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Abstract

We quantify the impact of gauge anomalies at the Large Hadron Collider by studying the invariant
mass distributions in Drell-Yan and in double prompt photon, using an extension of the Standard Model
characterized by an additional anomalous U (1) derived from intersecting branes. The approach is rather
general and applies to any anomalous Abelian gauge current. Anomalies are cancelled using either the
Wess—Zumino mechanism with suitable Peccei—Quinn-like interactions and a Stiickelberg axion, or by the
Green—Schwarz mechanism. We compare predictions for the corresponding extra Z prime to anomaly-free
realizations such as those involving U (1) g_7,. We identify the leading anomalous corrections to both chan-
nels, which contribute at higher orders, and compare them against the next-to-next-to-leading order (NNLO)
QCD background. Anomalous effects in these inclusive observables are found to be small, below the size of
the typical QCD corrections quantified by NNLO K -factors. Measurements at the LHC on the Z resonance
in leptoproduction will be able to exclude a class of these models for variations of the cross section at the
level of 4%, which is obtained at larger values of the anomalous coupling (gp > 1). However, If they are
not excluded, their anomalous nature is unlikely to be resolved with an inclusive NNLO analysis performed
in these key processes.
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1. Introduction

The study of anomalous gauge interactions at the LHC and at future linear colliders is for
sure a difficult topic, but also an open possibility that deserves close theoretical and experimental
attention. Hopefully, these studies will be able to establish if an additional anomalous extra Z’ is
present in the spectrum, introduced by an Abelian extension of the gauge structure of the Stan-
dard Model (SM), assuming that extra neutral currents will be found in the next several years of
running of the LHC [1]. The interactions that we discuss are characterized by genuine anomalous
vertices in which gauge anomalies cancel in some non-trivial way, not by a suitable (anomaly-
free) charge assignment of the chiral fermion spectrum for each generation. The presence of an
anomalous U (1) in effective models derived from string theory is quite common, although in all
the previous literature before [2] and [3-5] the phenomenological relevance of the anomalous
U (1) had not been worked out in any detail. In particular, the dynamics of the anomalous extra
gauge interaction had been neglected, by invoking a decoupling of the anomalous sector on the
assumption of a large mass of the extra gauge boson. Recent developments in the study of these
models include their supersymmetric extensions [6] and their derivations as symplectic forms
of supergravity [7,8]. Other interesting variants include the Stiickelberg extensions considered
in [9-11] which depart significantly from the Minimal Low Scale Orientifold Model (MLSOM)
introduced in [2] and discussed below. Specifically these models are also characterized by the
presence of two mechanisms of symmetry breaking (Higgs and Stiickelberg) but do not share
the anomalous structure. While a phenomenological study of Stiickelberg axions is underway
in a related work, here we focus our attention on the gauge sector, quantifying the rates for the
detection of anomalous neutral currents at the LHC in some specific and very important chan-
nels. Related discussions of the GS mechanism based on the study of 4 fermion decay of the
anomalous vertex can be found in [12].

Being leptoproduction the best way to search for extra neutral interactions, it is then obvious
that the study of the anomalous vertices and of possible anomalous extra Z’ should seriously
consider the investigation of this process. We describe the modifications induced on Drell-Yan
computed in the Standard Model (SM) starting from the description of some of the properties of
the new anomalous vertices and of the corresponding 1-loop counterterms, before moving to the
analysis of the corrections. These appear — both in the WZ and GS cases — in the relevant partonic
channels at NNLO in the strong coupling constant (O(asz)). We perform several comparisons
between anomalous and non-anomalous extra Z' models and quantify the differences with high
accuracy.

Double prompt (direct) photons offer an interesting signal which is deprived of the fragmen-
tation contributions especially at large values of their invariant mass Q, due to the steep falling
of the photon fragmentation functions. In addition, photon isolation may provide an additional
help in selecting those events coming from channels in which the contribution of the anomaly
is more sizeable, such as gluon fusion. Also in this case we perform a detailed investigation of
this sector. For direct photons, the anomaly appears in gluon fusion — at parton level — in a class
of amplitudes which are characterized by two-triangles graphs — or BIM amplitudes — using the
definitions of [13].

In both cases the quantification of the background needs extreme care, due to the small signal,
and the investigation of the renormalization/factorization scale dependence of the predictions is
of outmost importance. In particular, we consider all the sources of scale-dependence in the anal-
ysis, including those coming from the evolution of the parton densities (PDF’s) which are just
by themselves enough to overshadow the anomalous corrections. For this reason we have used
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the program CANDIA in the evolution of the PDF’s, which has been documented in [14]. The
implementations of DY and DP are part of two programs CANDIApy and CANDIAAxjon for the
study of the QCD background with the modifications induced by the anomalous signal. The QCD
background in DP is computed using DIPHOX [15] and GAMMA2MC based on Ref. [16]. The
NLO corrections to DP before the implementation of DIPHOX have been computed by Gordon
and one of the authors back in 1995 [17] and implemented in a Monte Carlo based on the phase
space slicing method. We present high precision estimates of the QCD background at NNLO,
which is the order where, in these processes, the anomalous corrections start to appear. In princi-
ple, the size of these corrections, although small, cannot be classified as impossible to resolve at
a collider, since both the size of the anomalous coupling and the mass of the extra gauge boson
are unknown. In particular, the Z gauge boson has an anomalous component which is related to
the specific charge assignment of a given model. While these charge assignments alone are not
easily identifiable as being anomalous or not, they can however be excluded (or allowed) under
some special conditions. For instance, in the brane model that we analyze, for a sizeable value
of the anomalous coupling (gp ~ 1) the variation induced on the Z resonance has a reduced
overlap with the corresponding SM prediction, which points towards an exclusion of the same
model for gp > 1. However, since the PDF’s need to be re-calibrated at higher evolution scales in
the next few years, we prefer, on more conservative basis, to consider such models at such large
couplings to be only marginally allowed and to wait for the experimental response. Coming to
the anomalous corrections, although in DY these are found to be small, we find that they are
comparable in size with the mass corrections due to heavy quarks in the hard scatterings, which
have been computed before for the same process.

1.1. An anomalous extra Z'

The analysis of anomaly-free Abelian extensions of the SM that we will use in order to com-
pare our results with the anomalous case, with our conventions, has been discussed in [38]. The
numerical analysis presented here follows closely the choice of parameters presented in this pre-
vious work. In the presence of anomalous interactions we can use the same formalism with some
appropriate changes. Since the effective Lagrangean of the class of the anomalous models that
we are investigating includes both a Stiickelberg and a two-Higgs doublet sector, the masses of
the neutral gauge bosons are provided by a combination of these two mechanisms [18]. In this
case we take as free parameters the Stiickelberg mass M and the anomalous coupling constant
gB, with tan 8 as in the remaining anomaly-free models. In the numerical study we have chosen
v, (vev of one of the two Higgs fields) of the order of the electroweak scale (=~ 246 GeV),
allowing a small variability of Mz within the experimental errors. In this case there is an allowed
range of variability of tan §, in the interval 10—40, which has been used to perform the analysis.
The dependence of all the results on this parameter is rather weak, and for this reason we have
fixed its value to tan 8 = 40.

The value of M is loosely constrained by the D-brane model in terms of suitable wrap-
pings (n) of the 4-branes which define the charge embedding [19,20]. The charges are given
in Table 3. Coming to the specific gauge structure of the model, we consider a complete
SUB) x SU2) x U(l)y x U(1)p symmetry, with U(1)p denoting the anomalous Abelian
factor, in which anomaly cancellation is achieved via additional Wess—Zumino countert-
erms [5].
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The mass-matrix in the neutral gauge sector is given by

W3
['mass = (W37 Y, B)M2 ( Y ) ’
B

where B is the Stiickelberg field and the mass matrix is defined as

gv? —gagyv?  —goxp
M2 _ 1 - 2 2.2 (1)
=7 | —xer? g gyxp
—g2Xp  gyxp  2M7+ Npp
with
Npg = (a27v, +4/°v3)ep.  xp=(alvi+aiv])es. )

Here v, and vy denote the vevs of the two Higgs fields H,, H; while qf and qf are the
Higgs charges under the extra anomalous U(1)p. We have also defined v = ,/v2 + vﬁ and

g=,/ g% + gf,. The massless eigenvalue of the mass matrix is associated to the photon A, , while

the two non-zero mass eigenvalues denote the masses of the Z and of the Z’ vector bosons. These
are given by

(2M2+g +NBB_\/(ZM%_82U2+NBB)2+4823€129)
2,

1 g%x 1 g%x
M24 M8

(NBB - g%v?), (3)

- %(21\42 +g*v? + Npp + \/(2M12 — 8202+ Npg)* +4g2x%)

~ M 1 + T “4)
The mass of the Z gauge boson gets corrected by terms of the order v>/Mj, converging to the SM
value as M| — oo, while the mass of the Z’ gauge boson can grow large with M. It is important
to notice that the Stiickelberg mechanism can be thought of as the low energy remnant of an extra
Higgs whose radial fluctuations have been frozen and with the imaginary phase surviving at low
energy as a CP-odd scalar [3,22]. The physical gauge fields can be obtained from the rotation
matrix 04

A, W3
3)-ofi)
A B

which can be approximated at the first order in the mixing parameter €; as

8y 82 0
g g
O~ 2106 -2+06) e (6)
—Le e 1+ 0(})

where € is defined by the expression
XB

= (7

€1
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Table 1
Higgs charges in the Madrid model.

Y XA Xp
Hy 1/2 0 2
Hy 1/2 0 -2

Table 2
SM spectrum charges in the D-brane basis for the Madrid model.
da db qc qd

or 1 —1 0 0
uR -1 0 1 0
dr —1 0 —1 0
L 0 —1 0 —1
eR 0 0 —1 1
Ng 0 0 1 1
Table 3
Fermion spectrum charges in the Y-basis for the Madrid model [19].

oL uR dR L eR Ng
qy 1/6 -2/3 1/3 —1/2 1 0
qB —1 0 0 -1 0 0

Concerning the charge assignments, the corresponding model is obtained form the intersection of
4 branes (a, b, ¢, d) with generators (qq, q», q¢, qq) Which are rotated to the hypercharge basis,
with an anomaly free hypercharge. The U (1), and U(1); symmetries are proportional to the
baryon number and the lepton number respectively. The U (1), symmetry can be considered
as the third component of the right-handed weak isospin; the U(1); is a PQ-like symmetry.
A discussion of the construction can be found in [20] and [19]. One of the choice for these
parameters is reported in Tables 1-3.

2. The GS and WZ vertices and gluon fusion

As we have mentioned above in the previous sections, the two available mechanisms that
enforce at the level of the effective Lagrangean the cancellation of the anomalies involve either
PQ-like (axion-like) interactions — in the WZ case — or the subtraction of the anomaly pole (for
the GS case). In a related analysis [21] we have presented some of the main features of the
two mechanisms taking as an example an axial (anomalous) version of QED to illustrate the
cancellation of the anomaly in the two cases. In the GS case, the anomaly of a given diagram
is removed by subtracting the longitudinal pole of the triangle amplitude in the chiral limit. We
have stressed in [23] that the counterterm (the pole subtraction) amounts to the removal of one
of the invariant amplitudes of the anomaly vertex (the longitudinal component) and corresponds
to a vertex re-definition.

The procedure is exemplified in Fig. 1 where we show the triangle anomaly and the pole coun-
terterm which is subtracted from the first amplitude. The combination of the two contributions
defines the GS vertex, which is made of purely transverse components in the chiral limit [21]
and satisfies an ordinary Ward identity. Notice that the vertex does not require an axion as an



R. Armillis et al. / Nuclear Physics B 814 (2009) 156-179 161

= + - = AW\
7 VA zZ
(c)

(a) (b)

Fig. 1. A gauge invariant GS vertex of the AVV type, composed of an AVV triangle and a single counterterm of the
Dolgov—Zakharov form.

asymptotic state in the related S-matrix; for a non-zero fermion mass in the triangle diagram, the
vertex satisfies a broken Ward identity. We now proceed and summarize some of these properties,
working in the m y = 0 limit (i.e. the chiral limit).

Processes such as gg — y v, mediated by an anomalous gauge boson Z’, can be expressed in
a simplified form in which only the longitudinal component of the anomaly appears. We therefore
set k]2 = k% =0and m y =0, which are the correct kinematical conditions to obtain the anomaly
pole, necessary for a parton model (factorized) description of the cross section in a pp collision
at the LHC, where the initial state of the partonic hard-scatterings are on-shell.

We start from the Rosenberg form of the AVV amplitude, which is given by

T)\Mv = Alé‘[kl, )\., /.L, U] + Az{;‘[k27 )"7 M’ U] + A3kil€[klv k27 U, )\']
+ A4kh ek, ko, v, A1+ Ask(elki, ka, o, Al + Aekyelki, ko, i, Al ®)

where the two external outgoing momenta are kf and kj, while the incoming momentum is
k* = (ki + k2)*. Imposing the Ward identities to bring all the anomaly on the axial-vector vertex,
we obtain the usual conditions

A=k As + ki - krAs,

Ay = k%A3 + ki -kaAg,

Az(ki, k2) = —Ae(k1, k2),

Au(ki, kp) = —As(ki, k), )

where the invariant amplitudes A3z, ..., Ag are free from kinematical singularities for off-shell
external lines. We set k2 = (k; + k2)? = 5. As we have mentioned, in the parton model we take
the initial gluons to be on-shell, while the hadronic cross section is obtained by convoluting the
hard scattering given above (corrected by a color factor) with the PDF’s. The amplitude simplifies
drastically in this case using repeatedly the Schouten relation, and takes the form (see [24])

T = Agk™elky, ko, v, il + (As + Ae) (Kyelki, ko, o, Al — k' elki, k2, v, 1), (10)
in which the second piece drops off for physical on-shell photon/gluon lines, leaving only a single
invariant amplitude to contribute to the final result

T = AL (5) (K1 + ko) elki, ko, v, 1] (b

where

2 2

f 1 my 5 pr+1 "y
Al )= —(1+ L1og2 BT ), =\/1-4-L s <0 12
6(S) 271,25,( + s Og IOf _1 IOf s § < ( )
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The anomaly pole is given by the first term of Eq. (10)

1
T = otk + ko) etk ko, v, . (13)

The logarithmic functions in the expression above are continued in the following way in the
various region

2.
0<s<4mf.

1 1
pf—>i,/—,02; —log<'0f+ )—)—iarctani,
2 pf—1 /4m2f—s

s>4m§c>0:
1 —>7T+i10 S“"”?f‘*‘ﬁ
— 22 )
I VS s —4m’;

Notice that the surviving amplitude A¢ multiplies a longitudinal momentum exchange and, as
discussed in the literature on the chiral anomaly in QCD [24,25], is characterized by a massless
pole in s, which is the anomaly pole, as one can clearly conclude from Eq. (12). This equa-
tion shows also how chiral symmetry breaking effects appear in this amplitude at this special
kinematical point by the m  terms.

The subtraction of the anomaly pole is shown in Fig. 1 and is represented by diagram (c). The
combination of diagrams (b) and (c) defines the GS vertex of the theory [21], with diagram (c)
described by Eq. (13) (—T;). Therefore, in the AVV case, it is explicitly given by

—p% — —ipf; arctan (14)

AN ekt k) = AN (K. Ky ko) + Cogy (k. ki ko) (15)
where we have denoted with Aayy the anomaly diagram and the GS counterterm that corre-
sponds to the exchange of the massless pole takes the following form in momentum space in the
AVYV case

AVV(k ki, kZ)__k_k €[, v, ki, k2], (16)

where a, is the anomaly. We will refer to this expression as to the Dolgov—Zakharov (or DZ)
counterterm [25].

It is easily verified that in the massless fermion limit and for on-shell gluon lines, the GS vertex
is trivially vanishing by construction. In general, for any asymmetric configuration of the external
lines in the vertex, even in the massless limit, the vertex has non-zero transverse components [26,
27]. The expression is well known [27,28] in the chiral limit and has been shown to satisfy the
Adler-Bardeen theorem [27].

2.1. BIM amplitudes

In our analysis we encounter a class of amplitudes (BIM) [13] which are characterized by
two anomaly vertices connected by an s-channel exchange of the anomalous gauge boson. These
amplitudes grow quadratically with the energy and are not eliminated by the exchange of a
Stiickelberg pseudoscalar. The amplitude appears in the gluon fusion sector in the WZ case.
In the SM a similar graph contributes only if heavy fermions run in the loop. Obviously, this
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contribution would be identically vanishing if all the fermions of a given generation would be
mass-degenerate.

Notice that a BIM amplitude is non-resonant and can grow beyond the unitarity limit. In the
massless fermion case, its expression is given by the Dolgov—Zakharov limit of the anomaly
amplitude (Egs. (11) and (12), with m y = 0), which appears both in the production mechanism
of the extra Z’' (¢gg — Z’), where the Z’ in the s-channel is virtual, and in its decay into two
photons. The disappearance of the s-channel resonance, in this amplitude, is a consequence of
the anomaly, as one can show rather simply [13]. The explicit expression of the BIM amplitude
is given by

!

—1 ’ k)\k)» a
Apiy = T2k el v Ky kol 5 —— (g“ ) (=K el v K K]

k k2 — M2 k2
—i K M2 - k2) an
2 _ MZ M2 k2

a,
= el v,k kol (=Kl v/, ki, Kb

_lk2 A
S[M v, ki, k2] k2 elp’, v’ ky, kyl

a ia
=_Mn8[u, v,kl,kz]k_zﬁng[ﬂ/v v kL k] a7

where M denotes, generically, the mass of the anomalous gauge boson in the s-channel. If we
multiply this amplitude by the external polarizators of the photons, square it and perform the
usual averages, one finds that it grows quadratically with energy. Therefore, in general one en-
counters, for models of these types, a unitarity bound, as discussed in [13]. The impact of these
amplitudes on the selected cross sections, at the LHC energy, will be quantified below.

3. Invariant mass distributions in Drell-Yan

Our NNLO analysis of the invariant mass distributions for lepton pair production, for the com-
putation of the QCD sectors, is based on the hard scatterings of [29], and the NNLO evolution
of the parton distributions (PDF’s) has been obtained with CANDIA [14]. The anomalous cor-
rections to the invariant mass distributions have been evaluated separately, since at NNLO they
appear in DY in the interference with the lowest order graph, and have been added to the standard
QCD background. It is important to recall that lepton pair production at low Q via Drell-Yan is
sensitive to the PDF’s at small-x values, while in the high mass region this process is essential in
the search of additional neutral currents. In our analysis we have selected a mass of 1 TeV for the
extra gauge boson and analyzed the signal and the background both on the peaks of the Z and of
the new resonance.

At hadron level the colour-averaged inclusive differential cross section for the reaction Hy +
Hy — 1 + 1> + X, is given by the expression [29]

do

dQ?
where Z = Z, Z' is the point-like cross section and all the information from the hadronic initial
state is contained in the PDF’s. The hadronic structure function Wz (z, Q?) is given by a con-

=10z (Q*, M%)Wz(7, 0%), ©=— (18)
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(a) (b) (c)

Fig. 2. qq — Z,Z' — 171~ at LO and NLO (virtual corrections).

(d) (e) "

Fig. 3. qq — Z,Z' — 71~ at NNLO (virtual corrections).

volution product between the parton luminosities @;; (x, /L%e, ,u%) and the Wilson coefficients
Aij(x, Q% Ry W)

Wz (z, 0%, uk, i Zf—% X, Wrs uF)Al,< Qz,u%>, (19)

L] T

where i and j denote the various partons and where the luminosities are given by

1
<1>ij(x,u3e,lﬁv)=/ fi(y, u%, /LF)fj(y 1%, MF)E[ﬁ®fj](xaﬂ%e’H%?)~ (20)

The Wilson coefficients (hard scatterings) depend on both the factorization (1 r) and renormal-
ization scales (uR), formally expanded in the strong coupling ¢ as

Aij(x, 02, 1) Za RAL (x, 0%t uk)- 1)

We will vary ur and pg independently in order to determine the sensitivity of the result on
their variations and their optimal choice. Coming to illustrate the contributions included in our
analysis, these are shown in some representative graphs. The complete NNLO expressions of
the hard scatterings and the corresponding Feynman diagrams can be found in [29]. We briefly
discuss the various contributions in order to identify the new anomaly graphs.

o SM QCD contributions

We show in Fig. 2 the leading O(«y,) and some typical next-to-leading order O (oy,5) (LO,
NLO) contributions to the process in the annihilation channel (virtual corrections). Examples of
higher order virtual corrections included in the hard scatterings are shown in Fig. 3, which are
of O(afaw), while the corresponding real emissions, integrated over the final state gluons, are
shown in Fig. 4 at NLO (graph (g)) and NNLO (graphs (h) and (i)).
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(g)

Fig.4.q¢ — Z,72' — 111~ with real corrections at NLO (g) and at NNLO (h), (i).

() (k)
0

Fig. 5. Anomalous contributions to leptoproduction mediated by a Z’ in the gg, ¢g and gg sectors.

(n) (0) (p) (q)

(m)

Fig. 6. Anomalous contributions to leptoproduction in the gg sector mediated by an anomalous Z’ at higher perturbative
orders.

o Anomalous corrections

We have shown in Figs. 5, 6 the leading anomalous corrections to leptoproduction. At O(aszaﬁ,
there is a first contribution coming from the square of graph (j) a second contribution coming
from the interference between graph (k) of this figure and graph (g) of Fig. 4; a third contribution
coming from the interference between graph (1) of this figure and graph (i) of Fig. 4, which
involve the gg sector, and the interference between graph (m) of this figure and graph (a) of
Fig. 2 in the ggq sector. The analogous contributions in the WZ and GS cases are obtained by
replacing the triangle graph with the GS vertex, as in Fig. 1. Notice that in the WZ case the
anomaly pole is automatically cancelled by the Ward identity on the lepton pair of the final state,
if the two leptons are taken to be massless at high energy, as is the case. Then, the only new
contributions from the anomaly vertex that survive are those related to the transverse component
of this vertex. This is an example, as we have discussed in [21], of a “harmless” anomaly vertex.
A similar situation occurs whenever there is no coupling of the longitudinal component of the
anomaly to the (transverse) external leptonic current.
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3.1. Precision studies on the Z resonance

The quantification of the corrections due to anomalous Abelian gauge structures in DY re-
quires very high precision, being these of a rather high order. For this reason we have to identify
all the sources of indeterminations in QCD which come from the factorization/renormalization
scale dependence of the cross section, keeping into account the dependence on wr and g both
in the DGLAP evolution and in the hard scatterings. The set-up of our analysis is similar to that
used for a study of the NNLO DGLAP evolution in previous works [30,31], where the study
has covered every source of theoretical error, including the one related to the various possible
resummations of the DGLAP solution, which is about 2-3% in DY and would be sufficient to
swamp away any measurable deviation due to new physics at the LHC.

We will now briefly summarize the results for the new contributions in DY, starting from the
non-anomalous ones.

In the gg sector we have two contributions involving triangle fermion loops see Fig. 5(k), (m).
The one depicted in Fig. 5(m) is a two-loop virtual correction with a Z or a Z’ boson in the final
state, while in Fig. 5(k) we have a real emission of a gluon in the final state which is integrated
out. The first contribution has been calculated in [32-35],

A;/q (x, QZ, /L% m2)

2
=5(1— x)aqzlaé/CFTf%C:[—S) [6(Q% — 4m?)G1(m?/ Q%)
+6(4m* — 0*)Go(m*/ 0%)] (22)

where Cr and Ty are the color factors, ¢ = u,d,c,s, Q =t,b and m the mass of the heavy
flavors, while in the massless limit the functions G| and G, are given by

Q2
Giim=0)= 310g(—2> —9+42¢(12),
KR
Gy(im=0)=0 (23)

and Q represents the invariant mass of the system. The contribution of Fig. 5(k) in the massless
limit is given by

A(Ifé (x, Qz, /L% m= O)

- Lfas\* [ (1+x)
=dfagertry() x| pnla 2 - el .

while in the gg sector we have the contribution shown in Fig. 5(1) which is given by
Agelv. . ik m?)

% (%)2 « [0(Q% = 4m?) H, (x, 02, m?)

+60(4m* — Q*)Ha(x, 0%, m?)] (25)

_ 7 72
=a, aQTf

with the massless limit of Hj (x, Qz, m?) given by
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1D <

(a)

Fig. 7. GS mechanism: anomalous contribution and counterterm for the gg scattering sector.

e N GO
+2<1—%>[1—2x10g<%>:|, 6)

Separating the anomaly-free from the anomalous contributions, the factorization formula for the
invariant mass distribution in DY is given by

d p
_02 = ‘L’O’Z(Qz, M%){Wz(‘t, Qz) + W%nom(‘f, Qz)},

do
ngom J Z/_‘Dl/ x UR MF)A?}]Om<§’ Q2,M%>,
T
AR (x, 0%, uF) = Ay (x, Q% uf,m=0) + AR (x, 0%, uf, m =0)
+ Age(x, 0%, u%,m =0) (27)

where Z stays for Z, Z’ and that we will be using in our numerical analysis below. In Fig. 7 we
have illustrated one of the anomalous contributions and its counterterm in the gg sector for the
GS case.

3.2. Di-lepton production: Numerical results

We have used the MRST-2001 set of PDF’s given in [36] and [37]. We start by showing in
Fig. 8 various zooms of the differential cross section on the peak of the Z — for all the models —
both at NLO and at NNLO. We have kept the factorization and renormalization scales coincident
and equal to Q, while the mass of the extra Z’ has been chosen around 1 TeV. The anomaly-free
models, from the SM to the three Abelian extensions that we have considered (free fermionic [38]
and U(1)p—r [39] in Fig. 8, while U (1)44, appears in Table 5) show that the cross section is
more enhanced for the MLSOM, illustrated in Fig. 8(c). The plots show a sizeable difference (at
a 3.5% level) between the anomalous and all the remaining anomaly-free models. From Fig. 8(c)
it is clear that the variation of the SM cross section from NLO to NNLO has an overlap with
the corresponding variation for the MLSOM. Notice that given this intersection between the
two bands of variations, it is clear that it is not possible to exclude this model at such value of
the coupling, although future analysis, based on new sets of PDF’s calibrated at larger energy
at the LHC, may be able to do so. It is important to stress that these variations are due to the
specific charge assignments of the model and not to the presence of anomalous contributions on
the Z resonance. The reason for this is that even at NLO, where the anomalous corrections are
absent, these discrepancies with the SM are already present. It is also important to stress that
gp =1 is probably a large value for an extra Abelian coupling. For these reasons the model is
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Fig. 8. Zoom on the Z resonance for anomalous Drell-Yan in the ur = ugr = Q at NLO/NNLO for all the models.

not (currently) completely excluded by precision LEP data, but might be excluded in the future
at least for such larger value of the coupling, since the dependence of the shape of the peak on
this parameter is significant.

Moving from NLO to NNLO the cross section is reduced in correspondence of the Zy peak.

Defining the K -factor

ONNLO — ONLO
ONLO

= KnNLo

90.8 91 91.2 91.4 91.6 91.8 92
Q [GeV]
(b) Overlaps at NLO/NNLO



Table 4

R. Armillis et al. / Nuclear Physics B 814 (2009) 156-179

169

Invariant mass distributions at NNLO for the MLSOM and the SM around the peak of the Z. The mass of the anomalous
extra Z’ is taken to be 1 TeV with up = up = Q.

do™° /4 0 [pb/GeV] for the MLSOM with M; = 1 TeV, tan 8 = 40, CANDIA evol.

QIGeV]  gp=0.l 85 =036 g5 =0.65 g =1 oo (@)

90.50 3.684 x 1012 3.6997 x 1072 3.7374 x 1012 3.8132 x 1072 3.6835 x 1072
90.54 3.7956 x 1072 3.8112 x 1012 3.8500 x 1072 3.9282 x 1012 3.7945 x 1012
90.59 3.9054 x 1072 3.9215 x 1012 3.9615 x 1012 4.0419 x 1012 3.9043 x 1012
90.63 4.0132 x 1012 4.0298 x 1012 4.0708 x 1012 4.1535 x 1012 4.0121 x 1012
90.68 4.1180 x 1012 4.1351 x 1012 4.1772 x 1012 42621 x 102 4.1169 x 1072
90.99 4.6879 x 1012 47073 x 102 4.7554 x 1012 4.8523 x 1012 4.6866 x 1072
91.187 4.8040 x 1012 4.8239 x 1012 4.8733 x 1012 4.9727 x 1012 4.8027 x 1012
91.25 4.7935 x 1012 4.8134 x 1012 4.8627 x 1012 4.9619 x 1012 47922 x 1012
91.56 4.4076 x 1012 4.4259 x 1012 44713 x 1012 4.5628 x 1012 4.4064 x 1012
91.77 3.9371 x 1072 3.9535 x 1072 3.9941 x 1012 4.0759 x 1012 3.9360 x 1072
92.0 3.3750 x 1012 3.3891 x 1012 3.4239 x 1012 3.4942 x 1012 3.3741 x 1012

in the case of the MLSOM this factor indicates a reduction of about 4% on the peak and can be
attributed to the NNLO terms in the DGLAP evolution, rather than to the NNLO corrections to
the hard scatterings. This point can be explored numerically by the (order) variation [30,40]

Ao ~AGQP+36 AP,
Ao = |oNNLO — ONLO| (29)

which measures the “error” change in the hadronic cross section o going from NLO to NNLO
(Ao) in terms of the analogous changes in the hard scatterings (Ad) and parton luminosities
(A¢). The dominance of the first or the second term on the rhs of Eq. (29) is an indication of
the dominance of the hard scatterings or of the evolution in moving from lower to higher order.
We show in Table 4 numerical results for the NNLO cross section. Differences in the resonance
region of this size can be considered marginally relevant for the identification of anomalous
components in this observables. In fact, in [30] a high precision study of this distributions on the
same peak (in the SM case) shows that the total theoretical error is reasonably below the 4% level
and can decrease at 1.5-2% level when enough statistics will allow to reduce the experimental
errors on the PDF’s. It is then obvious that the isolation/identification of a specific model —
whether anomalous or not — appears to be rather difficult from the measurement of a single
observable even with very high statistics, such as the Z resonance.

The evolution of the PDF’s has been performed with CANDIA [14] which allows independent
variations of i and pg in the initial state. This analysis is shown in Fig. 9, where we vary
wr up to 20, while we have taken 1/2ur < ur < 2up. We observe that by increasing both
scales there is an enhancement in the result and this is due to the logarithms In /L%e / ,u%, and
In Q?/ ,u%, contained in the hard scatterings. The scale variations induce changes of about 4%
in the SM case at NNLO and about 3.5% in the MLSOM on the peak of the Z. Notice that
the variations are not symmetric as we vary the scales and the percentual changes refer to the
maximum variability. This typical scale dependence is universal for all the studies presented so
far on the peak of the Z and is a limitation of the parton model prediction. After a large data
taking, optimal choices for the PDF’s and for ug and wp will allow a considerable reduction
of this indetermination. In Fig. 9(b) we repeat the same analysis, for the same center of mass
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Fig. 9. Zoom on the Z resonance for anomalous Drell-Yan obtained by varying the factorization and the renormalization
scales at NNLO for the SM and the MLSOM. Results are shown for Q ~ Mz, GeV (a) and 1 TeV (b) both for VS =
14 TeV.

energy, this time for Q ~ 1 TeV, on the Z’ resonance in the MLSOM, for a sizeable coupling
of the anomalous gauge boson, gp = 1. Compared to the value on the Z peak, the reduction of
the cross section is by a factor of 2 x 10*. Also in this interval the variation of the differential
cross section with the two scales is around 3%. We have added a table (Table 5) in which we
show results for the total cross sections for the various models at the Z peak. In the first line
of each column we show the results for the total cross section in [fb], in the 2nd line the total
width Iz, expressed in GeV and in the 3rd line the observable oy, X BR(Z' — ll_), where
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Table 5
Total cross sections, widths and oot X BR(Z' — 1), where BR(Z' — 1I) = Iyi_ i/ Tz, for the MLSOM and three
anomaly-free extensions of the SM; they are all shown as functions of the coupling constant.

oo b, /S = 14 TeV, M1 = 1 TeV, tan § = 40

¢B MLSOM Uhp_p U(Dg+u Free Ferm.
0.1 5.982 3.575 2.701 1.274
0.173 0.133 0.177 0.122
0.277 0.445 0.252 0.017
0.36 106.674 105.567 53.410 42.872
2.248 1.733 2.308 1.583
4.937 13.138 4.991 0.586
0.65 240.484 143.455 108.344 51.155
7.396 5.700 7.592 5.205
11.127 17.853 10.124 0.699
1 532.719 317.328 239.401 113.453
17.810 13.720 18.274 12.530
24.639 39.491 22.370 1.550
——\VVV *%'\/\/\/ AVAVAV]
—N\/VV e AVAVAV] AVAVAV]
(a) (b) (c)

Fig. 10. gq sector for the process gqg — y y including virtual corrections at LO (a) and NLO (b), (c).

BR(Z' — 1) = Iy, ,i/Tz. These quantities refer to the value of the coupling constant gg
listed in the first column.

4. Direct photons with GS and WZ interactions

The analysis of pp — yy proceeds similarly to the DY case, with a numerical investigation of
the background and of the anomalous signal at parton level. We start classifying the strong/weak
interference effects that control the various sectors of the process and then identify the leading
contributions due to the presence of anomaly diagrams.

We show in Fig. 10 a partial list of the various background contributions to the DP channel in
pp collisions. Notice that, due to the anomaly, the 2-photon signal is non-resonant, even in the
presence of an s-channel exchange.

We show the leading order (LO) contribution in diagram (a) with some of the typical virtual
corrections included in (b) and (c). These involve the gg sector giving a cross section of the form

04q = aezm (c1 + cray). 30)

These corrections are the NLO ones in this channel. The infrared safety of the process is guar-
anteed at the same perturbative order by the real emissions in Fig. 11 with an integrated gluon in
the final state, which are also of O(ocfm o).
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Fig. 11. Real emissions for gg — yy at NLO.
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Fig. 12. gg sector for the process gg — yy.
'

(j) (k) (1) (m)

S

Fig. 13. gg sector for the process gg — yy with virtual and real radiative corrections.

A second sector is the gg one, which is shown in Fig. 12, also of the same order (O (asttem))-

These corrections are diagrammatically the NLO ones. In general, the NLO prediction for this

process are improved by adding a part of the NNLO (or O (a2, «2)) contributions, such as the

em™s
2 2

box contribution (j) of the gg sector which is of higher order (O (o, «;)) in &, the reason being
that these contributions have been shown to be sizeable and comparable with the genuine NLO
ones. All these corrections have been computed long ago [17] and implemented independently
in a complete Monte Carlo in [15,41] with a more general inclusion of the fragmentation. More

recently, other NNLO contributions have been added to the process, such as those involving the

gg sector through O (a2, &),
Oge = a2, (di10? + drat?), (3D

shown in graphs (k), (1), (m). The other sectors have not yet been computed with the same accu-
racy, for instance in the gq and g4 channels they involve 2 to 4 emission amplitudes which need
to be integrated over 2 gluons. For instance, graph (m) is a real emission in o4, which is needed
to cancel the infrared/collinear singularities of the virtual ones at the same order.

The anomalous contributions are shown in Figs. 14—17 and 18.! The additional contributions
in the s-channel that accompany this amplitude are shown in Fig. 19. The exchange of a mas-
sive axion (Fig. 19(b)), due to a mismatch between the coupling and the parametric dependence

1 As stated in the previous sections, the diagram in Fig. 17 vanishes because of a Ward identity.
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Fig. 14. Anomalous contributions for gg — yy involving the BIM amplitude and its interference with the box graphs.
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Fig. 15. Total amplitude for gg — yyq.
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Fig. 16. Another configuration for the total amplitude of the gg — y ¢ process.

(s)

Fig. 17. Single diagram with an exchanged Z’ boson in the s-channel.

between Fig. 19(a) and (b), does not erase the growth of the BIM amplitude, as discussed by us
in a previous work. This mismatch is at the origin of the unitarity bound for this theory [13].
The identification of this scale in the context of QCD is quite subtle, since the lack of unitar-
ity in a partonic process implies a violation of unitarity also at hadron level, but at a different
scale compared to the partonic one, which needs to be determined numerically directly from the
total hadronic cross section 0,,. Overall, the convolution of a BIM amplitude with the parton
distributions will cause a suppression of the rising partonic contributions, due to the small gluon
density at large Bjorken x. Therefore, the graphs do not generate a large anomalous signal in this
channel. However, the problem of unitarizing the theory by the inclusion of higher dimensional
operators beyond the minimal dimension-5 operator bF' A F remains.

The anomalous terms, beside the (n)(n)* contribution with the exchange of an extra Z/Z’
which carry an anomalous component, which is O (a2,,asa2), include the interference between
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Fig. 18. Generic representation of the gg — yy process in the presence of a GS vertex of the AVV type.
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Fig. 19. Complete list of amplitudes included in the type of graphs shown in Fig. 14. They also have the exchange of a
physical axion and contributions proportional to the mass of the internal fermion.

the s/t /u box diagrams of gg — yy with the same BIM amplitude (n). In the gg sector the
anomalous terms give, generically, an expression of the form

2 2 2 2
og”; =ay, (alasaw + ara; aw), (32)

with the first contribution coming from (n)(0)* and from the interference with the (gg — yy)
box diagram, while the second from (n)(n)*. Other contributions which appears at O(aZm afoz%})
(in the amplitude squared), are those shown in Fig. 15 which involve 2 anomaly diagrams (r)
and their interference with the NLO real emission diagram of type (m). These contributions are
phase-space suppressed. If we impose isolation cuts on the amplitude we can limit our analysis,

for the anomalous signal, only to 2-to-2 processes near the photon.
4.1. Numerical analysis for direct photons

In our numerical implementation of double prompt photon production we compare the size
of the anomalous corrections respect to the SM background evaluated by a Monte Carlo [15,
16]. Since the anomalous signal is small compared to that of the SM, we have extracted both
for the SM case and the anomalous case the gg sector and compared them at hadron level by
convoluting the partonic contributions with the PDF’s. In this comparison, the SM sector is given
by the graphs shown in Fig. 13 plus the interference graphs shown in Fig. 14. In the SM case this
second set of graphs contributes proportionally to the mass of the heavy quarks in the anomaly
loop. At high energy the hard scatterings coming from this interference are essentially due to
the mass of the top quark running inside a BIM amplitude and are, therefore, related to heavy
quark effects. In the anomalous case the same set of graphs is considered, but now the anomaly
contributions are explicitly included. The hadronic differential cross section due to the anomalous
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interactions for massless quarks is given by
2 1

d d
d; d¢fdcos@ / xxcpgg< )A(x 0),

0 T
1

dz
ngg(y):/?g(y/z)g(z),

y

Ax) =461 —x)[

doy doy doy doint
dcos®  dcos® dcos®  dcos |’

dO_Z,box dO_Z’,box dUX’bOX

dGint - + + (33)
dcos® ~ dcosH dcosf dcost

The contributions which are part of this sector due to exchange of a Z or a Z’ and a x (see (a), (b)
and (f) of the BIM set in Fig. 19) are those labelled above, while ojy refers to the interferences
shown in Fig. 14, with the inclusion of a Z’ and a physical axion (such as Fig. 19(b)).

Defining

2

Gegryy = / do / dcost AGx.0) (34)
0

the hadronic cross section takes the form of a product of the gluon luminosity and the partonic
gg — Yy cross section
do  Q

0" 150y (). (35)

4.2. The gg sector

Coming to the analysis of the gluon fusion sector, the result of this study is shown in Fig. 20
where we plot the gluon contribution to the hadronic cross section for both the SM and the
MLSOM, having chosen M1 =1 TeV. We have used the MRST99 set of parton distributions
to generate the NNLO gluon luminosity with ag(Mz) = 0.1175, Q = %MR and /S = 14 TeV.
We have chosen tan 8 = 40 and different values of gp. The size of the cross section is around
107% [pb/GeV] — right on the mass of the resonance — for both models, with a difference that
grows as we rise the coupling constant for the anomalous U (1) (gp). We have chosen four possi-
ble values for gp: a small parametric value (gp = 0.1); equal to the coupling of the hypercharge
gy at the same scale (gp = gy) or to the SU(2),, coupling g> (gp = g2) or, finally, parametrically
sizeable, with ggp = 1. In the interference graphs used for this comparison between the anoma-
lous signal of the MLSOM and the SM (in this second case the BIM amplitudes contribute via
the heavy quark mass in the loops) we have included, beside the BIM amplitude, the entire set
of contributions shown in Fig. 19, with the exchange of a Z, a Z’ and the axi-Higgs x. We have
chosen a light Stiickelberg axion with m, =30 GeV. We show a more detailed investigation of
the results for the various contributions in the gg sector in Fig. 21(a), (b). The dotted lines are the
results obtained by the Monte Carlo and include both 2-to-2 and 2-to-3 contributions (pure QCD)
with and without cuts, computed at LO and at NLO. The size of these contributions is around
2 x 107% pb/GeV in the SM case. We show in the same subfigure the anomalous corrections in
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Fig. 20. Comparison plots for the gluon sector in the SM and in the anomalous model for a resonance of 1 TeV. The
box-like contributions are not included, while they appear in the interference with the BIM amplitudes.

the MLSOM, which vary between 10~° and 107 pb/GeV. Therefore, for gz ~ 1, the anoma-
lous sector of the MLSOM (the square of the box terms here are not included for the MSLOM)
is suppressed by a factor of 10 respect to the signal from the same sector coming from the SM.
In (b) we show the same contributions but we include in the SM also the quark channel (shown
separately from the gluon channel), which is around 10~* pb/GeV. Therefore, the quark sector
overshadows the anomalous corrections by a factor of approximately 103, which are difficult to
extract at this value of the invariant mass.

5. Summary and conclusions

Both DY and DP have some special features, being characterized by a clean final state. In DY
the identification of a new resonance in the neutral current sector would bring to the immediate
conclusion that an extra Z’ is present in the spectrum, but would give not specific indication
concerning its true nature. Current experimental bounds constrain the mixing of a possible extra
neutral component with the Z gauge boson, with a mass which should be larger than 900 GeV,
rendering the future search of extra neutral interactions, at least for DY, quite delicate, being the
allowed mass range at the tail of the invariant mass distribution of this process. This limit can be
much lower in a certain class of models (see Ref. [11]).

Under these conditions, deciding over the true nature of the extra Z’, whether anomalous or
not, would then be far more challenging and would require a parallel study of several independent
channels. For this reason we have analyzed two processes which are both affected by anomalous
contributions and could be used for correlated studies of the same interaction.

We have seen that changes in the factorization/renormalization scales both in the hard scatter-
ings and in the evolution of the PDF’s can easily overshadow the anomalous corrections, making
a NLO/NNLO analysis truly necessary. We have concentrated our investigation on an extra Z’
of 1 TeV in mass and searched for anomalous effects in the invariant mass distributions on the
Z peak, at 1 TeV and for large Q values (up to 2 TeV’s). We have shown that precision studies
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Fig. 21. (a): SM contributions for the gluon—gluon channel obtained with the Monte Carlo GAMMA2MC. These are
indicated by dotted lines and include all the interferences and the box graphs. Shown are also the anomalous contributions
of the MLSOM (no box). (b): as in (a) but we have included the Monte Carlo results for the SM gg channel at NLO.

on the Z resonance can be used to exclude some of the extra Z prime models due to the specific
charge assignments, for a sizeable value of the coupling constant. We have presented results in
which it is evident that the overlap region between the SM and the new extra Z prime model
analyzed in this study tends to shrink when the anomalous coupling increases (gp ~ 1). It is then
clear that it will be possible at the LHC, using these types of studies, to exclude a class of these
models characterized by variations of the cross section of the Z resonance around the level of 4%.
This is an indetermination allowed both by the NNLO QCD K -factors and by the dependence
of the result on the factorization and renormalization scales. The study that we have performed
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can be easily specialized to the case of a typical linear collider, where, instead, anomaly effects,
using our approach, are likely to be seen or discarded. More details on our analysis can be found
in the ArXive version of this work [42].
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