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ABSTRACT: The hierarchy problem can be addressed by extending the four-dimensional
space-time to include an extra compact spatial dimension with non-trivial “warped” metric,
as first suggested by Randall and Sundrum. If the Randall-Sundrum framework is realized
in string theory, the effective value of the string scale in the vicinity of the infrared boundary
should be in the TeV domain. The most attractive models of this type embed the Standard
Model particles as zero-modes of five-dimensional fields. In such models, Regge excitations
of the Standard Model states should appear around the TeV scale. We construct a toy
model that describes tensor (spin-2) excitations of the Standard Model gauge bosons, and
their on-shell couplings with light matter and gauge fields, within this framework. We use
this toy model to predict the phenomenologically important features of the tensor Regge
gluon, such as its mass, production cross section at the LHC, and decay patterns.
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1 Introduction

In the last decade, a number of interesting new physics scenarios involving extra dimensions
of space relevant at the TeV scale have been proposed. Two of the best-known examples
are the models with flat Large Extra Dimensions (LED), due to Arkani-Hamed, Dimopou-
los, and Dvali [1], and the models with a single extra dimension with a non-factorizable
(“warped”) metric, suggested by Randall and Sundrum (RS) [2]. Both classes of models
address the gauge hierarchy problem, motivating them as complements for the SM at the
weak scale (although in the LED model, an additional mechanism is needed to stabilize the
radii of the extra dimensions at large values in natural units). In the case of LED, this is
achieved by bringing the fundamental scale of quantum gravity down into the TeV domain.
If the LED scenario is realized, and if string theory serves as the ultraviolet completion of
Einstein’s general relativity, the stringy nature of the SM particles should become apparent
at the TeV scale. In particular, the upcoming experiments at the Large Hadron Collider
(LHC) could observe inherently stringy Regge excitations of the familiar SM states. A
phenomenological study of collider signatures of these states, based on simple toy models
embedding parts of the SM into string theory, was initiated by one of us (MP), in collabo-
ration with Cullen and Peskin, in ref. [3]. A large body of literature exists on this subject;
see, e.g., refs. [4, 5] for some examples, and ref. [6] for a recent review.



The RS model, viewed as a five-dimensional theory, resolves the hierarchy problem in
a similar way: while the fundamental 5D Planck scale M}, is close to its 4D value (of the
order of 10'? GeV), the actual scale where gravitational physics becomes strongly coupled
depends on the position in the extra dimension, due to the non-trivial dependence of the
metric on this coordinate. In particular, the scale near the “infrared (IR) brane”, where the
Higgs field is localized, is in the TeV domain, and that is where the Higgs loop divergences
are cut off. If the RS setup emerges as part of the compactification manifold in a weakly-
coupled string theory, the fundamental 5D' string scale, M g, should lie parametrically

below Mp,, and parametrically above the curvature scale :
k< Mj < M. (1.1)

Phenomenologically, no large hierarchy can exist between k and M, (increasing their ratio
would exacerbate the already non-trivial tension between experimental constraints on the
model and the fine-tuning in the Higgs mass); values of order 10 are preferred. The inequal-
ity (1.1) then implies Mg ~ 10'® — 10" GeV.? The Regge excitations of the states that are
free to propagate in the full 5D space will appear as 5D fields, with mass terms in the 5D
lagrangian of order M¢. However, in the neighborhood of the IR brane, the masses will be
warped down to the TeV scale, and upon Kaluza-Klein (KK) decomposition we should ex-
pect to see 4D Reggeons with masses in the TeV domain. Although the original RS model
had all of the SM fields confined on the IR brane, it was subsequently realized that a model
with the full SM (with the possible exception of the Higgs) propagating in the full 5D space
is more interesting: it can naturally explain the apparent unification of gauge couplings [7],
avoid precision electroweak constraints [8], and has attractive mechanisms to explain the
fermion mass hierarchy [9] and suppression of flavor-changing neutral currents [10]. This
setup has also been used to construct “Higgsless” models [11], where electroweak symmetry
is broken by boundary conditions on the 5D gauge fields. In these models, one expects a
rich Reggeon sector to appear around the warped-down string scale. The goal of this paper
is to construct a simple toy model incorporating some of the main features of this sector
relevant for collider searches, and to discuss the resulting phenomenology.

Before proceeding, let us comment on how the Regge physics appears in the dual four-
dimensional picture. In this picture, the warped-down Planck scale is the scale at which
conformal invariance of the fundamental gauge theory is broken. The Higgs and all other
states localized at, or near, the IR brane of the 5D model, can be understood as bound
states of the fundamental gauge degrees of freedom, with binding energies of order TeV.
The Regge states described by our toy model are no exception: from the dual point of view,
they are simply higher-spin bound states (e.g., the first Regge excitations of gauge bosons
are spin-2 “glueballs”). In principle, both descriptions can provide interesting information.

We will not be concerned with the compactification of the other 5 dimensions at this point, assuming
for simplicity that their radii are of order inverse My, and thus they can be safely integrated out.

2 Another obvious implication is that no large separation of scales is possible, and the approximation
of weakly-coupled strings propagating on a smooth geometric background is probably subject to sizable
corrections. Since in this paper our goal is to build a toy model to describe the major features of Reggeon
phenomenology, rather than a rigorous calculation, we will not be concerned about this point.



However, for the low-lying Regge states (below the warped-down Planck scale) that are
our focus here, the five-dimensional description is clearly advantageous, since in it these
states are weakly coupled.

The studies of Regge phenomenology in LED models are based on a well-known re-
sult in string theory: the Veneziano amplitudes for tree-level scattering of open-string
states. Factorizing these amplitudes on their poles determines the Reggeon masses and
their (on-shell) couplings to the SM states, which is sufficient to model their collider sig-
natures. Unfortunately, the Veneziano amplitudes only apply to strings propagating on
backgrounds with flat (Minkowski) metric, and their generalization to warped spaces such
as the RS model is presently unknown. Therefore, we will pursue a different approach. We
will restrict our attention to a small subset of the Regge states, namely, the lowest-lying
spin-2 Regge excitations of the SM gauge bosons, in particular SM gluon. These states
present most realistic targets for collider searches, due to a possibility of relatively large
production cross sections at hadron colliders, and their higher-spin nature would make
them striking signatures for low-scale string theory. We will begin, in section 2, by con-
structing a Lagrangian which reproduces their masses and on-shell couplings to SM in flat
space, as obtained from Veneziano amplitudes in previous work. We will then generalize
this Lagrangian, in sections 3 and 4, to spaces with arbitrary metric, using the standard
trick of introducing metric factors and covariant derivatives to restore general covariance.
(In fact, a slightly non-minimal extension will be preferred, in order to maintain a simple
form of the gauge invariance for spin-2 states.) In section 3, we will also study the KK
decomposition of a massive 5D spin-2 field, which to the best of our knowledge has not yet
been considered in the literature. In section 5, we will outline the predictions of our model
for the LHC phenomenology of the 4D tensor Regge excitation of the gluon.?

2 A model for Reggeons in flat 4D space

Our starting point is the toy model proposed by Cullen, Perelstein and Peskin (CPP) in
ref. [3]. This toy model embeds QED of electrons and photons and QCD of quarks and
gluons into string theory as zero modes of open strings living on coincident D3 branes.
Factorizing the tree-level scattering amplitudes between these states at their s-channel
poles at s = Mg provides their (on-shell) couplings to the first-level Reggeons. Our goal
in this section is to encode these couplings in a Lagrangian, which can then be generalized
to the Randall-Sundrum model.

2.1 Stringy toy model of electrons and photons

To describe a string embedding of electrons and photons, the CPP model introduces two
coincident D3 branes. The low-energy physics of this configuration is given by an N = 4
supersymmetric theory with a U(2) gauge group. However, if the external states are chosen
from a restricted set consisting of a single (diagonal) gauge boson and two (off-diagonal)
gauginos, the internal propagators in any tree-level diagram must also come from this set.

$High-energy behavior of scattering amplitudes in RS space has been considered in ref. [12]. An approach
similar to ours has been applied recently in ref. [13] to spin-3/2 Regge excitations of the top quark.



The gauge boson is identified with the photon and the two gauginos with the two helicity
states of the electron. Taking the low-energy limit of the tree-level scattering amplitudes of
this string theory reproduces the familiar helicity amplitudes of QED, while at high energies
the amplitudes exhibit the Regge poles characteristic of string theory. In particular, on-
shell couplings of the string Regge resonances to the SM (zero-mode) fields can be obtained
by factorizing the amplitudes on the s-channel Regge poles.

Since the kinematic reach of near-future collider experiments is unlikely to extend deep
into the Regge domain, we will focus our analysis on modelling the phenomenology of the
first Regge level. Moreover, as the first step, we will restrict ourselves to the excitations of
the SM gauge bosons. These states can be singly produced in the collision of SM fermion-
antifermion pairs, as well as, in the case of the SU(3) Reggeons, SM gluons. In the CPP
model, the bosonic states at the first Regge level are a spin-2 state 75, a spin-1 state v}, and
four spin-0 states g (), 'We will focus on the spin-2 states in this paper, since they would
provide the most unambiguous signature of stringy physics if discovered; the approach of
this paper, however, can be easily generalized to include the lower-spin states. Our first
task is to construct a field theory model to reproduce the Feynman rules for the couplings
of these states to SM, derived in ref. [3]. We introduce Reggeon field B/, (x). (Since open
strings are confined to D3 branes, it is a 4D field.) The quadratic action has the usual form:

1 1 1
Ls—o = ZHA‘“’H)\W - _H)\MNH)\VV + §m2 {(BMM)Z o BWB;W} ) (2-1)

2

where we introduced the field-strength tensor Hy,, = 0\By, — 0,By,, and m = Mg is the
Reggeon mass. The kinetic term is, up to a factor, the same as the standard graviton action
found by expanding the Einstien-Hilbert action to quadratic order in h,, = g, — 7. The
mass term has the Fierz-Pauli form [14] that is necessary for unitarity.

The interactions of SM electrons and photons (string zero-modes) with the Regge states
can be described by the following lagrangian:

e

a%n —
‘ V2Ms

(0"y " — py" ") By
e
V2Mg

where 1 is the electron field and F' is the electromagnetic field strength. This lagrangian

1
+ <F”“F”p — ZF”"Fpan"”> B, + (vectors,scalars) (2.2)

can be read off from the Feynman rules in figure 7 of ref. [3]. Note that the Feynman rules
were derived by factorizing the Veneziano amplitudes on the Regge poles, and thus only
contain information about interactions of on-shell particles. So, the model (2.2) is only
valid on-shell: there may be additional operators not included here that vanish for on-shell
particles. It is adequate for describing resonant production of Regge states in SM collisions
at tree level, which should be sufficient for understanding the main features of their collider
phenomenology.

2.2 Stringy toy model of quarks and gluons

The Regge gluon is of great interest phenomenologically, since it is strongly interacting and
could have a large production cross section at hadron colliders. The quark-antiquark-Regge



gluon coupling is simply obtained from the eTe~~* vertex by replacing e — g, promoting
derivatives 0, to covariant derivatives D), and introducing the usual color structure [3]:

Logg- = \/§ng ((DHCY)’YVBWQ - Q’YVBMVDHQ> + (vectors, scalars) . (2.3)
S
Here we defined BW = Bj,t*, where By, (a=1...8) is the Regge gluon field, and t* are

the fundamental representation generators of QCD SU(3), normalized by tr(t%?) = §% /2.
Note that the Regge gluon field transforms linearly in the adjoint representation of SU(3):

B, —UB, U™, U= exp(it"0?) . (2.4)

Since ¢ — Uq, this ensures the gauge invariance of the coupling (2.3).

In the Randall-Sundrum model, the Regge gluon wavefunctions are localized near the
TeV brane (as will be shown below), while the wavefunctions of light fermions may be
localized at the opposite “Planck” boundary. In this case, the coupling of the Regge gluon
to light SM quarks is strongly suppressed, and the most important production channel for
g* is via gluon fusion. (The zero-mode gluon wavefunction is constant across the extra
dimension.) To model this interaction, we need to obtain the gluon-gluon-Regge gluon
vertex in the CPP model. Since this was not done in ref. [3], let us briefly outline the
derivation here. The CPP model identifies gluons with open strings ending on a stack of 4

coincident D3 branes. The 4-gluon scattering amplitude is given by

A(1,2,3,4) = g2A(1,2,3,4) S(s,t) tr[t 263t + 1434241
+ g% A(1,3,2,4) S(u, t) tr[t 3121 + t123¢1)
+ g2 A(1,2,4,3) S(s, u) tr[t 2112 4+ 3t1%1], (2.5)

where ¢! = t% are the generators of the fundamental representation of SU(3) (” Chan-Paton
factors”), while
I'(l—ao's)I'(1—a't)

Ss,t) = I'(l—ao's—a't)

(2.6)

is the string formfactor (essentially the Veneziano amplitude), and the A’s denote the color-
ordered four-point gauge theory amplitudes. (Note that o/ = 1/M32.) At tree level, all
non-vanishing color-ordered helicity amplitudes for four-gluon scattering can be obtained
from the two basic ones by index permutations. The basic amplitudes are

u?

t
A(1T,27,37,4T) = -4, A(1T,27,37,47) = —4
S S

(2.7)

where helicities are directed inward. Using these amplitudes in eq. (2.5) and factorizing

the amplitudes on the Regge pole, s = Mg, we obtain

Algtgt — gtgt) = —242—— . C12, (2.8)
s — MS

Algtg™ —gtg ) =2 92—u2 ® .o (2.9)
s2 s — Mgv ’ '



All other non-vanishing amplitudes are related to these two by parity. Note that the
kinematic dependence of the factorized four-gluon amplitudes exactly matches that of the
four-photon amplitudes studied in ref. [3], implying that the Lorentz structure of the ggg*
vertices is the same as for the yy~* vertices. The color factor is given by

CB4 = 2(er[t Y] + [t 7] + [t M) + [P, (2.10)

where as before ¢! = t%. To factorize this, we use the well-known SU(N) identity

N2-1
a\i (1a ) 1 7
2 ) (i) = 6j0F — Najaf. (2.11)
a=1
We obtain
N2-1
CU =4 N (trft 2] + e[t ]) - (er[Pee0] + e[t

a=1

+ gtr[t1t2] Ctr[PtY]. (2.12)

This suggests that there are in fact 9 Regge gluons propagating in the s channel in four-
gluon scattering: a color-octet, coupled with strength g, and a color-singlet, coupled with
strength g/v/3. The appearance of the color singlet Reggeon in the CPP model was already
noted in ref. [3]; in fact, there is an additional massless color-singlet vector boson in this
model as well, due to an extra U(1) factor in the low-energy theory of strings on D3-branes.
In realistic string models, such U(1) factors are typically anomalous, and the correspond-
ing gauge bosons obtain masses at the string scale via Green-Schwartz mechanism. This
mechanism will probably also affect the mass of the color-singlet Reggeon. In general,
the fate of this state appears model-dependent, and even if it is present at Mg, its effect
on phenomenology would be subdominant to the color-octet state due a smaller number
of degrees of freedom and a suppressed coupling. Thus, we will focus on the color-octet
Reggeon. To obtain the Feynman rules for the interactions of this state with SM gluons,
one needs to simply multiply the photon-Regge photon vertices in figure 7 of ref. [3] by a
color factor

cabe = 9 <tr[t“tbtc] +tr[t“tctb]) , (2.13)

and substitute e — g. The corresponding term in the Lagrangian is

g
V2Mg

where Fj, = 9,47 — 0, Aj, + ig fabCAZAf, is the gluon field strength. As before, it is
important to keep in mind that this Lagrangian is only valid for on-shell production of

vV 1 174
Logg = Cabe < Fraph Fg ~1 [rapo Fganﬂ ) By, + (vectors, scalars) , (2.14)

Regge gluons in SM gluon collisions. Using
Fit* U (Fot U, (2.15)

together with eq. (2.4), it is easy to show that the coupling (2.14) is SU(3) invariant. Note
that in order to preserve gauge invariance, the derivatives in the kinetic lagrangian of the



Reggeon, eq. (2.1), need to be promoted to covariant derivatives, leading to additional
couplings between gluons and the Reggeon. However, these vertices always involve two
Reggeon fields, and thus do not contribute to on-shell single-Reggeon production, making
them irrelevant for the analysis of this paper.

In the CPP model, the SM quarks were modeled, somewhat naively, as open-string zero
modes in adjoint representation of an enlarged gauge group containing the SM SU(3) [3].
A more realistic construction was used in ref. [4], where the SM fermions are described by
boundary operators in the open string CF'T. In practice, as far as the couplings of the first
Regge resonance to on-shell quarks are concerned, the two approaches produce identical
results. For example, using the couplings (2.3) and (2.14), obtained from the CPP model,
we reproduce the s-channel pole at s = Mg of the two-fermion-two-gluon amplitude in
eq. (5.39) of ref. [4]. We do not reproduce the four-fermion amplitude, since, as remarked
in ref. [4], states other that the Reggeon are being exchanged in this channel, leading to
highly model-dependent results.

3 A model for warped-space Reggeons

In this section, we generalize the above toy model to Reggeons propagating in the Randall-
Sundrum (RS) space, and present the Kaluza-Klein decomposition of a massive spin-2 field
in RS.

3.1 The Randall-Sundrum orbifold

Let us first review the relevant features of the Randall-Sundrum (RS) orbifold. Topologi-
cally, the RS space is the direct product of Minkowski space and the S'/Zy orbifold. We
use coordinates (z*,y) where y spans the extra dimension:

y € (—mR, mR]; y~y+21R. (3.1)

The orbifold symmetry takes y — —y; the orbifold fixed points are at y = 0,7R. The
interval in these coordinates is

ds? = e 2kl qgr dz, — dy?*. (3.2)

The RS space is a solution of the Einstein equations with a 5D cosmological constant and
3-branes at the orbifold fixed points. The brane at y = 0 is referred to as the ultraviolet
(UV) brane, while the brane at y = 7R is the infrared (IR) brane. The curvature scale k
is of order (though somewhat below) the 5D Planck scale M, which in turn is essentially
identical to the 4D Planck scale Mp;. To solve the hierarchy problem, the model parameters
must obey

M
kR Pl 16

~ —2 ~ 10 3.3
¢ TeV (3.3)

Away from the orbifold fixed points (“in the bulk”) the RS space is isomorphic to AdS®.
The non-vanishing Christoffel symbols are

IY, = —ksgn(y)ol, T%, = —ksgn(y)e *ip,, . (3.4)



In the bulk, the Riemann tensor has the form
RM e = K (5%9NL - 5%91@) . (3.5)

The discontinuities of the Christoffel symbols on the boundaries introduce additional, lo-
calized contributions:

AR, = —AR5H5V — 2k ¢~ 2kl m [6(@/) -0y — WR)]; (3.6a)
AR", o = —AR' .. = 2k6E[6(y) — 6(y — TR)] . (3.6b)

While these contributions are irrelevant for particles of lower spin (for example, all factors
involving Christoffel symbols vanish in the Lagrangian for vector particles by antisymme-
try), they have consequences for spin-two fields.

Finally, we note a convention we will use throughout: Roman indices M, N, ... span
the full five-dimensional space, and are raised and lowered with the full metric g, while
Greek indices i, v, ... span the four large dimensions only and are raised and lowered with
the flat metric 7, .

3.2 Kaluza-Klein decomposition of massive spin-2 field

To model Regge excitations of the SM fields propagating in the RS bulk, we generalize the
field theory of section 2 in a straightforward way: First, we promote both the Regge and SM
fields to five-dimensional fields, and introduce the appropriate metric factors, Christoffel
symbols, etc. into the Lagrangian to restore general covariance. For SM fermions, bulk
masses are introduced, and chiral 4D zero modes are obtained by imposing appropriate
boundary conditions [9, 15]. Then, we perform the Kaluza-Klein (KK) decomposition of
the theory, and derive the interactions between the 4D fields. For spin-1 and spin-1/2
fields, the KK decomposition is straightforward. The KK decomposition for a massive
spin-2 field in RS space is somewhat complicated, and to the best of our knowledge this
problem has not yet been addressed in the literature. In this subsection, we will outline
the required steps.

A free (non-interacting) massive spin-2 field in curved 5D space is described by the
covariant generalisation of (2.1):

1 1 1
& = ZH™MN Hyppy = SHEM Hyy N o+ Sm? {(BMM)2 - BMNBMN} , (3.7)
where Hryyny = ViByun — VarBrn is the field strength tensor. Under the 4D Lorentz

Iz Bu57 and 3557
respectively. However, the Lagrangian (3.7) contains terms which mix these components.

group, the field decomposes into tensor, vector and scalar components, B

To obtain a consistent KK decomposition, these mixed terms need to be cancelled. To do
this, first note that in flat space, the kinetic part of eq. (3.7) is invariant (up to a total
derivative) under the gauge transformation

dByN = Om BN + ONBir - (3.8)



The mass terms can be thought of as spontaneous breaking of this gauge invariance. One
can formally restore the gauge invariance to this Lagrangian by introducing pion fields:*

1

Z=1

1 1 2
HMN Hypgy = SHPy Hy ™ + 5 {(mBMM — 20y7M)
- (mBMN —oMaN 8N7TM) (mBMN — Oy TN — ONWM)}. (3.9)

If the pion fields transform as
Ity =m By (3.10)

the Lagrangian (3.9) is gauge invariant. Setting the pion fields to zero corresponds to the
unitary gauge, where the Lagrangian has the familiar form, eq. (3.7). Following the stan-
dard prescription of the R¢ gauges, one can choose a gauge in which the mixings between
fields of different 4D spins disappear. This gauge is a natural basis for KK decomposition.

To apply this procedure in RS space, we must first determine the correct form of the
gauge transformations, since the kinetic terms in (3.7) are not invariant under (3.8) in the

presence of curvature. We take the gauge transformations in warped space to be

0Byun = VBN + VNS
0 = m B . (3.11)

Invariance under these transformations requires additional terms in the Lagrangian, which
are proportional to curvature and disappear in flat-space limit. These terms are of two
kinds: corrections to the bulk Lagrangian, and boundary-localized corrections. (The ap-
pearance of the boundary-localized terms is due to the boundary contributions to the
curvature tensor, eq. (3.6).) The bulk term is

3k2
ALy = - { (Ba™)’ = BMV By } - (3.12)

This term agrees with that found in ref. [17]. The form of the boundary terms depends on
the transformations of the Bjsy components under the action of the orbifold symmetry.
We choose the 4D tensor field to be even under y — —y; consistency then implies

B (y) = +Buw(—y), Bus(y) = —Bus(—y), Bss(y) = +Bss(—y) - (3.13)

These conditions in turn imply the following boundary conditions for the gauge func-
tions Ba:
s (ﬁu(%y)ef%‘y') ly=07r =0, B5(2,y)|y=07r = 0. (3.14)

To restore gauge invariance on the boundary, for gauge transformations satisfy-
ing (3.14), we add

AlLpeane =~k [0(y) = 8y = 7R)] ((B,")* = B By) . (3.15)

4This idea is based on the non-linear sigma model for gravity constructed in ref. [16].



This term was not found in ref. [17], which did not consider possible brane-localized terms.

Summarizing, the gauge-invariant warped-space generalization of eq. (3.9) is

1 1 1 2
L = JHPYN Hpygy = SHEM H Y+ 5{(mBMM — 2V )
— (mBMN — VMT('N — VNTFM) (mBMN — VMT('N — VNT('M)}

+ AAcbulk + A'cbraune- (316)

Finally, we comment on the connection between eq. (3.16) and general relativity. It is well
known that in curved spacetimes, the graviton Lagrangian is invariant under a gauge trans-
formation of the form (3.11) that arises from coordinate invariance. Quadratic expansion
of the Einstein-Hilbert action in curved space includes terms of the form R hh (where R is
a curvature tensor) in the bulk, and T'h h (where T is the brane tension, related to R via
Einstein’s equations) on the branes. For the RS space, those terms are in fact identical to
the terms added by hand in our approach, egs. (3.12) and (3.15).

Most of the terms mixing fields of different 4D spin in this Lagrangian can be eliminated
with judiciously chosen gauge-fixing terms. However, there are terms mixing spin-2 and
spin-0 fields in (3.16) that cannot be removed within the Re¢-gauge approach; they have
the form

e Ml (—3k sgn(y) (9,B,")Byy — (6k> + m*)B, /By,
+2mB " (Oymy — 3ksgn(y) m,)). (3.17)

I

This mixing can be eliminated by shifting the spin-2 field,

1
B, — B, — gg“,,qﬁ. (3.18)

The shift ¢ is a function of the fields By, and m,, defined as a solution to the differen-
tial equation

(—35 + 4% + m?) e~ 2kl g — 4 [6(y) — 6(y — 7R)] e~ 2kl g
= ¢~ 2kl (3ksgn(y) 0, By, — (12k* + m?) By, + 2m d,m,
— 6mksgn(y) my) + 6k [6(y) — 6(y — wR)]e_Zk‘leyy. (3.19)

The operator acting on e~ 2% ¢ arises from the terms that are quadratic in B uv- Since it
is a self-adjoint operator with strictly positive eigenvalues, it can be inverted and thus ¢
exists. The shift must be done before gauge fixing as it introduces terms mixing B, and
¢ which must be cancelled by the gauge-fixing terms.

To cancel the remaining mixing between the 4D tensor mode and 4D vectors and
scalars, we introduce the gauge-fixing term

1
L = geQ’C‘!/'GﬂGﬂ, (3.20)
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where
G, = o2klyl (0,B,” —9"Bu,) — %§<—26yB“y + 4k sgn(y) By
+2mm, + 0,Byy + ;aﬂgb) . (3.21)
This results in the action of the form

S = Sspin—Q 2] Sspin—l7 spin-0 » (322)

1 1 9 ,
Sspin-2 = /d5x [e%yl <ZH/\WH)‘“” -5 <1 B E) HAH;LHAV >

1 2 2 2 v Lo a2 2 2
+ §B H (0, +4k*+m®) B,V — 53“ (-0, +4k*+m?) B,
+ 2400) — 8y — 7)) (BB — (B7)|. (320
Additional gauge-fixing terms must be introduced to separate the vector and scalar fields
in the action. Since the procedure is rather complicated, and since phenomenologically the
tensor field provides the most interesting and unambiguous signature for stringy physics,
we will not pursue a complete description of the vector and scalar sectors in this paper.

Once the tensor field is isolated in the action, KK decomposition is straightforward.
We make the standard KK ansatz

Byu(x,y) \/ﬁ Z " (y). (3.24)

The defining equation for the {f(™} are found easily from either the equations of motion
or the action:

_ f(n)// + (4k2 + m2) f(n) — 4k (5(21) _ 5( _ WR)) f(n _ )2 2k|y\f(n (3_25)

This equation is self-adjoint, so we can take the KK functions to be orthonormal. In this
case, the associated inner product is

1 TR
— /0 dy 24191 ) flm) _ gnm. (3.26)

After integrating over the extra dimension, the action (3.23) becomes

n 1 2 n n)v
Sspin—2 — /d4$ Z|: H)(\MVH(m Apv 5 (1 _ g) H( ))‘P’MH>(\V)

1 n 2 n 2 n 7 n
41 {(B(u)“) _ gl B;)H  (3.27)
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which is just a tower of free 4D spin-2 fields with masses (™) (in unitary gauge, if £ — 00.)
The general solution to (3.25) is a Bessel function:

(n) (n)
() () = L K L
) =5 {Jy <AIR w) +eldo, (Am w)} , (3.28)

Ag = ke™™E o = FWITTR) g [ommRR ) (3.29)

where

The order of the Bessel function is v = V4 + m?, where m = m/k is the string scale in
units of the RS curvature. Formally, consistent treatment of the RS geometry as a smooth
background for propagating strings requires m > 1; in our phenomenological study, we will
consider m ~ a few. NN is the normalisation and c is a constant of integration; each implicitly
depends upon the level n. Both ¢ and the mass are set by the boundary conditions. Since
B, is even under the orbifold symmetry (see eq. (3.13)) it (and hence the {f(™}) would
normally satisfy Neumann boundary conditions. However, the presence of localized terms
in (3.25) changes this, making the derivative of the KK functions discontinuous. The
correct boundary conditions are

FOV(0+) = §(0-) = 4k 0); (3.302)

F(—xR+) — fW'(xR-) = 4k f™(xR). (3.30b)

We plot the spectrum that is implied by these boundary conditions in figure 1, and the
numerical values of the lightest tensor Reggeon mass for a few choices of m/k are listed
in table 1. The wavefunctions of the first five modes, for a specific choice of m/k = 3,

are plotted in figure 2. As expected, the mass of the spin-2 Reggeon (and its first few KK
excitations) is of the order

p~ (afew) x me ™8 ~ a few TeV, (3.31)

and the wavefunctions are strongly localized in the vicinity of the IR brane, y = 7 R. It is

also easy to roughly estimate the two constants appearing in the wavefunctions:

1
6+7rkR

. e~ e WTRR (3.32)
kR

These estimates are useful in discussing the Reggeon phenomenology.

4 SM couplings to the tensor Reggeon

To model the interactions of SM quarks and gluons with the Regge gluon, we will use the
minimal generally covariant extension of the interaction Lagrangian of the 4D, flat-space
CPP model, discussed in section 2.

- 12 —
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Figure 1. The spectrum of 4D tensor particles. We have assumed that the RS curvature k£ =
10'5 TeV; the results are essentially independent of this choice.
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Figure 2. The KK functions for the five lightest KK modes. We have assumed that the RS
curvature k = 10'® TeV, Ajg = 1 TeV and m = 3k. The qualitative form of the wavefunctions are
all robust to varying these parameters.

4.1 Gluon-Reggeon coupling
The gluon-Reggeon coupling is a simple generalization of eq. (2.14):

1
Syeqr = /d%\/I ng’w cabe (F“ACF(I}B - ZF“CDF(I}DGAB> Bg.- (4.1)
S
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The 5D coupling g5 is related to the 4D QCD coupling gs by
g5 = VTRgs. (4.2)

The 5D gauge coupling has mass dimension of —1/2, so that the power-counting of the
operator (4.1) is correct for canonically normalized fields (namely, the 5D gauge field and
the Reggeon both have mass dimension 3/2). The interaction Lagrangian is invariant under
the usual QCD gauge transformations (see discussion in section 2.2), but not under the
transformations (3.11). It is easy to formally restore this symmetry by replacing Byny —
Byn — Vyunny — Vs however, the terms involving pions do not contribute to the
couplings of the 4D tensor mode, which is the only object of interest for us.

The Kaluza-Klein decomposition of the SM gauge field is straightforward [18]. Gauge
freedom can be used to choose As = 0, and the 4D vector zero-mode has a constant profile
in the bulk:

Ay(z,y) = %Af)(x) +.... (4.3)

This yields the following 4D Lagrangian for the interactions of the SM gluons with the
tensor Reggeons:

1
§ : Cabc Faa'yFb 68 _Fa'yzSFb c 4.4
999 \/_MS < ¥ 4 ¥4 af ( )
where we defined the warped-down string scale
Mg = e ™EME ~ a few TeV, (4.5)

and the dimensionless coupling

g™ = gs e ™ /FR dy 2R ) () (4.6)
TR 0
Since the Reggeon wavefunction is localized near y = 7R, and is of order 1/N ~

VTkRe ™ in that region, we can estimate

(n) 9s 4.7
g\t~ . .
VTkR (4.7)
The operator in the 4D action, eq. (4.4), is suppressed by a scale of order Mg, as expected;
however, note the additional volume suppression. Sample numerical values for the cou-
pling of the lightest Reggeon ¢(®) are shown in table 1. The coupling is approximately
independent of the Reggeon mass, with a value of roughly 0.1g;.

4.2 Quark-Reggeon coupling

Embedding of the SM fermions as zero modes of 5D fermions in the RS background is well
known [9, 15]. For each SM chiral quark, we introduce a 5D field @);, where the index i
includes both chirality and flavor. Generalizing eq. (2.3), the Regge gluon couples to this
field via

Sq(jg* = /d51‘\/ GLM EN ((DMQZ)FGBLNQZ —@iPaBLNDMQi> s (48)

foS
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where I = (7¥,i7°), and EN(y) = diag (eFl¥l, elvl ekl eFlvl 1) is the inverse vierbein.

The covariant derivative has the form (up to terms containing gauge fields)

1
DuQ = 0uQ + 5 Wit (4.9)
where w® is the spin connection, and o, = i[I’a,I’b]. (Note that the indices a,b,...

refer to the transformations under local Lorentz group, and as such are raised and lowered
with Minkowski metric.) In RS space, the only non-vanishing components of the spin
connection are

wff’ = —wff‘ = —k sgn(y) e Yl 8y - (4.10)

It is easy to show that the terms involving spin connection in the action (4.8) are propor-
tional to the trace of the tensor Reggeon, Bj, and thus vanish for an on-shell Reggeon.
As a result, the covariant derivatives in eq. (4.8) can be replaced with ordinary derivatives
when considering an on-shell Reggeon, as will always be the case in this paper.

The zero-mode quarks ¢;(z) are given by [9, 15]

Qi(z,y) = Nie=e*Wlgi(z) + ... (4.11)

where the normalization constant is

1—2¢;
_1.1/2 )
N; = kY ,/—eﬂkR(HCi) — (4.12)

The 4D fields g; are canonically normalized. The ¢ parameters are related to the 5D fermion
masses Ms: in the notation of ref. [9], ¢ = M;/k for the right-handed fields and ¢ = — M5 /k
for the left-handed fields. (The “handedness” of the 5D fields refers to the 4D chirality
of their zero modes.) We work in the basis where the bulk masses are diagonal.® In four
dimensions, we obtain

.~(n)
ig; _uE _ UA
o i (0*qv’Buq — v’ Bwd™q) | 4.13
" ;\/iMs< 0" Byt = 07 Byu0a) (.13)
where R
G = guemmhRN? /0 dy ) (y) B2kl (4.14)

Clearly, the strength of the coupling depends crucially on the value of ¢;. As a rough
estimate, we obtain

1
gi ~ s 6(1_26i)kﬂRa c; > 5 ; (4.15&)
. s s 1
; ~ R == 4.15b
I kR 6 973 ( )
- 1
Gi ~ s, G < 3" (4.15¢)

®The SM fermion masses and mixings may be due to the interactions of the bulk fermions with a brane-
localized Higgs boson [8], or, in Higgsless models, to modified boundary conditions [19]. We will not consider
these effects in this paper, since they do not have a major effect on the Reggeon collider phenomenology.
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(0) (0) 5(0) (0 (0
n /f\ﬁ gq—s 9q—3(c=0.65) 9(7—5(620.5) gq—s(c:())

2.0 | 4.72 | 0.110 3.9 x107° 0.110 2.9
3.0 | 5.56 | 0.107 3.8 x 107° 0.107 2.9
4.0 | 6.48 | 0.104 3.7x107° 0.104 2.9
5.0 | 7.45 | 0.100 3.5 x 107° 0.100 2.8

Table 1. Mass of the lightest tensor Reggeon and its couplings to gluons and quarks (with three
different values of c), as a function of the bulk Reggeon mass m. We have assumed k/Ar = 101°;
masses and couplings only depend on k£ and R through a logarithm of this ratio.

Thus, the couplings to “elementary” fermions (¢ > 1/2) are exponentially suppressed, cou-
plings to “mixed” fermions (¢ = 1/2) are volume-suppressed, and couplings to “composite”
fermions (¢ < 1/2) are unsuppressed. This behavior is consistent with naive expectations
from the dual CFT picture, where the Reggeon is a composite. Numerical values for the
couplings of the lightest Reggeon to fermions with three sample values of ¢ are shown in
table 1.

The values of ¢; for various quark flavors are somewhat model-dependent. We will
study the Reggeon phenomenology in two scenarios. The first one is the model with a light
Higgs on the IR brane [8]. If the brane-localized Yukawa couplings are anarchic, the SM
pattern of masses and mixings leads to the following estimates for these coefficients [10]:

cor & 0.63, ¢yt ~ 0.675, eq ~ 0.675; (4.16a)
coe ~ 0.575, Cy2 ~ 0.5, e~ 0.64; (4.16b)
cos & 0.39, ey ~ —0.19, e~ 0.62. (4.16¢)

In this scenario, the first two generations of quarks are mostly elementary, and their cou-
plings to the tensor Reggeon are exponentially suppressed (numerically, the suppression
factor is of order 107 — 107%). The couplings to the third generation doublet and the
right-handed top quark are unsuppressed.

Our second scenario is the“Higgsless” model [11, 19]. In this model, consistency with
precision electroweak constraints requires [20]

% (4.17)

C; =

for all flavors, with the exception of the third-generation doublet and the right-handed top,
which have approximately the same ¢ values as in eq. (4.16¢). In this scenario, the tensor
Reggeon couples to light quarks, with a coupling suppressed only by the volume factor.

5 Phenomenological implications

The most important parameter that determines the sensitivity of the LHC experiments to a
new particle is its mass. The tensor Reggeon mass in our model depends on two parameters,
Ar and m/k; for fixed m/k, the Reggeon mass is, to an excellent approximation, a linear
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function of Ajg. The scale Ajg is subject to a number of significant constraints from
existing experiments. Bounds from precision electroweak measurements and flavor physics
have been considered by many authors, both in models with the Higgs and in the Higgsless
approach. Among these, precision electroweak bounds, in particular the bound from the
S parameter, are considered to be more robust, since no known symmetry can be used
to avoid it. In the model with the Higgs, the bound on the first KK excitation mass
is of order 3TeV [8], translating into roughly Ajg & 1TeV. In the Higgsless model, the
KK excitations of the W bosons must lie below 1TeV for unitarity, corresponding to
Air < 0.5TeV. This is only consistent with precision electroweak constraints if all SM
fermions, with the exception of the right-handed top quark, have approximately flat profiles
in the extra dimension, ¢; &~ 1/2 [20]. Since lower KK masses generally require more finely-
tuned fermion profiles, we will adapt the value Ajg = 0.5TeV for this model. As we
already remarked in the Introduction, the description of physics in the RS model as strings
propagating on a smooth geometric background formally requires m/k > 1; however, as
in many examples in various areas of physics, m/k ~ a few may in fact be sufficient,
depending on the behavior of the leading corrections to the geometric limit, as well as on
desired accuracy. Precise determination of the domain of validity of geometric description
is beyond the scope of this paper. The lower the allowed value of m/k, the lighter the
tensor Reggeon can be; for example, assuming that m/k > 3 is acceptable, we find that
the lowest tensor Reggeon mass is about 5Ag (see figure 1), corresponding to 2.5 TeV in
the Higgsless model and above 5TeV in the model with the Higgs.

The second crucial quantity for experimental searches for the tensor Reggeon is its
production cross section. For the lightest Reggeon, parton-level cross sections are given by

2 503\ ?
e <gz‘ M ) 5(3 — M?): (5.1a)

6(qiqi — 9°) = =
gsMS

5wl [ gOM
6 gsMS

2

6(99 — g") = ) 5(8 — M?), (5.1b)
where M = p° is the Reggeon mass, and ¢; are Weyl (2-component) SM quarks. (Note
that in the model with the Higgs, Regge gluon couplings to light quarks violate parity due
to different 5D profiles of left-handed and right-handed SM quarks.) The total production
cross section at the LHC (y/s = 14 TeV), evaluated using the MSTW NLO parton distri-
bution function set [21], is shown as a function of the Reggeon mass in figure 3. In this
plot, we have assumed m = M} (as is in fact required for our Lagrangian to reproduce
the Veneziano amplitudes in the flat-space limit). We further assumed Ajg = 1TeV in the
model with the Higgs, Ajg = 500 GeV in the Higgsless model, and k/Ajr = 10% in both
models. The range of Reggeon masses plotted in figure 3 corresponds to m/k 2 1; we
remind the reader that the results for small m/k should be interpreted with caution since
our framework may not be applicable.

We conclude that a significant sample (possibly thousands or even tens of thousands)
of tensor Regge gluons could be produced at the LHC, for favorable model parameters.
The Reggeon production cross sections is similar to that of a KK gluon [22] in the 2 —
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Figure 3. Production cross section of the lowest-lying tensor Regge gluon at the LHC, /s =
14 TeV. Red/solid line: Higgsless model. Blue/dashed line: Model with a Higgs. (See text for
detailed definition of the two models.)

3TeV range, but decreases faster with mass. Maximum production cross sections are of
order a few pb in the Higgsless model, and 10fb in the model with the Higgs. Note,
however, that the lower cross section in the model with the Higgs is just due to the higher
value of Aig assumed for that model. While this value is suggested as a lower bound by
precision electroweak constraints, it could in principle be lowered at a price of fine-tuning,
in which case lower Reggeon mass, and higher production cross section, would be possible.
For the same value of the Reggeon mass, the model with the Higgs in fact predicts a
somewhat higher production cross section than the Higgsless model, primarily due to a
lower value of Msg.

Finally, the experimental signatures of the Reggeon production depend on its decay
pattern. The partial widths are®

~(0) 7\ 2
* _ as M 9; M
Plg" = adi) = =5 <—g MS> ; (5.2a)
2
N asM [ gOM
(" — g9) = 5 <g ) (5.2b)

where, as before, ¢; are two-component quarks. The total width of the Reggeon into
SM channels is shown in figure 4. Among the SM channels, decays to top-antitop pairs
dominate in both models under consideration: the branching ratio into tops (assuming
that only SM decay channels are open) is about 95% throughout the interesting mass

In the flat space limit, our formulas agree with the corresponding results of ref. [23]. We are grateful

to Tomasz Taylor for pointing out a factor of 2 error in the gluon partial width in the original version of
this paper.
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Figure 4. Decay width of the lowest-lying Reggeon as a function of its mass. Red/solid line:
Higgsless model. Blue/dashed line: Model with a Higgs. (See text for detailed definition of the two
models.)

range. Right-handed tops are preferred. Since the Reggeon mass is expected to be in
the few TeV range, the tops would be highly boosted in the lab frame, so that the top
decay products are strongly collimated into“top jets”. Experimental and theoretical issues
related to distinguishing such jets from light quark/gluon jets have been analyzed recently
in a number of papers, in the context of KK gluon searches [24]. The proposed techniques
would apply to Regge gluon searches as well. Since the Reggeon momentum can be fully
reconstructed in events with hadronic top decays, such events could in principle be used to
determine the angular distribution of the tops with respect to the beam axis, which would
in turn allow one to determine the spin of the Reggeon and unambiguously distinguish it
from a KK gluon.

In addition to the SM decays, the Reggeon may decay to other exotic states. For
example, if the Reggeon mass is large enough, it can decay into pairs of Kaluza-Klein
excitations of the SM quarks and gluons, which would in turn decay down to SM particles.
We will not attempt to analyze such cascade decays in this paper.

6 Conclusions

In this paper, we constructed a field-theoretic toy model to describe the lowest-lying Regge
excitations of the SM gauge bosons, in a framework of the Randall-Sundrum model with
all SM fields propagating in the bulk. We focused on the 4D tensor (spin-2) states, which
would provide a clear signature of the underlying stringy physics if discovered. Our toy
model allows us to predict the spectrum of these states (as a function of the underlying
model parameters, including the fundamental string scale M), and their on-shell couplings
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to Standard Model fermions and gauge bosons. This is sufficient to make predictions for
the processes that would dominate the Reggeon phenomenology at the LHC.

If the curvature of the RS space is taken to zero, our model by construction reproduces
the spectrum and couplings of the Reggeons in the toy model of CPP [3]. The CPP results
were derived by factorizing Veneziano amplitudes of string theory on s-channel poles. While
the embedding of the SM into string theory in the CPP model was hardly fully realistic,
the Veneziano amplitudes, and the on-shell Reggeon couplings derived from them, are very
generic and do not depend on many of the details of realistic string compactifications.
On the other hand, one should keep in mind that the Reggeon couplings in curved space
may contain additional operators which vanish in the flat-space limit. A drawback of our
approach is that it has no sensitivity to such operators, and while we do not expect their
presence to result in qualitative changes to the picture obtained in our model, order-one
numerical corrections seem possible. To properly handle this issue, one would need to
properly quantize full string theory on the RS background, study four-particle scattering
amplitudes, and factorize them to obtain Reggeon interaction vertices.

Our model can be extended in a number of ways. First, 4D vector and scalar excitations
of the SM vector bosons, as well as Regge excitations of the SM fermions, can be included.
Second, higher Regge levels can in principle be considered, although it seems very unlikely
that those could be within the LHC range. The contributions of the Reggeons to precision
electroweak and flavor observables can be computed within our model, and may lead to
additional constraints on models of this type. We leave all these issues for future work.
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