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Abstract. We analyze the effective actions of anomalous models in which a four-dimensional version of the
Green—Schwarz mechanism is invoked for the cancellation of the anomalies, and we compare it with those
models in which gauge invariance is restored by the presence of a Wess—Zumino term. Some issues concern-
ing an apparent violation of unitarity of the mechanism, which requires Dolgov—Zakharov poles, are carefully
examined, using a class of amplitudes studied in the past by Bouchiat—Iliopoulos—Meyer (BIM), and elab-
orating on previous studies. In the Wess—Zumino case we determine explicitly the unitarity bound using
a realistic model of intersecting branes (the Madrid model) by studying the corresponding BIM amplitudes.
This is shown to depend significantly on the Stiickelberg mass and on the coupling of the extra anomalous
gauge bosons and allows one to identify standard-model-like regions (which are anomaly-free) from regions
where the growth of certain amplitudes is dominated by the anomaly, separated by an inflection point, which
could be studied at the LHC. The bound can even be around 5-10 TeV for a Z’ mass around 1 TeV and varies
sensitively with the anomalous coupling. The results for the WZ case are quite general and apply to all the
models in which an axion-like interaction is introduced as a generalization of the Peccei-Quinn mechanism,

with a gauged axion.

1 Introduction

The cancellation of gauge anomalies in the standard model
(SM) is a landmark of modern particle theory that has
contributed to shape our knowledge on the fermion spec-
trum, its chiral charges and couplings. Other mechanisms
of cancellation, based on the introduction of both local and
non-local counterterms, have also received a lot of atten-
tion in the last two decades, from the introduction of the
Wess—Zumino term in gauge theories [1] (which is local)
to the Green—Schwarz mechanism of string theory [2,3]
(which is non-local). The field theory realization of this
second mechanism is rather puzzling also on phenomeno-
logical grounds since it requires, in four dimensions, the
non-local exchange of a pseudoscalar to restore gauge in-
variance in the anomalous vertices. In higher dimensions,
for instance in 10 dimensions, the violation of the Ward
identities due to the hexagon diagram is canceled by the
exchange of a 2-form [2-4]. In this work we are going to
analyze the similarities between the two approaches and
emphasize the differences as well. We will try, along the
way, to point out those unclear aspects of the field theory
realization of this mechanism — in the absence of super-
symmetry and gravitational interactions — which, appar-
ently, suffers from the presence of an analytic structure
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in the energy plane that is in apparent disagreement with
unitarity. Moving to the WZ case, here we show that the
restoration of gauge invariance in the corresponding one-
loop effective Lagrangian via a local axion counterterm is
not able to guarantee unitarity beyond a certain scale, al-
though this deficiency is expected [5, 6], given the local
nature of the counterterm. In the GS case, the restora-
tion of the Ward identities suffers from the presence of
unphysical massless poles in the trilinear gauge vertices
that, as we are going to show, are similar to those present
in a non-local version of axial electrodynamics, which has
been studied extensively in the past [7] with negative con-
clusions concerning its unitarity properties. In particular,
in the case of scalar potentials that include Higgs—axion
mixing, the phenomenological interpretation of the GS
mechanism remains problematic in the field theoretical
construction.

We comment on the relation between the two mech-
anisms, when the axion is integrated out of the par-
tition function of the anomalous theory, and on other
issues of the gauge dependence of the perturbative ex-
pansions, which emerge in the different formulations.
In the second part of this work we apply our analy-
sis to a realistic model characterizing numerically the
bounds in effective actions of WZ type and discuss the
possibility to constrain brane and axion-like models at
the LHC.
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1.1 WZ and GS counterterms

Anomalous abelian models are variations of the standard
model in which the gauge structure of this is enlarged by
one or more abelian factors. The corresponding anoma-
lies are canceled by the introduction of a pseudoscalar, an
axion (b), that couples to 4-forms Fy A Fy (via b/MFy A
Fy, the Wess—Zumino term) of the gauge fields (I, J) that
appear both in ordinary (I = J) and mixed (I # J) anoma-
lies. M is a scale that is apparently unrelated to the rest
of the theory and simply describes the range in which the
anomalous model can be used as a good approximation to
the underlying complete theory. The latter can be resolved
at an energy E > M, by using either a renormalizable La-
grangian with an anomaly-free chiral fermion spectrum
or a string theory. The motivations for introducing such
models are several, ranging from the study of the flavor
sector, where several attempts have been performed in the
last decade to reproduce the neutrino mixing matrix using
theories of this type, to effective string models, in which
the extra U(1) abound. We also recall that in effective
string models and in models characterized by extra dimen-
sions the axion (b) appears together with mixing to the
anomalous gauge boson (0bB), which is, by coincidence,
natural in a (Higgs) theory in a broken phase. In a way,
theories of this type have several completions at higher
energy [6].

Coming to the specific models that we analyze, these
are complete MLSOM-like [8-12] models with three
anomalous U(1) [13, 14], while most of the unitarity issues
are easier to address in simple models with two U(1) [15].
In our phenomenological analysis, which concerns only
effective actions of WZ type, we will choose the charge as-
signments and the construction of [16, 17], but we will work
in the region of parameter space where only the lowest
Stiickelberg mass eigenvalue is taken into account, while
the remaining two extra Z’ decouple. This configuration
is not the most general but is enough to clarify the key
physical properties of these models.

2 Anomaly cancellation and gauge
dependences: the GS and the WZ
mechanisms in field theory

In this section we start our discussion of the unitarity prop-
erties of the GS and WZ mechanisms, illustrating the crit-
ical issues. We illustrate a pure diagrammatic construction
of the WZ effective action using a set of basic local coun-
terterms and show how a certain class of amplitudes have
an anomalous behavior that grows beyond their unitarity
limit at high energy. The arguments being rather subtle, we
have decided to illustrate the construction of the effective
action for both mechanisms in parallel. A re-arrangement
of the same basic counterterms of the WZ case generates
the GS effective action, which, however, is non-local. The
two mechanisms are different even if they share a common
origin. In a following section we will integrate out the axion
of the WZ formulation to generate a non-local form of the
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same mechanism that resembles more closely the GS coun-
terterm. The two differ by a set of extra non-local interac-
tions in their respective effective actions. One could go the
other way and formulate the GS mechanism in a local form
using (two or more) extra auxiliary fields. These points are
relevant in order to understand the connection between the
two ways to cancel the anomaly.

2.1 The Lagrangian

Specifically, the toy model that we consider has a single
fermion with a vector-like interaction with the gauge field
A and a purely axial-vector interaction with B. The La-
grangian is given by

1 1 1
E() - _ZFE‘ — ZF% + 5(8ub+M1 B#)2
+1piy* (0, +ieA, +igpy° B )Y, (1)

where, for simplicity, we have taken all the charges to
be unitary, and we have allowed for a Stiickelberg term
for B, with M, being the Stiickelberg mass.> A is mass-
less and takes the role of a photon. The Lagrangian has
a Stiickelberg-like symmetry with b — b — M;6p under
a gauge transformation of By, 0B, = 0,0p. The axion is
a singlet under gauge transformations of A. We call this
simplified theory the “A-B” model. We are allowed not to
perform any gauge fixing on B and keep the coupling of
the longitudinal component of B to the axion, 0Bb, as an
interaction vertex. If we remove A, we call the simplified
model the “B model”. We will be interchanging between
these two models for illustrative purposes and to underline
the essential features of theories of this type.

In the A-B model, the U(1)4 gauge freedom can be
gauge-fixed in a generic Lorenz gauge, with polarization
vectors that carry a dependence on the gauge parameter
&4, but A being non-anomalous we will assume trivially
the validity of the Ward identities on vector-like currents.
This will erase any dependence on &4 both of the polar-
ization vectors of A and of the propagators of the same
gauge boson. At the same time Chern—Simons (CS) inter-
actions such as AB A Fg or AB A F4, which are present if
we define triangle diagrams with a symmetric distribution
of the partial anomalies of each vertex both in the AVV
(axial-vector/vector/vector) and AAA cases [14,15], can
be absorbed by a re-distribution of the anomaly. For in-
stance, if we assume vector Ward identities on the A cur-
rent and move the whole anomaly to the axial-vector cur-
rents, then the CS terms can be omitted. The anomalous
corrections in the one-loop effective action are due to tri-
angle diagrams of the form BAA (AVV, with conserved

1 Even if (1) is not the most general invariant Lagrangian
under the gauge group U(1) 4 X U(1) g, our considerations are
the same. In fact, since b shifts only under a gauge variation of
the anomalous U(1) gauge field B (and not under A), the gauge
invariance of the effective action under a gauge transformation
of the gauge field A requires that there are no terms of the type
bFANFp.
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A (a) B (b)

vector currents) and BBB (A AA with a symmetric distri-
bution of the anomalies) which require two WZ countert-
erms, given in Swyz below, for anomaly cancellation. Since
the analysis of anomalous gauge theories containing WZ
terms has been the subject of various analyses with radi-
cally different conclusions regarding the issue of unitarity
of these theories, we refer to the original literature for more
details [7,18-21]. Our goal here is to simply stress the rele-
vance of these previous analyses in order to understand the
difference between the WZ and GS cancellation mechanism
and clarify that Higgs—axion mixing does not find a suit-
able description within the standard formulation of the GS
mechanism.

3 Local and non-local formulations

The GS mechanism is closely related to the WZ mech-
anism [1]. The latter, in this case, consists in restoring
gauge invariance of an anomalous theory by introducing
a shifting pseudoscalar, an axion, that couples to the diver-
gence of an anomalous current. It can be formulated start-
ing from a massive abelian theory and performing a field-
enlarging transformation [15] so as to generate a complete
gauge invariant model in which the usual abelian sym-
metry is accompanied by a shifting axion. The original
Lagrangian of the massive gauge theory is interpreted as
the gauge-fixed case of the field-enlarged Lagrangian. The
gauge variation of the anomalous effective action is com-
pensated by the WZ term, so as to have a gauge invariant
formulation of the model. We will show next that a theory
built in this way has a unitarity bound that we will be able
to quantify. The appearance of the axion in these theories
seems to be an artifact, since the presence of a symmetry
allows one to set the axion to vanish, choosing a unitary
gauge. In brane models, in the presence of a suitable scalar
potential, the axion ceases to be a gauge artifact and can-
not be gauged away, as shown in [8,9]. This point is rather
important, since it shows that the GS counterterm is un-
able to describe Higgs—axion mixing, which takes place
when the Peccei-Quinn [22, 23] symmetry of the scalar po-
tential is broken. The reason is quite obvious: the GS vir-
tual axion is a massless exchange whose presence is just
to guarantee the decoupling of the longitudinal compon-
ent of the gauge boson from the anomaly and that does not
describe a physical state. But before coming to a careful
analysis of this point, let us discuss the counterterms of the

Lagrangian.
In the A-B model the WZ counterterms are
Caa CgeaB
= —"bFsNF bFg N F, 2
Lwz T ,4-1-2”\41 BAFp, (2)
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Fig. 1. One-loop vertices and counterterms in
the R gauge for the A-B model for the WZ

B
(d) case

which are fixed by the condition of gauge invariance of
the Lagrangian. The best way to proceed in the analysis
of this theory is to work in the R¢ gauge in order to re-
move the B—b mixing [15]. Alternatively, we are entitled
to keep the mixing and perform a perturbative expansion
of the model using the Proca propagator for the massive
gauge boson, and treat the b0B term as a bilinear vertex.
This second approach can be the source of some confusion,
since one could be misled and identify the perturbative ex-
pansion obtained by using the WZ theory with that of the
GS mechanism, which involves, at a field theory level, only
a re-definition of the trilinear fermionic vertex with a pole-
like counterterm. In the WZ effective action, treated with
the b—B mixing (and not in the R¢ gauge), similar coun-
terterms appear.

We show in Fig. 1 the vertices of the effective action in
the R¢ gauge approach, and we combine them to describe
the process AA — AA, as shown in Fig. 2. Graph a of Fig. 2
is a typical BIM amplitude [24], first studied in 1972 by
Bouchiat, Iliopoulos and Meyer to analyze the gauge inde-
pendence of anomaly-mediated processes in the standard
model. The gauge independence of this process is a neces-
sary condition in a gauge theory in order to have a consistent
S-matrix free of spurious singularities [15] but is not suffi-
cient to guarantee the absence of a unitarity bound. Typic-
ally, gauge cancellations help to identify the correct power
counting (in 1/M; and in the coupling constants) of the the-
ory and are essential to establish the overall correctness of
the perturbative computations using the vertices of the ef-
fective action. In our example, this can be established as
follows: diagram b of Fig. 2 cancels the gauge dependence of
diagram a but leaves an overall remnant, which is the contri-
bution of diagram a computed in the unitary gauge (£ — o)
in which the propagator takes the Proca form:

AN _ i AN kAkAl
P (k) - k2 — M12 (g M12 . (3)

Due to this cancellation, the total contribution of the two
diagrams is

AN (e, py, p2) DY AN (B, ey Ka) (4)

A A A A
B b
Bl
A (a) A A (b) A
Fig. 2. A typical Bouchiat—Iliopoulos—Meyer amplitude and

the axion counterterm to restore gauge invariance in the R
gauge in the WZ effective action
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where A4 is given by the Dolgov—Zakharov parameteriza-
tion

AA(k7p17p2) :AG(S)(kl —|—]{:2)>\€[k1,k2,1/7ﬂ] ) (5)

where the coefficient Ag(s) in the massless case is Ag(s) =
1/2(n%s).

We call Ap the triangle with a symmetric distribution
of the anomaly (a,/3 for each vertex), which is obtained
from A4 by the addition of suitable CS terms [13, 14]. The
bad behavior of this amplitude at high energy is then triv-
ially given by?

Lo Bk vy
WAAN WAAM (K, k1, k2)
1 a?

= W}{:Q_iane[M»V7P17P2]6[M/»V/,k1»k2] ,  (6)
with a, =i/(27?). Squaring the amplitude, the corres-
ponding cross section grows linearly with s = k2, which sig-
nals the breaking of unitarity, as expected in Proca theory,
if the corresponding Ward identities are violated. A similar
result holds for the BBB case. In the alternative formu-
lation, in which the b—B term is treated as a vertex, the
perturbative expansion is formulated diagrammatically as
in Fig. 3. Though the expansion is less transparent in this
case, it is still expected to reproduce the results of the
R, gauge and of the unitary gauge. Notice that the ex-
pansion seems to generate the specific GS counterterms
(Fig. 3b) that limits the interaction of the gauge field with
the anomaly to its transverse component, together with
some extra graphs, which are clearly not absorbed by a re-
definition of the gauge vertex.

3.1 Integrating out the Stiickelberg in the WZ case

We can make a forward step and try to integrate out
the axion from the partition function and obtain the non-
local version of the WZ effective action. Notice that this is
straightforward only in the case in which Higgs—axion mix-
ing is absent. The partition function in this case is given
by

Z- / DyYDYDADBDbexp(i(L(1,§, A, B,b))), (7)

where () denote integration over z and

L=Lo+ Lwz, (8)

2 We will use the coincise notation €[\, p, k,v] = ekaﬁ”pakg
and so on.
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Fig. 3. Perturbative
expansion of the AA —
AA amplitude in the
presence of B—b mixing

A A B B A
b b B b
RS
A (a) A B (b) B (c) A
B
W,_i }+i A~ > = AW
(d) B B (e) A (f)

Fig. 4. The structure of the WZ effective action having inte-
grated out the axion

with £y and Lywz givenin (1) and (2), respectively. Indicat-
ing with £ the b sector of £, a partial integration on the
axion gives®

1
Ly =—5bb+bJ, (9)

where

RA KB
=MOB—- —FsANF4——FgAF 1
J 0 A ANAT rEB AR, (10)

and performing the path integration over b we obtain

/Dbexp(i<c>) = det (0 — M2) "2 exp (%JDU) :
(11)

where
(O wz = { ( M10B — A s Ny — BB Fp A Py
M My

%O ! <M18B— %FA AFy— %FB /\FB>> . (12)

The additional contributions to the effective action are
now non-local and are represented by the set of diagrams
in Fig. 4. Among these diagrams there are two GS coun-
terterms (diagrams ¢ and d), but there are also other
contributions. To generate only the GS counterterms one
needs an additional pseudoscalar called a in order to en-
force the cancellation of the extra terms. There are various
ways of doing this [18—-20,25]. In [25] the non-local coun-
terterm OBO "' F A F of axial QED, which corresponds to
the diagrams b and c of Fig. 5, is obtained by perform-

3 We have re-defined the coefficients in front of the counter-
terms absorbing the multiplicity factors.
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a, b a b
-- + ’\/\/\/—+— AVAVAVERE
(a)

ing the functional integral over a and b of the following
action [25]:

e3
4872 M,
5(8ua - MIBM) .

=Yg +ePBys)¢—

1
+ 5(8ub—MlBM)2 —

FB+ FgNFp(a+b)

(13)

The integral on a and b are Gaussians and their contribu-
tions to the effective action, after integrating them out, are
shown in Fig. 5. Notice that b has a positive kinetic term
and a is ghost-like. The role of the two pseudoscalars is
to cancel the contributions in Fig. 5a and d, leaving only
the contribution given by graphs b and ¢, which has the
pole structure typical of the GS non-local counterterm.
Due to these cancellations, the effective action now reduces
to

(0B(x)0~ (z —y)F(y) AN F(y))

(14)
besides the anomaly vertex and is represented by interac-
tions of the form b and c of Fig. 5. This shows that the
WZ and the GS effective actions organize the perturbative
expansions in a rather different way. It is also quite imme-
diate that the cleanest way to analyze the expansion is to
use the R, gauge, as we have already stressed. It is then
also quite clear that in the WZ case we require the gauge
invariance of the Lagrangian but not of the trilinear gauge
interactions, while in the GS case, which is realized via (13)
or, analogously, by the Lagrangians proposed in [18-20],
it is the trilinear vertex that is rendered gauge invariant
(together with the Lagrangian). The presence of a ghost-
like particle in the GS case renders the local description
quite unappealing and for sure the best way to define the
mechanism is just by adding the non-local counterterms.
In the WZ case the local description is quite satisfactory
and allows one to treat the bF'F interaction as a real trilin-
ear vertex, which takes an important role in the presence
of a broken phase. The GS counterterms are, in practice,
the same ones as appearing in the analysis of axial QED
with a non-local counterterm, as we are going to discuss
next.

+ ’\/\/\/—

(a) (b)
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a b

AVAVAV I e AVAVAV)
Fig. 5. Effective action with

two pseudoscalars, one of

(d) them ghostlike, a

3.2 Non-local counterterms: axial QED

The use of non-local counterterms to cancel the anomaly is
for sure a debated issue in quantum field theory since most
of the results concerning the BRS analysis of these theories
may not apply [19, 20]. In the GS case we may ignore all the
previous constructions and just require ab initio that the
anomalous vertices are modified by the addition of a non-
local counterterm that cancels the anomaly on the axial
lines.

Consider, for instance, the case of the BBB vertex of
Fig. 6, where the regularization of the anomalies has been
obtained by adding the three GS counterterms in a sym-
metric way [26]. In the BAA case only a single counterterm
is needed, but for the rest the discussion is quite similar
to the BBB case, with just a few differences. These con-
cern the distribution of the partial anomalies on the A and
B lines in the case in which also BAA is treated symmet-
rically (equal partial anomalies). In this particular case
we need to compensate the vertex with CS interactions,
which are not, anyhow, observable if the A lines corres-
pond to conserved gauge currents such as in QED. In this
situation the Ward identities would force the CS countert-
erms to vanish. We will stick to the consistent definition
of the anomaly in which only B carries the total anomaly
a, and A is anomaly-free. The counterterm used in the GS
mechanism both for BAA and BBB is nothing else but
the opposite of the Dolgov—Zakharov (DZ) expression [27],
which in the BAA case takes the form

O (b, b ko) = 5 el vk kel (15)
In the BB B case a similar expression is obtained by creat-
ing a Bose symmetric combination of DZ poles,

O (e Koy Ba) = — (g ﬁk €lp, v, by, ko]

1an

la
3 Tk ey, A ke k] 5 2 kY€, K, kl]). (16)

We have denoted by k the incoming momenta of the axial-
vector vertex and by k; and k2 the outgoing momenta of
the vector vertices. We keep this notation also in the AAA

" RN Fig. 6. The GS vertex with
VZ/L the non-local contributions
for the BBB diagram sym-
(c) (d) metrized on each leg
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case, since k will denote the momentum exchange in the
s-channel when we glue together these amplitudes to ob-
tain an amplitude of BIM type; this we will analyze in the
next sections. These expressions are consistent with the
following equations of the anomaly for the BAA triangle:

k1 Ok (K, ke, ko) =0,
ko, OA (K, Ky, ko) =0,

exON (K Ky ko) = —anelu, v,k ko], (17)
and for the BBB anomalous triangle
B AR (kb k) = = el vk o],
iy CAR (e, by, o) = —%"e[x,u, k, k],
kACX’XA(k, ki, ko) = —%ne[u, v, k1, kol . (18)

So we can define a gauge invariant triangle amplitude,
in both the BBB and BAA cases, by

AXXIAGS(kv ki, ko) = AXX/A(ky ki, ko) + Ci%x(k, ki,k2),

AZ%VVGSU% ki, ko) = A/A\%Vv(ka ki, ko) + Cg{%(ka ki, kz()l-g)

Notice that the (fermionic) triangle diagrams, in the sym-
metric limit k7 = k3 = k2, is exactly the opposite of the DZ
counterterms, as we will discuss in the next section,

Aavv (kf =k3 =k*) = —Cavv,

Aaan (ki = k3 =k*) = —Cann (20)
so the cancellation is identical at that point (only at that
point), and the two vertices AS vanish. It is rather ob-
vious that the cancellations of these poles in BIM ampli-
tudes, corrected by the GS counterterms, is identical only
for on-shell external gauge lines. It is also quite straight-
forward to realize that the massless B-model with the GS
vertex correction is equivalent to axial QED corrected by
a non-local term [7] that is described by the Lagrangian

_ 1
L‘5QED=¢(1§3+€B’Y5)1/J—ZF§ (21)
p/ p’l
- k, k/ __,>_ I
/4 e\ —
— - (a)

p

2
E’*—/\/\/\/—’ + 2
(b)
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Fig. 7. BIM-type amplitude with full GS vertices. For on-shell
external lines the contributions from the extra poles disappear

Fig. 8. Embedding of the BIM amplitude with GS vertices in
a fermion/antifermion scattering

plus the counterterm

1

Sct == m(&

B(@)O '(x—y)Fy)AF(y).  (22)

This theory is equivalent to the (local) formulation given
in (13) and in [19,20], where the transversality con-
straint (0B = 0) is directly imposed on the Lagrangian via
a multiplier.

Unitarity requires these DZ poles in the C counterterms
to disappear from a physical amplitude. To show that this
is not the case, in general, consider the diagrams depicted
in Figs. 7 and 8. The structure of the GS vertex is, for
BBB, given by (19) with the three massless poles gener-
ated by the exchange of the pseudoscalar on the three legs,
as shown in Fig. 6. For on-shell external lines, in this dia-
gram the contributions from the extra poles cancel due to
the transversality condition satisfied by the polarizators of
the gauge bosons. However, once these amplitudes are em-
bedded into more general amplitudes such as those shown
in Fig. 9, the different virtualities of the momenta of the
anomaly diagrams do not permit, in general, cancellation
of the DZ extra poles introduced by the counterterm.

We can summarize the issues that we have raised in the
following points.

Fig. 9. The structure of the fermionic
scattering amplitudes with spurious
massless poles (b, c)
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1) The GS and the WZ mechanism have different formula-
tions in terms of auxiliary fields.

2) Previous analyses of axial gauge theories, though dis-
tinct in their Lagrangian formulation, are all equivalent
to axial QED plus a non-local counterterm. The regu-
larization of the gauge interactions, in these theories,
coincides with that obtained by using the GS countert-
erm on the gauge vertex. In particular, the massless
poles introduced by the regularization are not under-
stood in the context of perturbative unitarity.

A special comment is needed when we move to the an-
alysis of Higgs—axion mixing. This has been shown to take
place after electroweak symmetry breaking for a special
class of potentials, which are not supersymmetric. The ax-
ion, which in the Stiickelberg phase is essentially a Gold-
stone mode, develops a physical component and this com-
ponent appears as a physical pole. It is then clear, from
the analysis presented above, that the regularization pro-
cedure introduced by the GS counterterm involves a vir-
tual massless state and not a physical pole. This is at
variance with the WZ mechanism, in which the bF'F' ver-
tex is introduced from the beginning as a vertex and not
just as a virtual state. In this second case, b can be de-
composed in terms of a Goldstone mode and a physical
pseudoscalar, called in [8,9] the azi-Higgs, which takes the
role of a gauged Peccei-Quinn axion [8,9]. This is enti-
tled to appear as a physical state (and a physical pole,
massless or massive) in the spectrum. The re-formulation
of the GS counterterm in terms of a pseudoscalar comes
also at a cost, due to the presence of a ghost (phantom)
particle in the spectrum, which is absent in the WZ case.
There are some advantages though, since the theory has,
apparently, a nice ultraviolet behavior, given the gauge in-
variance condition on the vertex. The presence of these
spurious poles requires further investigations to see how
they are really embedded into higher order diagrams and
we hope to return to this point in the near future in a re-
lated work. There is another observation on this issue that
is worth to mention: the anomaly is also responsible for
a UV/IR conspiracy, which is puzzling on several grounds.
For instance, the linear divergent terms A; and As in the
Rosenberg representation [28] of the anomaly diagram are
closely related to the infrared anomaly poles in the am-
plitudes A3 and Ag in the chiral limit, due to the Ward
identity [29].*

In the next section we will move to the analysis of the
unitarity bound in the WZ case. As we have shown, in this
case it is possible to characterize it explicitly. We will work
in a specific model, but the implications of our analysis
are general and may be used to constrain significantly en-
tire classes of models containing WZ interactions at the
LHC. Before coming to the specific phenomenological ap-
plications we elaborate on the set of amplitudes that are
instrumental in order to spot the bad high energy behav-
ior of the chiral anomaly in s-channel processes: the BIM
amplitudes.

4 We thank A.R. White for clarifying this point to us and for
describing his forthcoming work on this issue.
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4 BIM amplitudes, unitarity and the
resonance pole

The uncontrolled growth of the cross section in the WZ
case has to do with a certain class of amplitudes that have
two anomalous (AVV or AAA) vertices connected by an
s-channel exchange as in Fig. 3a. We are interested in the
expressions of these amplitudes in the chiral limit, when
all the fermions are massless. Processes such as AA — AA,
mediated by an anomalous gauge boson B, with on-shell
external A lines and massless fermions, can be expressed in
a simplified form, which is, also in this case, the DZ form.
We therefore set k7 = k2 = 0 and my = 0, which are the cor-
rect kinematical conditions to obtain DZ poles. We briefly
elaborate on this point.

We start from the Rosenberg form of the AVV ampli-
tude, which is given by

TN = Ayelky, A, p, V] + Agelka, A, 1, v]

+ AgkiLE[kﬁl, ko, v, )\] + A4k§€[kﬁ1, ko, v, )\]
+ A5k11/‘€[k17 k?v Ky )‘] + A6k55[1f1» k27 Ky )‘] ’

(23)
and imposing the Ward identities we obtain
A= k§A4 + k1 -koAs s
Ay =k A5+ k- koA,
Az(ki, ko) = —Ag(k1, k2)
Ay(ki, ko) = —As(k1, ka) (24)

where the invariant amplitudes As,..., Ag are free from
singularities. In this specific kinematical limit we can use
the following relations to simplify our amplitude:

elka, N\, p,v] = %(kzé\s[kl, ko, v, u] + kyelky, ko, i, Al

+ kbelky, ko, v, N])

—%(kzi\e[kzl,kz,y, pl + kYelk, ko, gy Al

+ kielky, k2, v, N]) (25)

E[khAmuﬂ/] =

where k% = (k1 + k2)? = s is the center of mass energy.
These combinations allow us to re-write the expression of
the trilinear amplitude as

T = Agk™elky, ko, v, i
+ (A4 +A6)(l€56[k1, ko, 1, /\] - kfé‘[kl, ko, v, )\]) .
(26)

It is not difficult to see that the second piece drops off for
physical external on-shell A lines, and we see that only one
invariant amplitude contributes to the result:
T = Af(s) (ks + ko) elky kavpr] . (27)
There are some observations to be made concerning this re-

sult. Notice that Ag multiplies a longitudinal momentum
exchange and, as discussed in the literature on the chiral
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anomaly in QCD [27, 30, 31], brings about a massless pole
in s. We just recall that Ag satisfies an unsubtracted dis-

persion relation in s at a fixed invariant mass of the two
photons (k% = k3 = p?),

ImA6 tp)

Ag( 2
(s,p%) 7r2/ dt———— (28)
and a sum rule
/Oo Tm Ag(t, p?)dt = (29)
f 6\, P - 2’/T’

3

while for on-shell external photons one can use the DZ
relation [27]:

Tm Ag (K2, 0) = %5(1@2), (30)

to show that the only pole of the amplitude is actually at

s =k? =0. It can be simplified using the identity
1
Lig(1—a)+Lig(1—a™!) = —§log2(a), (31)
with
pr+1 m;
BT =y 1-aL, (32)
Pf 1 S
to give [31]
1 m? pr+1
Al(s) = 1- Ll E 12
(=g (1- o 250) . @)

We can use this amplitude to discuss both the breaking of
unitarity and the cancellation of the resonance pole in this
simple model. The first point has already been addressed
in the previous section, where the computation of the dia-
grams in Fig. 2 has shown that only a BIM amplitude sur-
vives in the WZ case in the scattering process AA — AA.
If the sum of those two diagrams gives a gauge invariant
result, with the exchange of the Z’ described by a Proca
propagator, there is a third contribution that should be
added to this amplitude. This comes from the exchange of
the physical axion x. We recall, in fact, that in the presence
of Higgs—axion mixing, when b is the sum of a Goldstone
mode and a physical axion , each anomalous Z’ is accom-
panied by the exchange of the x [8,9]. This is generated
in the presence of electroweak symmetry breaking, having
expanded the Higgs scalar ¢ around a vacuum v

1 .
0=t oitiss), (34)

with the axion b expressed as linear combination of the ro-
tated fields xp and Gp:

v M
489B B+—1GB-

M s (35)

b=a1xp+a:Gp =
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We also recall that the gauge fields B, get their masses Mp
through the combined Higgs—Stiickelberg mechanism,

Mg = M12—|—(quB’U)2. (36)
In the phenomenological analysis presented in the next
sections the contribution due to x has been included.
Therefore, in the WZ case, the total contributions com-
ing from the several BIM amplitudes related to the addi-
tional anomalous neutral currents should be accompanied
not only by the set of Goldstone bosons, to restore gauge
invariance, but also by the exchange of the axi-Higgs.

The cancellation of the resonance pole for s = Mp is
an important characteristic of BIM amplitudes, which does
not occur in any other (anomaly-free) amplitude. This
cancellation is the result of some amusingly trivial alge-
bra, which we reproduce just for the sake of clarity. Given
a BIM amplitude and Proca exchange, we have

— On —i w REY
Apmm = kgk elp, v, kl,kﬂ Y <9 Y
k2( kk) (W V' K K]
an —i KN (ME-K?)
= ﬁf[ﬂ,l/, k17k2] kg_M]? M12
X T (N el K B
an —ik2\ a,,
= EE[/J, v, kl, kQ] <W> FE[H/’ y/7 kll, ké]
_ an
This result implies that the amplitude is described — in the

chiral limit and for massless external states — by a diagram
with the exchange of a pseudoscalar (see Fig. 2b) and that
the resonance pole has disappeared. It is clear, from (37),
that these amplitudes break unitarity and give a contribu-
tion to the cross section that grows quadratically in energy
(~ ). Therefore, searching for BIM amplitudes at the LHC
can be a way to uncover the anomalous behavior of extra
neutral (or charged) gauge interactions. There is one thing
that might tame this growth, and this is the exchange of
the physical axion. We will show, working in a complete
brane model, that the exchange of the x does lower the
cross section, but insignificantly, independently from the
mass of the axion.

5 A realistic model with WZ counterterms

Having clarified the relation between the WZ and GS
mechanisms using our simple toy-model, we move towards
the analysis of the issue of unitarity violation in the WZ
Lagrangian at high energy. Details on the structure of the
effective action of the complete model that we are going
to analyze can be found in [13]. We just mention that this
is characterized by a gauge structure of the form SU(3) x
SU(2) x U(1) x U(1) g, where the U(1) g is anomalous. We



C. Coriano et al.: Unitarity bounds for gauged axionic interactions and the Green—Schwarz mechanism

work in the context of a two-Higgs doublet model with H,,
and Hg [8,9]. In our analysis our setup is that of a complete
model, in the sense that all the charge assignments are
those of a realistic brane model with three extra anoma-
lous U(1), but we will, for simplicity, assume that only the
lowest mass eigenvalue taking part is significant, since the
remaining two additional gauge bosons are heavy and, es-
sentially, decoupled.

We recall that the single anomalous gauge boson, B,
that we consider in this analysis is characterized by a gen-
erator Yp, which is anomalous (Tr Y3 # 0) but at the same
time has mixed anomalies with the remaining generators of
SM and in particular with the hypercharge, Y. In the pres-
ence of a single anomalous U(1), here denoted as U(1)p
both the Z and the (extra) Z’' gauge boson have an anoma-
lous component, proportional to B. We also recall that the
effective action of the anomalous theory is rendered gauge
invariant using both CS and Green—Schwarz counterterms,
while a given gauge invariant sector involves the exchange
both of the anomalous gauge boson and of the axion in the
s-, t- and u-channels.

In a previous work [14] it has been shown how the tri-
linear vertices of the effective WZ Lagrangian can be de-
termined consistently for a generic number of extra anoma-
lous U(1). Here, the goal is to identify and quantify the
contributions that cause a violation of unitarity in this
Lagrangian. For phenomenological reasons it is then con-
venient to select those BIM amplitudes that have a bet-
ter chance, at the experimental level, to be measured at
the LHC and for this reason we will focus on the process
g9 — 7. The gluon density grows at high energy especially
at smaller (Bjorken variable) z-values. We choose to work
with prompt final state photons for obvious reasons, the
signal being particularly clean. To begin with, we will be
needing the expressions of the Zvv and the Zgg vertices.
In the presence of three anomalous U(1), here denoted as
U(1) g, both the Z and the (extra) Z’ gauge boson have an
anomalous component, which is proportional to the B;,,
the anomalous gauge bosons of the interaction eigenstate
basis (i = 1,2, 3). The photon vertex is given by [14]

(ZyY) ms0

1 A v 3pYYY pYYY SpWWW pWWW
= SIS |G R + gl Y RYY,
7

v a0 YRS + gl ond) W RELY

B;YW B, YW B,YY pB;YY
+ Z gBing29f RZ;W + Z gBig%’ef Rzlw
i i

B;WW pB;WW ] A2
+ 98,9307 RGN | AN (my £0), (38)
with [ =1, 2,3 enumerating the extra anomalous neutral
currents. The explicit expressions of the rotation matrix
O# can be found in [13, 14]. We have defined

RZ5Y = 0%y 207,

RyMW = (OA)W3Zl (OA)%/ng )

Z1vy (39)

and the triangle Aayv(my # 0) is given by [14]
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1 11—z
AN (my 0, by, k) = /dx/ d

x {elk1, A, p, V) [y(y — )k2 — ayky - ko
+elka, A, g, v] [2(1 — 2)kT + zyks - ko]
+elky, ko, A, V] [z(z — 1)K} — zykh]

[khk?v/\ 1 [xyku (1- y)yk2]}7
- )kf+y(y—1)k§—2wyk1-kz.
(40)

A(my) =mj +a(z

We have defined the following chiral asymmetries:
B,YY L L \2 R R \2
07" = QB (Qvy) — QB s (QV)

o7 = Qh g (T2)
oYW — (T3 f) 7

oF" = [(QYf) 7 f} ;
07" = [QP Qg T} 4]

with QI];/ R and Q%,/ R denoting the charges of the chiral
fermions, and T} is the generator of the third component
of the weak isospin, while the R factors are products of
O matrix elements. The matrix O4 relates the interac-
tion eigenstate basis of the generators (Yg, Y, T3) to those of
the mass eigenstate basis (T'z, T'z/, @), of the physical gauge
bosons of the neutral sector, Z, Z’ and A . They are given by

(41)

RyY =3[(0M)yz/(0M)3,],
RV = 200N w;7 (0%)y 2,(0%) vy
+ (0, (0M)yz ],
Ry = [3(0%) 5,2, (0", ]
RyYY = [2(0%)y 2,(0M)y1 (0 wyy
+ (0, 2, (0M3,]
Rz =(0M%,(0M)5,2,,
Z:‘;W [(OA ng OA)B Zl] )

Rz =[200M)5,2,(0M)wsr (0M)y,]

Z1vy (42)

These expressions will be used extensively in the next
section and computed numerically in a complete brane
model.

5.0.1 MLSOM with one Higgs doublet and an extra singlet

Another possible framework for the Higgs sector is to con-
sider a Lagrangian containing one SU(2)y Higgs doublet
H, and an extra singlet ¢.

In this context all the features concerning the mass ma-
trix for the gauge bosons remain the same, in fact the
covariant derivatives act on the fields as follows:

D,H, = <au + igz%Wl +igyq, AY + lgB i B )H

o

B
dy
D¢ = <8 +igyqy Aﬂ +1gB— (43)
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where g2 and qf are respectively the charges of the Higgs
fields under the extra anomalous U(1) symmetry.

After the spontaneous symmetry breaking, expanding
around the vacuum of the two Higgs bosons, we have

H3:UH+ReH3+iImH3’
V2
R il
b= vy DO FIIMS (44)

V2

By this procedure we obtain a 3 x 3 mass matrix in the mix-
ing of the neutral gauge bosons, which is similar to that
obtained in [13].

In the Higgs sector the structure of the Peccei-Quinn
potential is similar to that obtained in the presence of two
Higgs doublets. In fact, the symmetric potential is given by

Voq = o Hi Hy + A (H Hy)? = 2Xup (H H, )9 ¢
+ 50" o+ Ao (07 0)% (45)

where the coefficients u, and pg have mass dimension 1
and Ayu, Aug, Ape are dimensionless, while the PQ break-
ing terms can be written as

. B b _ . B b
Ve = R(H] H,)ge'" M1 + X(¢*¢)ge ™ Mi +c.c., (46)

where i and X have mass dimension 1. The C'P-odd sector
is still characterized by a 3 x 3 matrix similar to OX, which
we call for simplicity O'X; this allows for the rotation from
the interaction eigenstates basis to the physical basis, as
follows:

Im Hg X
Im¢ | =0%|G?
b Gg

Therefore, in this picture the spectrum in this sector is
unchanged, we have a physical axion and its mass exhibits
a combination of two effects, the Higgs vevs and the pres-
ence of a PQ breaking potential. The parameters can be
tuned to be small enough to have a light physical axion. In
general, bounds coming from experimental, astrophysical
and cosmological sources give an upper limit for the axion
mass, which is around 10 meV [32-35].

5.1 Prompt photons, the Landau—Yang theorem
and the anomaly

Since the analysis of the unitarity bound will involve the
study of amplitudes with direct photons in the final state
mediated by a Z or a Z’ in the s-channel, we briefly recall
some facts concerning the structure of these amplitude and
in particular the Landau—Yang theorem. The condition of
transversality of the Z’ boson (eyz -k = 0) is essential for
the vanishing of this amplitude. A direct proof of the van-
ishing of the on-shell vertex can be found in [13, 15].

The theorem states that a spin 1 particle cannot decay
into two on-shell spin 1 photons because of Bose symmetry
and angular momentum conservation. Angular momentum
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conservation tells us that the two photons must be in a spin
1 state (which forces their angular momentum wave func-
tion to be antisymmetric), while their spatial part is sym-
metric. The total wave function is therefore antisymmetric
and violates the requirement of Bose statistics. For these
reasons the amplitude has to vanish. For a virtual exchange
mediated by a Z’ the contribution is vanishing — after sum-
ming over the fermions in each generation of the SM — the
theory being anomaly-free, in the chiral limit. The ampli-
tude is non-vanishing only in the presence of chiral symme-
try breaking terms (fermion masses), which can be induced
both by the QCD vacuum and by the Yukawa couplings of
SM in the presence of electroweak symmetry breaking. For
this reason it is strongly suppressed also in the SM.

However, the situation in the case of an anomalous ver-
tex is more subtle. The BIM amplitude is non-vanishing,
but at the same time, as we have explained, it is non-
resonant, which means that the particle pole due to the
7' has disappeared. For the rest, it will break unitarity at
a certain stage.

In fact, a cursory look at the AVV vertex shows that if
the external photons are on-shell and transverse, the am-
plitude mediated by this diagram is proportional to the
momentum of the virtual Z, k#. This longitudinal momen-
tum exchange does not set the amplitude to 0 unless the
production mechanism is also anomalous. We will show
first that in the SM these processes are naturally sup-
pressed, though not identically zero, since they are pro-
portional to the fermion masses, due to anomaly cancel-
lation. We start our analysis by going back to the AVV
diagram, which summarizes the kinematical behavior of
the Z~~ amplitude.

Let k1 and ks denote the momenta of the two final state
photons. We contract the AVV diagram with the polariza-
tion vectors of the photons, €1, and €3, and of the Z boson,
ey, obtaining

exe1pEa AN (ki ko, my #0)

1 1 1—x xy
=—= /4 dy———2 —ere1 e

X {Exvpa (kg — k) + kXK (cargrkb —carguk?) }

(47)
where we have used the conditions
E2=Ek2=0,
€1M/€iL = 62,,]612/ =0. (48)

It is important to observe that if we apply Schouten’s iden-
tity we can reduce this expression to the form

exe1uear AN (ki ka,my #0) = ex (k) +k2) Fy (K2, my)
(49)
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Jf( ) k17k27€1762]

1—x
.
dx/ m2 —2zyk, ks’
(50)

which vanishes only if we impose the transversality condi-
tion on the polarization vector of the Z boson, eyxk* = 0.
Alternatively, this amplitude vanishes if the anomalous Z—
photon—photon vertex is contracted with another gauge
invariant vertex, as discussed above. The amplitude has an
anomalous behavior. In fact, contracting with the k) four-
vector we obtain

kae1pea, A AVV (k1, ka2, myp #0)

/- /-1 T ]{i)\kAIIIy
dz
2$yk1 k2
x e[ky, k2, €1, €2]
/ /1 e —2k:1 =2k -koxy
dx
7'(2 2.’£y/€1 k2

xs[kl,kz,sl,EQ

mf 1—x
= 7r2 / dx/ dy

X E[kl,kz,é'h&‘z] y

21’yk1 kz)
(51)

where the mass-independent and mass-dependent contri-

butions have been separated. Summing over an anomaly-

free generation, the first of these two contributions cancel.
For this reason, it is also convenient to isolate the fol-

lowing quantity:
1—x
1
d
/ :r/ m? —2xyky ks

X E[k17k27€17€2] )

Gy (K2,
(52)

which is the only contribution to the triangle amplitude in
the SM for a given fermion flavor f.

We illustrate in Fig. 10 the contributions to the ¢gq anni-
hilation channel at all orders (first graph), at leading order
(second graph), and the BIM amplitude (third graph), all
attached to an AVV final state. In an anomaly-free the-
ory all these processes are only sensitive to the difference in
masses among the flavors, since degeneracy in the fermion
mass sets these contributions to zero. Only the second
graph vanishes identically due to the Ward identity on the
qq channel also away from the chiral limit. For instance in
the third diagram chiral symmetry breaking is sufficient to

Y

639

induce violations of the Ward identity on the initial state
vertex, due to the different quark masses within a given
fermion generation.

To illustrate, in more detail, how chiral symmetry
breaking can induce the exchange of a scalar component
in the process with two prompt photons, we start from the
SM case, where the Z*v~v vertex, multiplied by external
physical polarizations for the two photons becomes
e’ Z Qr)°94 5 (K, my)

Ve, =k (53)

2 cos OW

and consider the quark—antiquark annihilation channel
qq — Z* — 7. We work in the parton model with massless
light quarks. We can rewrite the amplitude as

M = Vf%fz* .ZY)\7)\/7£‘/vZA=o=,Y,y 5 (54)
where we have introduced the Zqq vertex
Vigz =0(p0)T u(p2), I =igz7*(gv —947°) ,
(55)

and the expression of the propagator of the Z in the R
gauge

232

ap-9].

—1 A

To move to the unitary gauge, we split the propagator of

the Z as
BN L i 22
M2 k2—€EMZ\ M2

(57)

1 AN

and go to the unitary gauge by choosing £ — co. The am-
plitude will then be written

AN ]

M=ol P ulen) 5=z |~ 5

K2 M2
/ 92
Xk <2cosew ? Z(Qf)Qgiﬁf}_f (kz’mf)>
f

i

:M—%

g2 2
M
(2 cos Oy ¢

o(p1) I u(pz)

5@ 502 my) )
f 59)

Clearly, at the Born level, using the Ward identity on the
left Vi sz« vertex, we find that the amplitude is zero. This

Fig. 10. Vanishing and non-vanishing ampli-
Y tudes mediated by an axial-vector spin 1
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result remains unchanged if we include higher order cor-
rections (strong/electroweak), since the structure of this
vertex is just modified by a Pauli (weak-electric) form fac-
tor and the additional contribution vanishes after contrac-
tion with the momentum k*. This amplitude is however
non-vanishing if we replace the Vy;z« vertex with a Vggz+
vertex, where now we assume that the new vertex is com-
puted for non-zero fermion masses (i.e. away from the chi-
ral limit). In this case we use the Ward identity:

kipVygze = (p1 +p2)pGPV“
6 g2 2 Vuozﬁ
"D cos b Z 94,4Q€" " Prap2s
1 17w1 1
— 44 d dzo—
[ e[ and]
(59)
with
A, = —xyk® + mz , (60)

where the constant term (1/72) vanishes in an anomaly-
free theory. It is convenient to define the function

gq(kQamq) :6[51g752g7p17p2]m21q(mq)7 (61)

my) = — x To——
! 7 Jo ' 0 QAq

where € is the polarization of the gluon, which allows one to
express the squared amplitude as

2 4 2
<|Mgg—>w|2> = (%) 4M4 (ZQAQ Gq mq))
X (ZgﬁQfgf(mf)) :
f

with s = k2. Notice that in the large energy limit Z,, ~ Tp~
1/s? [31]. This shows that double prompt photon produc-
tion, in the SM, is non-resonant and is proportional to the
quark masses, neglecting the contributions coming from
the masses of the leptons.

with

(62)

(63)

6 Gauge parameter dependence
in the physical basis

When this analysis is extended to a complete anomalous
model such as the MLSOM [8,9,13,14] even the direct
proof of the cancellation of the gauge dependence in the Z’
exchange is quite complex and not obvious, although it is
expected at a formal level. We recall that we are working
with a broken phase and the axion has been decomposed
into its physical component (, which is the axi-Higgs) and
the Goldstone modes of the extra Z’, Gz . In [14] it has
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been shown that the counterterms of the theory can be
fixed in the Stiickelberg phase and then re-expressed, in the
Higgs—Stiickelberg phase, in the physical base. Although
the procedure is formally correct, the explicit check of can-
cellation of these gauge dependences is far from trivial and
is based on some identities that we have been able to de-
rive after some efforts, which confirm the correctness of the
approach followed in [13,14] for the determination of the
effective Lagrangian of the model after electroweak sym-
metry breaking.

The matrix OX, needed to rotate into the mass eigen-
states of the C'P-odd sector, relating the axion x and the
two neutral Goldstones of this sector to the Stiickelberg
field b and the C'P-odd phases of the two Higgs doublets
satisfies the following relation:

Im H? X
ImH) | =0% (G|,
b G2

where the Goldstones in the physical basis are obtained by
the following combination:

GZ =&Y [fu O + fd 0362 +9B7— M 0330?5(2]
Mz
M

+G [fu OX3+fd 3+93#O§BO§3}
z
= ClGl + CZGQ )
/ Uy v, M
GZ =@ [fu,B Woi(z + fd,BMd,O%% + QB—}OEX’BO:%]

+GY [fu,B —O0% + fa,B~— O%(s +gB OZ’BO§<3:|

M/
= GY+ chg . (64)
Here we have defined the following coefficients:
fu= g2O§W3 - gYoéy - QEQBOEXB )
fa=920%w, — 9vOzy —4i 98075,
fup = 9202w, —9vOry —4. 95075
fa.8 =200y, —9vO%y —af 980515,  (65)

and the ¢? 4 charges are defined in Table 2. The relations
containing the physical Goldstones can be inverted so we
obtain

GO =C1G? + CLG7 |

Gy =CiG? +CyG7 (66)

where we give the explicit expression only for the coeffi-
cient Cf, since this is the one relevant for our purposes.
Then, after the orthonormalization procedure, we obtain

C2
2 2
V¢ +Cs

We illustrate the proof of gauge independence from the
Z gauge parameter of the amplitudes in Fig. 11. In this

Ci= (67)
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Y Y
GZ
. -
CZVV CZV}’
Y (a) Y y (b) y

Fig. 11. Cancellation of the spurious poles in the physical ba-
sis, my =0

case the cancellation of the spurious poles takes place via
the combined exchange of the Z propagator and of the
corresponding Goldstone mode G z. If we isolate the gauge-
dependent part in the Z boson propagator we obtain

—1i

1 v
Mag+Mpe = (—gchX{,V(phpz)) m

(5

+4(4c

fAXVV (klv k2)>
e[p1, p2, 1, V)

x (4% e[k, ko, ', 1))

- _a_”cfe[pl P2, 11, V] e S
2 TSI 2 ¢, M2

(A;J (“—CQe[kzl,kQ,ﬂ " ])

i

k2 — SZM%

+4(4cZ €lp1, p2, p,v ])m
zZ
X (40576[]61, ko, p',v']), (68)
where
F 2 Cyy
= |3 (O + S 08 oxcr. ()

The coefficient c

must be compared with the massless coefficients 02 of the
M 4¢ amplitude (Z boson exchange) and the explicit ex-
pressions of the coefficients Cyy and F are worked out in
the next section.

Adding the contributions of the two diagrams we obtain

, in the M p¢ amplitude (G z exchange)

a
Mag+Mpe = {5 [apab0F ™ REYY

+989307"" RZW W €[py, pa, i, V]}

i 1
"W =g M (@)

(%m0 RELY

+98950P "W RZV W elky, ko, 1t V']}

rafal 508"+ S 08,

X O?BCie[plap23N7V]} B, M2
zZ
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{43 08)*+ G 08

X O§3C’{e[k1,k2,u’,y’]} . (70)

At this point, the pattern of cancellation can be separated
in three different sectors, a pure BY'Y sector, a pure BWW

and mixed BYY-BWW sectors, and it requires the valid-
ity of the relations

2
1

BYY pBYY
(ot n2Y) o

Cyy ?
+4< S (08,05 cl> 0, (71)
’1
BWW pBWW
(79 929 RZ’y'y ) M—%
F 2 2
+4<4M(0§‘M) 0;30{) =0, (72)
1
(00955307 REYY angngitf ™" REL™) 315
F 2Cyy
+4<8M(O§‘V7) =Y (04,)%0X CI> =0. (73)

We have been able to verify that these relations are auto-
matically satisfied because of the following identity, which
connects the rotation matrix of the interaction to the mass
eigenstates O to a component of the matrix OX. This ma-
trix appears in the rotation from the basis of Stiickelberg
axions to the basis of the Goldstones Gz and Gz and of
the axi-Higgs x. The relation is

1

04, — i =205 M (74)

with
1

)
2
(=)’ i,
M12 Uu+v2

with M; the Stiickelberg mass. The origin of this connec-
tion has to be found in the Yukawa sector and the condition
of gauge invariance of the Yukawa couplings.

(75)

X
O%‘_

7 Unitarity bounds: the partonic contribution
99 =YY

In this section we perform the analytical computation of
the cross section for the process gg — vy with the two on-
shell gluons (g) and the two on-shell photons in the final
state. The same computation is carried out both in the SM
and in the MLSOM of [8, 9], where the charge assignments
have been determined as in [16,17], to determine the dif-
ferent behavior of these amplitudes in the two cases. The
list of contributions that we have included are all shown
in Fig. 12. We report some of the results of the graphs in
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order to clarify the notation. For instance we obtain for di-
agram a

[ 3 geted] [ 5etaes] 5
20487 | £ 21704 - 920 | i

(76)

UA(S) =

where we have defined the coefficients

ol = g3 [gv0) 0%, + 200 Of , + 9502 05 ],

cs = [gv0] "V RY) + gy 0] " REY
+9vga0) WV R W 4 63920 YW R

4 ngYeBYYRE'X»YY 4 ngzeBWWRBWW

Zyy
YWRBYW]
b

Zyy (77)

+ 989y 9205

and the mass of the extra Z’ is expressed as

1
my =4 (2M12 +g**+ Npp

+ \/ (2M2 — g2v? + Np)® + 4929523)
NBB

2
N (q52v2+q52 2)g2B?

~ M7+ (78)
zp = (¢Fvi +qfv}) g
(79)

We have also defined v = /v2 + vfl, where v,, and v are the
vevs of the two Higgs bosons in the scalar potential [8, 9]

and g% = /g% + g5. We recall that Ag (s) is approximately

given by
mj% mj%
—I—O(—s2 log <_s2 >> ,  (80)

at large values of s. We have seen that the SM contribu-
tion in the presence of a massive fermion circulating in the
loop is suppressed by a factor that is O(m?/s?). In the case
of an anomalous model this contribution becomes sublead-
ing, the dominant one coming from the anomalous parts,
proportional to the chiral asymmetries 6y of the anomalous
charge assignments between left-handed and right-handed
fermion modes. The amplitude in diagram b is given by

2 2 2 s
—(950)"(93,) o

N
3+, D

(e)

2
1 my
2m2s 252

Al(s) ~

3

op(s) = (81)

7000

D
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where, for convenience, we have defined

D
ggg = Mog’fl )
F A 2 CYY
9oy = A (OW’Y) +—= M (OY’Y) ]0?5(1 . (82)

We have defined the model-dependent parameters [13]

. 1
D= lnggaangL) y DJ(BL) = _§ ZQ%,f ;
f
. Qnp,
FZIQBQ%? (BL)v

_ a
Cyy = 193912/ %DBYY ;

2
Dpyy =—2 Z [Q% 5 (@3 )" - QF ,(QF)]-
!
(83)
Proceeding in a similar way, graph c gives
(Lg)_ii3 {ZC s,m Cxq2
70\ = 390 (s— ggg 0 a) ’
(84)
where we have used (31) and we have set
my o o prtl
C, = 85
o(s,my) =~ ok log? 2 (55)

Using the Yukawa couplings shown in [13] it is conve-
nient to define the following coefficients, which will be used
below

C;(gq_gqua q:u,d,
c’v‘,yf =e2e0f | f=u,dve. (86)

We have used a condensed notation for the flavors, with

u={u,c t},d={d,s, b}, v={ve, vy, v, } ande={e, pu, 7}

The couplings of the physical axion to the fermions are
given by

i m

XU =T"—0Y = —~

Nohtas

Xod — deogl - _

7%

X
—i07;,

mgq
<X
i0g,,

=

(c)

_ Fig. 12. Anomalous contribu-
f) tions in gg — v
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XV FVTOH — v_
X = —i0% . (87)
We have also relied on the definitions of OX introduced in
a previous work [13]:

1
oY, = —
Yo [ e
M b (qf—qf)Q%Tvg
1
o%, = 88
21 (qE ql}ig) Ml - ) ( )
My Uy (qB—qB) vuvd+1
u —4q

and the fermion masses have been expressed in terms of the
Yukawa couplings by the relations

’UuFu UdFd UUF,, vdFe

mu - b m = = b ml/ - b me - .
V2 G V2 V2

(89)

The cross section for the amplitude d in Fig. 12 is given
by

3

i 5 (9%,) [Zcosmf ch]

on(s) = 327r(s — M2)

(90)

With these notations, we are now ready to express the cross
section for graph e as

or(s) = —[ZCO s, Mygq) qur

20487 (s

{ZC@ s, my) ch]

(91)

Finally, the cross section for the Z’ exchange is given by

2 2
1
or(s) 20487T|:Z 341 6“} [Zf idgAG’f}

5
ML,
(92)

where, again, in order to simplify the notation we have de-
fined the coefficients

di = g3 [gv0) O3 5 + 9201 O3y 5 + 902 05 1],

dg _ [ HYYYREZ/IX;’}Y’ BHWWWRE//K;W
+avg30f R + g3 920 YV Ry
o REY + angdP Y RELY

BYWRBYW]

+ 989y 920y Dingey (93)

In the SM case we work in the unitary gauge, being
a tree-level Z exchange, and we have only one contribution
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whose explicit expression is given by

1 1 sv 2, 2 (Pt 1\]?
- - - 1 Pg T~
3276870 S M [Zq:cl,q B P

(94)

O'SM(S) _

where we have defined the SM coefficients

C§“§ =93 [gY@f O, + 92911” 0‘v“vz] :

(95)

+ QYQQ

The partonic SM cross section is in agreement with unitar-
ity in its asymptotic behavior, which is given by

[Z Cl,q ] [ch2f f]

SM
( s3M3

§— 00) R~

o (96)

In our anomalous model the complete expression of the
same cross section is given by

O’MLSOM(S) _
1 s 1 g Als;myg) s A(s,my)
{204&@ [5 Zq:cl 2125 ] { Z on2s

2 2
+3(9§fg) (g%) 53_|_ 1 ggg °s? [ZCO s,my) Cxq}2

s _ p2)? 327r
(s =)
(9%)
32W(11M2 {ZCO 5 my)ey: f}
2
20487T( [ZO‘) 8 Ma)Cy; q}

[ZCO s, my ch]

d A(s, mq A(s mf
20487rM§,[ Zq: 2m2s } [ Z ]
95955 1 A(s,mq) l f (s, my)

16w M2 (s — M32) i Com2s 2 2 Tong

st A(s mq
1024M2 (s M) Ao

7 A(s,my

x [_ 2 2m2s ]

[ZCO s, myr) c J /} [ZCO 5, My qu}
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1 s° 1 (s,m
S d? g
+10247TM2M2, {2; bor2s H Z

1 4 Als,mg f/.Asmf/
abXe -l DL e ]
q
o4 )[ Z & smq]

1024M§,7r s— 2m2s

[ aem)]

!

{;C’o EN chHZCO 8, My cX’q]
I

1 95493

16m M2, (s — M2
where we have introduced the notation
m2 P +1
1——Llog? ().
Aty = 1=t (25

At high energy we can neglect the mass of the axion (s—
M? = s) and from the limits

fAsmf]

2m2s

A(s,mg)
2725

fA s, my)
272s

(98)

A(s woo,mp) =1, Co(s—o00,ms) =0, (99)
we obtain that the total cross section reduces to
]C2
oMESOM (5 5 00) = ——5, (100)
T

which is linearly divergent and has a unitarity bound. K =
K(sp, 9B, 0s(s), tan B) is defined by

1 ‘1 ? C2 2 2 2
2 ,q f
K= Soasana (Zq: H) (Z 1z ) T2095) " (93)
1 Clq C2,f
* 16M2 (Eq: H) (Z 472 999
1 dig do, ¢
1601z, (Eq: H) (Ef: In2 ) 99997
1 Clq Ca,f
+ g (S5 (D2
dy g dy, 4
(T (T
q f’
1 d17q 2 d2,f 2
" 20483, (Eq: H) 20

The derivation of the unitarity bound for this cross section
is based, in analogy with Fermi theory, on the partial wave
expansion

(101)

2

oo

1
Z (2l +1) fiP(cos0)

da ’
_21
1=0

=1£(0)
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with an s-wave contribution given by

do

dQ=g|fo|2+ (103)

Since unitarity requires that | f;| <1 we obtain the bound

do 1
104
0 S (104)
or, equivalently,

4
<=, (105)

S
iz /X (106)

- ]C .

The bound is computed numerically by looking for values
sp at which

2
= - : (107)

S
]C(Sby 9B, as(sb)a ta’nﬁ)

where in the total parametric dependence of the factor IC,
K(sb, 9B, as(sp), tan 8), we have included the whole energy
dependence, including that coming from running of the
coupling (up to three-loop level). We will analyze below
the bound numerically in the context of the specific brane
model of [16,17, 36].

8 Couplings and parameters
in the Madrid model

We now turn to a brief illustration of the specific charge as-
signments of the class of models that we have implemented
in our numerical analysis. These are defined by a set of
free parameters, which can be useful in order to discern be-
tween different scenarios. In our implementation we rotate
the fields from the D-brane basis to the hypercharge basis
and at the same time we redefine the abelian charges and
couplings. The four U(1) in the hypercharge basis are de-
noted U(1)x, withi = A, B, C and Uy, where the last is the
hypercharge U(1), which is demanded to be anomaly-free.
This fixes the hypercharge generator in the hypercharge
basis in terms of the generator g, (o =a,b,c,d) in the
D-brane basis. The U(1), and U(1)4 symmetries can be
identified with (three times) the baryon number and (mi-
nus) the lepton number, respectively. The U(1). symmetry
can be identified with the third component of right-handed
weak isospin and finally the U(1), is a PQ-like symmetry.
Specifically the hypercharge generator is given by

1
—qec, (108)

1
Y = —(q.+3qq) —
6((1+ qa) 5

which in fact is a linear combination of the two anomaly-
free generators (¢, + 3¢q) and g., while the orthogonal com-
binations

X4 =3q,— (109)

qd , XB:(Jb»
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represent anomalous generators in the hypercharge basis.
Note that (108) must be imposed in these models in order
to obtain a correct massless hypercharge generator as in
the SM. The set (Y, A, B) does not depend on the model,
while the fourth generator X¢ is model-dependent and is
given by

306am, 3pBan
Xc= < ﬂ; 2qa+6pnb1%+2nc1qc+ Mf]d) .
1

B
(110)

As can be seen in the detailed analysis performed in [16,
17, 36], the general solutions are parametrized by a phase
€ = +1, the Neveu-Schwarz background on the first two
tori B; =1 —b; = 1,1/2, the four integers ng2, np1, N1 and
ngz, which are the wrapping numbers of the branes around
the extra (toroidal) manifolds of the compactification, and
a parameter p =1,1/3, with an additional constraint in
order to obtain the correct massless hypercharge:

= ﬁ(naz—|—3,zmdz). (111)

261
This choice of the parameters identifies a particular class
of models which are called Class A models [36] and all the
parameters are listed in Tables 1, 2, 3. Whether anoma-
lous or not, the abelian fields have mass terms induced by
the Stiickelberg mechanism, the mass matrix of the U(1)
gauge bosons in the D-brane basis is given by the following
expression:

el

3
(M)ap = gagsM3 Y _ '],
=1

(112)

where Mg is some string scale to be tuned. Greek indices
run over the D-brane basis {a,b, c,d}, the Latin index ¢
runs over the three additional abelian gauge groups, while
the g, and g are the couplings of the four U(1). The eigen-
vectors w; (i =Y, A, B,C) and their eigenvalues A; for the
matrix (M?),s have been computed in terms of the various
classes of models in [16, 17

1 gd 9d }

wy = —< —,0,—=—,15 , (113
Iwy|{3ga ge' o )
1

w; = —{wiaawibywim 1}3 (114)
|w;]

where the w;—4 p,c are the components of the eigenvec-
tors. On the basis of the analysis of the mass matrix one
can derive a plot of the lightest eigenvalue Mj, which
corresponds to the Xp generator in the hypercharge ba-
sis [36]. We have reproduced independently the result for
the lightest eigenvalue M3, which is in good agreement

Table 1. Parameters for a Class A model with a D6-brane

v B1 B2
13 1/2 1

Na2 Np1 Nl nd2

N2 —1 1 1—ng2
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with the predictions of [36]. We have implemented numer-
ically the diagonalization of the mass matrix and shown in
Fig. 13 the behavior of the ratio M3/Ms as a function of
the wrapping number n,, and for several values of the ratio
R = ga/gc. This ratio, which characterizes the couplings of
U(1). and U(1)4, appears as a free parameter in the gauge
boson mass matrix. Mg, the string scale, is arbitrary and
can be tuned at low values in the region of a few TeV.

We have selected a Stiickelberg mass Mz (which is
essentially the mass of the extra Z’) of 800 GeV. From
Fig. 13, if we choose the curve with R = 1 at the peak value,
then this values is 13% of the string scale, which in this case
is lowered to approximately 6.1 TeV. It is quite obvious
that the mass of the extra Z’ can be reasonably assumed to
be a free parameter for all practical purposes.

The matrix E;, = (w;) constructed with the eigenvec-
tors of the mass matrix defines the rotation matrix U, for
the U(1) charges from the D-brane basis {a, b, ¢, d} into the
hypercharge basis {Y, 4, B, C'} as follows:

qi = Z Uia Ga s

a=a,b,c,d

Uia = 2B, (i=Y,A, B,C).

4

(115)
So for the hypercharge we find that

gd

1
=5 a+3 — s 4c>
Sovioy] (¢a +3qa) — 54

2
(116)

S| =

ay (o —3qc+3qq) =

to be identified with the correct hypercharge assignment
given in expression (108). This identification gives a rela-
tion between the gauge couplings:

1 Jwy2 11
PRty ity Raalypn R ype R (117)
9y 493 36g;  4g; 493
' ' R=01 --———-
0.18 | R=03 ------ ]
R=1 ——
R=15
0.16 | R=1.9 === 1
014 e

M;/ Mg

0.08 k-~ N

-10 -5 0 5 10
Ny
Fig. 13. Lightest eigenvalue related to the generator Xpg for

a model of Class A. We have chosen the couplings g. and g4
such that their ratio R = g4/¢gc
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Table 2. Higgs charges in the Madrid model
Y X4 XpB
H, 1/2 0 2
Hy 1/2 0 -2

Table 3. SM spectrum charges in the D-brane basis for the
Madrid model

qa gb gc qd
Qr 1 —1 0 0
UR —1 0 1 0
dgr —1 0 -1 0
L 0 —1 0 —1
eR 0 0 -1 1
Ngr 0 0 1 1

Table 4. Fermion spectrum charges in the Y-basis for the
Madrid model [16, 17]

QL UR dr L €R Ng
ay 1/6  —-2/3 1/3  —1/2 1 0
aB ~1 0 0 —1 0 0
For the third generator a similar argument gives
b d

qB = g—awBaqa =+ g—wBbe + &chqc =+ g—deQd =ab,

9B 9B 9B 9B

(118)

where we identify the gauge symmetry B corresponding
to the lightest mass eigenvalue as an anomalous gener-
ator qp. The charges gp of the SM spectrum are given
in Table 4. We recall that given a particular non-abelian
SU(N) gauge group, with coupling g, arising from a stack
of N parallel branes and the corresponding U(1) field living
in the same stack, the two coupling constants are related
by g1 = gn/V2N. Therefore, in particular the couplings g,
and gp are determined using the SM values of the couplings
of the non-abelian gauge groups:

2
9qep g
g2 = Q 2_ 9L

11
a 6 Y g ( 9)

S
|

where g, is the SU(2)r, gauge coupling, while g. and g4 are
constrained by (117). Imposing gauge invariance for the
Yukawa couplings [13] we obtain the assignments for the
Higgs doublets shown in Table 2.

8.1 Anomalous and anomaly-free regions:
numerical results

We have implemented in CANDIA [37,38] a numerical
program that will provide full support for the experimen-
tal collaborations for their analysis of the main signals in
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Fig. 14. Partonic cross section for the anomalous process gg —
vy with my =0, tan 8 = 40, gg = 0.1, My =10 GeV and M; =
800 GeV. The solid line refers only to the exchange of the Z and

the Z’, while the dashed line refers to the complete cross section
including the x exchange

this class of models at the LHC, with the charge assign-
ments discussed in the previous section. CANDIA has been
planned to deal with the analysis of extra neutral inter-
actions at hadron colliders in specific channels, such as
Drell-Yan processes and double prompt photon processes
with the highest precision, and it is under intense devel-
opment. The program is entirely based on the theory de-
veloped in [6, 8,9, 13, 15] and in this work and is tailored to
determine the basic processes, which provide the signal for
the anomalous and anomaly-free extra Z’ both from string
and GUT models. The QCD corrections, including the par-
ton evolution, is treated with extreme accuracy using the
theory of the logarithmic expansions, developed in the last
several years. Here we will provide only parton level results
for the anomalous processes that we have discussed in the
previous sections, which clarify the role played by the WZ
Lagrangian in the restoration of unitarity at high energy.
A complete analysis for the LHC is under way.

o reduction by the exchange of x. We show in Fig. 14 a plot
of the (small) but increasing partonic cross section for
double prompt photon production from anomalous gluon
fusion. We have chosen a typical SM-like value for the
coupling constant of the extra Z’ included in the analysis
and varied the center of mass energy of few GeV around
4.2 TeV. We show two plots, both in the brane model, one
with the inclusion of the axi-Higgs x and one without it,
with only the exchange of the Z and Z'. Notice that the
exchange of the x is a separate gauge invariant contribu-
tion. We have chosen a Stiickelberg mass of 800 GeV. The
plots show the theoretically expected reduction of the lin-
ear growth of the cross section, but the improvement is
tiny, for these values of the external parameters. In these
two plots, the fermion masses have been removed, as we
worked in the chiral limit. The inclusion of all the mass ef-
fects in the amplitude has an irrelevant effect on the growth
of the cross section. This is shown in Fig. 15, where, again,
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Fig. 15. The same as in Fig. 14 but with ms # 0
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Fig. 16. Partonic cross section for the anomalous process
99 — v, with tan 8 =40, gp = 0.1, My =10GeV and M; =
800 GeV. The solid line refers to the SM with the exchange of
the Z boson. The dashed line refers to the MLSOM case. The
point of minimum divides the anomaly-free region from the re-
gion where the anomalous contributions dominate

the inclusion of the axi-Higgs lowers the growth, but only
insignificantly. We have analyzed the behavior of the cross
sections in the presence of a light (about ten or more GeV)
axi-Higgs, but also in this case the effects are negligible.
This feature can be easily checked from (97); in fact, the
mass term M, is contained in the denominator of the prop-
agator for the scalar, and in the TeV region we have (s —
M?) ~ s. The numerical value of the unitarity bound re-
mains essentially unchanged.

Anomaly-free and anomalous regions. An interesting be-
havior shows up in Fig. 16, where we compare the results
in the SM and in the MLSOM for the same cross section,
starting at a lower energy. It is clear that, while the SM re-
sult, being anomaly-free, is characterized by a fast-falling
cross section, in the MLSOM it is very different. In par-
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Fig. 17. Partonic cross section for the anomalous process gg —
vy with gp = 0.1, My =10 GeV and M; =800 GeV. The lines
refer to the cross section evaluated for different values of tan 8
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Fig. 18. Partonic cross section for the anomalous process gg —
vy with tan 8 = 40, M, = 10 GeV and M; = 800 GeV. The lines
refer to the cross section evaluated for different values of the
coupling constant gp

ticular, one finds a region of lower energy, where essentially
the model follows the SM behavior (below 1TeV) — but
smaller by a factor of 10 — the growth of the anomalous
contributions still being not large; and a region of higher
energy, where the anomalous contributions take over (at
about 2 TeV) and which drive the growth of the cross sec-
tion, as in the previous two plots. There is a minimum at
about 1.2 TeV, which is the point at which the anomalous
subcomponent becomes sizeable.

tan 3, gy and My variations. The variation of the same be-
havior shown in the previous plot with tan § is shown in
Fig. 17, where we have varied this parameter from small to
larger values (10-50). The depth of the minimum increases
as we increase this value. At the same time, the cross sec-
tion tends to fall much steeper, starting from larger values
in the anomaly-free region. In Fig. 18 we study the varia-
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Fig. 19. Partonic cross section for the anomalous process gg —
~7, with tan 8 =40, gg = 0.1 and My = 10 GeV. The lines re-
fer to the cross section evaluated for different values of the
Stiickelberg mass My
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Fig. 20. Partonic cross section for the anomalous process gg —
v with tan 8 =40, gp = 0.1, My =10 GeV and M; = 1TeV.
The lines refer to the cross section evaluated for different values
of the center of mass energy +/s

tion of o as we tune the coupling of the anomalous U(1),
gp- A very small value of the coupling tends to erase the
anomalous behavior, rendering the anomalous components
subleading. The cross section then falls quite fast before
increasing reaching the bound. The falling region is quite
visible for the two values of gg = 0.001 and 0.01, showing
that the set of minimum points, or the anomaly-free region,
is pushed up to several TeV, in this case above 4.5 TeV. The
unitarity bound is weaker, being pushed up significantly.
The situation is opposite for stronger values of gp.

A similar study is performed in Fig. 19, but for a vary-
ing Stiickelberg mass. As this mass parameters increase,
the anomaly free region tends to grow wider and the
cross section stabilizes. For instance, for a value of the
Stiickelberg mass around 5 TeV, the region in which o has
a normal behavior moves up to 3.5 TeV. The explanation
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Fig. 21. The partonic cross section with a parameter choice
as in Fig. 20. The dashed upper lines refer to MLSOM cross
sections evaluated with and without the x exchange, while the
decreasing solid line refers to the SM

001 MLSOM, gp= 0.001 ~-rre
gp=0.01
gg=0.1 -
0.0001 Raryt ]
SM ——
1e-06 J

le-08

G [pb]

le-10

le-12

le-14 I I I I I I I I I
Vs [TeV]

Fig. 22. Partonic cross section plotted for different values of
the coupling constant gg. The parameters are chosen as before

of this result has to be found in the fact that the anoma-
lous growth is controlled by the mass of the anomalous Z’
in the s-channel, appearing in the denominator of the cross
section. This suppression is seen both in the direct diagram
and in the counterterm diagram, which describes the ex-
change of the axi-Higgs. Obviously, it is expected that as
we reduce the coupling of the anomalous gauge boson, the
anomalous behavior is reduced as well. The different be-
havior of the cross section in the SM and MLSOM cases can
easily be inferred from Fig. 20 having chosen a Stiickelberg
mass of the order of 1 TeV. A similar behavior is quite ev-
ident also from Fig. 21, from which it appears that in the
MLSOM the deviations compared to the SM partonic pre-
dictions get sizeable at parton level already at an energy of
4-6 TeV. Notice also from Fig. 15 that the presence of the
axi-Higgs seems to be irrelevant for the chosen values of the
couplings and parameters of the model. We show in Fig. 22
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Fig. 23. Partonic cross section for the anomalous process gg —
v, tan 8 =40, gp = 0.1, and M, = 10 GeV plotted for different
values of the Stiickelberg mass M;

1e-06 MLSOM gg= 0.0001"
gg=0.001
L 2= 0.01 e ]
1e-08 B oy
—é le-12 | |
o
le-14
le-16
le-18
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Fig. 24. Partonic cross section for the anomalous process gg —
vy, tan 8 =40 My =800 GeV and M, =10 GeV. The differ-
ent plots show a comparison between the SM and the MLSOM
cross sections, at very high energies, for small value of the coup-
ling constant gg

a plot of the dependence of the predictions on gp at larger
energy values, which appears to be quite significant.

Furthermore, in the TeV region the MLSOM predic-
tions for small values of the coupling constant (gg = 0.001)
go below the SM prediction and this is due to the axi-Higgs
exchange, which is negative in this kinematical domain.
Moving below to 1 TeV the axi-Higgs interference has an
opposite sign and the MLSOM predictions are above the
SM. A similar analysis, this time for a varying Stiickelberg
mass, is shown in Fig. 23, and also in this case, as in the pre-
vious one, the results confirm that this dependence is very
relevant.

Finally, in Fig. 24 we plot the SM and MLSOM re-
sults on a larger interval, from 10 to 140 TeV, from which
the drastically different behavior of the two cross sec-
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Fig. 25. Behavior of the mass of the additional anomalous Z’
as a function of tan 3 for different values of gg. The variations
are very small
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Fig. 26. Mass of the extra Z’' gauge boson for different values
of the Stiickelberg mass

tions are quite clear. Notice that as we lower gp, for
instance down to 10™%, the anomaly-free region extends
up to energy values that are of the order of 200 TeV or
so. We conclude that the enhancement of the anoma-
lous contributions with respect to the SM prediction are
in general quite large and very sensitive to the mass
of the extra Z’' and to the strength of the anomalous
coupling. Interestingly, a very weakly coupled Z' gives
a cross section that has a faster fall-off compared to the
SM case in the anomaly-free region. The MLSOM and
SM predictions intersect at a very large energy scale
(140 TeV), when the anomalous contribution starts to
increase.

Before drawing conclusions, it is necessary to comment
on the other dependence, that on tan 3, which appears to
be far less significant compared to M; (or M7) and g¢gp.
This third parameter essentially has a (very limited) in-
fluence on the mass of the extra Z’ and on the overall
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Fig. 27. Bound for different values of the Stiickelberg mass
and tan 3 = 40. The bound grows as we reduce the anoma-
lous coupling and approaches the standard model behavior. For
gB = 0.01 the model exhibits a bound around +/s =100 TeV
(not shown)
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Fig. 28. Bound for different values of tan 3, for M; = 800 GeV

predictions. This is clearly shown in Figs. 25 and 26, where
we have varied both tan 8 and gg. Therefore, the mass of
the extra Z’ and the Stiickelberg mass may be taken to be
essentially coincident, to a first approximation.

The bounds. We conclude our analysis with two plots, de-
picted in Figs. 27 and 28, which show the variations of the
bounds with the parameters gg and M;. In the first plots,
shown in Fig. 27, we choose a large value of tan 8 and we
have varied both the Stiickelberg mass and the strength
of the anomalous coupling. For a Stiickelberg mass around
1TeV, the bound is around 5 TeV, for an anomalous coup-
ling gp = 0.2. For a smaller value of gg = 0.1 the bound
grows to 10 TeV. For a smaller value of gg = 1072, the
bound is around 100-120 TeV. This result is particularly
interesting, because it should allow one to set limits on the
Stiickelberg mass and the value of the anomalous couplings
at the LHC in the near future. Smaller values of gp are
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tested in Fig. 28, where the bound is shown to increase sig-
nificantly as gp gets smaller.

9 Conclusions

We have analyzed the connection between the WZ term
and the GS mechanism in the context first of simple models
and then in a complete brane model, containing three ex-
tra anomalous U(1). We have shown that the WZ method
of cancellation of the anomaly does not protect the the-
ory from an excessive growth, which is bound to violate
unitarity beyond a certain scale. We have also studied the
connection between the two mechanisms, illustrating the
corresponding differences.

We have quantified the unitarity bound for several
choices of the parameters of the theory. The significant
dependences are those on the Stiickelberg mass and the
coupling constants of the anomalous generators. We have
also shown that the exchange of a physical axion lowers the
cross section, but not significantly, whose growth remains
essentially untamed at high energy. We have shown that
in these models one can identify a region that is SM-like,
where some anomalous processes have a fast fall-off, from
a second region, where the anomaly dominates. Clearly,
more investigations are necessary in order to come out with
more definitive predictions for the detection of anomalous
interactions at the LHC, since our analysis has been con-
fined to the parton level. The approach that we have sug-
gested, the use of BIM amplitudes to search for unitarity
violations at future colliders, can be a way in the search to
differentiate between non-anomalous [39] and anomalous
extra Z'. Our objective here has been to show that there is
a systematic way to analyze the two mechanism for cancel-
ing the anomalies at the phenomenological level and that
unitarity issues are important in order to characterize the
region in which a certain theory starts to be dominated by
the chiral anomaly. We hope to address these points in the
near future in related work.
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Appendix: The cross section

The total cross section is given by the sum of all the contri-
butions shown in Fig. 12:

oMESOM(6) — 54 (s) + 0B (s) +oc(s) +op(s) +or(s)
+op(s)+oap(s)+oar(s)+oar(s)
+0oBr(s)+opr(s). (A1)
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The interference term between Z exchange and x ex-
change, diagram b in Fig. 12, is given by

1 1 1,
Ton [Z §C?A6,q] [Ef: 3¢ Aﬁ,f]
q

st

O’AB(S) =

X gX gX ——————— . (A.2)
g9 PY’YM%(S—M%)
The following interference terms are vanishing:
MaML+ MMl =0, MaMb+ MpMT, =
MpML+ MeMb =0, MM+ MpME=0.
(A.3)

The interference term between the exchange of the Z boson
and x exchange, diagram e in Fig. 12, gives

4 L .
1024M%7Sr(5 — M2 {Z 56(11A6,q] [Zf: §c£A67f}
[ZC’OSmf, ch}[Zcosmq qu}’

(A4)

oar(s) =

while the interference term between x exchange and Z’ bo-
son exchange contributes with

3
ope(s) = _mg%g;}
[ZCO s, my ch] [ZCO 8, Mg)cyy]
(A.5)
The other interference term in the cross section is given by
_ s? X X
ocp(s) = Wgwggg

X [ZCO(s,mq Cos q] [ZCO s, mg)c

(A.6)
so we obtain
ocp(s)+opr(s)=0. (A.7)
Other interference terms also vanish; in fact, we get
MM+ MpME =0, MpMi+ MM, =0,
(A 8)
MeMb+MpML =0, MpMbL+MpM! = o)

The interference term between Z exchange and Z’' ex-
change takes the form

gAR = 10247T{Z2 Aﬁ’qHZ dA“f}

|3 3 00|23 e
=cl Ag g =y Ag 1 | 5
g 170 22 "0 MEMZ,

q/ f/
(A.10)
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The interference term between Z’ exchange and y ex-
change of diagram b in Fig. 12 is given by

e[S [ i

4

S
xagXgX —°
BRTPACETE)

UBF

(A.11)

Finally, the interference between Z’ exchange and y ex-
change, diagram e in Fig. 12, gives

4
oer(s) = 1024M§,jr(s—M§)
X [Z %dngﬁ,q] [Z %dgAﬁ,f}
q f
ZCO s mf/)ch ZCO s,my) cX’q
A12)
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