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different bulk fields which enable one to study various phenomenological implications of
string loop corrected Gauss-Bonnet modified warped geometry model in one canvas. We
have explicitly derived a phenomenological bound on the Gauss-Bonnet parameter so that
the required Planck to TeV scale hierarchy can be achieved through the warp factor in the
light of recently discovered Higgs like boson at 125 GeV. Moreover due to the presence of
small perturbative Gauss-Bonnet as well as string loop corrections we have shown that the
warping solution can be obtained for both de-Sitter and anti-de-Sitter bulk which is quite
distinct from Randall-Sundrum scenario. Finally we have evaluated various interactions
among these bulk fields and determined the coupling parameters and the Kaluza-Klien
mode masses which is crucial to understand the phenomenology of a string two loop cor-
rected Einstein-Gauss-Bonnet warp geometry.
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1 Introduction

Warp geometry models have been extensively studied in recent years from both theoretical
and phenomenological perspectives. The Randall Sundrum braneworld model (RS) [1, 2],
one of the pioneering warped geometry model, was proposed to resolve the long standing
problem in connection with the fine tuning of the mass of Higgs (also known as gauge
hierarchy or naturalness problem) in an otherwise successful Standard Model of elementary



particles. RS model has been studied extensively both in the context of collider physics [3—
51] as well as cosmological physics [52-68]. In particle phenomenology, one of the important
experimental signatures of such extra dimensional models is the search of the Kaluza-Klien
(KK) gravitons in pp collision leading to dilepton decays in the Large Hadron Collider
(LHC) [69]. The couplings of the zero mode as well as the higher KK modes are determined
by assuming the standard model fields to be confined on a 3-brane located at an orbifold
fixed point. Such a picture is rooted in a string-inspired model where the standard model
fields being open string-excitations are localized on a 3-brane. This led to the braneworld
description of extra dimensional models with gravity only propagating in the bulk as a
closed string excitation. But apart from graviton, string theory admits of various higher
rank antisymmetric tensor excitations as closed string modes which can also propagate as a
bulk field. It was found that remarkably such fields are heavily suppressed on the brane in
such warped geometry model and thus offers a possible explanation of invisibility of these
fields in current experiments [70-73]. Subsequently going beyond the stringy description,
the implications of the presence of standard model fields in the bulk were also studied in
different variants of warped braneworld models. All these models in general assumed the
3-brane hypersurface to be flat. These models were subsequently generalized to include
non-flat branes [74-76] and also braneworld with larger number of extra dimensions [77-84].

From a theoretical standpoint, warped geometry model has its underlying motivation
in the backdrop of string theory where the throat geometry (Klevanov-Strassler) [85] so-
lution exhibits warping character. However the Randall-Sundrum models captures the
essence of such warped geometry models in a simple way and also drew the attention in
the context of AdS/CFT correspondence as the Randall-Sundrum model is defined on a
AdSj5 slice [86-94].

While the Randall-Sundrum model starts with Einstein’s gravity in AdSs manifold in
five dimensional space-time, there have been efforts to include the higher curvature effects
in the nature of the warped geometry [56, 95-100]. Such corrections originate naturally in
string theory where power expansion in terms of inverse string tension yields the higher
order corrections to pure Einstein’s gravity [101-106]. Supergravity, as the low energy
limit of heterotic string theory yields the Gauss-Bonnet (GB) term as the leading order
correction [56, 100, 107] and therefore became an active area of interest as a modified
theory of gravity. Various cosmological implications of GB correction have been studied
extensively in the context of slow roll inflationary models [56, 100, 108-111], initial singu-
larities [112-117], tensor perturbations [118-122] etc. It has been shown that the positivity
or negativity of the GB couplings as well as it’s magnitude can be strongly constrained
from the WMAP9 [123] and PLANCK [124] data. In a different context like black hole
Physics it has been shown that GB correction suppresses graviton emission [125-132] and
therefore the black hole becomes more stable [133-140]. Moreover the correction to black
hole entropy due to GB term has also been an active area of interest [141-150]. Thus the
Gauss-Bonnet gravity as a modified gravity theory has been studied exhaustively in differ-
ent scenarios [151-160] as a first step to include the higher curvature effects over Einstein’s
gravity. In addition to this string theory admits of higher loop corrections [102, 161-164]
which is a further modification on Einstein-Gauss-Bonnet correction on Einstein’s gravity.



In this work we investigate the role of the GB corrections and two loop higher genus
contribution to the gravity action on the KK- modes and their interactions for different
bulk fields which would enable one to study various phenomenological implications of string
loop corrected Gauss-Bonnet modified warped geometry model in one canvas.

Considering the GB correction as a small perturbative correction over the original
Einstein’s action, we first derive the modified warp factor and brane tensions in a Zs
orbifolded model. We show that though the warp factor looks similar to RS model but
the warp factor parameter which in RS model depends on the bulk cosmological constant
now have solutions in two branches which are functions of the GB parameter o s), string
loop correction parameter Ay and also depends on the extra dimensional coordinate. We
determine a bound on the GB parameter so that the required Planck to TeV scale hierarchy
can be achieved through the warp factor in the light of recently discovered Higgs like boson
at 125 GeV. Moreover due to the presence of GB as well as string loop corrections, here we
show that the warping solution can be obtained for both de-Sitter and anti-de-Sitter bulk.
This feature is quite distinct from RS-scenario which is defined only on an AdSs bulk in
order to achieve a warped solution. After a detailed analysis of the character of the solutions
of the warp factor and brane tensions we proceed to evaluate the zero mode and KK mode
excitations of bulk graviton along with the 5-dimensional supergravity extension with bulk
gravitino. In both the cases we find the profile of the bulk wave functions. We then extend
our calculations with bulk scalar as well as bulk gauge field by addressing both abelian
and non-abelian cases including dilaton coupling. Among other closed string modes, string
theory admits of various higher rank antisymmetric tensor fields which are also possible
candidates for bulk fields. We study the KK-modes and the profiles of the bulk wave
functions for various antisymmetric tensor fields including the possible dilaton and axion
couplings. It is followed by a detailed analysis of bulk fermions where the profile of both
left and right chiral modes are determined in presence of the GB extended gravity model.
We then evaluate various interactions among these bulk fields and determine the coupling
parameters which is crucial to understand the phenomenology of a string two loop corrected
Einstein-Gauss-Bonnet warp geometry. Finally we conclude by summarizing our results.

2 Einstein Gauss-Bonnet warped geometry model with string loop cor-
rection in a 5-dimensional bulk spacetime

We start our discussion with a warped model on the topological bulk manifold
Ms :=dS5/AdSs ® S®. Consider the Adss slice in a two brane framework described
by the following action:

5(5) = SEH + SGB + Sloop + SBulk + SBrane ) (2-1)

where the contribution from the gravity sector is given by the Finstein Hilbert, Gauss-
Bonnet and string two-loop correction [102] coming from the interaction with dilatonic



degrees of freedom via the Conformal Field Theory (CFT) in the bulk geometry such that,
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with A, B,C, D = 0,1,2,3,4(Extra Dimension) and a conformal two-loop coupling con-
stant A;. Other contributions come from bulk and two brane sector which are given as:

SBulk = /d5$\/—9(5) [ﬁge&fi - 2/\(5)66’2(1)} ; (2.5)
2
— 5 [ () [ pfield 0
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The Eg‘ﬂflk represents the bulk field Lagrangian which may include different spin fields such
as U(1) abelian gauge fields, SU(N') non-abelian gauge fields, spin 1/2 fermions, dila-
ton, pure bulk scalar, rank-3 (Kalb-Rammond) and rank-4 antisymmetric tensor fields.
Throughout the article we use () as Gauss-Bonnet coupling, A; as two-loop confor-
mal coupling and (6;,62) for dilatonic coupling. In equation (2.6) the brane index
i = (1[hidden branel,2[visible brane]) and E?;ld represents brane Lagrangian which con-
tains brane fields. The bulk cosmological constant A(s) couples to the dilatonic degrees
of freedom.

The background metric describing slice of the dS5/AdSs warped geometry is given

by [1],

ds%5) = gapda?dzB = e724Wy, pdadz® + r2dy?, (2.7)
where 7. = e B°(~ O(1)) is the dimensionless quantity in the Planckian unit representing
the compactification radius of extra dimension in a % orbifolding and it is expressed in

terms of the stabilized radion By. Most importantly the compactification radius is assumed
to be independent of four dimensional coordinates (by Poincare invariance) and extra di-
mensional coordinate (fifth dimension). Here the orbifold points are y; = [0, 7] and pereodic
boundary condition is imposed in the closed interval —w < y < . After orbifolding, the size
of the extra dimensional interval is 7. Moreover in the above metric ansatz e=24®) repre-
sents the warp factor and the Minkowski flat metric 1,5 = (—1,+1,+1,+1). This will lead
to dimensional reduction of the manifold dSg — <M1’3 ® %) or AdSs — <M1’3 ® %)
depending on the signature of the bulk cosmological constant.

3 Warp factor and brane tension

Varying the action stated in equation (2.1) and neglecting the back reaction of all the
other brane/bulk fields except gravity, the five dimensional Bulk Einstein’s equation turns



out to be
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where the five dimensional Einstein’s tensor and the Gauss-Bonnet tensor [56, 100] is

given by
1
66 = [R5 - 3R @2
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Similarly varying equation (2.1) with respect to the dilaton field the gravidilaton equation
of motion turns out to be

A ¢
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Where the five dimensional D’Alembertian operator is defined as O =
g (, /=45 (9 ) Now from the equation (3.1) (A = a,B = ) component of
V=T

the Einstein’s equation can be written as:
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and from (A = 4, B = 4) component we get
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To solve equation (3.5) and equation (3.6) we assume that the dilaton is weakly coupled
to gravity (weak coupling 6;) and the bulk cosmological constant (weak coupling 65) since



the Gauss-Bonnet coupling is an outcome of perturbative correction to gravity at the
quadratic order. In this context dilaton is function of extra dimension only in the bulk.
Using this fact, the gravidilaton equation stated in equation (3.4) is simplified to the
following expression:
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Now including the well known Zg orbifolding symmetry at the leading order of 61,
2 and ) we get

o(y) =0, (y' + ;p) (3.8)
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with {g—z — 1Y(p, q)} and the corresponding warp factor turns out to be

A(y) == Ax(y) = kxrely| (3.9)
where
3M2 9M?3
_ (5) 1 (5) 144
B =\ Toa (1 Arei?) {1 il \/[ A+ (208 = 18 agy (L= Are?) A<5>€92¢] }
(3.10)

along with a stringent constraint

e A > 9ME;) (3.11)

It may be observed that though the warp factor looks similar to RS warp factor [1]
but the parameter k is now defined over two different branches k1 and k_ and unlike RS
scenario it is dependent on the extra dimensional coordinate y. It can be easily observed
that after taking (61,02, A1, a(5)) — 0 limit k_ branch asymptotically reaches to Randall-
Sundrum limit. On the contrary the k; branch asymptotically diverges.

The brane tensions for the visible and hidden brane turn out to be

_ 01¢
Tia =Ty =7F {A(5)rc + 6kiM(35)rce—92¢ 1— %*1)@ (2 +7) } ’

(5)
« —A,ef10
Tviis = T(Q) ==+ {A(5)'I"C + 6k:2tMg5)Tc€_92¢ 1— Zl“’)(;]wg:l)ki (7“2 + 7) } ]

(3.12)
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Figure 1. Variation of £+ vs Gauss-Bonnet coupling a5y for (a) A5y > 0and A; > 0, (b) Az >0
and A; <0, (c) Ay <0and A; > 0 and (d) Ay < 0 and A; < 0. In this context By = 0.002,
re = 0.996 ~ 1, |A;| = 0.04, 6; = 0.05 and 65 = 0.04.

Furthermore the modified four dimensional effective Planck mass in presence of Gauss-

Bonnet perturbative coupling is given by

- [1 — e2ksren], (3.13)

In figure 1 we have plotted the behavior of characteristic parameter k+ with respect to
Gauss-Bonnet coupling as) for all possible signatures of five dimensional bulk cosmological
constant A(5) and two-loop conformal coupling coefficient A;. For A5y > 0 the k_ solution
touches the a(s) axis at zero for a(5) < 0 in figure 1(a) and figure 1(b) which is physically
redundant. The only features that are accepted A5) < 0 situation where the k_ solution is



a@) (> 0) a) (< 0) Aes) Ay 01 02 re kyre k_re Ay (m) A_(m)
(for k4 branch) (for k4 branch) (in Mp,) (in Mpp) | (in Mp})|(in Mp})
0.00460 - 0.00510 | (-0.00160) - (-0.00170) 1 0.04 0.05 0.04 0.996 |11.46 - 12.10|11.52 - 12.10{36.0 - 38.0|36.2 - 38.0
0.00090 - 0.00100 | (-0.00032) - (-0.00034) 1 -0.04| 0.05 0.04 0.996 |11.68 - 12.38|11.68 - 12.19|36.7 - 38.9|36.7 - 38.3
0.00310 - 0.00340 | (-0.00220) - (-0.00260) -1 0.04 | 0.05 0.04 0.996 [11.49 - 12.1911.49 - 12.16|36.1 - 38.3|36.1 - 38.2
0.00064 - 0.00070 | (-0.00045) - (-0.00050) -1 -0.04| 0.05 0.04 0.996 |11.52-12.13|11.71 - 12.38|36.2 - 38.1|36.8 - 38.9

Table 1. Allowed parameter space for ky and k_ branch to produce Planck to TeV scale warping.

asymptotic in nature for a5 < 0 are clearly exhibited in figure 1(c) and figure 1(d). It is
evident from the figure 1(a) and figure 1(b) is that the k4 solution shows the asymptotic
behavior for A(5) > 0, a(5) > 0 and non-zero for rest of the two situations. It is important
to mention here that for all situations in figure 1 a5y — 0 shows the well known Randal-
Sundrum feature for k_ branch (k- — krg). On the other hand in the same limit k£ branch
asymptotically diverges. The overall parameter space satisfies the criteria kyr. ~ 12 and
Ay (£m) ~ 36, which is a necessary requirement to solve the well known gauge hierarchy
problem in the two brane set up are explicitly mentioned in table 1.

It is interesting to observe from the figures 1(a)-1(d) that both ki decreases with
increase in the GB parameter o) which would cause a fall in the warping through the
warp factor unless the value of the modulus r. is changed accordingly. So if one wants to
resolve the gauge hierarchy problem then a little hierarchy will enter through r. (which is
now greater than the RS value) due to the non-vanishing value of the GB coupling a(s)-
We shall see it’s implications in the subsequent sections.

In figure 2 explicitly shows the behavior of positive warp function Ay (y) with respect
to the coordinate characterizing the extra dimension y for all possible signatures of five
dimensional bulk cosmological constant A(5) and two-loop conformal coupling coefficient
A;. In this context we use three positive fixed values of the Gauss-Bonnet coupling as)
to explain the behavior of A, (y). It is important to mention here that that the point
y = 0 satisfies the no warping condition which is evident from equation (3.9). If we
tune the numerical value of Gauss-Bonnet coupling to a small value then A4 (+m) ~ 36
which can easily solve the well known hierarchy problem. As we increase the strength of
the coupling then we see that A, (+7) < 36 and it is no longer possible to address the
gauge hierarchy problem due to Gauss-Bonnet correction. This feature directly sets the
constraint on Gauss-Bonnet coupling strength appearing as a perturbative correction on
Einstein-Hillbert term in the gravity action.

Similarly figure 3 explicitly shows the behavior of negative warp function A_(y) with
respect to the coordinate characterizing the extra dimension y for all possible signatures
of five dimensional bulk cosmological constant Ay and two-loop conformal coupling coef-
ficient A;. The graphical behavior of negative warp function is significantly different from
the positive one. But it is clear from the figure 2 and figure 3 that both the positive and
negative bulk cosmological constant can solve the hierarchy problem in the perturbative
regime. In this connection the most significant result comes from figure 2 and figure 3 the
tiny parameter space between the red and colored curve corresponds to the recently
observed Higgs like scalar at 125 GeV.
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Figure 2. Variation of warp function A, vs extra dimensional coordinate y for (a) A > 0 and
A1 >0, (b) A >0and A; <0, (c) Ay <0and A; > 0 and (d) Ay <0 and A; < 0. In this
context By = 0.002, . = 0.996 ~ 1, |A1]| = 0.04, §; = 0.05 and 65 = 0.04 with three different sets of
Gauss-Bonnet coupling coefficient a(5y. The region between red and colored line corresponds
to the recently discovered Higgs like boson at 125 GeV.

The graphical behavior of visible brane tension with respect to the Gauss-Bonnet
Coupling for all signatures of five dimensional bulk cosmological constant Ay and two-
loop conformal coupling co-efficient A; is explicitly shown in figure 4. In the a5y — 0 limit
visible brane tension asymptotically follows Randall-Sundrum feature. It is important to
mention here that in figure 4 we have maintained the restriction for k4 branch a5 > 0
and for k_ branch a5y < 0 which is strictly valid throughout our article. Consequently the
visible brane tension is always negative for negative Gauss-Bonnet coupling followed by the
k. branch and positive signature of the Gauss-Bonnet coupling followed by the k_ branch.
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Figure 3. Variation of warp function A_ vs extra dimensional coordinate y for(a) A5y > 0 and
A1 >0, (b) Az >0and A; <0, (c) Ay <0and A; > 0 and (d) Ay <0 and A; < 0. In this
context By = 0.002, r. = 0.996 ~ 1, |A;1| = 0.04, 6; = 0.05 and #5 = 0.04 with four different sets of
Gauss-Bonnet coupling coefficient a5y. The region between red and colored line corresponds
to the recently discovered Higgs like boson at 125 GeV.

4 Analysis of bulk Kaluza-Klien spectrum and their coupling for differ-
ent bulk fields in presence of Gauss-Bonnet coupling

In this section we elaborately discuss the technical details of the dimensional reduction
technique of the bulk fields appearing in the bulk action via Kaluza-Klien spectrum analysis
in presence of perturbative Gauss-Bonnet coupling in modified Randall-Sundrum scenario.

4.1 Bulk graviton field

In this context we are interested to find out the Kaluza-Klien spectrum of spin-2 bulk
graviton field. To explore the characteristic features of bulk graviton we rescale the four

,10,
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Figure 4. Variation of visible brane tension T);s vs Gauss-Bonnet coupling s for (a) Az > 0
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this context we use By = 0.002, r. = 0.996 ~ 1, |A;]| = 0.04, §; = 0.05 and 65 = 0.04.
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dimensional counterpart of the five dimensional Randall-Sundrum metric stated in equa-
tion (2.7) in presence of perturbative Gauss-Bonnet coupling a(5)- This induces the tensor
perturbation in the gravity sector via the fluctuation through graviton degrees of freedom.
Such spin-2 field content is the essential ingredient in the context of phenomenology of extra
dimension studied from Randall-Sundrum two brane scenario. This picture is constructed
out of the underlying assumption that gravity is the only candidate which propagates in
the bulk via the bulk graviton. In this section we will concentrate solely on the gravi-

ton degrees of freedom. After rescaling the old four dimensional counterpart of the five
dimensional metric can be recast as

gap = €225 W) 45+ K5)hap(z,y)] (4.1)

where IC(5) = represents the expansion parameter for tensor perturbation. Here in

2
3

MG,
the context of perturbative graviton field theory we also use the fact that such expansion
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parameter is much smaller than unity. Consequently the total resulting metric for the
tensor perturbation is given by

ds%5)mew = e24%(y) [nag + K(5)ha5(x, y)] dxdz” + T'gdyz. (4.2)

Plugging the new metric stated in equation (4.2) in the Einstein-Hilbert action via five
dimensional Ricci scalar the five dimensional perturbative action for graviton can be writ-
ten as

1 +r K 2
Seu =y [ [y re 10 Lk Tt + =2 [(Trtaste)
. 1 1
= D0 )|+ b o o o) b 5 (= 3B 0 (5
+K5h (z, y)) [nBaBy (6““”) +K D, (64Ai(y)h5a (x, y))] }
1
_ 464Ai(y)< a’\+/C(5)ha>‘(x,y)) ( ’BP—I—’C(E, hﬂp(x y)> « {nAﬁBy (6—2,41(3/))
+K(5)By (e—QAi(y hys(z,y )}{npa ( —2Ai(y)> +/C(5)By <e—2Ai(y)hpa(m7y)> })
+ eQAi(y)< Oéﬁ+lc(5)ha5 >{ {77511 ( 2Ai(y))
BZ —2A4 (y) ,C(5) 'y)\ YA

+K5) Dy hg.(z,y) T N +Kiyh" (z,y) | |0ghar (2, )

+ Oohing(x,y) — Onhog(z, y)] } aﬁ{ (T]'YA—I—/C(E,)h”’\(x, y)>

62Ai(y) )\al )\a/
« {&,hax(%y)*'aahm(%y)—3Ahm($,y)]}+ e (7 K )

« {na/\By (6—2Ai(y)) +’C(5)By (6_2Ai(y)ha,\($7 y)) }{nﬁa/ By (e—QAi(y))

oAl 0245 (v) .
+K(5)By (e QAi(!!)hﬁa/ (x,y)>} T a2 (77/\6+K(5)h’\5(3:,y)> {UBABy (e 2Ai(y))
(6]

24+ (y)

|
e <77”+’C( )™ (2, y)> {WﬁBy (e_zAi(y)>+’C<5)By (e_%i(y)hw(x’y)ﬂ
)

’C2
x {m ( ‘2‘4*(9)) +K 5D,y ( _QAi(@’)hm(%y))} - % <WA5+’C<5)hA6(w,y)

X ( P+ K5y (x y)) {aghm;(:my) + 0yhsp(z,y) — aghng(ac,y)}

2

K
Onlia 0.0+ Oy (.9) = ytsav) | + 2 (175K )

X

x ( "+ Kh" (x y)) {%hné(%y) + Ophsg(x,y) — 56hnﬁ($»y)}

X {@ho‘p (z,y) + Oahpr(z,y) — 8phm(x,y)] H (4.3)
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_)
where we introduce a new symbol D, := %. Let the Kaluza-Klien expansion of the spin-2
graviton field is given by

(n)
hos(r.y) = Y02 b () 6. (4.4)

Now plugging equation (4.4) in equation (4.3) and including the transverse and traceless
criteria of the graviton given by
h* (M — = 77a5h(”)7
“( ) 8 aﬁ( ) (4.5)
n) _ — (63
i) = 0= dah’
the leading order contribution to the effective four dimensional action reduces to the fol-
lowing expression:
ME K2 2
s o M [ g1p 520 b 0 (@) o) (mG) 2 (16)
In this context we impose the following orthonormalization condition of extra dimen-
sion dependent wave functions

ST dy 2450 3 () X (y) = 0 (4.7)

The mass term of the graviton field is defined through the following differential equation as
e n — n

_712Dy <6_4Ai( D ?JXEI:)G(:’/)> S G )j: Xg:)G(y) (4.8)

+,G (mG) A+ ()

Introducing two new quantities 25,7~ = T and fi;G = e 24=(W)y

(n) the equa-
tion (4.8) can be recast in terms of Bessel differential equation of order two as

[(ZT:LE?G)%Dng:;G + ZT:LE;GB%?;G + {(d:;G)Q — 4}] fi;G =0 (4.9)

The analytical solution of this equation turns out to be

e(y) = ;:f)? | Pa(z7%) + i S M=% (4.10)

Here /\/'(i)Gr is the normalization constant of the extra dimension dependent wave func-

tion and an'¢

is the integration constant to be determined from the orthonormalization
condition and the continuity conditions at the orbifold fixed point. Self- adJomtness and
hermiticity of the differential operator appearing in equation (4.9) demands that Dyxg_L )G(y)

is continuous at the orbifold fixed points y; = 0, 7. Consequently we have

[ (m )i (m G) (m G)i

_j £5G) | G 7 (5E
@)X(f)e y=r =0 =— arjf%G _ 'm;gxyé (3;?;7:3) - yz Ei#GH (4.12)
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G

. . m$ my
where 25 (1) 1= 25C = %eki”“. For ef+7em™ > 1, % < 1 the mass spectrum

for the graviton field is expected to be of the order of TeV scale i.e.

4 o\ 2
oG ~ _z (Lﬂlz,G) o—2kirem (4.13)

Now using equation (4.13) and equation (4.11) we get
+G +G +G
E (:L,:i:;Gr)2 e—Qk}i’!’cﬂ' _ [j2 (ﬂfn ) + T j2 <$Cn )]
n . . , .
[y2 (ﬁ’G) +an SV, (ﬁ’G)}

=T (:cf;G) o~ —% (mf;G)z e~ 2RErem Y, (:ch) ~ 0 (4.14)

which is a transcendental equation of 2= and the roots of this equation gives the graviton
G

field mass spectrum (mn

) , in presence of perturbative Gauss-Bonnet coupling as). This
leads to approximately the various Kaluza-Klien mode masses for the graviton field as,

(mS), = (n+ 35 §) whaehere (415)

This shows that for both A, and A_, unless the Gauss-Bonnet coupling «as) is suffi-
ciently small i.e. much much smaller than 0.005, the warp factor suppression will not be
sufficient to produce warping of the oder of 10716, and hence, then graviton KK-modes
will be much higher than the TeV scale and beyond the scope of detection in LHC. The
graphical behavior of KK mass spectrum of graviton mode in the first excited state with
respect to the Gauss-Bonnet coupling as) is explicitly shown in figure 5 for all possible sig-
natures of cosmological constant A and the conformal factor A; appearing in the string
loop correction for the two branches of warping solution.

Now using equation (4.7) the normalization constant for n # 0 mode reduces to the
following expression

. kprem
N:I:,G _ e
n)

NS
\/{ [JQ (xrjf;G>+ozrjf;Gy2 (mf;G)r—e—%i" [Jz (xf;Ge—ki“”)—i—af;G)}z (xrjf;Ge—ki’”c”)r}.
(4.16)
For ef+me™ > 1, (m,i)i < 1 the integration constant a;i'® < 1. Consequently V(i)

is neglected compared to Ja(zr ;G) in equation (4.10) and then the normalization constant
for n # 0 mode turns out to be

eki’r‘cﬂ'

v kire

Consequently the extra dimensional dependent wave function for n # 0 is,

NG = I (z59). (4.17)

(n) \/ k:i:rc €2Ai(y) jZ(Zg;G)
Xi;G(y) - ektrem 7 (x:i:;G)' (4.18)
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Figure 5. Variation of Kaluza Klien graviton mass (m$)+ vs Gauss-Bonnet coupling a(s) in the
first excited state for (a) A > 0 and A; >0, (b) A5y > 0and A; <0, (c) Ay <0and A3 >0

and (d) Ay < 0 and A; < 0. In this context we use By = 0.002, r. = 0.996 ~ 1, [A;] = 0.04,
91 = 0.05 and 92 = 0.04.

For massless n = 0 mode the solution of the equation (4.8) is

(0) Ci

_ 4A+ (y) ) 4.1
X+.G 4kﬂ:7“ce + Cy ( 9)

Here C7 and Cy are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get C; = 0. As a result the zero mode

solution turns out to be ng) 6= C5. Now applying the normalization condition the ground
state massless zero mode wave function turns out to be

XSS;)G = C’2 =V k:l:rc- (420)

The ground state obtained for graviton for our set up is exactly same as the massless
graviton obtained in the context of Randall-Sundrum scenario.
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4.2 Gravitino field

We now address the supersymmetric version of the above model in a 5-dimensional super-
gravity framework then the onshell supergravity multiplet consists of the vierbein (Vj}),
the graviphoton degrees of freedom (Bj;) and two simplectic-Majorana gravitinos (\Iléjc).) P

with ¢ =1,2. In a dSs) / AdS5) slice the five dimensional action for the spin % supersym-
metric gravitino field in the context of N' = 1 supergravity can be written as [165-167],

.M3 2 2 ) .
SlIISG _ _Z% /de Det(V) ZZ |:(‘IISC)-})MTMNPB>§VG (‘I’SJG)‘r>P5ij

i=1 j=1 (4.21)

- (3e), T (), |

where the index i and j label the fundamental representation of the SU(2)r automorphism
group of the A/ = 1 supersymmetry algebra in five dimensions. In this context

1 —1)P
TMNP : 3',)/[ ®’7N ®’7P] — Z ( 3') ,YM ®,YN ®,}/P7
p=permutaion '
(4.22)
MN . __ l (M N] _ (_1)]3 M N
T = oM ey = > Tt Ak

p=permutaion

are the antisymmetrized tensor product of five dimensional gamma matrices. Without
loosing any physical information here we choose a physical gauge in which the graviphoton
degrees of freedom vanishes. The gravitino supersymmetry transformation is given by

2
5(2), @y = (DSGW + 1B, Ax wzﬂ) 9 (z,y) (4.23)
j=1
where Y3 = diag(1, —1) and 1" is the symplectic-Majorana spinor which represents a pa-
rameter of supergravity transformation. We define the Z transformation of the symplectic-
Majorana spinor as

9 (z,y) 22, 9(x, —y) ZZ s (y (4.24)

for which local supersymmetry is intact due to & (\I’S%)P = 0 subject to the Killing

condition

2
B30 (,9) = 5 ByAs(y) > w5 (a,9) (4.25)
j=1
which is always valid in non compact AdS ) bulk space. But after imposing % orbifold
symmetry the surface term satisfies an extra condition vy59° = Z?Zl O';j ¥ which implies
that after orbifold compactification we have AN'=1 supergravity theory instead of N'=2
supergravity.
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The Kaluza-Klien expansion of the five dimensional gravitino <\I’£]();)P and five di-

mensional supergravity parameter (9?) are given by

00 (n);L,R
_ (n) XisG (W)
(TLRsa), (2,y) = ; (\I:LR;sG)u (@) =20 (4.26)
o (o (n) e PR W)
o n ;S
(‘IlL,R;SG)4 (z,y) = nz:;) (‘I’L,R;SG>4 (x) 7\/7"? (4.27)
[e%s} ng);é’R(y)
Jrr(z,y) =Y O R(@) Z2C 2 (4.28)

n=0 \/E

where henceforth we have omitted the SU(2)g index i since we only consider i = 1. The
remaining ¢ = 2 component is obtained by imposing symplectic-Majorana criteria. Here
L, R stands for left and right chiral five dimensional gravitino which is responsible for
chiral flipping along with a overall signature under the action of the chiral matrix 5 i.e.
7 (PLrsc) = BPLR (Psg) = £(Pr1Lsc). Throughout our analysis including the
contribution from Gauss-Bonnet coupling we use DA+ (y) = k+resgn(y) and zAi (y) =
2kirc3ysgn(y) = 2kyr.[0(y) — d(y — m)]. Consequently the supergravity transformation
for ¢ = 1 turns out to be

0 (¥sc), (z,y) = (3u + kircsgn(y)wﬁ) I, y), (4.29)
5 (W), ) = ( B+ rarusan(v)ns ) vl (4.30)

After substituting the Kaluza-Klien expansion stated in equation (4.26) and equa-
tion (4.28) in equation (4.29) the supergravity transformation for nth gravitino mode re-
duces to the following expressions:

5 (ke (@0 =3 (7T i @) + 5, ) )
k=0

5 (\p;g)s(;)u () = kzo 57 0P ().

where 7, is the four dimensional Minkowski gamma matrix. The expansion coefficients

(4.31)

appearing as an outcome of dimensional reduction takes the following form:

+m
n - n); k);
d0®) = kyr, / dy sgn(y)e =G ()G ). (4.32)
Consequently we have
n);4 LR 1 = kire n);L,R
R0 = ey (704 55 s0m) ) V22 ) (4.39)

and the N'=1 supergravity transformation for the fifth component of the gravitino field in
presence of Gauss-Bonnet coupling can be recast in terms of the Kaluza-Klien modes as

5 (‘I'(L",%{;SGL (@) == + (mSC) , Ipr(). (4.34)
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This directly shows that under N'=1 supergravity transformation the nth Kaluza-Klien
mode of the fifth component of the gravitino transform as a Goldstino realized in term of the
parameter for the supergravity transformation ¥, g. This is usually known as superHiggs
mechanism. Considering all these facts the four dimensional Kaluza-Klien gravitino can
be redefined in terms of physical degrees of freedom as

) e S d(”k) (n)
‘I,u LsG = (mn ) ,u L ;sG + fyﬂ Z R;sG | — 8#‘114 L:sG (>
(4.35)

‘Ilftni{;s(} = {(mfbc)i ‘I’,Eln)L;sG - 8#‘114&”%,;5(}} :

which are invariant under A'=1 supergravity transformations. To find out the Kaluza-
Klien spectrum for the bulk gravitino field we start with the master equation for the bulk
five dimensional gravitino field, commonly known as Rarita-Schwinger equation which can

be written as

= 3 i
[TMNPDNG - 2kisgn(y)TMP] <‘I’§<);>P —0,
(4.36)
7, (1) MNPysG _ 3 MP| _
v oo u Y N 2k:jtsgn(y)'r = 0.

After dimensional reduction the four dimensional effective action for rescaled four dimen-
sional gravitino in the context of A’=1 supergravity can be written as:

ZM e wBo$ . (n):G)
S =g [t S [0 o T e o,

n=01=1 j=1 (437)

—

ay i@ n);(5)
- (mfz )i v, L,R,sG(x)VaU‘I’a L,R;sG(x)}
and the effective Rarita-Schwinger equation in four dimension turns out to be

[705035 - (sz)i ,yacf} ‘Ilan)L,R,sG (x) =0, ‘i’gzn)L,R;sG (x) [70‘50%5 B (meG)i ,yaff} =0
(4.38)
The extra dimension dependent Kaluza-Klien wave function for gravitino field is de-
termined from the following two differential equations

(By " ;kircsg”@)) e ) = (m%) e W) (4.39)
<By N Zki“’sgn(y)> X ) = = (ms%) G W) (4.40)

subject to the following boundary conditions:

(n);L (n);R
7 s 7 07
Xtise WX e (0i) = (4.41)

R
e =0, g =0
where at y; = 0,7 the Zg orbifold symmetry is imposed. This follows from the fact that
left-handed or all right-handed fermionic wave functions are Zg odd. In this context the
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gravitino differential operator (By + %kﬂ}ﬁgn(y)) and (By — %kircsgn(y)) are hermi-

tian and the mass eigen values are real. Consequently Xil,)s;é’R(y) is chosen to be real.

Additionally we impose the following orthonormalization condition

+7 ) m):
/ dy e~ =\ TIER (TR (y) = 5. (4.42)

: m3S .
Now introducing two new variables zf LR ( ki)ieAi(y) and gﬁ%{;sc =

e‘Ai(y)Xg:L,)s;cL;’R equation (4.39) can be recast in terms of Bessel differential equation of

order two as
[(z?ﬁL)Q D an 4 5B e+ { (1) - 4}] g =0 (443)

and the analytical solution for left chiral n # 0 gravitino Kaluza-Klien modes turn out to be
e AL (y)

(n);L (zi;L) -
+;L
Nwysa

Xi;sG n [j2(zr:1‘,:;L) + 67:{:;113)2 (’27:::71‘)] : (444)

Substituting equation (4.39) and equation (4.40) the analytical solution for the right
chiral n # 0 gravitino Kaluza-Klien modes takes the following form:

rce%Ai(’y)

(n);R( ﬁ:;R) _
+:R
/v(n);sG

Xtwc (0 [T (5 R) + BER Y (5] (4.45)

Here ./\/'(j;)l"R be the normalization constant of the extra dimension dependent wave
function and ﬁff LR 4s the integration constant determined from the orthonormalization
condition and the continuity conditions at the orbifold fixed points. Now applying the

boundary condition on equation (4.44) and equation (4.45) we get

n);L .
Xi;)sG|y¢=0 =0 = B, = T L (4.46)
v (M)
. _ Io (xn™
th;)s7é|yi=77 =0 = ﬁg:’L = (j:L> (4.47)
Vo (xn’ )
mse
( )R '.71 <( ki)i)
Xin;s7G =0 =0 = B, = T m)L (4.48)
yl ( kL )
. T (ot
X(in;)sg y=r =0 = Br?’L = _<i-L) (4.49)
V1 (55717 )
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sG
LR %eki””. Now using equation (4.46)—(4.49) we get

To (a:riﬁLe_k“C”> To (:cf;L>
Vs (.’Iﬁ ;Le"‘”“i”“) - Vs (xff ;L)
Ji (a:riﬁRe_’““C”> Ji (aﬁ;R)
Vi (ﬁ ;Re"“i”“) - Wi (x?f ;R)

;LR

where 2 “ R () 1= i =

(4.50)

(4.51)

which is an transcendental equation of x% and the roots of this equation give the left

and right chiral fermionic field mass spectrum (m}{ ’R> . in presence of perturbative Gauss-
Bonnet coupling as). This approximately leads to the various Kaluza-Klien mode masses
for the gravitino field as,

1 - TeT
(meG)i ~2 (n + 4> Thye FETeT, (4.52)

The gravitino mass spectrum exhibits similar feature as graviton mode. Now using equa-
tion (4.42) the normalization constant for n # 0 mode reduces to the following expression

kirem
+HL_ € +L +L +LY\12
Mn) = \/@{ [jZ (xn ) J’_Bn y2 (xn )}
1
— g 2ksTe [jz (xf;Le’k“”) + 87 (xfl‘e*ki””)r }2 (4.53)
R eFETeT +R +L +R\12
Noy© = (T1 (25) + 8,701 (2]
k:i:rc
1
_ o—2kire [\71 <x7:|5§Re—kj:T’c7r> + ,Bf;Lyl (xTﬁl:%Re—’fiTc”>r }2, (4.54)
(mse) +LR

For eF+7e™ > 1, <1 the integration constant Sy < 1. Consequently yg(zﬁ ;L)
and Y1 (2™ are neglected compared to Jz(zn ") and Ji(zi™) in equation (4.44) and
equation (4.45). Hence the normalization constant for n # 0 mode turns out to be

NEL = EET g 455
(n) kiTJQ(x” )’ ( )

ekiTcW

NG = T (z5R). (4.56)

3 + L
(ke = VEeree B ) (457)
X:I:;SG n - ek:l:Tcﬂ' j2 <xi§L) ) .
3 +:;
(n);R(Z:I:;R) _ \/ kircezAi(y) jl(Zn R) (4 58)
Xi;sG n ek+rem \71 (aj:t;R). '
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For massless n = 0 mode the solution of the equation (4.120) turns out to be

—3A+(y) SAL(y)

. e 2 e2

X(O),Li;sc (y) = Nﬂ:;L 7X( JRisc (y) = NT;R ) (4.59)
(0)

Here ./\/(%)L R hormalization constant for zero mode. Now applying the normalization con-

1 ( dkyrem 1

—Qkirc‘n
i L —€ jz L
dition we get N and N SET

state massless zero mode wave functlon for grav1t1no species turns out to be

Qki’r‘cﬂ' dkrrem _ 1) 5
(O gy = ST ) ORe () = [ SAL() (4
v (y) erre e2 . (4.60)

For each of the left and right chiral mode shows two fold characteristics due to the presence

. Consequently the ground

of two branches (k) in the context of Gauss-Bonnet coupling induced string phenomenol-
ogy. In the asymptotic limit o) — 0 the k_ branch will reproduce the well known
Randall-Sundrum behavior for both left and right chiral mode. Also the ki branch gives
us completely new informations about the warped phenomenology in presence of Gauss-
Bonnet coupling. Most significantly the ground state obtained for gravitino in the brane
is fixed, but in the bulk it goes with the extra dimensional coordinate y.

4.3 Bulk scalar field

The five dimensional action for bulk scalar field can be written as
%
Se = /d5 T\/—4(5) { AB (3/@ (z y)) (33@(56,?/)) *mquﬂ(%y)}

=5 [ [T nlersoe (Fa0) (&@(x,y))

+ 58, {0 (F,0000) | - mhe =0 wy)|. o

We choose the Kaluza-Klien expansion of the bulk scalar as,

(n)
Z P Xijéy). (4.62)

Plugging equation (4.62) in equation (4.61) the effective four dimensional action re-
duces to the following form:

Se = / s [n“” (7,0 @) (7,87 () - (m?)2 (<I>(”><x>)2] (4.63)
n=0

subject to the orthonormalization condition of extra dimension dependent wave functions

+7
[y 0 30} = (4.64)

—T
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and the mass term of the bulk scalar field is defined through the following differential
equation as

1 —/ _ — (n _ n _ 2 (n
-0 (=D (1)) + mie 4+ () = 24500 () [y (). (4.65)

o ("0)s 4

Now introducing a new variable z,"" := ———e equation (4.65) can be recast in
2
terms of Bessel differential equation of order v := /4 + % as
+
. 2 : . 2 2
[(zga@) Do+ 257D o+ {(5°) - () }} Wh=0 (466

and the analytical solution turns out to be

N e2A+(y)
W () = [

[T e ()] (467)
(n)

+

Here /\f(j;;)@ be the normalization constant of the extra dimension dependent wave function

and a?f “® is the integration constant determined from the orthonormalization condition and
the continuity conditions at the orbifold fixed point. Self—adpmtness and hermiticity of the
(n)

differential operator appearing in equation (4.66) demands that Dyx Y. s (y) is continuous
at the orbifold fixed points y; = 0,7. Consequently we have

(mw)y o ((m), (m3) s
ﬁyxﬁz)@\yi:ozo = of® = {[:; ?fbn()i) >::jj Eﬁgji)%] (4.68)

Dy =0 = of?= [2‘7”5 (ﬁ;ﬂ T (ﬁ q>>] (4.69)

X lyi=m {ﬁ@y;g ( ) Y ( + @)]

. m® m®
where z,jf’q)(w) = z5® %eki”“. For ef+7e™ > 1, ( o ) < 1 the mass spectrum

for the bulk scalar field is expected to be of the order of TeV scale i.e.

[xf;‘?efkirUﬂ'J'q) (m.rjl:;‘?efkrircﬂ) 2T (xril;éefkircﬂ)} [QJ . (xi?‘i’) 4ty ( ?L@)}
vy it _ 1/

[23&@ (xf;q)e—ki’"cﬂ) +m$;q’e—’“i“”)};5 ((ni)i)} [xf (I)yyi (xrﬂf;q)) Yoz (.Trjz: ® ]

ijyf(iZ)_’_‘rin (i@) 0 (4.70)

which is an transcendental equation of 2:5'® and the roots of this equation gives the scalar

Lo

n ) . in presence of perturbative Gauss-Bonnet coupling o). This

field mass spectrum (m
leads to approximately

1 3
(mg))i R~ (n + iyf - 4> Thye RETeT, (4.71)
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Now using equation (4.64) the normalization constant for n # 0 mode reduces to the
following expression

kyrem
Ni;<1> €
(n) /kire
2 2
\/{ [jui (az?f;q’>+af;q’%$ (azf 4,)] —em2kxre [.7@ (mf;q’e*’“i“”)—&-an V= ( f;q’e*’circ’T)] }

(4.72)
(m Z)i

neglected compared to ‘7”3{:( n ;(I)) in equation (4.74) and then the normalization constant
for n # 0 mode turns out to be

For ef+me™ > 1, < 1 the inegration constant ar? < 1. Consequently yyi (z,jlE ;(I)) is

— (v®)?
NE®R =TT g (@) |1y T 05 (4.73)

(n) \/@ £ \7n <x$;®)2

Consequently the extra dimensional dependent wave function for n # 0 turns out to be

. o A< Te(zn®)
e (y) = e s (4.74)
4 (u‘l’) VG
1+ ( g ) ekiTcﬂ' +

In figure 6 we have clearly depicted the behavior of the extra dimension dependent first
excited state for all possible signatures of Gauss-Bonnet coupling for k4 and k_ branch
for scalar field different from dilatonic degrees of freedom. The asymptotic behavior in the
aes) — 0 is different for two existing physical branches in the context of Gauss-Bonnet
coupling induced string phenomenology. Most significantly in this free asymptotic limit k_
branch reproduces the well known Randall-Sundrum feature. Additionally in figure 7 we
have plotted the graphical behavior of the extra dimension dependent wave function for k.
and k_ branch corresponding the first excited state for two signatures of bulk cosmological
constant A5y and negative two-loop conformal coupling A; for three distinct values of
Gauss-Bonnet coupling «s). The behavior of the scalar wave function for the Kaluza Klien
first excited state explicitly shows that the confinement of the scalar degrees of freedom
in the dS5/AdSs bulk topological space is larger compared to the dilatonic degrees of
freedom. If if include the possibility of self interaction via pure quartic coupling or through
derivative coupling which we have elaborately discussed later induces the appearance of
SU(2) Higgs doublet in the bulk topological space.

For massless n = 0 mode the solution of the equation (4.65) turns out to be

0 _ Gy AAL ()
Xi;@ 41{7:&:""0 + 02 (4.75)

Here C and (5 are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get C; = 0. As a result the zero mode
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Figure 6. Variation of X(il;)q,(w)(: Xi)vis) vs Gauss-Bonnet coupling a(s) for (a) Ay > 0 and
A1 >0, (b) Az >0and A; <0, (¢c) Ay <0and A; > 0 and (d) Ay <0 and A; < 0. In this

context By = 0.002, r. = 0.996 ~ 1, |A;| = 0.04, 6; = 0.05 and 65 = 0.04.

solution turns out to be X(io.)q) = (5. Now applying the normalization condition the ground

state massless zero mode wave function turns out to be
© - kire 1
Xy = C2= 1 — e2kirer = o (4.76)
The ground state obtained for bulk scalar field for our set up is exactly same as it is obtained
in the context of Randall-Sundrum scenario. Additionally the ground sate obtained for the

graviton and bulk scalar field is exactly identical.

4.4 U(1) abelian gauge field
The five dimensional action for the pure /(1) abelian gauge theory can be written as

1
Sa=—7 /d%\/—g(s) Fun (@, ) FMN (2, y) (4.77)
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Figure 7. Variation of Xg_l;)q,(y) and X(_l;)q, (y)vs extra dimensional coordinate y for (a) A(5) < 0 and
Ay < 0and (b) Ais) > 0and A; < 0 respectively. In this context we use By = 0.002, r. = 0.996 ~ 1,
|A1] = 0.04, 01 = 0.05 and 6, = 0.04 three distinct values of Gauss-Bonnet Coupling c(s).

where the five dimensional rank-2 antisymmetric (1) abelian gauge field strength ten-
sor is given by
Farw = 0 prAw) () (4.78)
with Aps := (Aq, Ag). This leads to the five dimensional Maxwell’s equation
1
VvV 7I6)

Equation (4.77) does not involve the affine connection terms due to the antisymmetry of

31\7 (y /—9(5)]:MN(£I}, y)) = 0. (4.79)

the U(1) abelian gauge field strength tensor. To find out effective four dimensional ac-
tion through the Kaluza-Klien spectrum we assume that 4, (satisfies Neumann boundary
condition) and Ay (satisfies Dirichlet boundary condition) are Zg even and odd respec-
tively. Depending on this crucial choice of the Zs parity the gauge-fermion interactions
are preserved. It also ensures that A4 does not have zero mode in the four dimensional
effective theory. This leads to

1 — —
Sq= 1 /d5a: [n“”n”)‘fn,\(:c, Y)Fu(z,y) + 2672Ai(y)n”/\DyAy(x,y)Dy.AA(a:, y)} (4.80)

H
where we introduce a new symbol D, := %. In equation (4.80) we use the gauge de-

grees of freedom
_>
Ai=0 = Aulz,ye) = i, Y() = DyAlz,y3;)) =0 (4.81)

where at the orbifolding Zz symmetry is imposed on y(;). This is consistent with the
gauge invariant equation f d*xzA4 = 0 which is the outcome of previous parity assignment.

— 25 —



Consequently the theory on the 3-brane is completely free from A4 and the gauge invariance
of the effective four dimensional gauge theory in intact. Let the Kaluza-Klien expansion
of the A, (z,y) gauge field is given by

A (2,y) = iA(”)(x) ng)f‘(y). (4.82)
m n=0 : \/E
Additionally the Gauss law constraint is given by
= /= == —
94 (8ui(@,y) =0 = 3 G AP @D () = 0. (4.83)
n=0

—
an outcome But this implies for n = 0 we have Dyx(io,)A = 0 and due the four dimen-

sional U(1) gauge invariance this condition is not imposed on the zero mode A,(LO). On
the other hand

LAY (2) =0 Yn#0 (4.84)

_-)
due to Dyxg?,)A(y) # 0. This is very important criteria satisfied by the massive vector
particles in four dimensional flat Minkowski space. Now plugging equation (4.82) in equa-
tion (4.80) the effective four dimensional action reduces to the following form:

[ee]
1 KV n n 1 2 v n n
Sy = —/d4m Z [477“ n AflgA) (a:)]:lsy) (x) + 3 (mﬁ)jE n' AL )(l').Ag\ )(1‘) (4.85)
n=0
where the effective four dimensional U(1) abelian gauge field strength is defined as
f,gﬁ) () == 3[#"4(;]1) (). In this context we impose the following orthonormalization con-
dition of extra dimension dependent wave functions

T m) (n)
/ dy Xy a(Y) Xaaly) =0™" (4.86)

—T

and the mass term of the gauge field is defined through the following differential equation as

1=/ _ = (n 2 (n
= 5Dy (20D W) = ()AL ). (4.87)
Now introducing two new variables z5" 1= %e“li(y) and fi = e*Ai(y)fo) (y)

equation (4.87) can be recast in terms of Bessel differential equation of order 1 as
Ay 2 . A\ 2

and the analytical solution turns out to be

=

(n) eAxl A idny (A
Xi; (y) = Ni;A [jl(zn7 ) + oy’ 3}1(2’,77,7 )] . (489)
(n)
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Here /\/'(j;’)A be the normalization constant of the extra dimension dependent wave function

and i “ s the integration constant determined from the orthonormalization condition and
the continuity conditions at the orbifold fixed point. Self- ad301ntness and hermiticity of the
differential operator appearing in equation (4.88) demands that Dyxi )A(y) is continious at

the orbifold fixed points y; = 0,7. Consequently we have

jl ((";:‘) > N (f’f)ij{ <(”’]Lf)i>:|

= (n . + + +

,DyXEI:;?A|y¢:0 =0 = O‘lezA =" [yl (( k,;)i) (m/‘\)j:y1 ( ki) )} . (4.90)
K + a2 AT

Z—)Zx:t A|yz_ﬂ' — O e oftA _ iyi E % N zn yi E j:A;% (491)

mA A
where sz;A(w) =P = % kirem  For eftre™ > 1, (n;i)i < 1 the mass spectrum

for the gauge fields is expected to be of the order of TeV scale i.e.

A ~ _ T (4.92)

2 [ln (ﬁ !

27 )—kircw—i-’y%—%}

where v = 0.5772 = —(1) is the Euler-Mascheroni constant. In general ¢(n + 1) is
defined through the well known Gamma function as

—1\)" € 7'(2 ’
T(e—n) = (nl') [1+¢(n+1)+ {3+¢2(n+1) — (n+1)} +O(e2)] (4.93)

2
where
"1
d(n+1) = mzl — =, (4.94)
’ 7'('2 o 1

Now using equation (4.92) and equation (4.90) we get

™

+;A
2 [ln (5‘"2 ) —kyirem + v+ %}
[jl <m7:_‘L:§Ae—kirCTr> + #efkircw {jO <x;£t;Ae*kiTc7f) _ jg (x;ll:;Ae—kircw) }}
_ (4.96)

- . +A K
[y1 <x7jf’Ae_kirc7r) + Zo—eharen {yo < 4 _ki”"> - (xf’Ae_kiWT) }]

which is an transcendental equation of zE “ and the roots of this equation gives the gauge
A

n

field mass spectrum (m ) . in presence of perturbative Gauss-Bonnet coupling as). This

leads to approximately

1
(m;f})i ~ (n F 4> mhye RETT, (4.97)
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Once again as in case of graviton, Gauss-Bonnet coupling a5 has to have an upper bound
to detect their signature in TeV scale experiment.

Now using equation (4.86) the normalization constant for n # 0 mode reduces to the
following expression

kyrem
Ni;A _ €
() V k:l:rc

\/{ [Jl (x?f;A) +ap Ay, (mf;A)r — e ke [.71 (xff;Ae*’“i”c”) +aib iy, (ﬁ;Ae’“i“”)r}.

(4.98)

(m3')

For eF+me™ > 1, Ti < 1 the integration constant arjf;A < 1. Consequently yl(z,jﬁA)
is neglected compared to J; (zir ;A) in equation (4.89) and then the normalization constant

for n # 0 mode turns out to be

kirem
+;A € ;
o™ = e ). (4.99)

Consequently the extra dimension dependent wave function for n # 0 modes turns out to be

A
T) = A here T ) (4.100)
Xi; Yy ekLrem jl (.%':t;A) : )

In figure 8 we have explicitly shown the behavior of the extra dimension dependent first
excited state for all possible signatures of Gauss-Bonnet coupling for k4 and k_ branch.
Additionally in figure 9 we have plotted the graphical behavior of the extra dimension
dependent wave function for k4 and k_ branch corresponding the first excited state for
two possible signatures of bulk cosmological constant A5y and negative two-loop conformal
coupling A; for three distinct values of Gauss-Bonnet coupling as).
For massless n = 0 mode the solution of the equation (4.87) turns out to be
0 _ Cr  2as(y
4= —T——e¢ + Cy. 4.101
Xi’A QkiTC 2 ( )
Here C and Cy are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get C; = 0. As a result the zero mode
solution turns out to be XE_LO;) 4 = Ca. Now applying the normalization condition the ground
state massless zero mode wave function turns out to be

0 1
XEE,)-A = 02 = /271_'

4.5 SU(N) non-abelian gauge field

(4.102)

The five dimensional action for the pure SU(N') non-abelian gauge theory can be written as

1
Sa=-4 [ @oy=ae Finle. )7 @) (1103)
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Figure 8. Variation of X(ila(w)(: Xil;)vis) vs Gauss-Bonnet coupling o sy for (a) Ay > 0 and

A1 >0, (b) A >0and A; <0, (c) Ay <0and A; > 0 and (d) Ay <0 and A; < 0. In this
context By = 0.002, r. = 0.996 ~ 1, |A;| = 0.04, 6; = 0.05 and 65 = 0.04.

where the five dimensional rank-2 antisymmetric SU(N') non-abelian gauge field strength
tensor is given by

Fiin = 0 A%y (@,9) + g4/ Asnp(, y) Ane(z, y) (4.104)

with the matrix valued five dimensional non-abelian gauge field is defined as A%, :=
(A%, A%). Here the superscript a is used for SU(N') non-abelian gauge index runs from
a=1,2,...,N? — 1. Next applying the gauge constraint the action reduces to the fol-
lowing form

1 D (o DrAC
Sa=-7 / @ [0 Fi (@,9) Fuvra(@, ) = 207 Asa 2, 9)Dy (e 240Dy AL, ) ) |
(4.105)
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Figure 9. Variation of XSLl)A(y) and X(_l;)A(y)vs extra dimensional coordinate y for (a) A5y < 0 and
A; < 0and (b) Ais) > 0and A; < 0 respectively. In this context we use By = 0.002, r. = 0.996 ~ 1,
|A1] = 0.04, 61 = 0.05 and 6, = 0.04 three distinct values of Gauss-Bonnet Coupling c(s).

In this context the Kaluza-Klien decomposition of the SU(N') non-abelian gauge field
Aji(z,y) can be written as

(n)
a a;(n) X:E;A(y)
A, y) ZA e (4.106)
Substituting equation (4.106) in equation (4.107) we get
sa [ae 3| -4 (o)
+ 27fachZC(npq (a .A 7(71 ( )) A?(p)(fl?)Ag’(q)(x)
p=0 ¢q=0
g.A fabCfa de Z ZZCQnmpq A(n )A/(chn) (x)Adp;(p) (x)Aezz;(q) (l’)}
m=0 p=0 ¢g=0
]. a;(n
= 5 ()3 A () AT ><x>] (4.107)
where
twa) _ [T 0 () 374 (3) £ @
" = / dy X1 4(y) xLa(¥) Xxoa ()
o (4.108)

+m
cfrme) / dy XW (y) xf) (y) x(f)A(y) Xﬂf;)A(y)

characterizes trilinear and quartic self interaction of SU(N') non-abelian gauge field. Most
importantly the terms appearing in equation (4.108) terms breaks the SU(N') non-abelian
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C§000) C§001) C§01o) C{OH) C§1oo) C{un) C§11o) Cgm)

0.398 | 0.214 | 0.214 | 0.113 | 0.214 | 0.113 | 0.113 | 0.068

Table 2. Numerical values of C\""? for lowest lying modes of the trilinear SU/(N) non-abelian
gauge interaction for k_ branch.

C§UOO) C£001) C§010) C£011) C£100) C£1o1) C£110) 65111)

0.398 | 0.378 | 0.378 | 0.234 | 0.378 | 0.234 | 0.234 | 0.123

Table 3. Numerical values of C%"p 9 for lowest lying modes of the trilinear SU(N') non-abelian
gauge interaction for ky branch.

CéOOOO) CéOOOU céoom) Céoon) céomo) céowl) Céono) Céom) Cémoo) Céwm) Cémm) Cémn) Céuoo) Cén(n) cémo) Céml)

0.159 | 0.115 | 0.115 | 0.094 | 0.115 | 0.094 | 0.094 | 0.045 | 0.115 | 0.094 | 0.094 | 0.045 | 0.094 | 0.045 | 0.045 | 0.007

Table 4. Numerical values of Cénmp 9 for lowest lying modes of the quartic SU(N') non-abelian
gauge interaction for k_ branch.

Céoooo) C;oom) Céoow) Céoon) CéOlOO) 650101) C§0110) Céom) Cémoo) Cémm) C£1010) 651011) C;noo) Céum) c;uw) Célm)

0.159 | 0.142 | 0.142 | 0.108 | 0.142 | 0.108 | 0.108 | 0.087 | 0.142 | 0.108 | 0.108 | 0.087 | 0.108 | 0.087 | 0.087 | 0.056

Table 5. Numerical values of Cénmp D for lowest lying modes of the quartic SU(N') non-abelian
gauge interaction for ky branch.

gauge invariance in the four dimensional effective field theory. But the amount of SU(N)
gauge breaking can be considerably small if the non-abelian SU(N') gauge coupling g4 is
very small. In table 2—table 5 we have tabulated the numerical values of the trilinear and
quartic interaction for zero and lowest lying modes for k_ and k4 branch. During the
evaluation of these interaction terms we use the previous results for (1) abelian gauge
field theory since for both of the cases the results are exactly same.

4.6 Massive fermionic field

In this subsection we explore the profile of bulk fermion wave function where we begin
with an action of such fermions coupled to a U(1) bulk gauge field as described in the
previous subsection. The five dimensional action for the massive fermionic field theory
(spin % type) can be written as

Sy :/d5x [Det(V)] {i@LR(az,y)vavyﬁ;\PL,R(%y)‘Sﬂ
(4.109)

— sgn(y)m ¥ r(z,y)VYrL(z,y) + h-C-}

—
where ﬁz = <8u +Q, —i—ingM) represents the covariant derivative in presence U(1)
AB
o
sents the gauge field respecting SO(3, 1) transformation on the vierbein coordinate. Most

abelian gauge field and fermionic spin connection €2, = %wﬁié [F il B]' Here w!!” repre-
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importantly the 5D Gamma matrix is given by 4 = (7“,75 = %ewagfyﬂ'y”'yavﬁ = i74)
satisfies the Clifford algebra anti-commutation relation {T'4, TP} = 2948 with n4B =
diag (—1,4+1,+1,+1,+1). In this context

gun = (Vik @ VE) nag (4.110)

where V]‘é[ represents vierbein (inverse of fiinfbein) characterized by the following con-
ditions:

Vi=1, Vi=etWsd Det(V) = e 4+ W) (4.111)

and A, B being tangent space indices. For our set up SO(3,1) gauge field can be written
in terms of the christoffel connection and vierbein degrees of freedom as

B = T (Vz[? 0uvp + 30T ViRV VP ”éb) =Vt (VT p + 00 VP
(4.112)
In presence of Gauss-bonnet coupling 24 = 0 and Q, = —%e‘Ai(y)k:ircyg,vﬂ. It is impor-
tant to mention here that the contribution to the action from the spin connection vanishes
due to the presence of the hermitian conjugate counterpart is included. Here ¥y, g repre-
sents the left and right chiral fermionic field defined as

Yrr(z,y) = PLrY(z,y) (4.113)

where the left /right chiral projection operator is defined as Pr, r = % (1 F 75) which satisfies
Pr +Pr =1 and PrPr, = P.Pr = 0. To find the effective four dimensional action
the Kaluza-Klien decomposition of the massive left/right chiral fermionic spin % type of
field is given by

> n 62Ai (y) 7(n)
VLR (z,y) = Z ‘l’é,*)ﬂ(x) LR
n=0 \/E

() (4.114)

where L, R represent the chirality of the massive fermionic fields and fjgnf){(y) characterizes
two distinct set of complete orthonormal function satisfies the following orthonormalization
criteria:

T Ae(y) fm)xp y F()
/ dy e jE(y)fL (?J)fL (y) =o"",
- (4.115)

+m . .
/ dy =W f* () fi) (y) = 5™

Due to the requirement of Zs symmetry of the action, ff(: ) (y) and f[(‘n) (y) necessarily have
opposite Zg parity. Without loosing any physical information we choose f[(‘n) (y) to be Zg
even and ff(: ) (y) to be Zg odd. Then the matter fields then refers to the zero mode fermionic
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(000) (001) (010) (011) (100) (101) (110) (111)
Iy w Iir Iir Iy r Iir Iir Iir Ty r

0.053/0.562{0.031/0.412{0.028/0.246|0.014/0.2060.031/0.412(0.009/0.1280.014/0.206 |0.001,/0.105

Table 6. Numerical values of I( mp ) for lowest lying modes of the trilinear interaction between
massive fermeonic field and U(1) abehan gauge fields for k_ branch.

(000) (001) (010) (011) (100) (101) (110) (111)
Iir Iir Iir Iy r Iir Iir Iir Iyr

0.053/0.562{0.043,/0.502|0.035/0.341|0.027/0.271|0.043/0.502{0.026,/0.197|0.027/0.271]0.012/0.165

Table 7. Numerical values of Igfgp ) for lowest lying modes of the trilinear interaction between
massive fermeonic field and U(1) abelian gauge fields for k4 branch.

function féo). Consequently the action for the fermionic fields takes the following form

+m _ PARN
sp= [t [Ty (S T vunien)

6—4Ai (y) Sgn(y)mf\I/L’R(x, y) \I/R7L (567 y)

_ —
—ULr(z,y) <€*4Ai(y) 04+ 34674Ai(y)> TR L(z,y)

— gpe 34+ W) (Iy, g (2, y) AV R(2,7)) + h.c.] (4.116)
> T, (1 ~H n T (1 n
_ / 2y {qjg;{w T, (2) = mERE, ()0 (2)
n=0

L i
LS S TR A e o)
m=0 p=0
where the trilinear interaction term between massive fermeonic field and (1) abelian
gauge field is given by

(nmp) _ [T As(y) f)eg y(m) o 5(0)
ILR : dye fL,R(?J)Xi;A(y) L,R<y)' (4.117)

—T
In table 6 and table 7 we have tabulated the numerical values of the trilinear interaction
for zero and lowest lying modes.
Finally clubbing the contributions from the first and last term of the action stated in
the second line of the equation (4.116) the compact form of the effective four dimensional
action can be recast as

/d%ZZ‘I'gf DI?%AC\IJ%)R( ) (4.118)
n=0 p=0

where the four dimensional covariant Dirac operator for the effective massive fermionic
field theory interacting via electromagnetic (photon) U(1) abelian gauge field is given by

N (n A (n n
R = [eg) - ko]

n, n 7/9 nm (
(Cop)v = ((5 P (7 + f E .'Z p x)) .
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Throughout the analysis we assume that the Majorana fermions do not contribute in the
effective action. The fermionic Kaluza-Klien mass spectrum is determined from the fol-
lowing two fold differential equation

(ifﬁy—mf) ) = — (mER), fR ) (4.120)

subject to the following boundary conditions:

pn) N )N
fL (yz)f}({)(yz) - 0, A( ) (4.121)
W) =0, fr’(wi) =0

where at y; = 0,7 the Zs orbifolding symmetry is imposed. This follows from the fact
that left-handed or all right-handed fermionic wave functions are Zg odd. In this context
the fermionic differential operator (:I:%By -m f> are hermitian and the mass eigen values

are real. Consequently fénﬁ(y) is chosen to be real.

L
Now introducing a new variable zi™® = %6’4*@) equation (4.120) can be

recast in terms of Bessel differential equation as

(ELRE o o2 Fi (LR = LR LRy
. 2 . 2 ~ .
= (sz’L’R) Z—)gzic;L,R + (zf’L’R) — vt (V:t T 1)] I(ff){(z,f’L’R) =0
(4.122)

and the analytical solution for n # 0 turns out to be

+LR
An) LRy _ Zn +LR +LR +LR
S e [Te(n) (2T A ()
NHELR )\
+

(4.123)
Here /\/(j;;)L’R be the normalization constant of the extra dimension dependent wave function

and Bff LR g the integration constant determined from the orthonormalization condition

and the continuity conditions at the orbifold fixed point. In this context we use v+ := %
Now applying the boundary condition on equation (4.123) we get
(m™)
gy (52
o ) :F( +v ) kit
Al =0 = gFlR = (4.124)

j 1, .+ T
i ; F(5+v
fI(J,l)Ft|y¢=7r =0 = ﬁva’R — (3 ) E

)
(4.125)
)
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+LR +LR (me™) . .
where 2z, (m) =z = Tie AT

tion (4.125) we get

Now using equation (4.124) and equa-

+LR _ +L,R
Tr(ows) (505 07) Ty (2)
i +L,R - i +L,R (4.126)
Vr(at) (5] Ve ()
which is an transcendental equation of acff LR and the roots of this equation gives the

LR

left and right chiral fermionic field mass spectrum <mn )i in presence of perturbative

Gasuss-Bonnet coupling «s). This leads to approximately

1 1 1 _
(mp R, ~ <n +5 {ui + 2] - 4) Thye FETT, (4.127)
This again shows a similar feature as of the graviton modes.

Now using equation (4.115) the normalization constant for n # 0 mode reduces to
the following expression

kirem 2
+LR € +LR +LR +LR
N = { |:"7:F(%+Vi) (xn ) + /Bn yq:(%—&—yi) (Jl‘n )]

0 ke

2] 2
2k +LR_—kirenw +L,R + LR _—kirem
T (s RT) B (Rt } |

(4.128)

Fror (me™) . ' LLR
For e > 1, " < 1 the integration constant [y < 1. Consequently

Vo1 oy (2R is neglected compared to J_ 1. oy (25 ®) in equation (4.123) and then
:’:(2+” ) F(z+v )

the normalization constant for n # 0 mode turns out to be

6ki T

\/ kire

Consequently the extra dimension dependent wave function for n # 0 mode turns out to be

NGER = Te(ioy (). (4.129)

. +L,R

+LR\ "
ekxrem (mﬁ’RL re T (14v%) (wn )

R (5ER) = (4.130)

In figure 10 we have explicitly shown the behavior of the extra dimension dependent
left chiral fermionic first excited state for all possible signatures of Gauss-Bonnet coupling
for k4 and k_ branch. For a5 — 0 the left chiral wave function corresponding to the
k_ branch falls faster than compared to the ki branch for bulk cosmological constant
Asy > 0 and all possible signatures of two-loop conformal coupling A;. On the other
hand just exactly opposite behavior is observed in the case of A5 < 0 including the
information from all possible signatures of A;. Additionally in figure 11 we have plotted
the graphical behavior of the extra dimension dependent wave function for ky and k_
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branch corresponding the first excited state for two signatures of A and negative two-
loop conformal coupling A; including three distinct values of Gauss-Bonnet coupling as).
It is clearly observed from the plot that the left chiral wave function for k_ branch is
more localized than the ki branch at the boundary of the visible brane. So from the
phenomenological point of view figure 11a is not desirable. Similarly in figure 12 we have
explicitly depicted the behavior of the extra dimension dependent right chiral fermionic first
excited state for all possible signatures of Gauss-Bonnet coupling for k£ and k_ branch
which follows subsequently different behavior from its left chiral counterpart. Additionally
in figure 13 we have plotted the graphical behavior of the extra dimension dependent wave
function for k_ branch corresponding the first excited state for all possible signatures of
bulk cosmological constant A(5) and two-loop conformal coupling A; for three distinct
values of Gauss-Bonnet coupling asy. The figure 11b and figure 13 depicts that to achieve
the localization of the left handed chiral mode on the boundary of the visible brane the
branch k_ is a favored choice as parameter. Additionally in a5 — 0 limit the left /right
chiral solution for k_ branch exactly reproduces the Randall-Sundrum behavior compared
to the rest of the physical situations.
For massless n = 0 mode the solution of the equation (4.120) turns out to be

et AL(Y)

(0)

Here Af(jS;L’R normalization constant for zero mode. Now applying the normalization con-

s ; +
dition we get ./\/'(jg)’l"R = (llfgzi k) Fire  and the ground state massless zero mode wave
2[e(1E2 ) kprem_y]

function for fermionic species turns out to be

~(0 2 [e(li2yi)kirc7r _ 1] LA
fioR () = \/ T =), (4.132)

4.7 Bulk Kalb-Rammond antisymmetric tensor field

In the context of string theory closed string modes include antisymmetric tensor fields of
different rank. The five dimensional action for rank-3 antisymmetric pure Kalb-Rammond
tensor field can be written as [70]

Sy = /dS»’U\/—Q(E)) Harne (2, y)HY NV (2, y) (4.133)

where five dimensional action for rank-3 antisymmetric pure Kalb-Rammond field strength
tensor is given by

HyuNL = g[MBNL](QZ,y) (4.134)

with antisymmetric tensor potential By, = —Brn, usually called “Neveu-Schwarz— Neveu-
Schwarz” (NS-NS) two-form. For historical reasons the field B is also called “torsion” since,
to lowest order, it can be identified with the antisymmetric part of the affine connection, in

— 36 —



T
L 14r
0.6 i
05 ] Xvislm(o) 12F !
n i Yo 0
H Lor 1
_ 04r1 _ i
& £oosk 1
520301 i
= ! = 06 i
02f 1 i
! 04§
o1f % i
\ 0.2 H
A )
O'Oi“‘l“‘\“‘\“‘\“‘\“‘f 00“‘“‘\“‘\“‘\“‘\“‘\
0.0 0.2 0.4 0.6 0.8 1.0 ' 0.0 0.2 04 0.6 0.8 1.0
@5(5 D Gauss - Bonnet Coupling) @5(5 D Gauss - Bonnet Coupling)
(a) (b)
08F ] 08
TS lef
.~~~. Xvis 5[(0)
~
06f Xis™(0) ] 06f ~

le ?[“5]
[}
e
L
7
L
7
L
7
L
U4
’
4
Ailes]
[}
~
’
/
’
/
4
/
4
4
’
/

\0
.\~ \Q
\.\ \\
0.2 N, 1 0.2 N,
sQ\ s,

’\. \“
0'07\”H\HH\HH\HH\H\‘.‘-HH\Hf 0'07\““\““\‘ ‘\““\““““
-05 -04 -03 -0.2 -0.1 0.0 0.1 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
@5(5 D Gauss - Bonnet Coupling) @5(5 D Gauss - Bonnet Coupling)

(c) (d)

Figure 10. Variation of X;l_)L(w)(: X&l) vs Gauss-Bonnet coupling a(s) for (a) Azy > 0 and

A1 >0, (b) Az >0and A; <0, (¢c) Ay <0and A; > 0 and (d) Ay <0 and A; < 0. In this
context By = 0.002, r. = 0.996 ~ 1, |A;| = 0.04, 6; = 0.05 and 65 = 0.04.

the context of a non-Riemannian geometric structure. An alternative, often used, name is
“Kalb-Ramond axion”, in reference to the pseudo-scalar axionic field related to the Kalb-

Rammond antisymmetric tensor field via space-time “duality” transformation is elaborately
discussed in the next subsection.

Now applying the gauge fixing condition By, = 0 the action stated in equation (4.133)
takes the following form

v 3 — v ~
Sw =/ dx r, 24=W) [77“0‘77 b HMHWA(x,y)Ham(:E,y)—ﬁe 2AsWppepSB (2, y)Dy*Bas(,y)
C

(4.135)

_+
where we introduce a new symbol D, := d%. Let the Kaluza-Klien expansion of the Kalb-
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Figure 11. Variation of X(l) (y)(= f(l) (y)) and ! ( )(= f( ) L(¥))vs extra dimensional coordi-
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we use By = 0.002, r. = 0.996 ~ 1, |A;| = 0.04, 6; = 0.05 and 6 = 0.04 three distinct values of
Gauss-Bonnet Coupling o).

Rammond antysmmetric NS-NS two form potential field is given by

(n)
B (z,y) ZB(” Xi\”ﬁiy) (4.136)

Now plugging equation (4.136) in equation (4.135) the effective four dimensional action
reduces to the following form:

Su= [t > [t WL @M, )+ (L B @B )] (4.137)
n=0

where the effective four dimensional Kalb-Rammond field strength is defined as ) (x) =

LU
3 B( ) . In this context we impose the following orthonormalization condition of extra
d1mens1on dependent wave functions
Jr
|y @0 ) x ) = (4.138)
and the mass term of the gauge field is defined through the following differential equation as
1 n n
—p?ﬁ@@ 0 (ml) X (). (4.139)

[

Here the mass of the nth mode Kalb-Rammond antisymmetric field is given by (MZ[[) L=
+H (m) Ax(y)

V3 (m%) Now introducing a new variable 2" 1= ~—7—=e"+\¥) equation (4.87) can be
recast in terms of Bessel differential equation of order zero as
A2 . N 2
(25H) 1?235% + 251D e+ (57)| X = 0 (4.140)
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and the analytical solution turns out to be

n 1 , , .
X0 = g (o) + o (™) (4.141)
(n)

Here ./\/'(j;)H be the normalization constant of the extra dimension dependent wave function

and o™ is the integration constant determined from the orthonormalization condition and
the continuity conditions at the orbifold fixed point. Self-adjointness and hermiticity of the

_%
differential operator appearing in equation (4.160) demands that Dyng,)H(y) is continious
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at the orbifold fixed points y; = 0, 7. Consequently we have

Lo ”70<( Z)> ’“iijo(< o ﬂ (4.142)

_>
Dy kl-0=0 = oy =-

o () + R ()
7 + i gy (ot
SR o1

. mH m
where 2z (7) := 2t = %eki””. For ef+7e™ > 1, % < 1 the mass spectrum
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for the Kalb-Rammond fields is expected to be of the order of TeV scale i.e.

T g 2kt re (4.144)

n

Now using equation (4.166) and equation (4.142) we get

+:H +:H +H
X — X X
+H —2kirem |:j0< " ) K jl ( " )i|

s
~

_ +:H +H  —2kirem
x, e = : . : =T (xn )_ e ~0
[370 (ﬁH) — 2t (x?f’Hﬂ 2
(4.145)
which is an transcendental equation of 25" and the roots of this equation gives the Kalb-

Rammond field mass spectrum (m#) 4 in presence of perturbative Gasuss-Bonnet coupling

a(5). Now using equation (4.138) the normalization constant for n # 0 mode reduces to
the following expression

ek}iTcﬂ'

\/{ [jo (xfﬂ) + oMy, (mfﬂ)r — e 2hxre {Jo (mf;ﬂe—’fﬂ’cﬂ) +ai ™y, (:cf;ﬂe—’“ﬂ‘c”)r}.

(4.146)

+H
Ny =

H
For ef+me™ > 1, (m]:i)i < 1 the integration constant it < 1. Consequently Vo(zii''?) is

neglected compared to Jo(zi't) in equation (4.141) and then the normalization constant
for n # 0 mode turns out to be

NEH eherem (a5 ~ T T
H_ O g & T gharem 4.147
Tl) kirc 0 n 2 /k':l:rc ( )

Consequently the extra dimensional dependent wave function for n # 0 turns out to be

n 2 k':tT'c o .
X huly) = 2T o). (4.148)
TTLn,

For massless n = 0 mode the solution of the equation (4.139) turns out to be
0, =Cilyl+C 4.14
X = Calyl + Cs. (4.149)

Here C; and Cy are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get C; = 0. As a result the zero mode
solution turns out to be Xi),)H = (5. Now applying the normalization condition the ground

state massless zero mode wave function turns out to be

k
X =Co = iircl ~ ke FETeT, (4.150)

e2kirc7r _

This give zero mode is heavily suppressed in the visible brane, though the warping will
be reduced if one choses large Gauss-Bonnet coupling o).
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4.8 Bulk Kalb-Rammond antisymmetric tensor field with parity violating ex-
tension

The five dimensional action for rank-3 antisymmetric pure Kalb-Rammond tensor field can
be extended with a parity violating term as [168],

Sy = [ &z, /=9(5) [HMNL(.I‘, YHMNE (2, y) + 200 eBPMNLB ) p(x, ) Harn (x, y)}
(4.151)
where five dimensional action for rank-3 antisymmetric pure Kalb-Rammond field strength
tensor is given by

%
Hune = 0 uByry(z,y) (4.152)

with antisymmetric tensor potential Byy, = —Bry. Here ©g represents the axion Kalb-
Rammond interaction strength. The parity violating term is a topological term invariant
under the Kalb-Rammond gauge transformation: 0By n = OjprAnj, where A is the gauge
parameter. Now to get rid of massive vector modes on the brane we applying the gauge
fixing condition By, = 0 and consequently the action stated in equation (4.151) takes the
following form

S’H — /d5CL‘ e 62A:l:(y) [U“anl’ﬂn’\'y%uw\(%Z/)/Haﬁv(x’y)

— o,V —~y
7«2 e 2AxWprenBB (2, y)Dy?Bas(z,y) (4.153)

+ 8% —2asgtuvas Bas(z, y)ﬁz:BW(x, y)

Tec

where we introduce a new symbol Dy = d and the five dimensional Levi-Civita tensor

(eABMNLY g defined in terms of five dimensional Levi-Civita tensor density (E4BMNL) as

SABMNL
ABMNL .~ (4.154)
—905)
Let the Kaluza-Klien expansion of the Kalb-Rammond antisymmetric NS-NS two form
potential field is given by

(n)
Xj: H(?/)
B (z,y) g B/w S (4.155)

Now plugging equation (4.155) in equation (4.153) the effective four dimensional action
reduces to the following form:

e—QAj:(y) — n
Sy = /d‘*azz [n“aUV’BUMHLV)AHgm + 377“a77”ﬂ3(n)( )ngﬁ)( ) WDyQXi;)H
CAEH

—2A4(y )@ n
ﬁpyxgﬂ . (4.156)
Tc +H

+ 68 B (1) BUY ()
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In this context we impose the following orthonormalization condition of extra dimen-
sion dependent wave functions

/ ’ dy e*A+) Xﬂl(y) ﬁf ) (y) = m (4.157)
It is interesting to mention here that the four dimensional effective action contains, apart
from the kinetic term and the mass term (BELZ)B(") H”) for the Kalb-Rammond field, an
additional term of the form Bl(ﬁ,)[;’(”) m where B v — ehv aﬁB((jﬁ) is the dual of Kalb-
Rammond field. On solving the equation of motion from this effective four dimensional
action stated in equation (4.156), it is quite straightforward to find the solution for the
Kalb-Rammond field. It is pointed out in cite that the only non-trivial solution corresponds
to self-dual or anti-dual Kalb-Rammond fields i.e, B,([,i) = Bé‘ny) or B,(ﬁ) = —BZ’;) Such self-
dual or anti self-dual conditions imply the reduction in the degrees of freedom of the Kalb-
Rammond field has a five dimensional topological quantum field theoretic origin (TQFT).

Then the effective four dimensional action reduces to the following expression:

S o,V n n 2 o,V n
Sy = /d%Z [77“ n ’BUMHLV)A@)HLL%)W(@ + (M;t[)j:;SD/AD 7 ﬁB( )@ )Br(lﬁ)(x)}
n=0
(4.158)

where the effective four dimensional Kalb-Rammond field strength is defined as wa () =

0 [HBI(Z% (). Most importantly the mass term of the Kalb-Rammond field is defined through
the following two fold differential equations as

j 200 —> > n
Self-Dual KR:  — —Dyx ) + ! ly) = 40 (m M) sn X (y)
. 3 2@ - 2
Anti-Dual KR: —QD ) — TCODy A w) = AW (m)? 3 ).
(4.159)

It may be observed that now apart from the two possible branches k. and k_, the axion
term ©g has resulted into the decomposition of Kalb-Rammond field into self-dual and
anti-self dual parts with different equation of motion. Here the mass of the nth mode

self-dual and anti-dual Kalb-Rammond antisymmetric field is given by ( H) +.SD/AD —

H
H +H;SD/AD ( ")j:;SD/AD Ax(y)
V3 (mn ) +.SD/AD" Now introducing a new variable z, iy e

equation (4.159) can be recast in terms of Bessel differential equation of order v := % as

Self-Dual KR:
[(zf%SD)Ql?Z%L;H;SD + (1 —v) 5% SDT JESD + (zn T SD) ] X(in;)H;SD =0

Anti-Dual KR:
[(Zf%H;ADfY? +uaD + (1 +v) iHADB sHAD F (= iHAD) } XS_:)H;AD -

(4.160)
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and the analytical solution turns out to be

(ZT:NL:;”H;SD)V
Self-Dual KR: XS)H;SD(?J) = W [jl,(sz%SD) + (O‘#H)SD yy(sz;SD)]
(n)

+:H;ADY 7
(ZTL ) :i:;H;AD)+ (a:t;H) yl/(z:l:;’H;AD)]
AD :

Anti-Dual KR: " (y)zw[%(zn n n
(n)

+;H;AD

(4.161)

Here

/\/'(j;;)H;SD/ AD 16 the normalization constant of the extra dimension dependent wave

function and (oeiE ﬂ) SD/AD is the integration constant determined from the orthonormal-

ization condition and the continuity conditions at the orbifold fixed point. Self-adjointness
and hermiticity of the differential operator appearing in equation (4.160) demands that

_%
DyX(ﬁ)H-SD /AD (y) is continuous at the orbifold fixed points y; = 0, 7. Consequently we have

Self-Dual KR:

(50 e ()

+H — .

sp [Vy (%) Ly (szk)imD)]
v + v +

(4.162)

%
DyX(j?

')H;SD‘inO =0 = (a

)

. ) s )
Dyxysply—r =0 = (o )SD:_{,,J; <$i;H;SD>+y, (wi;H;SDﬂ (4.163)

Anti - Dual KR:

oo () ()]

ﬁyXSZ)H;AD’inU =0 = (an )AD - [—l/y,, (%) + y; (%)]
(4.164)
. )

Dyxaply=r =0 = (ajf )AD:_[ o (xi;H;AD)+y/ <$i;H;AD>} (4.165)
Y ]

n n

+;H;SD/AD (71')

+;H;SD/AD
where 2z, Tn

(m)
" /4+;SD/AD _k k
T/e e For eftTe™ > 1,

(m#)i;SD/AD

" < 1 the mass spectrum for the Kalb-Rammond fields is expected to be
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of the order of TeV scale i.e.

2

1 L EHSD v—1
Self-Dual KR:  (a;)g ~ n_ " ~2kgrer
" V=2 —1)! 2
(4.166)

v+1 2
. 1 xT:Lt;H;AD ok
Anti-Dual KR : (af’H)AD ~ | = Te— £TeT )
vl

Now using equation (4.166) and equation (4.142) we get

Self-Dual KR:

2

+H;SD v—1
1 In 672kircﬂ'
V=2 —1)! 2

[ij (l,%;H;SDe—kiruj + jyl (xrﬂL:;H;SDe_kircvr)} (4.167)
[uyy (xf;H;SDe_kﬂﬂ Y (mg;H;SDe_kircn)}

= jy—l (x:l:;’H;SD) ~0

n

Anti-Dual KR:

1 +:H;AD 172
- Ln, e*QkiTcﬂ'
v! 2
[—Vju ($#H;AD6_’“HC“) +J, (mng;ADe_kﬂc“)} (4.168)
[—Vyu (xf;H;ADe_ki%“) +, <wf;H;ADe_kirc7r>]

= Jos1 (xrf;H;AD) ~0

which are transcendental equations of xf HSD/AD 1d the roots of these equations give

the Kalb-Rammond field mass spectrum (m#) in presence of perturbative Gauss-

+;SD/AD
Bonnet coupling a(s). Now using equation (4.157) the normalization constant for n # 0
mode reduces to the following expression

Self-Dual KR:

NP = \/ {[7 ay cancw (537650Y" [, (257050 1 () o (0)]}

- (4.169)

Anti-Dual KR:

o= oy s (s80) [ (999) - (a7), (174
- (4.170)
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m#) .
For eF+7e™ > 1, %& < 1 the integration constant (af’ﬂ) < 1. Conse-
+ SD/AD
quently y,,(sz”;SD/AD) is neglected compared to J,,(sz;SD/AD) in equation (4.161) and

then the normalization constant for n # 0 mode turns out to be

Self-Dual KR:

NGTESP = \/ { / o dy ¢2A£() (z?f‘”;SD)?V [jy (zi“f”?SD)r} (4.171)

—T

Anti-Dual KR:

Ny AP = \/ { / Ty o (EHAPY [ g, (z,if?”;AD)]z}. (4.172)

—Tr

Consequently the extra dimensional dependent wave function for n # 0 turns out to be

Self-Dual KR:
( Z%;H;SD) v

Xj?;’}-[;SD (y) =
By

Anti-Dual KR:

j,,(z;::;H;SD)

. . —V
(ﬁ,%,AD)

iz () a2

X an () = Ty (zEHAD)

(4.173)
For massless n = 0 mode the solution of the equation (4.159) turns out to be

©  _ O oo
Xihusp = 2@0rce orelyl + O

Anti-Dual KR: XEE')H-AD = _2@&6*2@0%@\ 1.
v 0Tc

Self-Dual KR:
(4.174)

Here C7 and (s are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get Co = 0. As a result the zero mode
solution turns out to be XEN[:)-)’}-L-SD = XES')’H' Ap = C1. Now applying the normalization

condition the ground state massless zero mode wave function turns out to be

0 0 kyr — _
X(i;)”H;SD - X(i;)H;AD =0 = m ~ heree T (4.175)

This is again heavily suppressed on the visible brane.
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4.9 Bulk rank-4 antisymmetric tensor field

In five dimension we can have at most rank-3 antisymmetric tensor field with rank-4 anti-
symmetric tensor field strength whose five dimensional action can be written as [72]

2= [ o/~ Zuvan(e.n) 254 @) (4.176)

where five dimensional action for rank-4 antisymmetric field strength tensor is given by

%
ZuNaB = 0 mXyag)(T,y) (4.177)

with antisymmetric rank-3 tensor potential Xy 4p, under the exchange of any two indices.
It is usually called “Rammond- Rammond” (R-R) differential three-form generated from
the Rammond-Rammond sector of the closed string excitation. Now applying the gauge
fixing condition X4 = 0 the action stated in equation (4.176) takes the following form

Sz = / P [e‘“‘i(y)n“An””nmnﬁ‘SZymﬁ(%y)ZAma(w,y)
(4.178)

4 ' D,
+ 762Ai(y)nﬂ/\nl’PnO"Y <’Dy.)(:wja($, y)) <,Dy-)()\p'y(x7 y)) :|

C

where we introduce a new symbol Dy = d . Let the Kaluza-Klien expansion of the rank-4
antisymmetric R-R three form potential field is given by

(n)
n X+, z(Y)
Xwa(z,y) § xwg 7\/70 : (4.179)

Now plugging equation (4.179) in equation (4.178) the effective four dimensional action
reduces to the following form:

- vp, o n 2 vp, o n n
Sz = / ate Y [t P 20, () 2500 s(w) + (ME) L ) ()X ()|
n=0

(4.180)
where the effe_c)tive four dimensional Rammond-Rammond field strength is defined as
Z;(]zi)aﬁ( ) = 8[;/(152)5] (z). In this context we impose the following orthonormalization

condition of extra dimension dependent wave functions
+m
[y =0 0) ) = o (4181)
-7

and the mass term of the gauge field is defined through the following differential equation as

— 2
_ 721) (eQAi(y)Dng:;)Z(y)) = M) (mZ)* ng)z(@/)- (4.182)

Here the mass of the nth mode Rammond-Rammond antisymmetric field is given by

zZ
(M”Z):I: =2 (m ) Now introducing a new variable 25 = %e“‘i(y) equation (4.182)
can be recast in terms of Bessel differential equation of order one as
|:(ZTﬂL:;Z)2 ﬁzg;z + zg:;ZBzf;z + {(zgz;z)Q — 1}] XS:L)Z =0 (4.183)
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and the analytical solution turns out to be

n e~ A=) . _ .

Xz () = 7 W)+ arE N (ErE)] (4.184)
(n)

Here /\/'(fl)z be the normalization constant of the extra dimension dependent wave function

and a2’% is the integration constant determined from the orthonormalization condition and
the continuity conditions at the orbifold fixed point. Self- ad301ntness and hermiticity of the
differential operator appearing in equation (4.183) demands that DyXEI: )Z(y) is continuous

at the orbifold fixed points y; = 0,7. Consequently we have

(m )i M)\ _ o (7)),
ﬁyxﬂ?;)z\yi:ozo = op? = -[yl ( i<) - ) ijll(< :)E )3] (4.185)

i (aF) —anZ ] (w2
Dy lyer =0 = 0% = :a:;S;; 835;% _yi E;ZH (4.186)

Z Z
where ijﬁz(w) = b = (m )i eF£Te™  For ef+me™ > 1, (m), < 1 the mass spectrum

Tkt kit
for the Rammond-Rammond fields is expected to be of the order of TeV scale i.e.
aFZ ~ T (pEEY gt
o = o (22" g therem (4.187)

Now using equation (4.187) and equation (4.185) we get

1 (wi;z)4e’4kircﬂ _ [jl <$$;Z> — o jl ( )}

320" [mril;zyi <$%;Z) - <5L“rizz>] (4.183)
= 3 (5%) = g (#5H) T (2 =0

which is an transcendental equation of z;, %2 and the roots of this equation gives the gauge
field mass spectrum (mf ) . in presence of perturbative Gauss-Bonnet coupling a s). Now
using equation (4.181) the normalization constant for n # 0 mode reduces to the follow-
ing expression

N ek:ircw
W =

o () eaon (o) oo [ (o) st s

(4.189)

(m%)

For eF+7e™ > 1, Ti < 1 the integration constant af? <« 1. Consequently yl(zﬁ;z) is
neglected compared to 71 (z%) in equation (4.184) and then the normalization constant
for n # 0 mode turns out to be

ek‘iT‘CTF

NGE = == (¢77%). (4.190)



Consequently the extra dimensional dependent wave function for n # 0 turns out to be

[k . —Ax+(y) %;Z
" (y) = VS Silen ) (4.191)

ekircw jl (1.7:;:;2) '

For massless n = 0 mode the solution of the equation (4.182) turns out to be

© _ _ C1  say 4.192
Xi;Z ZkiTce +C2 ( 19 )

Here C and Cs are arbitrary integration constants. Now applying the boundary condition
through the continuity of the wave function we get C; = 0. As a result the zero mode
solution turns out to be X(io.)z = (5. Now applying the normalization condition the ground

state massless zero mode wave function turns out to be

kit
o= = % ~0 /2o 2kETeT, (4.193)

€4ki TeT _

This give zero mode is heavily suppressed in the visible brane, though the warping
will be reduced if one choses large Gauss-Bonnet coupling «s). Moreover the zeroth mode
is function of extra dimensional coordinate y appearing through the dilatonic contribu-
tion. It is interesting to note that the suppression of the zero mode on the visible brane
increases with the rank of the field. This explains the reason of invisibility of these fields
in our universe.

5 Bulk-brane interaction in presence of Gauss-Bonnet coupling

In this section we elaborately discuss about the possible interaction picture between brane-
bulk fields in the context of dS5/AdSs ® S® warped phenomenology and there conse-
quences in presence of the five dimensional bulk Gauss-Bonnet coupling.

5.1 Fermion interaction
5.1.1 Brane standard model fields with bulk gravitons

The five dimensional action describing the interaction between bulk graviton and visible
Standard Model fields dominated by fermionic contribution on the brane is given by

’C «
Ssmi-c =~ [ @ /=5 T8y (0)has ()3l - 7) (1)

where Tgﬁd(x) represents the energy momentum or stress energy tensor containing all in-
formations of Standard Model matter fields on the visible brane. In this context K5 is the
coupling strength describing the tensor fluctuation in the context of graviton phenomenol-
ogy. After substituting the Kaluza-Klien expansion for graviton degrees of freedom and
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rescaling the fields appropriately, the effective four dimensional action turns out to be

(n)
K
Ssm-G = —;)/d‘lx r, e~ 44ty Z haﬁ Xi\/C:T(y)5(y —)

T'CIC 5 - n
:_\FQ ()/d%; 44 (m) Zhaﬂ (@)X (m) (5.2)

kereKy [ 4 (0) Jirem
__2/d:r 5 (x) [nb B Zh

It is evident from equation (5.2) that while the zero mode couples to the brane fields
with usual gravitational coupling ~ 1/Mpy, which we have taken as unity, the coupling
of the KK modes are ~ e*+7<™ /Mpy ~ TeV ™! which is much larger than the coupling
of massless graviton. Though such feature is also observed for the graviton KK modes
in the usual RS model, here due to GB coupling a5, the ki will change. It may be
seen from the figures that the values of ki decrease with a5y and hence the graviton KK
mode couplings decrease due to GB interaction leading to the decrease in their detection
signature in collider experiments unless one modifies the value of 7. to resolve the gauge
hierarchy problem. Moreover equation (4.15) and figure 5 indicate that the decrease in
k+ lead to increase in the masses for the graviton KK modes. Thus the absence of any
signature of graviton KK modes, as reported by ATLAS data in dilepton decay processes,
may be the result of GB coupling rather than any negative result for the warped geometry
models. However in an alternative scenario if one modifies the value of r. to obtain the
desired Planck to TeV scale warping, then the KK mode graviton couplings with brane
fields do not change from the RS values, but the graviton KK mode masses decrease from
their counter part in RS model. In that case the non-vanishing GB coupling make the
detectability of the signature of KK mode graviton through dilepton decay process more
pronounced. Absence of any such signature, as reported by ATLAS collaborations, put
question on the validity of GB extension in RS like warped geometry model.

5.1.2 Brane fermions with bulk Kalb-Rammond field

The interaction between bulk Kalb-Rammond field with the fermions localized at visible
brane is described by the following action:

— / &z Det(V) Ty r ()7 VM N EH x (2, y) T g (2)5, 65520 (y — 1) (5.3)

where oVF = i'[l“N ,FL]. Substituting Kaluza-Klein expansion of the bulk Kalb-
Rammond field in equation (5.3) we get

d“wZe OBy g (@) 0 HIL (@)D (7 T (@)e 3 (5.4)

S\TJ\IIH = \/>

Now rescaling the fermionic fields via ¥p, g (z) — e_%Ai(”)\I/L,R(a:) equation (5.4) takes
the following form
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Pure KR:

ure . T 14 1 21 - n ‘-7 xf;ﬂ
S\I_Ij\IIH = *Z/d4il'\I/L7R(SU)’)/MO' A lWHEPJA<x)+ﬁMZHLV)A(m)(M ‘I’L,R(ZL')
g g n=1 n
(5.5)
Topologically extended KR:
(a)Self Dual KR:
- 1
sD _ . 4 VA (0)
Sgwy = _Z/d eV r(z)yo Mpp ekircwHMl//\(x)
g
L5 HO ()7, (w52 ) (i ™5P) .
+ x),
VkireMpr, = B s o LR(2)
i s () [ (o))
(5.6)
(b)Anti Dual KR:
_ 1
AD _ . 4 A (0)
S‘TI\I”H = —Z/d $\IIL,R({E)’}/“O'V Mor ekircﬂ',H‘u‘VA(x)
g
. . . . -V
L @ () () .
+ x
kiTCMPL; + +7;,AD) "% +7;,AD) 2 L)
5 [y ) o ]
(5.7)
where Mpy, is defined earlier and A, := Mpre ¥+7™. It is evident from equation (5.5)

that when pure Kalb-Rammond field is interacting with the fermions localized at the
visible brane then the zero mode is exponentially suppressed and the excited Kaluza-
Klien modes of Kalb-Rammond field are stronger as the number of mode n increases. The
remarkable point to note here is that the massive mode coupling to fermion, as given
by equations (5.6), are drastically reduced compared to the corresponding case without
the presence of the axionic contribution. It appears as if the large coefficient ©¢ in the
additional five dimensional topological term characterized by the axionic extra part in the
action causes the Kalb-Rammond modes to decouple from all visible physics on the brane,
although a tower within the kinematic reach of accelerator experiments is still around.
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5.1.3 Brane fermions with bulk rank-4 antisymmetric tensor field

The interaction between pure bulk rank-4 antisymmetric tensor field with the fermions
localized at visible brane is described by the following action:

Sgwz = igz/d5:1: Det(V) \IIL,R(x)’yaVéV[UNLFSZ“,,pg(1:,y)\IILR(:U)(s“MéJ”V(SZégé(y — ),

= —zgz/d4 / dy Uy g (x)e 24+ W@ PigABz o )Wy g (x)e 2= W5(y — 1)
(5.8)

Now rescaling the fermionic fields via Vg, r(z) — e 2Ai(”)\I/L,R(:c) and substituting the
Kaluza-Klien expansion of the rank-4 antisymmetric tensor field in equation (5.8) we get

- 1
_ _ 4 VA (0) E: (n)
Sgwz = *l/d 2V R (270" [MPL 2kprem Zs (@) e3kirc Z,6(@) | TLR(2)-
\/igz n=1

(5.9)

This explicitly shows that both the zero mode and the excited mode of the Kaluza-Klien
expansion of the bulk rank-4 antisymmetric tensor field are suppressed at the visible brane.
But the amount of such suppression is larger for massive excited modes.

5.1.4 Bulk fermions with bulk dilatons

The five dimensional action describing the interaction between the massive fermionic field
(spin % type) and dilaton field can be written as

Sp_g = /d% [Det(V)] 697¢(y){Z\IILR z, Y)Y O‘VMﬁ\IILR (x,y)d
(5.10)
— sgnly)ns (e, ) V(o) + e

where S; = (3; +Q, +z’gf.,4u) represents the covariant derivative in presence U(1)

abelian gauge field and fermionic spin connection €2, = é ﬁ‘B [F il B}' Substituting the

Kaluza-Klien expansion for fermion and extra dimension dependent dilaton field (similar
as the bulk scalar field)in the action stated in equation (5.10) we get

R Lo DR (RN EERECS el [mwwm

n=0m=0 r=

0
IS s wp o [ (RO P

nOmOpO

[e.9]

m”ps} o (@)iA™) (2) U ()
=0
(5.11)
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000 000 0000 000 000 0000
£1(000) £1(000) F{0000 £1(000) £1(000) £1(0000)

9 10 9 10 11
0.452/4.348 | 0.219/3.456 | 0.145/2.116 0.489/4.248 | 0.244/3.566 | 0.179/2.180
(a) (b)

Table 8. Numerical values of different heterotypic couplings for lowest lying modes of the triliear
fermionic interaction with dilatonic fields for (a) k_ branch and (b) k4 branch.

where the trilinear and quartic interaction between dilatonic field and fermionic fields are
characterized by

t rlm : r(n : T :
BE™ = [ dy A0 R ) T (R, ),

—T

m n

t rm . Fn : :
HO) / dy A=) f£7 ) (LR I(«f)l (Zi,L,R)XiP;)A(Z;,A)’ (5.12)

7 “(m . N . . s .
B e [y A T O (LR (ARG ().

In table 8a and table 8b we have tabulated the numerical values of the trilinear and
quartic interaction for zeroth mode.

5.2 Self interaction of bulk scalar field

In five dimension the m-th order self interaction for bulk scalar field (other than dilaton)
is described by

A
See = 3(ri)—5/d537 —g(s) (@(x,9))"". (5.13)
M)

Substituting the Kaluza-Klien expansion for bulk scalar field the effective four dimensional
contribution to the self interaction turns out to be

A o 2m
S@q; = ]\4(353:5)57“2” ;/d‘lx ({)(@(l’)) /

-3 [ (@0)

where the effective four dimensional mth order self interaction coupling strength can be

+m 2m
dy 1o e~ 44=W) (XS;@(ZJ))

(5.14)

expressed in terms of its five dimensional counterpart as

Yy / dy 1 e~ 4= W) (xg.)@(y))

- 3m—>5 3
M(5) T )

2m
m—1 d—9m 1 T (27010
— o [ (M) dIT T4~ ¢ (o *m)
M(5) 0 7 (gji;q>> 14 4—(Vi)2
b4 r o\ 2
1% (x’?:,q)
(5.15)

— 53 —



It is important to mention here that the renormalizable scalar field theory only exist in the
visible brane iff m = 2. There may be other situation appears where the self interaction
of the five dimensional bulk scalar field is characterized by the derivative m-th order self
interaction. In the bulk the five dimensional action describing the effect of derivative
self-interaction is characterized by

A m
M5m 5 dx T\/—=g(5) ( 8A<I> (x y)8B<I>(1: y)) . (5.16)
(5)

Substituting the Kaluza-Klien expansion for bulk scalar field the effective four dimensional

S =

contribution to the derivative self interaction turns out to be

Sea = M5>T:L(5)5 - ZZ/d4 ‘I) ") (z) )m ((I)(S)(l')>m

CrOsO

X /"'7r dy 1. e 44=W) <B Xi)é(y)) (Byxgi)q)(y))m (5.17)

= ZZ/d4 <I> ") (x ) (@(s)(:c)>m)\§l;)(r5)

r=0 s=0

where the effective four dimensional mth order derivative self interaction coupling strength
can be expressed in terms of its five dimensional counterpart as

(! >\ 5 h _ r m S m
N = M/;f)m/ dy re 420 (BnLa)” (Brdla®)

ke \2mt ) Am2m
= 2A(5) (]\4(@) (M(5)e + )

+;P
1 jyé <$r ’ H)
x / dI1 11275 | By - : (5.18)
0 +:® 4—(v®
g (#) 1+ 05

Tz (M)

—(v®)?
T2 (wfq)) 142 (;f)

()’

x | Bn

5.3 Bulk gravidilatonic interaction

The five dimensional action describing the interaction between two spin-2 graviton and the
dilatonic field via Gauss-Bonnet perturbative coupling in the bulk is given by the following

gravidilaton contribution

Spn= a(s)/dsﬂ? —9(5)¢" "W g (x, )b (2, y). (5.19)

Throughout this analysis we assume that the graviton field non-interacting with other field
contents in the bulk. Only self-interaction and gravidilatonic interaction are allowed in the
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XgOO) X§01) Xglo) Xgll) XgOO) XgOI) Xglo) Xgll)
0.500 | 0.367 | 0.212 | 0.189 0.411 | 0.256 | 0.187 | 0.009
(a) (b)

Table 9. Numerical values of Xgp 9 for lower lying modes of the nontrivial bilinear heterotypic
gravidilatonic interaction for (a) k_ branch and (b) k4 branch.

bulk. Now substituting the Kaluza-Klien expansion for graviton and dilaton equation (5.19)
reduces to the following form

Son=a [d 33 D@

p=0 g=0

[e.e]

<1+08\/E> x (Pa) 98 ZX(W)

(5.20)

where the gravidilatonic interactions are characterized by the following integrals:

)

+m
X0 alt XP i [y PO (O O, (). (52)
The numerical values of such contributions are estimated in table 9a and table 9b.

6 Summary and outlook

In this article we have made a comprehensive study of string inspired warped geometry
and it’s phenomenological implications. Our model is a perturbation of the RS model
by Gauss-Bonnet coupling in five dimension which also includes the effect of string two
loop correction in the gravity sector coming from the interaction with dilatonic degrees
of freedom via the CFT disk amplitudes in the bulk dS5/AdSs geometry. Our study
centered around three distinct aspects:

e Determining the modified warp factor, the brane tensions and addressing the gauge
hierarchy issue.

e Study of different bulk fields and the profile of the wave functions to examine their
overlap on the visible brane as well as various KK mode masses for these bulk fields.

e Examining the interaction with the brane fields to evaluate their possible signatures.

We also compare our results with that obtained through the usual RS analysis. Our
results can be summarized as follows:

e For small GB coupling the warp factor turns out to be exponential with two different
branches for the bulk parameters k which we denote as ky. Moreover unlike the RS
scenario, in our case ki depend on the bulk coordinate as well as the GB parameter
a(5). In addition a warped solution can be obtained for both anti de-Sitter and
de-Sitter bulk.
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e The gauge hierarchy problem can be resolved by appropriate choices of the parameters
k4, . and Q(s)- The dependence of k4 on a(s) has been determined which indicates
that the increase in the GB coupling decreases the value of ki leading to lesser
warping between the two branes unless one takes a larger value for the modulus r. to
compensate the fall in the value of k1. Also equation (3.13) implies that increase GB
coupling causes increase in the effective 4-dimensional Planck scale from the pure RS
scenario. The brane tensions also increases with increase in a5 and finally reaches
a saturation.

e We have determined a stringent constraint on the GB coupling so that the required
Planck to TeV scale hierarchy can be achieved through the modified warp factor.
Most significantly for both the warping solutions the recently observed Higgs like
boson at 125 GeV can be explained through our model for very small values of the
Gauss-Bonnet coupling.

e We have evaluated and analyzed the zero mode and the KK mode excitations of
bulk graviton along with the five dimensional N = 1 supergravity extension with
bulk gravitino from the bulk wave function. The characteristic features of graviton
mass spectrum as well as the bulk wave functions are different for the two warping
solutions for all possible signatures of Gauss-Bonnet coupling a5y and the string
loop correction in two loop level. In the limit o) — 0 the negative warping branch
produces the Randall-Sundrum features. The behavior of the mass spectrum for
gravitino is almost similar to that of the graviton degrees of freedom.

e We then extend our idea with bulk scalar as well as bulk gauge field by addressing
both abelian and non-abelian cases including dilaton coupling. It is a important
finding of our model that while the zeroth mode bulk wave function for bulk scalar
field and U(1) abelian gauge field are exactly same as Randall-Sundrum model, the
higher excited states are significantly different. Furthermore we have numerically
estimated the values of the trilinear and quartic self interaction strength up to first
excited state in presence of Gauss-Bonnet coupling and string loop correction.

e Next we have studied the detailed features of the KK-spectrum of various higher
rank antisymmetric tensor fields which are also possible candidates for bulk fields
including the possible dilaton-axion couplings which has a topological field theoretic
origin. The bulk wave function for all such antisymmetric tensor fields follows distinct
features in presence of the two warping solutions.

e Following the similar prescription we have analyzed the behavior of bulk fermions
where the profile of both left and right chiral modes are determined in presence
of the GB extended gravity model in presence of dilaton and two loop conformal
coupling. In this context we have estimated the trilinear interaction strength between
the left /right chiral fermions and the ¢(1) abelian gauge fields. Phenomenologically
such values are very interesting and gives new informations in the context of TeV
scale physics in presence of Gauss-Bonnet coupling and string loop correction. The
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behavior of left /right chiral fermions are significantly different for different warping
solutions and different signatures of the couplings. It is one of the important outcome
of our model that the right and left chiral fermions are localized on the bulk and visible
brane respectively for the warping solution A_(y). This establishes that among the
two solutions, the k_ branch is phenomenologically preferred over the k4 branch.

e We have explicitly shown the detailed characteristic features of various interactions
among these bulk field contents by determining the numerical values of the coupling
parameters. Such estimations are very very useful to understand the underlying
physics of the phenomenological model of a Einstein-Gauss-Bonnet warp geometry
in presence of string loop corrections and dilaton couplings.

e The profiles of different bulk fields apart from graviton are determined along with
their KK mode masses. Since ki decreases with the GB coupling therefore the
warping decreases and the KK mode masses of various bulk fields increase unless
one introduces a little hierarchy by taking a larger r. to resolve the gauge hierarchy
problem.

e This brings out two possible scenario: 1) Due to fall in the value of ki, the warping
decreases so that the requirement of Planck to TeV scale warping to resolve the gauge
hierarchy problem can not be met. However the couplings of the graviton KK modes
with brane fields decreases and the masses of the graviton KK mode increases which
may lead to their escape from the present collider search, 2) If we change the value
of r, to maintain the required hierarchy then the coupling does not change from RS
value but the KK mode masses decreases. The absence of any signature of graviton
KK modes through their decay into dileptons in ATLAS search at LHC therefore
would signal the invalidity of the presence of GB couplings as a correction to RS
warped geometry models.

Some interesting open issues in this context of the present study can be to study the

cosmological consequences of KK spectrum and detailed features of AdS/CFT correspon-

dence for the GB coupled warped geometry model. The other possibility is to study the

detailed bouncing cosmological features as well as its imprints on the Cosmic Microwave

Background via cosmological perturbation using the supergravity extension of our model.

A detailed report on this issue will be brought forth in future.
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