plementing this idea based on a®U(2). SU(2)r U(1)s L gauge symmetry in an extra
dimension where the gauge symmetry is broken by boundary aitions (BC's). There we
found that the gauge boson spectrum somewhat resembles thatthe SM, however the
parameter deviated from unity by as much as ten percent, andé lowest KK excitations of
the W and Z were too light for the model to be considered realistic.

In this paper we consider a similar model in a warped Randaundrum (RS) [5] extra
dimensional background. The motivation for considering i modi cation comes from the
AdS/CFT correspondencell6]. The main problem with the at spce model was the massive
violation of custodial SU(2) symmetry which is manifested in the large deviation of from
one, therefore one would like to ensure that custodi®U(2) be maintained to leading order.
A possible solution to this problem in the context of anti-deSitter (AdS) space has been
recently pointed out by Agashe et al.[J7]. If one considers akdS background, then one has
a dual interpretation of the theory in terms of a spontaneoug broken conformal eld theory
(CFT): the breaking of the conformal invariance is manifegtd by the presence of an infrared
(TeV) brane, and the elds localized on the TeV brane are intgreted as bound states of the
CFT. Gauge elds in the bulk correspond to global symmetriegthat are weakly gauged) on
the CFT side. This means that theSU(2), SU(2)r gauge symmetry in the bulk will ensure
the presence of custodiabU(2) on the CFT side [{]. The symmetry breaking pattern on
the TeV brane isSU(2). SU(2)r! SU(2)p, which is exactly as in the SM, and preserves
custodial isospin. The main di erence between this model @nother RS models with gauge
elds in the bulk (such as [7[8/9], see als610]) is that heetectroweak symmetry is broken
by the presence of the TeV brane itself, rather than by a scaldliggs localized on the TeV
brane. The models with a TeV brane localized Higgs should beteérpreted as the duals of
composite Higgs models, where there is a scalar bound stateh® strongly interacting CFT
that is responsible for electroweak symmetry breaking. Orhé other hand, the model under
consideration here, where electroweak symmetry breaking due to the BC's on the TeV
brane, should be interpreted as the dual of a (walking) teclicolor-like theory [11], since it
is the strong dynamics itself (the appearance of the TeV bra) that breaks the electroweak
symmetry. Note, that in the AdS picture one can interpolate ktween the technicolor and
composite Higgs models by dialing the expectation value ofl@ane localized Higgs eld.
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For very large VEV's the Higgs expels the wave functions andelsomes a theory with BC
breaking of electroweak symmetries corresponding to tegbalor, while for small VEV's one
gets the usual RS picture corresponding to a composite Higgsdel.

The SU(2)r U(1)s L symmetry has to be broken in the UV to ensure that one has the
right electroweak group at low energies. This can again beraeved by a BC breaking on
the Planck brane, but will have the e ect of giving correctims to electroweak observables.
In the limit when the warp factor becomes in nitely large (the Planck brane is moved to
the boundary of AdS) these corrections will vanish, but for anite warp factor they will
be suppressed by the log of the warp factor. These are relaly small compared to the
at-space model considered inJ1], but still about the ordeof the experimental precision of
the electroweak observables. Therefore these correctianay still turn out to be too large,
but this requires a detailed calculation of the electroweakrecision observables including
loop corrections from the relatively light KK excitations @nd excluding the SM Higgs loops)
to decide whether this particular model can be completely adistic or not. Either way, we
consider the fact that the lowest order predictions reprodie the SM results without a Higgs
to be a conrmation that the ideas presented in[J1] could pedps be implemented in a
realistic way.

We want to study the possibility of breaking the electrowealsymmetry SU(2). U(1)y
down to U(1)q by BC's without relying on a Higgs mechanism in the bulk. The BC
breaking is equivalent to a Higgs mechanism on the brane ingHimit of very large VEV's
for the brane Higgs elds. These large VEV's will repel the wae functions of massive modes
and ensure that the Higgs decouples from the gauge and matteids [I]. As in [1] we
will consider a bulkSO(4) U(1)s . SU(2). SU(2)r U(1)s L gauge group (where
U(1)g L corresponds to gauging baryon minus lepton number), excepére we will consider
the theory compacti ed in a warped RS background]5]. We wiluse the conformally at
metric

ds? = ; waxtdx’  dZ? (1)

wherez is on the interval R; RY. In RS-type modelsR is typically 1=Mp;andR® TeV .
On the TeV brane atz = R°we breakSO(4) down to SU(2)p by Neumann and Dirichlet
BC's. As discussed above, this corresponds, from the AdS/CHpoint of view, to breaking
the SU(2). SU(2)r global symmetry of the CFT to the diagonal subgroup, just as auld
happen in technicolor models. On the Planck brang = R, we breakSU(2)r U(1)s L
down to the usualU(1)y hypercharge again by Neumann and Dirichlet BC's, to ensurdat
the low-energy gauge group without electroweak symmetry éaking isSU(2),. U(1)y. Thus
in the end only U(1)g, corresponding to electromagnetism, remains unbroken. Vdenote
by AR2, A2 and By the gauge bosons dBU(2)r, SU(2),. and U(1)g . respectively;gs is
the gauge coupling of the twaSU(2)'s and gs, the gauge coupling oU(1)g .. We impose

Other interesting possibilities for EWSB using extra dimensions is to have the Higgs be the extra
dimensional component of a gauge eld, see for exampl&lL2¢r to have a warped compacti cation where
the would-be zero mode for the gauge eld is not normalizablgT3].



the following BC's:

( @AL*+ AR =0; AL?  AR2=0; @B, =0;

o (A5 + A% =0; @AL* AZ*)=0; Bs=0:
> @AL2=0; AR2=0;
atz=R: @(gsBu+ 8AR°) =0; B, gAR*=0; (3)
AL3=0; AR2=0; B5=0:

at z = RO:

(2)

These BC's can be thought of as arising from Higgses on eaclame in the limit of large
VEVs which decouples the Higgs from gauge boson scatteriri.[ The Higgs on the TeV
brane is a bi-fundamental under the twaSU(2)'s, while the Higgs on the Planck brane is a
fundamental underSU(2)r and has charge #2 underU(1)g  so that a VEV in the lower
component preservey = Tz + B L. If one insists on the breaking by BC picture, and
does not want to think of it as Higgs elds on the branes with lege VEV's one could ask
why the gauge couplings would ever appear in the BC's. Howeyéhat is clearly dependent
on what normalization is chosen for the gauge elds. Above weave chosen 5D canonical
normalization. If we went to the \more natural” normalization where the gauge couplings
appear only in front of the gauge kinetic term in the denominar, then the BC's on the
Planck branez = R would simply be @B, + A}®) =0, and B, = AR®. Thus it does not
seem unnatural for the gauge couplings to appear in the exgstons for the wave functions
once we go back to a canonically normalized basis.

We will work in unitary gauge (the ! 1 limit of the R; gauge discussed in detail
in [I]). Since the 5th components of the gauge elds do not hawzero modes, they will all
decouple in the unitary gauge. The Euclidean bulk equationfanotion satis ed by spin-1
elds in AdS space is

@ @+d) (2=0; @

where the solutions in the bulk are assumed to be of the forfy,(g)e ™ (z). The the KK
mode expansion is given by the solutions to this equation wdi are of the form

P)=z aPu(a2) + EVi(a2) ; (5)

where A labels the corresponding gauge boson. Due to the mixing ofettvarious gauge
groups, the KK decomposition is slightly complicated but itis obtained by simply enforcing



the BC's:

X (B) k
Bu(X;2) = Gsag u(X)+ B(2)z0(x); (6)
k=1
L3 X (L3) k
AXZ) = Bsap u(x)+ k() Z28x); (7)
k=1
R
AR¥(x2) = Bao u(X)+ F(2) 289(x) ; (8)
K=
)4 1
AL (x;z) = WP (x); (9)
K=
)él
AR (x2) = FyW® (x): (10)
k=1

Here (x) is the 4D photon, which has a at wavefunction due to the unboken U(1)q

symmetry, and W (x) and z{9(x) are the KK towers of the massiveW and Z gauge
bosons, the lowest of which are supposed to correspond to thigservedW and Z.

The equation determining the tower ofW masses can be read of by substituting1(@310)
into the BC's, and is given by

(Ro Ro)(Ri Ri)+(R: Ro)(Ro Ri1)=0 (11)
where the ratiosRy; and Ry ; are given by

~ YiMR). _ Yi(MR9.
' J(MR)' " Ji(MR9’

(12)

To leading order in ER and for log R=R) 1, the lightest solution for this equation

for the mass of theW 'sis L

RZlog & °
Note, that this result does not depend on the 5D gauge couptin but only on the scales
R;RC% Taking R=10 ' GeV ' will x R°=2 10 3 GeV 1.

The equation determining the masses of the KK tower for th& (the states that are
mostly A-2 or AR®) is given by

Mg = (13)

h [
26(Ro Ri)(Ro Ry)=¢& (Ro Ro)(R: Ry)+(R:i Ro)(Ro Ri) (14)

The lowest mass of theZ tower is approximately given by

o_ B2 1
© g+® RClog T

(15)
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Finally, there is a third tower of states, corresponding to lie excited modes of the photon
(the particles that are mostly B-type), whose masses are given by

Ro = Rp: (16)

This does not have a light mode (the zero mode corresponding the massless photon has
been separated out explicitly in [HB)).

In order to check whether these predictions agree with thosaf the SM we need to
relate the bulk couplingsgs; g to the e ective SM couplingsg; ¢ This has to be done by
introducing matter elds. Locally at the Planck brane (z = R), a SU(2). U(1)y subgroup
remains unbroken. We can introduce matter elds localizedrothis boundary. For simplicity
consider rst a scalar SU(2). doublet with a U(1)g | chargegq. Its interactions with the
gauge boson KK modes are generated through the localized aaant derivative

I
i 2650B.+ GAL® gs(ALY IALY)

D, = - : 17
w= @ 3 G(Ag" +IALY) 280By  GALS o 17)

Using the KK decomposition [6)-[ID), we evaluate the gaugeelds at the boundary and the
scalar covariant derivative becomes

. +1 0
Dp= @ 1958530 g 0 2 q % M
I
iX s ¢ |£B) + %95 |£L3) ©) 0 ) 7 ()
1 H

k=1 O g5q k | igS k jz=R
X K+

. L) O Wu

'9591—5 kjz=R 10S) (18)
k=1 Wi 0

This needs to be matched to the SM expression of the coupling an SU(2),_ doublet
with hypercharge q which is given by

0 1
P27 +eq+ L W
Dp — @ |@ 2 g2+g@ H e(q 2) H o 2 M . A : (19)
W, 27 +eq 1),

2 g?+g®

To be able to identify the rst massive KK gauge bosongZ® and W® with the SM
Z and W we then need to determine the gauge boson wavefunctions oretRlanck brane
and the integral of the square of the wavefunction in order tdetermine the normalization.
To leading order (forR RY the integrals are dominated by the region near the Planck
brane z R), so in fact the wavefunctions on the Planck brane are all thas needed. More
speci cally, from the expansion for small arguments of the &sel functions appearing irq5),
the wavefunction of a mode with mas$ 1=R°can be written as [9]:

(2) G+ M? ¢Z? %zzlog(z:R) + O(M*z%); (20)
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with ¢, at most of order one, andc; at most of order O(log(R%:R)). Thus
Z o
R RO 1 RO
dz — (2?°=R cdlog = + M?cR® SM23R%22log—= 1)+ :: @ (21)
R z R 4 R
As we have seen abovdyl > = O(1=log(R%=R)), so in the leading-log approximation:
Z o 0

R 2 2 R .
i dz 5 (2) R cjlog r (22)

The boundary conditions on the bulk gauge elds give the fadwing results for the leading
term in the wavefunction for the lightest charged gauge bome

¢ =c; ) o; (23)

while for the neutral gauge bosons we nd in the same approxation

(L3) . (RY € . ® B
C; c ; c ; (24)
" s %+t %+t

Using these results it can be checked that the usual SM relatis are exactly satis ed (to

leading-log order) and, from the coupling of the photon andne W, we can identify the 4D
SM couplings in terms of the 5D gauge couplings by

2 (L )(R)2 2
0 = Re—% ~ L) (2) R(2)2) RIOQ%SRO:R); (3)
r 4z 7 ( (2)° + (2)%)
Nz B ¢z + p)az (& +2€)RIog(R=R)
The full SM structure of the Z couplings are also reproduced since:
2 (L3) 2 2 2 2
2 2 _ O5 (R) — O5 05+ 6 .
s Rdz B (@4 ®?24+ ®?) RIogR=R) g+ 26’ (@7)
2
@ _ 056k .
O 7 @+ DRIGRER)’ (29)
: & ¢°
sin = p = p ) 29
YT Vg2 T @t 29)
Hence the parameter in the leading log approximation is
M&
= 30
M2 cog w (30)

Note, that the fact that the full structure of the SM coupling is reproduced implies that at
the leading log level there is n&-parameter either. AnS-parameter in this language would
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have manifested itself in an overall shift of the coupling ahe Z compared to its SM value
evaluated from theW and couplings, which according to[(27){(ZP) are absent at thisrder
of approximation. The corrections to the SM relations will ppear in the next order of the
log expansion, and are expected to be of the order of a perceiib evaluate the predictions
of this model to a precision required by the measurements dfe electroweak observables one
needs to calculate at least the next order of corrections ttié masses and couplings, together
with the loop e ects of the KK gauge bosons, and subtract the sual Higgs contributions.

The next issue is: what are the masses of the KK excitationsthie W and Z? One can see
by numerically solving Egs. [IR) and[[14) (and usingR = 10 '° GeV ! R°=2 10 3GeV )
that MY  M# M) 12 TeV. These masses are high enough to have evaded direct
detection at the Tevatron, but should be within the reach of he LHC. In terms of an energy
expansion, theE* terms of the longitudinal WW scattering would blow up at energies of
few hundred GeV in the absence of a Higgs doublet, however tancel those the e ective
four-point vertex obtained from integrating out a heavyW® and Z°is su cient. The E?2
amplitudes would blow up at 18 TeV, which can be unitarized by the appearance of these
new states. The next set of resonances arisedtY M#Z 1:9 TeV.

In the SM the Higgs is used not only to break electroweak symmng but also to generate
fermion masses. For technicolor theories this genericalposes a serious problem. In this
model, the fermions can be added as bulk fermions that are ddets of SU(2),_ (the left
handed fermions) and oSU(2)r (the right handed fermions of the SM). Bulk fermions are
generically Dirac fermions, however on an interval in warglespace only one of the chiralities
will have a zero model[l14]. The location of the zero mode in wad space depends on
the bulk mass term [I5], and can be localized close to the Ptknbrane for the rst two
generations and the third generation leptons, which will inly that the gauge couplings for
these elds will be as assumed above. For the right-handedgayuark, one can localize the
wave function of the zero mode closer to the TeV brane.

Since the theory on the TeV brane is vector-like (onhy5U(2)p is unbroken there), a
mass for the zero modes can be added on the TeV brane, whichresponds to a dynamical
isospin symmetric fermion mass in the CFT language. The sipéthe physical mass will then
depend on the location of the zero mode and the value of the nsagrm on the TeV brane.
However because of the unbrokeBU(2)p symmetry on the TeV brane these masses must be
isospin symmetric, that is the mass for the up and down type @uks (and similarly for the
charged leptons and neutrinos) are equal at this point. Isps splitting can be introduced for
the leptons via Majorana masses on the Planck brane for theght handed neutrinos using
the see-saw mechanism, and via Dirac mass mixing with ext@J(2)r singlet fermions on
the Planck brane (isospin breaking can be introduced therénse SU(2)r is broken on that
brane). For the quarks this will e ectively yield a top-quaik see-saw type model for the mass
spectrum.

In summary, we have presented a 5D model in warped space whelectroweak symmetry
is broken by boundary conditions. The leading order prediiins for the mass spectrum and
coupling of the gauge bosons agree with the SM results, andethrst excited W and Z elds
appear at around a TeV, which is low enough to unitarize the attering amplitudes. This
model can be viewed as the AdS dual of a walking technicoldkd theory, and as such one
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needs to calculate the leading corrections to electroweakegision observables, which are
estimated to be of order of a percent.
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