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ABSTRACT: In this work, following an holographic approach, we carry out a low energy
effective study of a minimal Higgsless model based on SU(2) bulk symmetry broken by
boundary conditions, both in flat and warped metric. The holographic procedure turns out
to be an useful computation technique to achieve an effective four dimensional formulation
of the model taking into account the corrections coming from the extra dimensional sector.
This technique is used to compute both oblique and direct contributions to the electroweak
parameters in presence of fermions delocalized along the fifth dimension.
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1. Introduction

A relevant issue in the context of high energy physics is that extra dimensions provide
alternative ways for breaking gauge symmetries with respect to the famous Higgs mecha-
nism, [l -f]. Furthermore, an additional non trivial feature of the Yang-Mills theories in
a compact extra dimension is that the WW and ZZ elastic scattering amplitudes can be
unitarized by the tower of heavy gauge modes, [J—[], and the unitarity of the theory is
postponed to a higher scale. This additional scale is related to the fact that the theory
becomes strongly interacting and the number of modes that can contribute to the ampli-
tudes at high energy grows as well. Thus extra dimensional models provide alternative
methods with respect to the standard theory to break the gauge symmetries giving mass
to the gauge bosons and preserve the unitarity of the W and Z scattering at high energy.
Since the spontaneous electroweak symmetry breaking via the Higgs mechanism and the
unitarity restoration via the Higgs boson exchange are the main arguments for the exis-
tence of the Higgs boson, then the Higgs sector can be eliminated in favor of a compact
extra dimensional sector. The class of models, usually formulated in five dimensions based
on this assumption is named Higgsless [§, [[q—[L7].



Extra dimensional extensions of the Standard Model (SM) share some similarities with
strongly interacting models at effective level as can be inferred through the AdS/CFT cor-
respondence [[[§]. The analogy between the technicolor models and extra dimensional
models arises also by discretizing the extra dimensional theory with the dimensional de-
construction mechanism. In fact the deconstruction mechanism provides a correspondence
at low energies between theories with replicated 4D gauge symmetries G and theories with
a 5D gauge symmetry G on a lattice [[9, PJ]. We will refer to the models with replicated
gauge symmetries as moose models [f.

Since in the original versions of Higgsless models the fermions coupled only with the
standard gauge fields, the electroweak parameters e, ez, e3 or S,T,U, [BI-BJ], had only
oblique contributions. These oblique corrections tend to give large and positive contri-
butions to the e3 (or S) parameter, so that it is difficult to conciliate the electroweak
bounds with a delay of the unitarity violation scale, [[3, B(]. However a delocalization of
the fermionic fields into the bulk as in [B4, BH, that is allowing standard fermions with
direct coupling to all the moose gauge fields as in [Bf], leads direct contributions to the
electroweak parameters that can correct the bad behavior of the €3 parameter.

The fine tuning which cancels out the oblique and direct contributions to €3 indepen-
dently in each bulk point, that is from each internal moose gauge group, corresponds to the
so called ideal delocalisation of the fermions, [B6-Bg. Therefore, it is worthwhile inves-
tigating whether it is possible to reproduce such an ideal delocalisation starting from the
theoretical assumption of a 5D Dirac sector with an appropriate choice of the boundary
conditions on the branes.

The determination of the low energy observables in extra dimensional models is gener-
ally achieved through a recursive elimination of the heavy Kaluza Klein (KK) excitations
from the equations of motion. However, a much more useful way to reach the effective
theory is described in [BY, [, [[J]. This method is broadly inspired by the holographic
technique which allows the reduction of the 5D theory into a four dimensional one [[0], [£J].

Here we will study the problem of the €3 fine tuning directly in the extra dimensional
formulation of the Higgsless model using the holography as a powerful procedure of calculus.
In fact the bulk physics can be taken into account by solving the bulk equations of motion
with given boundary conditions, so that one is left with a boundary or holographic action,
which is, indeed, a 4D theory related to the original extra dimensional one.

Other solutions to get a suppressed contribution to e3 have been investigated like the
one suggested by holographic QCD, assuming that different five dimensional metrics are
felt by the axial and vector states [i4, 7). However recently it has been shown that the
backgrounds that allow to get a negative oblique contribution to €3 are pathological, since
require unphysical Higgs profile or higher dimensional operators [[i].

In this note we consider a 5D version of a linear moose model previously proposed, [2§,
BA, I9]. The right pattern for electroweak symmetry breaking is obtained by adding to the
SU(2) five dimensional gauge symmetry, extra terms on the branes and boundary conditions
breaking the symmetry to the U(1)em. Then we evaluate the oblique corrections through
the vacuum amplitudes of the standard gauge bosons which can be easily obtained from the
holographic formulation. In general, the results obtained with the holographic procedure



are in agreement with the continuum limit of the corresponding linear moose model studied
in Bd, ). In presence of direct couplings of the bulk gauge fields to standard fermions,
effective fermion current-current interactions, which are obtained in the deconstruction
analysis [Bd], are recovered from the full effective action solving the complete bulk equations
of motion with a suitable perturbative expansion [B9.

In section f we review the holographic description of the gauge sector and show how
to derive the oblique contributions to the electroweak parameters. In section fj we perform
a holographic analysis of the fermions in 5D by solving the equations of motion with
suitable boundary conditions and project out the bulk dynamics on the branes, as in [B(].
In section Y we use the bulk solutions obtained for the gauge and fermion fields in the
interaction terms, and we derive the low energy effective action from which we compute
the € parameters. The results obtained in the flat scenario are then extended to the warped

background in section . Conclusions are given in section fj.

2. Holographic analysis of the gauge sector

We review in this section the continuum limit of the moose model of [26, g, B3, Bd, F1], £
and the holographic approach for gauge fields proposed in [[J.

We start from an action based on a 5D Yang-Mills theory defined on a segment, with
SU(2) bulk gauge symmetry and flat metric:

1 TR

Sl = 5y [ds [ dyTF (o) By (o). (21)
95 0

where g5 is the bulk gauge coupling with mass dimension —1/2, FMN = peMNTa heing

T® the generators of the SU(2) symmetry such that Tr(T°T?) = 5%, T% = Z- where 7¢

are the Pauli matrices and F(A)*MN = AoMN 4 jeabe AM AN with A4, = Op A% — On A%,

We will work in the unitary gauge Af = 0, which gives useful simplifications. Then
integrating by parts the bulk action in eq. (R.1]) and neglecting the trilinear and quadrilinear
couplings coming from the non-abelian terms of the field strength, we are lead to a bilinear
action written as a boundary term plus a bulk term [[[2].

From the bulk term we can get the bulk equations of motion which, in the four mo-
mentum space, for the transverse and longitudinal components of the gauge field, are
respectively (05 = 0y):

(93 +p*) Ay (p,y) =0, 93 A, (p,y) = 0. (22)
Furthermore, as long as one considers processes with all external particles with mass m
much lighter than the gauge vector mass m 4, the longitudinal part of the two point function
yields a suppression of the order (my/m)?. Thus, in discussing the electroweak corrections
coming from the extra gauge sector, we will investigate only the transverse components of
the gauge field, [[7 (for sake of simplicity from now on we will omit the superscript).

Let us impose the first of the egs. (.9) as a constraint, therefore the residual bilinear
part of the 5D action is an holographic term, [IJ],

S(@holog _ 1 ﬂTr[A (p,y)0s A (p, y) |52 . (2.3)
VM 952) (27T)4 Vs ) 0



As said, in addition to this bilinear boundary action obtained imposing the linear equa-
tions of motion eqs. (B.4), we have the trilinear and quadrilinear bulk terms coming from
the non-abelian part of the 5D SU(2) Yang-Mills theory. Anyway they are not involved,
at the leading order, in the electroweak parameter tree level estimation and have weaker
experimental bounds [5J].

In order to solve the bulk equations of motion (B.J) we need to assign boundary con-
ditions for each bulk field component. We will fix these conditions by requiring to recover
the SM gauge content at the extremes of the segment (branes). In order to get this,
following [[L2], we add, besides the brane kinetic terms, mass brane terms for the gauge

fields:

St = g [t [ @A () FA) ) (24)
i [t [ sty = R ) R )

2
Cl 4 ~TF ~1F
—§2 /d / dyd(y)Tr[(A" — gWwH) (A" — gW,)]

by [t [ ity — mRAY - I 90 + A A,

The parameters c; 2 have the dimension of a 4D mass and in the limit ¢; » — oo fix the
boundary values of the bulk field to the standard gauge fields Wu = WST“ and 5/” (the
tilde indicates unrenormalized quantities):

A;:i:(x’y”y:o = gW;it('I)? Ai(%yﬂy:wR =0,
A, y)ly=0 = gWi(e), AU, )ly=rr = §V,(2). (2.5)

In this way the standard fields are introduced as auxiliary fields. Though we are considering
the flat metric case, these fields are the analogous of the source fields of the AdS/CFT
correspondence. Indeed, we are imposing standard gauge symmetry SU(2);, on the y =0
brane, and U(1)y on the y = 7R one.

We are now able to write down the holographic formulation of the model by imposing
the bulk equations of motion given in eqs. (R.2) and the boundary conditions (R.§). The
resulting Lagrangian density in momentum space at quadratic level is

2)holog+S M gl ; g T1ra a
LR = —@Wp)@yfli(p,y)!yzﬂ + 2—g§W *(P)y AL (ps y)ly=0

P’ a i P55
+S WaW ™ (p) + 5 V()" (p) - (2.6)

Let us comment on the relation between this holographic approach and the one in
which one uses the KK expansion in normal modes for the gauge field. In this latter case
the boundary conditions to be imposed are different as can be derived by varying the bulk
action with brane kinetic terms added, [54, F5]. It can be shown that, fixing the bulk field
on the boundary according to eqgs. (R.5) is indeed coherent with an effective description in



terms of Dirichlet and Neumann boundary conditions obtained from the variation of an
extra dimensional theory based on the bulk action with brane kinetic terms. By expanding
the bulk fields in terms of KK eigenfunctions

Al(p,y Z Fi(y) Astm (p (2.7)

after imposing Neumann conditions on both the branes for the neutral component of the
bulk field as well as Neumann condition on the y = 0 brane and Dirichlet condition on
y = mR brane for the charged components of the bulk field [Rf], at leading order in 2w R/g2
(in such a way that the heavy non standard KK mass eigenstates can be neglected), we
obtain

AL 0.0 ~ FFOWEE) ~ Wi )

Ay (p,R) ~ [ (mR)W(p) =0,

A5(p,0) ~ f3(0)Au(p) + £7(0)Z,u(p) ~ EAL(p) +éz—§Zu(p) = gWip),
A3 (p,mR) ~ f3(xR)A,(p) + [} (TR)Z,u(p) ~ EA,(p) — éz—gzu(l?) =7 Vu(p), (28)

where we have introduced the SM neutral fields through the standard rotation: Wi’ =
c5Zu+55Au, Yy = —552,+ czA, with é = gs; and t; = tan = §'/g and, again, the tildes
are for unrenormalized quantities.

We see that the boundary values for the bulk field expressed in terms of the lowest
lying KK modes in egs. (R.§) correspond, at effective level, to the boundary conditions
given in egs. (P.§). In other words, the effective holographic Lagrangian for the boundary
fields Wu and )7,“ which are not the mass eigenstates but linear combinations of all the KK
modes, can be used to describe the lightest states of the KK tower in the limit of heavy
mass of the KK excitations.

2.1 Precision electroweak parameters

Let us now start the evaluation of the oblique corrections at tree level to the SM precision
electroweak parameters by using the holographic Lagrangian density given in eq. (B.g).

Writing the generic solutions of the bulk equations of motion in terms of the interpo-
lating field delocalization functions h(p,y), we get:

AL (p,y) = Ghs(p,y) Wi (p),
A (p,y) = Ghw (p, )W (D) + §'hy (0, 9)Vu(p)

- ~ e ~
06
with h, = hy + hy and hy = czh — 52
From the boundary condltlons we get the boundary values for the functions
h(p,y):
ha(p,y)ly=0 = hw (p,y)ly=0 = 1, hy (P, y)ly=0 = 0,
hi(p,y)ly=rr = hw (D, y)ly=rr = 0, hy (D, y)ly=rr = 1. (2.10)



By substituting the solutions (R.9) in the holographic Lagrangian density (R.6), we
can compare the result with the generic extension of the quadratic SM gauge Lagrangian

written in terms of the two point functions

£ = Py (A DI + Pl (p) W

+39 My (P )W P + 28°TL— (p) W, W+ (2.11)
Therefore we get:
1 1
wy (p%) = =55yl + hwhy 57, Tyy (%) = —s= [y by 57,
2g5 295
1 1
ww (p?) = —s—[hwhiyl5" My (p*) = —s—[hyehLFT (212)

2g2 293

where h' = 0yh.
The solutions of the equations of motions (2.9) give ha(p,y) = hw (p,y) and therefore
Hyw (p?) = 4 (p?), as a consequence of the custodial SU(2) symmetry of the model.
Concerning the oblique corrections, we plug the egs. (R.19) in the e parameter expres-

sions given in terms of the vacuum polarization amplitudes [B3, B1]

6oblique ~2 Myw (0) - HJr* (0)

1 =49 ~ ) (213)
Mg,

bli o d
€ M= 92d—p2(ﬂ+7(192) — Mww (p°))lp2—0 » (2.14)

; o d
6gbhque — g2ﬁHWY(p2)|p2:Oa (2‘15)

P

obtaining
oblique __  oblique __ 0 oblique §2 d h hl h h/ TR 216
€1 = €y =Y, €3 __—Qﬁ[ y iy + hw Y]O7p2:0' ( : )
2g5 dp

gbhque can be computed by knowing the wave functions of the gauge

This shows how €
bosons and their y-derivatives at the extremes of the segment.

Of course it is possible to get the two point functions without the holographic pre-
scription; in this way we would find that the electroweak parameters can be expressed as
integrals along the extra dimension. For example:

oblique % [T
€ =2, dylhy hw]p2—o - (2.17)

Using the bulk equations of motion, the boundary conditions and integrating by parts,
this integral form for the egblique parameter turns out to be equivalent to the one expressed
as boundary terms in eq. (R.16). Notice that in the boundary formulation of the egbhque we
need only the boundary values of the h functions and their derivatives at the first order in
p? whereas in the integral formulation we need the whole bulk profile of the h functions at

zero order in p?.



In the next section we will consider the fermionic content of the model. Since fermions
are delocalized into the bulk, vertex corrections occur and the direct contributions to the
electroweak parameters must be taken into account. As a consequence, the estimation of the
€ parameters is obtained through a general formulation involving the renormalization of the
electroweak observables used in the definition of the electroweak parameters as described
in b4, p7]. The new physics corrections to the quadratic part of the SM Lagrangian can
be encoded in the z coefficients defined as follows:

2 o B B 2 o o
£ %(1 +2) AL AP 4 PP (14 2 )W 4 %(1 +29) 2, 0" — pPag A, 2

e e~ 1 ~o ~ =~
— MWW=+ — §M%ZMZ“. (2.18)

Then, comparing with eq. (2.11) and performing the standard change of basis in the neutral
sector of the gauge fields, we can express the z corrections in terms of the two point

functions:
d e2 d
= 26> — 1L, (p?)],2— =2——TI0,_(p?)],2
2y € dp? 4 (P7) | p2=0> 2w S; o (P°)[p2=0>
52 52
e d 9 et d 9
2z = 2%d—])2HZZ(p )|p2:0, ZZ,Y = —%d—]ﬂﬂzfy(p )|p2:0, (219)

whereas the unrenormalized gauge boson masses are given by

=2 52

~ e ~ e
My = =211, (0), M3 = —25-5T52(0), (2:20)
56 %5

while the photon is massless Mv2 = —2¢&°1L,,(0) = 0.

All these parameters can be expressed in boundary form thanks to the holographic
formulation given in eq. (R.12).

Let us note that, since the unbroken Uem (1) gauge symmetry guarantees that IL,(0) =
0, using the solutions of the bulk equations of motion and the boundary conditions for hy
and hy, the following relation at p? = 0 holds:

h’Y(O’ y) = hw(0,y) +hy(0,y) = 1. (2.21)

This relation will be used in section @ for the derivation of the direct contributions to the

precision electroweak parameters due to the delocalization of the fermions in the bulk.

2.2 Explicit calculations

Let us now evaluate the electroweak parameters with the explicit solutions of the transverse
components of the bulk gauge fields. The integral expression (R.17) for the €3 parameter
makes the analogy with the deconstruction procedure much more direct. In fact in the
integral expression (R.17) for the e3 parameter, the h functions are involved at the zero
order in p?. So we only need to solve the second order differential equations E2) at p?> =0
and to impose the boundary conditions on the branes. The solutions are:

Y Y



These functions are the analogous, in the continuum limit, of the variables y; and z; = 1—y;
of the deconstructed formulation of the model given in [2§], for which one finds

K
6gblique _ §2 Z j_;u o yz) , (2.23)
=1 “J?

where K is the number of sites, g; are the gauge coupling constants of the replicated
gauge groups along the moose chain and y; = 22:1 2/ f]2 with f; the link variables and
1/f2 = Z]K:1 1/fj2'

By using in (R.23) the matching between the 5D parameters of the discretized theory
(the gauge coupling gs, the lattice spacing a) and the parameters of the 4D deconstructed
theory (the gauge coupling constant along the chain g;, the link couplings f;), namely [E9):

a 1 1 9
— — —, — — f7 (2,24)
9% g ags ’

and performing the continuum limit, we get the correspondence between the two descrip-
tions in the case of equal gauge couplings along the chain. In such a case the variable y; is
the discretized analogous of the coordinate y of the fifth dimension in the eq. (B.17).

By substituting eq. (B:23) in (R.17), we recover the well known result [6], B]:

~2
oblique _ 9 TR
o=
95

It is also easy to find out the exact solutions of the bulk equations of motions for the

(2.25)

interpolating field delocalization functions. They take the form:

hy (p,y) = sinfpy

_ _sinipy| sinp(rR — y)]
sin[prR]’

sinjprR] (2:26)

hi(p,y) = hw(p,y) =

from which it is straightforward to get the same result given in eq. (R.25) for the electroweak

(o]

parameter €3 8

blique by using the boundary expression (R.14).
Moreover, by using the exact solutions (R.26) we can compute the two point func-
tions defined in eq. (R.19), and, by comparing with egs. (R.19)—(R.20), we can extract the

unrenormalized masses:

~ v ~ v
My; === My==3g 2.27
Z 2 057 w 297 ( )
= —2 1 N
where v = YR and the z corrections:
§27TR53~ G*TR
Ay = 7 AW = T
95 395
=2 4_ 2.2, A =2 2 2
§°mR(c: — czs5 + sp) g°mRs;(—cz + s3)
2z = 6079 O L= 60 67 (2.28)

3c§-g§ 2¢;92
The above expressions are in agreement with those obtained by performing the continuum
limit of the deconstructed moose model in [B{].

Let us notice that the additional electroweak parameters introduced in [[[7], namely
X, Y, W, are suppressed by a factor MI%VR2 with respect to S, while V' = 0 due to the

custodial symmetry of the model.



3. Holographic analysis of the fermionic sector

For what concerns fermions in one extra dimension we can carry out the procedure given
in [BQ], starting from the following bulk action for the 5D Dirac field, in the unitary gauge
(A5 = 0):

1 TR B 1 _ B B
Shulk = — d4x/ dy {wwDuqf + i[xpfyf’ag,qf — 95045 U] — M\I/\IJ} , (3.1)
95 0

where g5 is a parameter - in general different from the bulk gauge coupling g5 - with mass
dimension —1/2, M is a constant mass for the bulk fermions and

D (w,y) = (8 + T Ag(w,y) + iYL AL (2, 7R) ) U(2,y), (3.2)

with Y7, = (B — L)/2 the left hypercharge. The hypercharge contribution to the covariant
derivative appears as a non-local term along the extra dimension since it is evaluated in
y=mR.

Performing the variational analysis of the fermionic action, the bulk equations of
motion for a free Dirac field written in terms of the left and right handed components:
V =11, + Yr with y591, r = F1 1 R, are, in the momentum space:

PL(p,y) + (05 — M)Yr(p,y) =0, PYr(p,y) — (05 + M)Yr(p,y) =0.  (3.3)

The left and right handed components of the bulk Dirac field result to be described by a
system of two coupled first order differential equations that mix the two chiral components:
however the system can be decoupled acting on the previous egs. (B.3)) with the operators
(05 + M) and (05 — M) respectively. Then, both right and left handed fields satisfy the
second order differential equation

(02 4+ Wb r =0 where w = /p?2 — M2, (3.4)

3.1 Boundary conditions for fermions

We generalize the procedure described in the gauge sector to determine the boundary values
for bulk fermions; in fact, following [Bg], we add to the bulk action (B.1]) the brane action

TR
. 1 - B 1-
Spaane = /d43€/ dyé(y) [QLZ'YHDMQL + P <tL(1/1RQL + qrYR) — §‘I"I’>}
0 5
_— 1 i . 1.
+0(y — 7R) |qriv" Dugr + 2 tr(@ryL +Yrar) — 50V )1 (3.5)
5
which contains kinetic terms for the interpolating brane fields g;, and gqg, their couplings
to the bulk Dirac field ¥ and pseudo-mass terms for the bulk fermion field. In agreement
with the gauge symmetries on the branes, we have

D,qrly=0 = <<9H + i?]TGWﬁ + iQIYLSJH> qr »

Dyarly—rn = <8M +ig T3, + z‘g’YszM) . (3.6)



We have allowed different couplings t7, r between the right and left handed brane fields
and the bulk fermions, [p1, f9). They parameterize the delocalization in the bulk of the
brane fermions and, as we will see, are responsible for the fermion masses. The couplings
tr,r can in general be different for each flavor in order to reproduce the fermion mass
spectrum. Since this is not the aim of this paper, for sake of simplicity, we will assume
universal t7 g and an implicit sum over the flavors.

Let us now perform the variational analysis on the branes for the total action SPUK 4+

ferm

S}'@eﬁ?e Wi:ﬁh fixed fields g7, = dgr = 0. The coefficients of the variations 6¢g in y = 7R
and of d¢y, in y = 0 are automatically vanishing whereas the coefficients of the variation

817, in y = 7R and R in y = 0 fix the boundary values of the two chiral bulk spinors:

Yr(p,0) =trqr(p), Yr(p,mR) = trar(p). (3.7)

Thus, the degrees of freedom in terms of which we can eliminate the bulk field in the
holographic prescription are the 4D fields ¢, and qr which, indeed, live on the branes
y = 0 and y = 7R respectively. Note that, with this choice, we get the same scenario of
the moose model with direct couplings for the fermions [Bd], where ¢;, and gg correspond
to the standard left and right handed fermions.

Once we have fixed the boundary values of the bulk fields we can determine the explicit
solutions of the differential equations (B.3) with boundary conditions (B.7), which are

Ur(p,y) = fL(p,y)trar(p) + #rRIL(D, y)trRaR (D),

Yr(p:y) = fr(P,y)trar(P) + PTRIR(p.y)tLar(p), (3.8)
with
~ wecos[w(rR —y)] + M sinjw(mR — y)]
Jelpy) = w cos[mRw] + M sin[r Rw] ’
Fulpy) = 1 sin[wy]
LY = 2Rw cos[tRw| + M sin[r Rw]’
faloy) = w cos[wy] + M sin[wy]
R, Y) =7, cos[r Rw| + M sin[r Rw]’
< 1 sinjw(7R — y)]
Jr(p.y) = TR w cos[r Rw] + M sin[r Rw] - (39)
At O(p?) we get:
Vrp.) ~ Bra(p)e M+ pengn(p) Y MR
Ulp.y) ~ Eran()e VT 4 g gp () T Z T cainr g )

M

Let us note that we have non vanishing right and left handed contributions in the y = 0
and y = mR branes respectively. The particular solution with null bulk mass, M = 0, is

Yr(p,y) ~ trqr(p)+ Bytrar(p), Yr(D,Y) ~ trer(P)+ Ptrar(p)(mR —y). (3.11)

,10,



Hence the two components of the Dirac field have a flat profile along the extra dimension
at zero order in p. A study of the phenomenological implications of the M parameter is
developed in [p(].

The effective Lagrangian can be deduced after the normalization of the kinetic term
as we will see in the following section.

4. The interaction

So far we have derived the holographic description of the fermionic sector by imposing
the chiral equations of motion (B.3) and the boundary conditions (B.7), but we have not
considered the interaction with the gauge fields. In fact, in presence of covariant derivatives
in the bulk action (B.1]), the interaction terms are not eliminated by the equations of motion.
By applying the holographic prescription, the residual fermionic action terms of the theory
are

Sholog—i—brane __ gbrane d4p h dy\il mlA g/ B_1I ' N,
ferm — Mferm 4 2 (p7 y)7 M(pay) + _( - )yu(p) (p7 y) )
@2m*Jo 93 2
(4.1)
where SPrane is evaluated by using the (B-§) solutions.

ferm

Let us observe that the B— L interaction described in eq. ([l.]), coming from the covari-
ant derivative term (B.J), appears as a non local interaction term in the fifth dimension. A
way to generate this interaction through a local bulk dynamics is to introduce an additional
gauge symmetry U(1)p_y, in the bulk with gauge coupling g5. In analogy with eq. (2.4),
the related bulk field B(z,y) is fixed on both the boundaries by brane mass terms (in
the limit of large mass) in order to obtain the boundary conditions B(x,y)|y—0~r = §'V-
Since the boundary value for the B(x,y) is equal on both branes, its delocalization function
hp_1(p,y) at p?> = 0 is flat, that is hp_1(0,y) = 1. Therefore, the Dirac bulk field has a
local 5D interaction that, at effective level, reproduces the one given in eq. ({.1)). In fact,
as we shall see in the following analysis, the low energy effective interaction Lagrangian at
leading order in p? is described in terms of the delocalization functions h(0,y). Moreover,
the holographic term of the U(1)p_y, bulk theory, analogous of the one in eq. (£.3),

holo, 1 d4p ™R
Spt = “2g7? /W[Bu(l), y)0sB" (p,v)]o (4.2)

can be neglected if we suppose gf > gs. In conclusion, the low energy limit of the model
with a local bulk U(1) p_1, interaction, is the same of the non local one that we have studied.
However the model with the additional U(1)p_z symmetry in the bulk and its phenomeno-
logical implications deserve a dedicated study, even though the oblique corrections to the
es parameter are unaffected by the extra B — L factor [[IJ].

In order to evaluate the low energy effective Lagrangian, we plug the generic solution
of the equations of motion, egs. (B.§), into the eq. (f£1)). Neglecting again the p - A terms

— 11 —



since we are considering only the transverse components of the bulk field, we get

olo rane TR r3 — TR r} —
Lygoorbrane — ?t%fR(p, 0)qr(p) Par(p) + g—gt?sz(p, ©R)qr(p) Par(p)
5 5

5 UR,0) + o)) (@2 p)an(p) + an(p)as (7))
—HjL(p)'YM [pu - gWu( ) - N_I(B L)yu( ):| (p)
+aulph* [, - 770) - DEE3,00| o)

™R dy - ~

—~ /0 2 (t%ff(n y) + (p7R)*t7 fA(p, y)) aL(p)y" x
5

~/

X [Aﬂ(p, y) + %(B - L)SJH(P)} qL(p)

TR
- [ 2 (k) + GrRP T 0.0)) an(e)r”
0 95

X [Au(p, y) + %(B — L)SJH(P)} qr(p) -

where ffu = J~JMT 3. Then we will use the generic solutions of the bulk equations of motion
for the bulk gauge fields given in eqs. (2.9), in order to deal only with the gauge fields W
and Y. Notice that, in presence of direct couplings of the bulk gauge fields to standard
fermions, since the simplest holographic approach consists in solving the free equations of
motion for the fields, effective fermion current-current interactions, which are obtained in
the deconstruction analysis [Bf], are not recovered. The full effective action could be built
solving the complete bulk equations of motion with a suitable perturbative expansion [BY].
As pointed out in the numerical analysis performed in [B], the current-current terms, in
the region of the parameter space allowed by the precision electroweak data, are negligible.
For this reason we have only considered the free equations of motion for the bulk fields.
Notice also that, within this approach, the kinetic terms for the fermions no longer
come from the bulk action but they come from the boundary kinetic terms and from the
pseudo-mass terms of the brane action SP"¢. that is from the terms of the type q¥ or ¥¥

ferm
in eq. (B-). This implies that we have, at O(p?),
- TR - TR -
LEn, ~ar ¥ (1 + t%g_QfR(()?O)) qL+qr ¥ (1 + t%zg—QfL(OﬂTR)) qR - (4.3)
5 5

In order to have canonical kinetic terms, a normalization of the brane interpolating
fields is necessary:

qr, — qr — (4.4)

\/1+t27erR (0,0)

Using the properties of the f and f functions given in appendix [, the normalization factor

\/1—|—t2 ”RfL 0,7R)

can be written in integral form

QL,R — QL7R 5 (45)

\/1 + fOWR dy br.r(y)
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where

f% R(O’ y)
brr(y) =t R~ . (4.6)
5

In the form (f.5§) the relation between the holographic procedure and the continuum
limit of the deconstructed version of the model is much more evident since [dy — a Zfi 1
, br(y) — bi/a and br(y) — b;/a where a is the lattice spacing [B6, 9]

After the normalization ([.4), defining the electric charge as Q = T3+ —L , and using
eq. (R.21)), we can extract from the effective Lagrangian ([L.3) the lowest order 1nteract10n
terms:

o e -~ _ 1-— by, l1+75bp
m = —eQA, g — —Z,y" TP —— (1—- =) - T? 52
Lre eQALqY"q ey { 5 ( 5 ) 5 FY
e L= by L +5DbR
— 1—-—= - — > qy + h.c.|, 4.
e {55 (%) - e C] o
where ¢ = g1, + qr, and the corrections to the electroweak currents are given by
dy br(y)hy (0, dy br(y)hy (0
by — 2 o dy br(y)hy ( y)7 by = 2 [ dy br(y)hy ( ) (4.8)
L+ Jo dy br(y) L+ Jo dy br(y)

The by parameter gives rise to charged and neutral right handed currents coupled
with the SM gauge bosons and for this reason it has phenomenologically strong bounds
related to the b — sy process, [pg], and the u decay, [60]. Allowing different brane coupling
coefficients t;, and tg for the g7, and ¢r four dimensional fermions, we get different values
for by and bgr. In particular, a small brane coupling coefficient tr with respect to tj,
suppress the br contribution. In the following phenomenological analysis we will neglect
the tr contribution.

After identifying the physical parameters as in [B7 and following the procedure used
in [BG], that is identifying the physical fields by diagonalizing ng) in eq. (R.19),

AM:<1—%>AM+zZWZM, Wj:<1—7>Wi Z, —(1—%2>Z,“ (4.9)

we can derive the expression for the e3 parameter, including the oblique and direct con-
tributions. By taking only the leading order in t%ﬂ'R/ g2 and in the limit §*7R/g? < 1,
corresponding to §?/g? < 1 in the deconstructed version, we get:

TR ~2
a- [ @M@@{%W@@—@@}. (4.10)

The fermion contribution contains by, (y), given in eq. ([l.6), and turns out to be proportional
to the square of the left-handed fermion interpolating function at leading order in p?. Notice
that, as already stated for the oblique corrections, also the direct contribution to €; and
€9 parameters vanishes because the corrections to the fermionic currents do not violate the
custodial SU(2) symmetry of the model.

Eq. (f10) is the continuum analogous of the €3 parameter found in the linear moose
with direct couplings of the left handed fermions, [B{].
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The ideal fermionic delocalization, corresponding to vanishing e3, that is the bulk
profile f7(0,y) that makes the integrand of eq. ({.10)) null in every bulk point y, is related
to the bulk delocalization profile Ay of the W interpolating field through the following

relation !

~9
o) = 28D _ T 0.4 vy e o,nR]. (4.11)
95 95

Using the explicit solution for hyy given in eq. (R.29), we find that the ideal delocalization

should be given by

A
TR’

However this ideal delocalization is not allowed by the equations of motion for the Dirac

bulk field independently from the assumed bulk mass as can be checked by eq. (B.9). This

result has already been found in [[9].

fr(0,y) o<y /1 (4.12)

Since the ideal delocalization is not allowed, the remaining possibility to get a zero
new physics contribution to €3 is to ask for a global cancellation, that is a vanishing eg
without requiring the integrand of eq. (f.10) to be zero. This links the parameters of the
gauge sector to the fermionic ones as shown in [B4, B5, {9

As a last point we note that, by keeping tr # 0, after the normalization ([L.5) of the
interpolating fermionic fields, we get the following Dirac mass term

[mass _ 1trty fR(O 0) +fL(O 7TR)
ferm — 5 A2
2205 [\ 1+ TRy boy)y/L+ 7R dy bay)

Since we are working in the limit ti rTR/G2 < 1 we find that the 4D mass is m =

t%# exp (—MmR). As already noticed, [@, @], assuming the e3 global cancellation, the top
5

mass value cannot be reproduced without allowing for a microscopical Lorentz invariance

(qrar + qrar) - (4.13)

breaking along the extra dimension.

5. Warped scenario

5.1 Holographic analysis for the gauge sector

Let us now extend the holographic analysis for the gauge sector to the case of Randall-
Sundrum (RS) metric with warp factor k:

1

82
= ey

(dm —dz?), (5.1)
so that

Shulle — d*x /L ( )Tr[FM (z,2)Fyn(,2)], (5.2)

where Ly and L; are the brane locations.

LA similar relation between the wave function of the ordinary fermions and the wave function of the
standard W boson is suggested in @]
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The bulk equations of motion in the momentum space, separating the longitudinal and
the transverse components of the gauge field, are

(D3 +p*)Al(p,2) =0,  D3Aj(p,2) =0, (5.3)
where .

Considering only the transverse components and imposing the equations of motion as
a constraint to the 5D Yang-Mills action in the RS metric, we are left with the holographic
Lagrangian
11

Eglz/iwlog - AGM85AG |z L+ k:

AW A, .
5k 05 A3 -1, (55)

where, as in the flat case, we are neglecting the trlhnear and quadrilinear terms of this
non-abelian 5D SU(2) Yang-Mills theory.

For what concerns the boundary conditions we add to the warped action in eq. (f.9)
the same brane terms of the flat case, given in eq. (R.4), so that in the limit cl2 — 00
we get the same boundary values (R-) for the bulk field up to a redefinition of the brane
locations

Ai(m,z)]z:LO = gWiﬁ(x), Ai(m,z)\Z:Ll =0,
Ai(xaz)|Z=Lo = §W3($), Ai(xaz)|Z=L1 = f]’yu(a:), (5'6)

and a new definition of the gauge couplings in order to keep track of the metric induced
on the branes: § — gvkLo, § — §VkL;1.

Imposing the bulk equations of motion (f.J), and the boundary values of the bulk
field on the branes (f.g), the holographic formulation of the model in warped space-time,
including also the brane kinetic terms, is

(2)holog+SM _ g/ i A3 i i Tram Al
£ K BV R ol LA
2
e 1 IRy V)
+5WM (D)W (p) + ZVu(P)V"(P) - (5.7)

By expressing the generic solutions of the bulk equations of motion in terms of the
delocalization functions as in eq. (E), the warped analogous of the vacuum polarization
functions, given in eqs. (R.12), contain the warp factor k—lz, that is:

2 1 1 / / I 2 1 1 I
My (°) = —== [— hy by + hwh } , yy(p®) = [ hy hy )} ,
( ) 2952] kz( w Y) LO ( ) 295 k ( Y LO
M) = — = [ (htiy)] L= [Lon] L 6
wwi\p - 2952] Lz Wity Lo ) +—P - 2952] Lz + Lo ) .

and the identity II(p?*)ww = II(p?)1+ still holds due to the custodial symmetry. Hence,
the oblique contributions to the ¢ parameters are

-9
bli bli bli g° d r \iL
6(1) que __ 0, €€2J que __ 0, Eg que __ 292 dp [k: (hyh + hwhy)]Lé,pQZO . (5.9)
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Also in the warped scenario the eObhque

parameter can be expressed in integral form, that
is S
oblique g ! 1
€ = —5 dz—[hth] 20 (5.10)
3 952] Lo ko p
for which it is sufficient to solve the equations of motion at p? = 0. In this limit the differ-
ential equation to solve is simply (éhIY(W))I = 0, and, imposing the boundary conditions,
the solutions are
L2 — 22 L2 — 22
hy(0,2) = L2 Ik hi(0,2) = hw(0,2) = L2 2k (5.11)
In order to evaluate the electroweak parameters coming from the bulk gauge sector we
need the exact solutions of the equations of motion (f.3)) for the h functions. These are

given in terms of the Bessel functions J; and Y7:

z _Nilpz]Yi[pLo] — Ji[pLo]Yi(p2)
Ly JWpLi|YalpLo] — Ji[pLo)Yi[pL1]’
z NpzYipL] — Ji[pLa]Ya[p2]
]

hy (p, 2) =

ha (p, hw (p, . 5.12
L2 =) = L LalVilp L] = ApLalVi oL (>12)

We can now evaluate the two point functions given in eqs. (5.§). For instance:

2 1
II 3= , 5.13
wy (") kggmLoL1 JilpLo]Yi[pL1] — Ji[pLa]Y1[pLo] (5.13)
and from eq. (5.9), we get

oblique §2 Lil — L4 4L2L2 log[Ll/LO] (5 14)

T Iyl L

Of course this result, which is in agreement with [Rg], is the same obtained by using the
zero order solution (.11 for the A functions in the mtegral form (B.10) of the e3 parameter.

Moreover, we can evaluate the z parameters, which are needed for the determination
of the non oblique contributions to €3 coming from the bulk Dirac sector. Plugging the
vacuum amplitudes of the warped case in eqs. (2.19), we obtain

=2 2
9°s; Ly
2y = 29 log[ ]

kg LQ
oy — - g? L3 —ALZLY + 3L} + 4L1log[Lo/L1]
4kg3 (L§ — L3)? ’
@ (I 20 - Iy — dloslLo/Ln]) (LR} + L5}
Z = )
4kcZg? (L§ = L1)?
 gPs; Lg— LT —2log[Lo/L1)(Lic] + Lis}) - 15
I T ope 2 72 _ [2 ’ (5.15)
€995 o~ 11

and the unrenormalized square masses have the same expression given in (R.20) with v =

8/(k(LT — L§)g3).
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Using the leading order behavior in p? for the functions h(p,y), it can be noted that,
both in the flat and in the warped scenario, the egs. (B.9) reproduce the same solutions
obtained with the heavy mode elimination from the equations of motion used in the de-
constructed version of the model, [Bf], extrapolated to the continuum.

5.2 Fermions in warped scenario

Let us now consider fermions in the warped metric in order to find the holographic de-
scription and obtain the effective Lagrangian. Defining ¢ = M /k, the variation of the bulk
action, (for a review see for example [61])), leads to the following bulk equations of motion
for the left-handed and the right-handed components of the Dirac field

c+2 c—2

poutp )+ (0= 2 ) vl 2) =0, (o) - (3 +

z

> Yr(p,z) =0. (5.16)

As in the flat scenario, these first order differential equations can be decoupled in two
second order differential equations, one for the left handed spinor and one for the right
handed spinor. The solutions are given in terms of Bessel functions as in the warped gauge
sector. The boundary conditions are fixed by adding the brane action

Ly , 1 1 _ 1_
s = [ [ a {6<z L) [q—LmD“qL TR <tL<wRqL T ann) - —WH
5 () 32 2

+ (2 — L) [QRZ"YMD“QR + @% <tR(QR1/1L +YLqR) — %‘i"l’ﬂ } - (5.17)

The values of the bulk fields on the branes are given in terms of the interpolating brane
fields

Yr(p, Lo) = trar(p), Yr(p, L1) = trar(p) - (5.18)

The generic solutions for the bulk Dirac field can always be written in the same form
as for the flat case, given in egs. (B.§), where the dimensional parameter 7R, used in order
to give the same dimensionality to the f and the f, can be thought of, for example, the
characteristic length of the extra dimension in the RS metric (7R = L1 — Lg).

In the p — 0 limit the two first order differential equations (5.16) are decoupled for

the left and right-handed spinors and the corresponding delocalization functions are given

by

Z o9 z
fr(0,2) = (+)*7°, fr(0,2) = (7). (5.19)
Ly Ly

Following the same procedure as in the flat scenario from the interaction terms, we

get:
dp [ dz -
Sholog+brane __ gbrane _/ / . U (p, 2 ,-YM X 5.20
ferm ferm (2ﬂ)4 Lo gg(k:z)‘l ( ) ( )

~/

X [Au(p, z) + %(B —L)Vu(p)| ¥(p,2)-
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It is easy to prove that, at order O(p?) and with canonically normalized kinetic terms, the
neutral and charged interactions are described by the eq. (f.7) where the corrections are
given by the same expressions ([.§) as in the flat case, with

0, t2 /1 \*/Lo\*
w =t -5 () (2)

F200,2)  t% (1 \*/L\ *
b =t 0 = TR ) (2 : 5.21
R(2) = TRy 2(kz)* — 32 \ kL, 2 (5:21)
Neglecting the tgr contribution and following the same procedure as in the flat case, we
find

Ly 1 92

€3 = / dzhy(o, Z) {——Qhw(o, Z) - bL(Z)} . (5.22)
Lo ka 95

Hence the ideal cancellation for this parameter is obtained when

h (0, 2) = (gé) kzbr (). (5.23)

By considering the behaviour in z of b (z) given in eq. (5.21)), and that of hyy (0, 2)
given in eq. (B.11), from the condition eq. (5.23) we may argue that the ideally delocalized
left-handed fermions could be obtained with the choice ¢ = —%, [B4]. Nevertheless, because
of the constant term in hyy, to satisfy exactly the condition (f.23) we must require L; = 0
and Lo = (t2g2/(5%92))"/3/k. This means an inversion of the branes and a singular metric
on z = L1 = 0 because of the curvature factor k—lz, 9. So, also in the case of RS warped
metric, it is not possible to link the delocalization functions of the gauge boson and of the
left-handed fermion in such a way to satisfy the bulk equations of motion and the ideal
cancellation request.

The possibility of a global cancellation between the gauge and fermion contributions
to €3 is obviously viable also for the warped metric case B4—p4, [[9.

6. Conclusions

The holographic prescription applied to the five dimensional Dirac theory, as well as to the
five dimensional Yang-Mills theory, offers an alternative approach to the deconstruction
analysis of the Higgsless models for studying low energy effective Lagrangians. The holo-
graphic technique used here is equivalent to the elimination of the fields of the internal sites
of the moose in terms of the light fields W and Y [BA, i9]. This last procedure can generate
also current-current interactions in the low energy Lagrangian. These terms are absent in
the simplest holographic analysis since one solves the free equations of motions for the
bulk field. However following [BY] it could be possible to reproduce also the current-current
interaction terms with a suitable perturbative approach. The aforementioned equivalence
has been shown in this paper, neglecting current-current terms, by studying a minimal
Higgsless model based on the symmetry SU(2) broken by boundary conditions in the limit
G*nR/ gg < 1 which corresponds in the deconstructed theory to the limit G2/ 91'2 < 1 where
g; is the coupling constant of the gauge group of the i-th site.
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In particular we have shown that though an ideal delocalization of the fermions along
the extra dimension is not allowed by the bulk equations of motion, whatever the metric, a
global cancellation of the e3 parameter is possible, and therefore the electroweak constraints
can be satisfied. In the 5D formulation of the model there is still an interaction which
appears to be non local in the fifth dimension. This non-locality could be eliminated
by extending the 5D symmetry to SU(2) x U(1)p—r and asking for suitable boundary
conditions.
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A. Some useful identities

Let us write the bulk chiral fermions in terms of two degrees of freedom ¢ and gr with left and
right chirality respectively as

UL(p,y) = fu(py)tLaL(p) + ¥rRfL(p. y)trar(P),
Yr(p,Y) = fr(p.y)trar(p) + PrRIR(P,y)tLaL(p). (A.1)

Taking into account egs. (@), the functions fr, r and f. 1, r satisfy the following differential equations

thL + 7TR(85 — M)tRfNR = 07 pQWRtRfR — (85 + M)thL = 07
trfr— mR(0s + M)t fL =0, p*rRer fr + (05 — M)tgfr =0, (A.2)
which can be decoupled as
TR+’ fLr=0, flr+w’fLr=0, (A.3)
in analogy with eq. (B.4).

Furthermore multiplying the first of egs. (@) by fr, integrating over y, and using the third
of eq. (A.9) we get the following useful identity

TR N TR ~
/0 dyf2(0.y) = —7 R0, 9) Frlp 5" + (RR)*P? / dyfa(p.y). (A4)

In analogous way by multiplying the second of egs. @) by fr, integrating over y, and using the
forth of eq. (A.9) we get

TR B TR N
/0 dyf2(p,y) = TRUr(p,9) Fu (o, 5" + (wR)*p / dyf2 (p.y). (A5)

By evaluating eq. (A.4)-(A.5) at p = 0, taking into account the boundary conditions egs. (B.7)
which imply that f,(p,0) = fr(p,7R) = 1, we get

TR B N
A dyf2(0,y) = —wRIf1(0,9) (0, )57 = 7RF(0,0),

TR
/0 dyfE(0,y) = TR[fr(0,4) fL(0, )" = nRfL(0,7R). (A.6)
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