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Forward-backward asymmetry of top quark pair production
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We adopt a Markov chain Monte Carlo method to examine various new physics models which can
generate the forward-backward asymmetry in top quark pair production observed at the Tevatron by the
CDF Collaboration. We study the following new physics models: (1) exotic gluon G, (2) extra Z’ boson
with flavor-conserving interaction, (3) extra Z’ with flavor-violating u-7-Z' interaction, (4) extra W’ with
flavor-violating d-t-W’ interaction, and (5) extra scalars S and S* with flavor-violating u-t-S and d-t-S*
interactions. After combining the forward-backward asymmetry with the measurement of the top pair
production cross section and the ¢ invariant mass distribution at the Tevatron, we find that an axial vector
exotic gluon G’ of mass about 1 TeV or 2 TeV or a W/ of mass about 2TeV offer an improvement over the
standard model. The other models considered do not fit the data significantly better than the standard
model. We also emphasize a few points that have been long ignored in the literature for new physics
searches: (1) heavy resonance width effects, (2) renormalization scale dependence, and (3) next-to-leading
order corrections to the ¢f invariant mass spectrum. We argue that these three effects are crucial to test or

exclude new physics effects in the top quark pair asymmetry.
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I. INTRODUCTION

The CDF Collaboration has observed a 2.3¢ deviation in
the forward-backward (F-B) asymmetry of top quark pair
production at the Tevatron, using a data sample with
3.2 fb~! integrated luminosity [1]:

Aﬁg(cosﬁ) = 0.193 = 0.065(stat) = 0.024(syst). (1)

This measurement improves the previous CDF result based
on 1.9 fb~! [2],

APP(cosf) = 0.17 = 0.08, and
Al(An) = 0.24 = 0.14,

where the results given in the lab (pp) and the center-of-
mass (c.m.) frame of the top quark pair (¢7) are consistent
with the theoretically expected dilution of 30% in passing
from t7 to pp [3]. It is also consistent with the DO result
based on 0.9 fb~! [4]:

A = 0.19 = 0.09(stat) + 0.02(syst), and
AL — 0,12 + 0.08(stat) *+ 0.01(syst)

for exclusive 4-jet events and inclusive 4-jet events, re-
spectively. Although the value is still consistent at a con-
fidence level of ~1.5% with the standard model (SM)
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prediction, which is [5,6]
APP(cosf) = 0.051 = 0.015, 2)

it is interesting to ask whether or not the large central value
can be explained by new physics (NP) after one takes into
account other Tevatron experimental measurements of top
quark pair production. There has been recent excitement
among theorists for this measurement at the Tevatron [7—
18].

In this work we point out that a strong correlation exists
between Apg and o (1) measurements and further derive
the bounds on NP from both measurements under the
interpretation of a variety of models.

One should also keep in mind that, thanks to pp colli-
sions, the Tevatron offers the best opportunity for measur-
ing the asymmetry of top quark pair production, because of
the basic asymmetry of the production process. At the
LHC, the asymmetry of top quark pair production is an
odd function of the pseudorapidity of the ¢f pair, due to the
lack of definition of the forward direction. Hence, the LHC
will improve the measurement of the total cross section of
top quark pairs, but has very limited reach for studying the
asymmetry. In this sense the Tevatron plays a unique role
for testing top quark interactions, and it would provide
more accurate measurements with future accumulated
data. Projected bounds on both Apg and o(#7) at the
Tevatron with 10 fb~! integrated luminosity are also
presented.

The paper is organized as follows: In Sec. II, we exam-
ine the correlation between Apg and o(17) based on the
recent Tevatron measurement, using the Markov chain
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Monte Carlo (MCMC) method. We then give examples of a
few interesting NP models generating the asymmetry, e.g.,
an exotic gluon G’ (Sec. III), a model-independent effec-
tive field theory approach (Sec. 1V), a flavor-conserving
(FC) Z' boson (Sec. V), a flavor-violating (FV) Z' or W'
(Sec. VI), and a new scalar S(S*) (Sec. VII). We then
conclude in Sec. VIIL

II. CORRELATION OF Ay AND o (t1)
The asymmetry Agp in the top quark pair production can

be parameterized as follows:

SM _ .SM NP _ NP
o op” top op

Alot — (3)
FB SM SM NP NP’
op’ topt op top
NP _ NP SM _ _SM NP
_9F Op X(1+0'F T3 ) T ot (4)
NP NP NP _ NP SM NP’
op top OF Jp Ot T Ot
_ ANP SM(1 _
= Apg X R+ A (1 — R), (®)]
where
NP _ NP
ANP — O Op
FB = NP L NP’
I;M BSM NP (6)
AM=9r "8 ahq p=_ Tt
FB — SM SM SM NP
op T ooy Tt T Ot

is the asymmetry induced by the NP, the asymmetry in the
SM, and the fraction of the NP contribution to the total
cross section, respectively. In this work we consider the
case that the NP contribution to Agg occurs in the process
qq — tt, for which the SM contributions do not generate
any asymmetry at all at LO. However, at next-to-leading
order (NLO) a nonzero A3 is generated.

It is worth while emphasizing the factorization of AN
and R in Eq. (5), as it clearly reveals the effects of NP on
both the asymmetry and the top quark pair production cross
section. For example, when NP effects generate a negative
F-B asymmetry, they still produce a positive observed
asymmetry as long as they give rise to a negative contri-
bution to o(sf). This is important when the effects of
interference between the SM QCD channel and the NP
channel dominate. Moreover, the possibility of negative
contributions to o}¥ or o§* means that |[ANE | can exceed 1.

Recently, the CDF Collaboration [19] published new
results on the #f cross section in the lepton plus jet channels
using a neural network analysis, based on an integrated
luminosity of 4.6 fb~!,
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o(m, = 171.0 GeV)
= [8.33 * 0.40(stat) * 0.39(sys) * 0.17(theo)] pb,

o(m, = 172.5 GeV)
= [7.63 = 0.37(stat) = 0.35(sys) = 0.15(theo)] pb,

o(m, = 175.0 GeV)
= [7.29 * 0.35(stat) = 0.34(sys) * 0.14(theo)] pb,
(7

and also an analysis combining leptonic and hadronic
channels with an integrated luminosity of up to 4.6 fb™!
[20],

o(m, = 172.5 GeV)
= [7.50 % 0.31(stat) = 0.34(sys) * 0.15(theo)] pb.
3

Note that the theory uncertainty is derived from the ratio
with respect to the Z cross section, and the central value is
quoted after reweighting to the central values of the
CTEQ6.6M parton distribution function (PDF) [21]. By
means of the ratio with respect to the Z cross section, the
luminosity-dependence of the theoretical #7 cross section is
replaced with the uncertainty in the theoretical Z boson
production cross section. That reduces the total uncertainty
to 7%, greatly surpassing the Tevatron Run II goal of 10%.

In this work we fix the top quark mass to be 175 GeV as
we also include the the CDF measurement of the invariant
mass spectrum of top quark pairs in our study, which is
based on m, = 175 GeV. We rescale the combined CDF
measurements at m, = 172.5 GeV [cf. Eq. (7)] to m, =
175 GeV, which we estimate to be

o(tf) = [7.0 = 0.5] pb, )

on the basis of the approximate behavior of Egs. (7) and (8)
and the theoretical calculation by Langenfeld, Moch, and
Uwer [22]. It yields |R| = 7% at the 10 level. Any asym-
metry induced by the NP (ARXD) is highly suppressed by the
SM cross section due to the small fraction R; see Eq. (5).

A. Parameter estimation

In this work we utilize a MCMC to examine the corre-
lation of Apg and R. The MCMC approach is based on
Bayesian methods to scan over specified input parameters
given constraints on an output set. In Bayes’ rule, the
posterior probability of the model parameters, 6, given
the data, d, and model, M, is given by

7(01M)p(d|6, M)

p(6ld, M) = SN

: (10)

where 7(6|M) is known as the prior on the model parame-
ters, which contains information on the parameters before
unveiling the data. The p(d|6, M) term is the likelihood
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and is given below in Eq. (11). The p(d|M) term is called
the evidence, but is often ignored as the probabilities are
properly normalized to sum to unity. In using the MCMC,
we follow the Metropolis-Hastings algorithm, in which a
random point, 6;, is chosen in a model’s parameter space
and has an associated likelihood, L;, based on the applied
constraints. A collection of these points, {6;}, constructs
the chain. The probability of choosing another point that is
different than the current one is given by the ratio of their

respective likelihoods: min(if‘, 1). Therefore, the next

proposed point is chosen if the likelihood of the next point
is higher than the current. Otherwise, the current point is
repeated in the chain. The advantage of a MCMC approach
is that in the limit of large chain length the distribution of
points, 6;, approaches the posterior distribution of the
modeling parameters given the constraining data. In addi-
tion, the set formed by a function of the points in the chain,
f(8,), also follows the posterior distribution of that func-
tion of the parameters given the data. How well the chain
matches the posterior distribution may be determined via
convergence criteria. We follow the method outlined in
Ref. [23] to verify convergence after generating 25000
unique points in the chain.

We adopt the likelihood

L= e 062 = o 2y dP20] (11

where y;; are the observables calculated from the input
parameters of the ith chain, d; are the values of the experi-
mental and theoretical constraints and o ; are the associated
uncertainties. In our case, the input parameter set is taken
to be 6; = {oM, NP, AM, ANF}. We scan with flat priors
for the unknown inputs with a range of

—5pb=0o¥f =5pb -5=AF <5 (12)

(recall that, as a result of its definition, |[ARF| may exceed
1), while the known inputs are scanned with normal dis-
tributions about their calculated central values,

oM = 6.38 pb + 0.50 pb ASM = 0.051 = 0.015.

13)

The calculated total ¢7 production cross section at NLO for
m, = 175 GeV has been taken as [24-26]

o (17) = 6.38703(scale) *)4(PDF) pb, (14)

where the PDF uncertainty is evaluated using the
CTEQ6.6M PDF [21]. The fully next-to-next-to-leading
order (NNLO) QCD correction to top pair production is
highly desirable to make a more reliable prediction on the
asymmetry. Since it is still not clear how the asymmetry
will be affected by the complete NNLO QCD corrections,
we consider the NLO QCD corrections to the top quark
pair production throughout this work without including the
partial NNLO QCD corrections computed in [22,27,28].
However, it is conceivable that the asymmetry is not dras-
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tically affected with respect to the resummation in the
partial NNLO results as was found in the resummation at
NLO [29].

While both CDF and DO have measurements of the
invariant mass distribution [30,31], only CDF presents an
unfolded differential cross section. Therefore, we in-
spected the 7 invariant mass spectra reported by CDF;
see Fig. 1. We take the seven bins with M, > 400 GeV
in our fit and weight their y? by the number of included
bins. This assigns an equal weight between the M;; mea-
surement and the o,; and Agg measurements.

The observables are d; = {o(11)**P, Afy } in addition to
the binned ddw‘fﬁ data and define the output set. We use the

combined cross section of Eq. (8). We therefore assign
d; = {7.00,0.193} and o; = {0.50,0.069} in our imple-
mentation of the likelihood defined above for the case we
denote as “Current” ( [ Ldt = 4.6 b~ ! for o7, [ Ldt =

3.2 fb~! for Apg, and [ Ldr = 2.7 fb~! for -47), while

d; = {7.00,0.193} and o; = {0.34, 0.039} for the case we
denote as “Projected,” where [ Ldr=10fb~! of inte-
grated luminosity is used for each measurement, in which
we assume the central values are fixed and the uncertainties
are scaled by a factor 1/ VL. We combine the chains to
form isocontours of 1o, 20, and 30 significance via their
respective p values.

For illustration, we plot these contours in the plane of
A and o (17) in Fig. 2(a). We note that the current average
values of Agg and o (¢f) are consistent with the SM within
the 20 level. With an upgraded integrated luminosity of
] Ldt =10 fb~! at the Tevatron, the statistical uncer-
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FIG. 1 (color online). The invariant mass spectrum measured
by CDF assuming m, = 175 GeV. The solid histogram is the
CDF expectation taken from a LO calculation and PYTHIA. The
solid band indicates the full NLO SM prediction with a theo-
retical error due to scale uncertainty which we use in our scans.
The dashed line is K(doyo/dM;) with K = oy o/ 010 which
shows a large deviation from the data. The data are taken from
Ref. [30].
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FIG. 2 (color online).

R

(a) Correlation between observed A}y and o(#7) at the Tevatron with the current integrated luminosities;
(b) same for [ Ldt =10 fb~!. (c) Correlation between observed AfS

and fraction of NP contribution to o (¢7) for the current integrated

luminosities; (d) same for [ Ldt = 10 fb~!. (e) Correlation between the NP-generated asymmetry AN; and R for the current integrated
luminosities; (f) same for [ Ldt = 10 fb~!. Here, we do not include the M,; spectrum constraint. In each case the predicted
correlations for [ Ldt = 10 fb~! assume the same central values of experimental data. The crosses correspond to the standard model
predictions of the Apg and o ;. Innermost contours correspond to 1o deviation from minimum-)? solutions; next-to-innermost
correspond to 20; outermost correspond to 3o. Note that these scans are performed by comparing only to the measurements of the
total cross section and asymmetry and not the M ; distribution. These should be compared to a SM scan only subject to these two
measurements which gives (x?)ehain = 2.56 for the current luminosity and (¥*)epan = 6.20 for 10 fb~! if the central values are

unchanged.

tainty would be reduced significantly; see Fig. 2(b). The
deviation of Agg from zero is then larger than 3o. Note that
we also allow negative values of A3 in this work, though
they are not preferred. Taking the SM theory prediction, we
translate o(¢7) into R defined in Eq. (6). The correlation of
A and R is shown in Figs. 2(c) and 2(d). Finally, using
Eq. (5), we obtain the correlation between ANY and R
shown in Figs. 2(e) and 2(f). Clearly, the smaller R, the
larger ANE; see the 10 contour (solid black).

Note that since the MCMC is sensitive to the relative
likelihood change in going between two points, it is sensi-
tive to only the A y? values. Therefore, the isocontours of
the p values for 1, 2, and 3¢ assume the given model. To
obtain an overall indication of how well the model in
question fits the data, we quote {x”)chain» the x> per degree
of freedom values averaged over the entire chain. In cases
where we include the ddTU,; lyin constraint, Ng; = 3, other-

wise Nyor = 2. This quantity is an overall estimate of the
model’s consistency with the data. Generally, values of
(X*)ehain < 2 are considered fairly good fits, while values
much beyond that are not considered very good.

One might be tempted to search for the parameter set
that yields the best fit to the given data. However, this is
doing so without regard to the level of fine-tuning required
to find such a point. Explicitly, this can be seen as a set of
points in parameter space by which the y? value is mini-
mized, ideally to zero. However, if a small deviation from
these points provides a large increase in y?, this particular
set of points that provide a good fit can be seen as more
fine-tuned compared with another solution set without such
a steep increase in y2. Therefore, the MCMC approach
does take into account the parameter space available that
affords a good fit, preferentially solutions with low fine-
tuning.
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To compare the MCMC results of Fig. 2 and subsequent
Figures, we ran a MCMC with a pure SM explanation by
explicitly setting ARS and ¥ to zero and scanning over
Eq. (12) with Gaussian priors. We find that

GAM. = {2.56 Current luminosity (15)

chain — 1 6.20 Projected: [ Ldt =10 fb™ !,

where ““Current luminosity” refers to the measurement of
o,; with an integrated luminosity of 4.6 fb~! and the
measurement of Apg with an integrated luminosity of
3.2 fb~!. For the projected integrated luminosity of
10 fb~!, we assume the central values of Al and o'%'
remain unchanged from the values taken in Egs. (2) and
(9) while the uncertainties reduce by a scale factor JL.
When we examine specific models that could give rise to a
larger Agg than the SM, we must also take into account the
M ; distribution measurement. To compare these models
against the SM, we again run a MCMC with a pure SM
explanation scanning over Arg and o ; as above while also
scanning over our NLO prediction (seen in Fig. 1) with
Gaussian priors for the last seven bins of the CDF M,;
distribution. The bin nearest 7 threshold accounts for the
majority of the total cross section. Since we already in-
clude the total cross section in our fit, we do not include
this bin in our fit of the M; distribution so that we do not
weight the total cross section too heavily. If we include the
measurement of the M ; distribution and perform a MCMC
scan over the SM, we find

GAM. = { 1.75 Current luminosity

chain 1422  Projected: [ Ldt =10 fb~!" (16)

Here, Current luminosity refers to the above values of
integrated luminosity for the o,; and Agg measurements
and 2.7 fb~! for the measurement of the M,; distribution.
For the projected luminosity of 10 fb~!, we again assume
that the central values of all measurements remain the same
while their errors scale as 1/ VL. We note that the values of
(X*)chain in Eq. (16) are less than those in Eq. (15). This is
because (¥ )chain 1S a x> per degree of freedom. There are
two degrees of freedom in Eq. (15) and three in Eq. (16)
with the addition of the M,; distribution. The good agree-
ment of the M; distribution in the SM with data (seen in
Fig. 1) causes the y? per degree of freedom to decrease
when it is included in the fit. When comparing models, we
can say that if the (x?)chain value for a given model is less
than that for the SM with the appropriate data into account,
the model will provide a better overall fit to the data than
the SM.

The F-B asymmetry, defined in terms of a ratio of cross
sections, is very sensitive to the renormalization and facto-
rization scales, ug and g, respectively, at which the cross
sections are evaluated. The uncertainties in the cross sec-
tion associated with those scales can be considered as an
estimate of the size of unknown higher order contributions.
In this study, we set ur = wr = o and vary it around the
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central value of oy = m,, where m, is the mass of the top
quark. Typically, a factor of 2 is used as a rule of thumb.
Large scale dependence in the LO cross section can be
significantly improved by including the higher order QCD
and electroweak corrections. In this work we calculate the
SM top pair production cross section with the NLO QCD
corrections. Unfortunately, the QCD corrections to the G’
induced top pair production are not available yet.
Therefore, we calculate the NP contributions only at LO
and rescale them by the M ,;-dependent SM ¢g K factors.
Because of the mismatch between the SM and NP cross
sections, Apg calculated in this way depends on the choice
of scale.

Table I shows the LO and NLO top quark pair produc-
tion cross sections in the SM at the Tevatron. We present
the quark annihilation and gluon fusion processes individu-
ally as well as their sum. The CTEQ6.6M [21] and
CTEQOL [32] PDF packages are used in the NLO and
LO calculations, respectively. In the last row we also list
the K factor, defined as the ratio of NLO and LO cross
sections, for three scales.

We argue that the higher order corrections cannot be
estimated by a K factor (defined as the ratio of NLO and
LO cross sections) because the K factor is very sensitive to
the scale. Furthermore, the gluon fusion channel contrib-
utes much more at the NLO (roughly about 13 ~ 15% of
total cross section) than at the LO (only about 5%). Hence,
one also needs to take account of the gluon fusion channel
contribution when calculating Agg.

Another uncertainty originates from the top quark mass.
In Table II we show the top pair production cross section
for various top quark masses and three scales. The central
values of NLO theory calculations for the three masses
m, = 171.0 172.5175.0 GeV are always O(1o) below the
recent CDF results given in Egs. (7) and (8), suggesting
that the NP should contribute positively to 7 production.

In the following sections, we study a few interesting new
physics models which can generate a significant deviation
from the SM expectation for Agg in the top quark pair
production channel. We also comment on the scale depen-

TABLE I. Predicted LO and NLO top pair production cross
sections (pb) in the SM at the Tevatron, with uy =m, =
175 GeV. Note that the negative o(gq) and o(gg) cross sections
are due to the subtraction to avoid double counting at NLO [21].

LO NLO

Ho/2 Mo 2o Mo/2 Mo 2o
a(qq) 6.82 5.01 3.79 5.70 5.56 5.04
o(gg) 0.37 0.24 0.17 1.00 0.90 0.74
o(gq) 0.00 0.00 0.00 001 —0.03 —0.05
o(gq) 0.00 0.00 0.00 001 —0.03 —0.05
T ot 7.19 5.26 3.96 6.72 6.39 5.69
O(ee)/ Tot 0.05 0.05 0.04 0.15 0.14 0.13
Ky, 0.93 1.22 1.42
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TABLE II. Predicted LO and NLO ¢7 production cross sections
(pb) for various top quark masses and three scales (wo/2, wo,
2o with wy = m,) at the Tevatron.

LO NLO
m(GeV)  po/2 o 20 Mo/2 Mo 2
171.0 8.08 591 4.45 7.61 7.23 6.44
172.0 7.84 5.74 4.32 7.37 7.01 6.24
172.5 7.72 5.66 4.26 7.25 6.90 6.14
173.0 7.61 5.57 4.19 7.14 6.79 6.05
174.0 7.40 5.42 4.07 6.92 6.58 5.86
175.0 7.19 5.26 3.96 6.72 6.39 5.69
176.0 6.98 5.11 3.84 6.51 6.19 5.51
177.0 6.78 4.96 3.73 6.31 6.01 5.35

dence in each new physics model. Without losing general-
ity, in the rest of this paper, we set m, = 175 GeV.

III. EXOTIC GLUON

We begin with an exotic gluon (G’) model, as the other
models can be easily derived from the G’ model result. In
Sec. IIT A, we present analytic formulae for o;; and Agg.
We calculate its width in Sec. ITII B. In Secs. III C, III D, and
IITE we perform MCMC scans over parameters in several
G’ scenarios subject to the experimental constraints.

A. Differential cross section and asymmetry

The G’ boson couples to the SM quarks also via the QCD
strong interaction,

G'qq: igt*y*(fL P + frPr), (17)

G'tt: ig " y* (g Py + grPr), (18)

where we normalize the interaction to the QCD coupling,
g, and use ¢ to denote light quarks of the first two gen-
erations. Such an exotic gluon can originate from an extra-
dimensional model such as the Randall-Sundrum model
[7], chiral color model [33—-42], or top composite model
[43]. As discussed below, the axial coupling of G’ to the
SM quarks is necessary to create a forward-backward
asymmetry. In the extra-dimensional model, such nonvec-
tor coupling of Kaluza-Klein gluons to fermions arises
from localizing the left- and right-handed fermions at
different locations in the extra dimension.

The differential cross section with respect to the cosine
of the top quark polar angle 6 in the 7 c.m. frame is

Al
40(G) _ Ay + AL+ AT (19)
d cosf
where
2
Ag="PE 0 g (Beost),  (0)

9§
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mBa? (5 — m2,)
~ A~ 2 \2 2 12 (fL+fR)(gL+gR)
18S (S mG/) + mG/FG/

(fr — fr)&r — gr)
(fr + fr)(gr + gr)

+ (B 0050)2}, (21)

G
‘AINT -

X {(2 - B> +2 B cosé

mBal §?

s (o _ 22 2
365 (8 —mg,)” + mg, I

Al = (1 + f2)et + g&)
G/

(f2 — f2)(g? — g%)
(f2 + f2)(g2 + g%)

X Bcosh + (B cosﬁ)z}. (22)

2818r
g1 + &k

(1-p)+2

X{1+

Here, the angle 6 is defined as the angle between the
direction of motion of the top quark and the direction of
motion of the incoming quark (e.g., the u quark) in the 77
c.m. system. The subscripts “SM,”, “INT,” and “NPS”
denote the contribution from the SM, the interference
between the SM and NP, and the NP amplitude squared.
For the G’ model, the SM contribution is from the gluon-
mediated s-channel diagram, the NPS contribution from
the exotic gluon G'-mediated diagram, and the INT con-
tribution from the interference between the two. The
squared c.m. energy of the 17 system is § = (p, + p;)*,
and B = +/1 — 4m?/3 is the top quark velocity in the ¢7
c.m. system.

The forward-backward asymmetry of the top quark in
the 77 c.m. frame is defined as

- OfF — 0Op
AL, = — 2 23
FB O'F + O'B ( )
where
1 do 0 do
oF ,[0 d cosf o8 OB ,[71 dcosf cos
(24)

We further parameterize the differential cross section
do/dcosf as follows:

dO'l'
d cos6

where the subindex i denotes SM, INT and NPS. Hence,
after integrating over the angle 8, we obtain the asymmetry
and total cross section

>B;
304+ 2oy

= A; + B;cosf + C;cos*0, (25)

2C;
AFB and Tt = Z(ZAl + 3 l>,
(26)

where the sums are over the SM, INT, and NPS terms. In
reality the incoming quark could originate from either a

114004-6



FORWARD-BACKWARD ASYMMETRY OF TOP QUARK PAIR ...

proton or an antiproton, but it predominantly comes from a
proton due to large valence quark parton distribution func-
tions. Taking the quark from the antiproton and the anti-
quark from the proton contributes less than 1% of the total
t1 cross section. Therefore, in pp collisions at the Tevatron
one can choose the direction of the proton to define the
forward direction.

Now let us comment on a few interesting features of the
asymmetry and cross section generated by the INT and
NPS effects individually, because both effects are sensitive
to different new physics scales: the former to a higher NP
scale and the latter to a lower scale. First, we note that the
asymmetry is sensitive to the ratio of coupling (squared)
differences and sums for the INT (NPS) effects, e.g.,

AINT o (fL — fr)gr — gr) « 2AB)
B+ fR)gL +gr) T 22 —(B%) + (B2’

(27)
ANPS o (fl% - f%e)(g% - g%e)
B+ fRel + gR)

y x8)
21+ (1 = (B*)(2gLgr)/ (g7 + gr)] +5(B?)
(28)

where (B) and (%) denote the averaged B and B? after
integration over the angle 6 and convolution of the partonic
cross section with parton distribution functions.

To make the physics source of the asymmetry more
transparent, we define the reduced asymmetry (Apg) and
reduced cross section & as follows:

(fL — fr)gr — gr)

AINT _ AINT ’ 29)
FB L+ fr)gL + gr)
Aggs _ Allggs (fl% B f]ze)(g% B g%e) (30)

(f + Rt + g%

(;:'E 041
#"Dashed line: T¢//M¢ = 0.05
0217 Solid line: T /M = 0.10
Dotted line: I'¢//Mg = 0.50

0.0l

1000 1200 1400
Mg (GeV)

600 800

FIG. 3 (color online). (a) Reduced asymmetries defined in Egs.
curves); (b) Reduced cross sections defined in Egs. (31) and (32):
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Nt oINT an
(fL + fr)gL + gr)
s o NPS )

RGEAGETD)

The reduced asymmetries and cross sections are easily
computed universal functions that allow us to focus on
two separate limiting cases; the new physics contribution
to o, and Agg is primarily from the INT term if it is
produced by a heavy resonance that interferes with the
SM production process. If the new physics is due to a
resonance that does not interfere with the SM production,
then the new contribution to o, and Agg is given by the
NPS term. One simply has to multiply the reduced asym-
metry or cross section by the appropriate combination of
couplings to obtain the full new physics contribution to o7
and Agg. In Fig. 3, we plot the reduced asymmetry (a) and
the reduced cross section (b) as functions of m for various
choice of I'g//m¢y. The reduced asymmetry generated by
the INT effects increases rapidly with increasing mq and
finally reaches its maximal value ~0.4. The reduced asym-
metry generated by the NPS effects is large, typically
around 0.6-0.7. As expected, the reduced cross section of
the NPS effects is always positive; cf. the upper three
curves in Fig. 3(b). On the other hand, the reduced cross
section of the INT effects is always negative due to (§ —
mé,) in the numerator of Eq. (20). Both reduced cross
sections, especially the NPS effects, are sensitive to the
G’ decay width. They both go to zero when G’ decouples.
The difference between the two reduced asymmetries
can be easily understood from the B distribution shown in
Fig. 4. Figure 4(a) shows the normalized differential cross
section with respect to 8 for 175 GeV top quark production
in the SM at the Tevatron, which peaks around B8 ~ 0.65.
The INT effects only slightly shift the peak position.
Substituting (B) ~ 0.65 into Egs. (27) and (29), we obtain
AT =~ 0.4. On the contrary, the NPS effects prefer a much

30 ®
21 U .
b\ b G TS
\ (/2 + /) (7 + 87) ]
gl onr |
‘\\ (fr+ fo) (gL + &R

~~~~

800 1000 1200 1400
Mg (GeV)

(29) and (30): A%T (lower three curves) and A}I}I]};S (upper three
o™T (lower three curves) and NS (upper three curves).
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:3 eff
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FIG. 4. (a) Normalized differential cross section for ¢ production as a function of 8 = /1 — 4m?/§ of a 175 GeV top quark at the
Tevatron; (b) By = 1/1 — 4m?/ mé, as a function of heavy resonance G’ mass.

larger B enforced by the heavy G’ resonance. We plot
Beir = 1/1 — 4m}/mZ, in Fig. 4(b), where B¢ ~ 0.98 for
a2 TeV G'. Such a large B leads to the large value of
ARPS in Fig. 3. For an extremely heavy G, B is equal to
1, yielding the well-known maximal ANS> = 3/4. When
both INT and NPS effects contribute, one cannot factorize
out the couplings as in Eqgs. (27)—(32) due to the presence
of both linear and quadratic coupling terms.

B. G’ decay width

The Ayps term contributes significantly in the vicinity
of m¢ where the decay width I'; plays an important role.
Hence, it is very important to use an accurate decay width
in the parameter scan. We consider the case that the G’
boson decays entirely into SM quark pairs, yielding the
following partial decay width [41]:

2 2
Qg ny; ur
I'(G'— 1) = Emc/[(é’% + g%e)<1 - mé,) + 6ngR—mé/i|,

(33)
P(G'— bb) = T (s} + ghmgn. (34)
(G =3 4d) = Ny 27 + fomen (39

where N = 4 denotes the light quark flavors, and we have
assumed that by couples to G’ with the same strength as 5.
In the limit of Mg > m,, the total decay width of G’ is

o =Zmel(sh +gh) +207 + /D) (6)

~

When the couplings g, /g = f /g are of order 1, I
aSMG/ = 0.1MG/. When gL/R = fL/R ~ 3, FG' ~ MG/. In
the following parameter scan we vary the couplings of the

G’ boson in the range of —3 to 3 when all couplings are
present but —5 to 5 when only two are nonzero.

C. Left-handed G': fr = g =0

Since there are five independent parameters (four cou-
plings and the G’ boson mass) in Egs. (19)-(22), we turn
off the right-handed couplings f» and gy in order to make
the physics origin of the asymmetry more transparent. We
first consider mg = 1000 GeV in Sec. IIIC1 and then
mg = 2000 GeV in Sec. IIIC2. We will comment on
nonzero fp and g in Secs. III D and IITE.

1. mg = 1000 GeV

We first examine theoretical predictions of Afy and o
and onpg before we perform a MCMC scan over the
parameters. By “theoretical” we mean that the asymmetry
and the top pair production cross section are calculated
independently, without regard to their correlation.
Figure 5(a) displays the cross section contours generated
by the INT effects (ont). The INT effects could be either
positive or negative, depending on the sign of the coupling
product f; g;. The INT effects dominate in the region of
V3 < mg, so their contribution to the top pair production
cross section can be written as

OINT & _(m%;/ —8fL8L (37)

This expression thus yields a positive contribution to the
cross section when f; g; <O (i.e., the second and fourth
quadrants in Fig. 5) and a negative contribution when
frgr >0 (i.e., the first and third quadrants).

On the contrary, the NPS contribution is always positive;
see Fig. 5(b). Since the NPS effects contribute mainly in
the vicinity of mg, i.e., § = sz,, their contribution to the
top pair production cross section can be written as follows:

figi
m2,(2f7 + g3)?

2,2
ochsz -
Iz,

(38)

ONPS
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FIG. 5 (color online).

Theoretical prediction contours in the plane of f; and g; with fr = gz = 0 fora 1 TeV G': (a) contours of

cross section (pb) induced by the INT effects, (b) contours of cross section induced by the NPS effects, (c) contours of net cross section
of the INT and NPS effects, (d) contours of the observed asymmetry, (¢) contours of '/ /mg:.

Hence, the contour pattern of oywpg is determined by
f282/(2f2 + g%)*. Figure 5(c) shows the competition be-
tween the INT and NPS effects. For a 1 TeV G/, the INT
generally dominates over the NPS. Note that the contours
of net cross section are not symmetric between f; and g;
due to the width effects. In Fig. 5(d), we see that, except for
small couplings in the upper-right and lower-left quad-
rants, a positive asymmetry can be generated in all four
quadrants. In the upper-right and lower-left quadrants, for
If.], lg.] = 3, the NPS term is large enough to generate a
positive Agg. Note that negative values of Agg, although not
plotted in Fig. 5(d), are still consistent with the Tevatron
data within 30 C.L. and are included in the following
analysis.

Now we perform a MCMC scan over the parameter
space after combining measurements of the 77 asymmetry,
the total cross section, and ddTU,;' To obtain the M,; distri-

bution, we separate the contribution from the ¢g initial
state (which includes the NP that we analyze) from that of
the gg initial state, noting that the gg and gg contributions
are negligible as seen in Table I. We multiply these leading
order results by the SM K factors, K,; and K,,, respec-
tively, which are obtained by using the Monte Carlo pro-
gram MCFM [44] to calculate the full NLO SM differential
cross section. Each K factor itself differs as a function of
M ; (as seen in [45]) and so we weight each bin in the M ;
distribution by the appropriate K factors. We vary the scale
Mo at which we evaluate the NLO differential cross section
between m,/2 and 2m,, which gives a range of K factors for
each M,; bin. This is used in our fits as our estimate of the

theoretical uncertainty. This uncertainty is about 10% in
the first six bins and around 15% in the last bin. Observe
that this procedure, when NP effects are decoupled, repro-
duces the exact NLO SM differential cross section seen in
Fig. 1. In this and subsequent Figures of MCMC distribu-
tions, we adopt flat priors in all variables scanned. The
priors for the SM-only contribution to the #7 cross section
and Apg are given in Eq. (13). Figure 6(a) displays the
parameter space consistent with both measurements at the
lo (innermost region), 20 (next-to-innermost region) and
30 (outermost region) level, respectively, for mg =
1000 GeV. Remember, the isocontours of the p values
for 1, 2, and 30 assume the given model, while the
(X*)ehain Vvalue gives an indication of the overall fit. In
this case, we get a somewhat worse fit to both experimental
results than in the SM, with {x*)epain = 1.84. Figure 6(b)
shows the estimated parameter space contours with an
integrated luminosity of 10 fb~!, assuming the central
values of both experimental measurements are not
changed. The quality of the fit is marginally better than
in the SM, with (}®)chain = 4.20 vs 4.22 in the SM. We
observe that the regions where f; or g; are small provide
the best fit. The boundaries of all three contours can be
understood from the theoretical predictions in Figs. 5(c)
and 5(d). To explain the discrepancy in the total cross
section and in the asymmetry, values of f; and g; in the
top-left or bottom-right quadrants would be preferred.
However, couplings here inevitably worsen the M ,; distri-
bution. In the top-right and bottom-left quadrants the fit to
the M,; distribution is improved for small couplings (| f; |,
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(a) Current
Mg=1TeV
8r=/fr=0

P )ehain= 1.84

(b) Projected
Mg=1TeV
gr=/fr=0

¢ Nehain= 4.20

FIG. 6 (color online).

Correlation of couplings for mg = 1000 GeV with fz = gr = 0. Figures on left are for the current integrated

luminosity while those on right are for [ Ldt = 10 fb~!. The regions inside the contours are preferred, corresponding to 1o
(innermost), 20 (next-to-innermost), and 3¢ (outermost). The crosses correspond to f; = g; = 0.

|g.| = 1) but the agreement with the total cross section is
slightly worse and an asymmetry smaller than the SM
value is generated. For intermediate couplings in these
two quadrants (1 < |f.|, lg.| = 2), the fit to the M;;
distribution is improved but the total cross section is re-
duced too much and the asymmetry is not improved sig-
nificantly. Eventually, at large values of the couplings in
these quadrants (|f,|, |g.| = 2.5), a large asymmetry is
generated and the fit to the total cross section is improved
but the M,; distribution is greatly worsened. Furthermore,
we note that the bands along the g; = 0 axis are slightly
wider than those along the f; = 0 axis due to the asym-
metric contributions of f; and g; to I'g, cf. Fig. 5(e).

2. mg = 2000 GeV

When the G’ boson is very heavy, only the interference
term in Eq. (21) contributes to Agg, leading to

AINT o (fL - fR)(gL - gR)

This dependence is illustrated in Fig. 7. In order to get
positive corrections to A[%y and the top pair production
cross section, the product f; g; needs to be negative to
compensate the negative sign from the denominator of the
propagator 1/(§ — mZ,), which is what we see in the upper-
left and lower-right quadrants of Figs. 7(a) and 7(b). The
results of the MCMC scan are shown in Fig. 8 for mg =
2000 GeV. The contours look quite different from those in
Fig. 6. We note that values of f; and g; in the upper-left
and lower-right quadrants are preferred, which is where a
large positive asymmetry is generated as seen in Fig. 7.
This shows that the M,; distribution is less constraining
than in the mg = 1 TeV case as one would expect. The fit
to the three experiments gives {Y”)cpain = 1.69 for the
current integrated luminosity which is slightly better than
in the SM where (x*)cpain = 1.75. The fit is improved
relative to the SM at the upgraded luminosity with
(X*)chain = 3.82 if the central values do not change as

(39) compared to the SM value of {x*)cpain = 4.22.
B (L + fR) gL+ gr)
o Ly (0) Ars ‘;
) -\y } “\ -1.0 41 ‘l‘
S 05 N 02 -0l
---------- 0.1
S0 (a) TNy +ONPs s ol——
&% ) P —
_______________ 0.1
-2t ——_-“O.S N \\ 2t -0.1 \\\ 02
- -1'6\\ “‘I “‘I
-4t ‘\‘ '|‘ -4+ III
4 2 0 4 2 0 2 4
I Jr

FIG. 7 (color online).

gr = 0: (a) cross section (pb) and (b) AlS.

Theoretical prediction contours for mg = 2000 GeV with fr = gr = 0 in the plane of f; and g; with f =
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FIG. 8 (color online).

-4 -2 0 2 4

Same as Fig. 6 but for mg = 2000 GeV. The region bounded by the solid curve defines the 1o region, the

areas bounded by the dashed lines are within 20, and the areas bounded by the dotted lines are within 3o

In Fig. 8, we observe that the upper-right and lower-left
quadrants are not as tightly constrained as in the mg =
1 TeV case in Fig. 6. Here, the M,; distribution is im-
proved.! In the case of the 1 TeV G’ large couplings in
these quadrants decrease the total cross section and asym-
metry too much. However, in the 2 TeV case for large
couplings in the upper-right and lower-left quadrants the
NPS term becomes important due to the large width ef-
fects, and this can mitigate the negative contribution to o7
and Agg from the INT term allowing for a better fit. This is
why the 2 and 30 regions are not tightly constrained in the
upper-right and lower-left quadrants for a 2 TeV G’ in
Fig. 8. Again, we note that the bands along the f; and g;
axes are not symmetric due to their asymmetric contribu-
tions to I'g.

D. Axigluon: fr = —f; and g = —g;.

Now we study the axigluon case, in which G’ only has
axial couplings to the quark sector. This type of model has
been explicitly proposed as an explanation of the Agg
measurement without significantly affecting the total cross
section [8,11]. There, the SM prediction for the ¢f cross
section was taken to be larger than our value due to
differences in m, and including incomplete NNLO calcu-
lations. Therefore, they did not need a significant correc-
tion to the cross section.

In the axial limit, only the asymmetry-generating term
of the INT in Eq. (22) remains. In general, all terms in the
NPS remain. Therefore, at large mg/, the INT term domi-
nates and a rather large asymmetry can arise without a

d

sizable contribution to o or to ;;7. At lower values of
1

mg, the NPS term is increasingly relevant.

"Naively, one might expect that the M,; distribution would not
be very important for a G’ with mg = 2 TeV. However, for
couplings f;, g; ~ 4 the width of the G’ can be comparable to
mg (for f; =4, g, =0, ' =0.5mg) and the 2 TeV G’ can
contribute to the 800 GeV < M; < 1400 GeV bin.

1. mg = 1000 GeV

We show theoretical contours of onpg (since oyt van-
ishes when integrated over cosé in the axigluon case) and
A in Fig. 9(a) and 9(b) for an axigluon of mass 1 TeV. We
observe that a positive asymmetry is generated when the
product fg, with f= f; = —fr and g = g; = —gr, 1S nega-
tive as we expect from Eq. (21). In Fig. 10(a) and 10(b), we
perform MCMC scans and find a fit with (x*)cpain = 1.56
for the current luminosity and (}*)epain = 2.94 for 10 fb~!
assuming the central values of the measurements do not
change. Small values of either f or g are preferred due to
the constraint on the M, distribution. These values of

3
(a) onps
2

1 1.0 1.0 1
_
0.5 0.5

T
e
(b) A iy
FB V202
03 \ N
‘\ \\\
01+

s /
\2.50 0.50 —
~_ 030 030__—
— 0.10 0.10 _
w 0 () Inps
5 010 010 ——
— %0 030~~~
_al7 T30 050~

FIG. 9 (color online). Theoretical prediction contours for an
axigluon of onps = onp (since oy = 0) and Ay for (a,b)
mg = 1000 GeV and (c,d) mg = 2000 GeV.

114004-11



CAO et al.

PHYSICAL REVIEW D 81, 114004 (2010)

(Y Nehain= 1.56

(a) Current
Mg=1TeV i
gr=-8L} fr=—fr}

3 T T T
(b) Projected O Pehain= 2.94

Mg=1Tev  }
gr==81; fr==/1L}

............

:3(0) Current
tMg=2TeV

"o

20

FIG. 10 (color online).

(d) Projected
Mg=2TeV }
8r=—8L; fr=—11

20

P ehain= 2.04
-4 -2

Correlation of couplings for mg = 1000 GeV (top panels) and mg = 2000 GeV (bottom panels) in the

axigluon limit with the current integrated luminosity (left panels) and [ Ldr = 10 fb~! (right panels) assuming the central values of

the measurements do not change.

(X*)chain for the 1 TeV axigluon are better than the corre-
sponding values in the SM fit. This indicates that a 1 TeV
axigluon has less tension with the current data than the SM
and would also offer an improvement over the SM if the
central values of the data remain the same with an up-
graded luminosity of 10 fb™ 1.

2. mg = 2000 GeV

For a 2 TeV axigluon, we plot theoretical contours of
onps and Agg in Figs. 9(c) and 9(d). In Figs. 10(c) and 10
(d), we show the results of a scan in the case of an axigluon
with mg = 2000 GeV. The fit shows better agreement
with the data in this case than in the SM, with (x*)¢pain =
1.15 for the current luminosity and {y*)epain = 2.04 for
10 fb~! if the central values do not change. Because of
the lessening of the M,; constraint for a heavier axigluon,
the scans show somewhat different structure than in the
1 TeV case. The 1o allowed regions are located in the
quadrants where fg <0, which is where a positive Agg is
generated as seen in Fig. 9(d). The regions of large cou-
pling are constrained by the M ; distribution. There is again

a slight asymmetry in the width of the allowed regions near
the f and g axes due to the asymmetry in the width.

Our results suggest that a heavy axigluon can offer a
good explanation of the large Arg observed without in-
creasing the disagreement in the M ; distribution too much,
as proposed in Ref. [11].

E. Other combinations of couplings

Now let us study different combinations of couplings,
eg, fL=8 =0, fr=grg=0, and fr=g, =0.
Figure 11 shows the MCMC scan results of various combi-
nations of couplings with mg = 2000 GeV and with the
current luminosity. Purely right-handed couplings in the
g-g-G' interaction give rise to the exactly same result as
purely left-handed couplings, cf. Fig. 8(a). But mixed
combinations of left-handed and right-handed couplings,
e.g.,gr = fr=0and gg = f; =0, result in a worse fit,
with (¥?)enain = 1.92, which is worse than the SM. This is
mainly due to the INT effects which are sensitive to the
signs of couplings; see Eqs. (21) and (27). Choosing f; =
gr = 0or fr = gr = 0 causes the INT effects to generate

a negative AT, leading to the bad fit.
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FIG. 11 (color online).

(b) gr =fL=0,(c) gL = fr=0.

IV. EFFECTIVE FIELD THEORY

For a 2 TeV G’ boson, due to the broad decay width, the
NPS contribution is still sizable for large couplings in the
above MCMC scans. It is interesting to ask what the effects
are if only the INT term contributes. To that end, in this
section we consider dimension-six effective operators that
can interfere with the SM top quark pair production chan-
nel gg — g — tf. We further assume that the scale of the
new physics is large enough that the NPS contributions (i.e.
o 1/A* with A the new physics scale) can be neglected.
For illustration we focus only on the operators which
couple left-(right-)handed light quarks to left-(right-)
handed top quarks so that contact with Sec. III C can be
made. They are listed as follows:

0% = Gy, Q1 Q), (40)
0% = Gy, 7' 9)(0y*1*7' Q), @1)
05" = (ay,r*u)iy i), (42)
OGS = (dy A d) Ty i), (43)

where ¢ and Q denote the SU(2); doublets of the light (first
two generation) quarks and heavy (third generation) quark,
respectively, and u(d, t) are the right-handed gauge sin-
glets. Here, 4 and 7/ are the SU(3) and SU(2) matrices;
appropriate contractions are understood. The first index in
the superscripts of operators labels the color octet and the
second index denotes the weak isospin. Other color and
weak singlet operators are omitted as they cannot interfere
with the SM channel.

The effective Lagrangian of the four fermion interaction
qqtt is thus given by

PHYSICAL REVIEW D 81, 114004 (2010)

(c) Current g
Mg=2Te\

£ enain= 192
0 2 4

Correlation of couplings for mg = 2 TeV with the current integrated luminosity for (a) g; = f; =0,

q
K _ -
LE) = g%A%(anLq)(thLt)
K9 _
+ g5 P(quRq)(thRt), (44)

where we explicitly factor out a strong coupling strength
2 : : .
g5, and the reduced coefficients are given as follows:

_ @81 (8,3) _ (@81 (8,3)
=Cyq" t Cqq Kg =Cqg" — Cyq
3 8
=¥, kh=cy.

Here, the SU(3) generators are omitted, and A denotes the
new physics scale.

The differential cross section of the effective field theory
(EFT) can be easily derived from Eq. (21) by taking the
limit of mg = A > /5,

mBa’ k! + ki
ARt =~ [%]

X {(2 = B?) + 2Bcosh + (Bcosh)*}.  (45)

Obviously, the coefficients Kz /R only affect R but not ARE.

We extract the cutoff scale and coefficients as follows:

_ 7+ KR wBa3 e
ARt = (Tev)2 { 18(Te V)2 (=8
+ 2B cosf + (B cosﬁ)z]}, (406)

which yields, after integration over § and convolution with
PDFs,

doNT KZ + K;]e
dcc}igz = W(AEFT + BEFT cosf + CEFTCOSZQ).
TeV

The parameters (Aggr, Bggr, Cgpr) are listed in Table TIT
for various choices of factorization scale, where AEET and
ogrr are evaluated using Eq. (26). It is clear that one needs
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TABLE III.  Parameter (Aggr, Bger, Cgpr) for EFT where AN and oY% are calculated after integrating over the angle 6.

wii — 17 dd — 11

MR Agrr Bggr Cepr AEET OEFT Agrr Bggr Cerr AEET OEFT
m,/2 —0.294 —0.256 —0.092 0.395 —0.648 —0.052 —0.040 —0.040 0.355 —-0.113
m; —0.215 —0.185 —0.066 0.392 —0.473 0.037 —0.0288 —0.10 0.353 —0.062
2m, —0.165 —-0.141 —0.050 0.389 —0.363 —0.028 —0.022 —0.007 0.350 —0.082

positive k] or k% to get positive Agg but this inevitably

gives rise to a negative contribution to o (7). Hence, it is
difficult to fit both the asymmetry and the top pair produc-
tion cross section simultaneously at the 1o level.

Since one cannot separate the coefficient « from the
cutoff A, we scan over the combination «/(A/TeV)? and
limit ourselves to the region of |«/(A/TeV)?| < 10 in the
MCMC scan. In Fig. 12, we plot the correlations between
k/(A/TeV)? and o, (top row) and between /(A /TeV)?
and A (bottom row). For the current luminosity, the fit
quality of the EFT is worse than the SM, (x?)chain = 1.80.
The fit is marginally better than the SM, {x*)cpain = 420,
for an integrated luminosity of 10 fb~! if the central values
of the measurements remain the same. The fit is worse than
that of the 2 TeV left-handed G’ due to the lack of a NPS

term to balance the contributions of the INT term. This
indicates the importance of resonance effects in the fit.

V. FLAVOR-CONSERVING Z’' BOSON

An additional Z' can generate a nonzero Apg if its
coupling to quarks does not respect parity,

Z'qq: iey*(fLPL + frPR) (47)

Z'tt: iey*(g . P; + grPr), (48)

where e denotes the electromagnetic coupling strength. In
contrast to G’', there is no interference between the
Z'-mediated top quark pair production and the SM process.
Even though the Z' amplitude interferes with the SM

(a) Current O ehain= 1.80 (b) Projected O ehain= 4.20
4 1 4 E
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2F 20 2F 20
S g o
g <
B3 <
-2 -2
4 -4
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(c) Current (O Pehain= 1.80 (d) Projected O Vehain= 4.20
4 ] 4 ]
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B g
< B3
_2 -2
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FIG. 12 (color online).
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(Left): Fitting contours in the EFT with the current integrated luminosity: (a) in the plane of Ajjy and

k/(A/TeV)?, (b) in the plane of o (¢7) and x/(A/TeV)>. (Right): same as the left column but for [ Ldr = 10 fb~!.
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FIG. 13 (color online).

process qg — v*/Z* — 11, the latter contribution is negli-
gible at the Tevatron. Only the NP resonance itself con-
tributes to Agg when the collider energy is large enough to
see the resonance effects. We consider the case where both
the up and down quarks are gauged, but it is also possible to
gauge the up and down quarks differently [46].

Since the interference is absent for the color singlet Z/,
only A \ps contributes to NPS. For the s-channel diagram,
the differential cross section of Z' can be easily derived
from that of G’ by omitting the color factor 2/9 in Eq. (21)
and replacing a, by a.,, yielding

do _ mBa29 o
dcost | z 9§ 27 NS MG—m_y, a—ay
_ 77'.Bagm §* (fz +f2)
85 (5—mZ)+miry >t /K

2g.8
X (g3 + g%a{l + S
L R

(fL — SR8t — 8%)
(/7 + f2)(81 + 8%)

(1-p%

+2

Bcosh + (B cosﬁ)z}.

(49)

Same as Fig. 6 but for 1000 GeV Z'.

Negative searches for the Z’ boson at the Tevatron impose
several lower bounds on the Z’ mass, roughly above 1 TeV
for couplings of order electroweak size. For a leptophobic
Z' boson, the bound is slightly looser, mz > 700 GeV.
Owing to the rapid drop of the PDFs, the Z’ boson con-
tributes significantly only in the resonance region, where
B — 1. Further noting that the coefficient of the (1 — 32)
term in Eq. (49) is always less than one, we can drop this
term and obtain

(fi = f2)(s1 — g7)

AZ, o .
B2+ fR)ed + gh)

(50)

As in the G’ study, we turn off the right-handed cou-
plings first. Figure 13 displays the correlation between f
and g; couplings for a 1000 GeV Z’ boson with f; =
gr = 0. Like the 1 TeV G’, the M,; distribution favors
smaller f; or g;. The fit is worse than in the SM with
(X*)ehain = 1.85 for the current luminosity and {*)epain =
4.28 for 10 tb~! if the central values remain the same. For
a2 TeV Z' boson with fr = g = 0, we see the results of
the MCMC scan in Fig. 14. The fit is somewhat better than
the SM: (x*)ehain = 1.62 for the current luminosity and

(a) Current
gr=/fr=0 i
Mz=2TeV

PO ehain= 1.62
20 4

=20

(b) Projected
gr=/fz=0 3

20 4
My=2TeV |

=20

20

FIG. 14 (color online). Same

20

as Fig. 6 but for 2 TeV Z'.
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(X*)ehain = 3.90 for 10 fb~! due to the lessening of the
importance of M,; for the higher mass Z'. Furthermore,
large couplings are allowed at the 1o level. However, note
that the unitarity constraint derived for the process uit —
Z' — 1f requires |fz| =< 28; see Appendix A for further
details. Now, the heavy Z’ contributions are very sensitive
to width effects. For f;, = g; = 10 we obtain I', =
0.55m. The positive contributions to the M,; distribution,
particularly in its last bin, are somewhat constrained. We
conclude that this model can offer a small improvement
over the SM in describing A, o', and the ¢7 invariant

mass distribution simultaneously.

VI. FLAVOR-VIOLATING Z' AND W= MODELS

In this section we consider a flavor-violating Z' model,
which includes a u-#-Z' interaction. Such a flavor-chang-
ing-neutral current (FCNC)could appear at tree level or
loop level. Rather than focus on a specific model, we
consider the following effective coupling of u-t-Z' [9]:

L = ey (f Py + frPR)Z),, (51)

where e denotes the electromagnetic coupling strength. In
addition to the SM QCD production channel, uit — g —
tt, the top quark pair can also be produced via the process
uii — tf with a r channel Z' boson propagator. The top
quark asymmetry is naturally generated by this new pro-
cess which also interferes with the SM production mode.
Therefore, the differential cross section versus the cosine
of the top production angle is 6 given as follows [10]:

dé

T = At Al t Al 5D
where
/ B e*gHgl + gR[, . A
Afr = e [2(14 — m2)? + 28m?
7275 8(t — M%,)
mtz 2\2 A2
+ e ((t = m?)* + sm?) |, 53)
Zl
2z _ B e . o s
ﬂNP - 12878 (l _ M%/)Z 4[(gL + gR)(M - mt)
2 28(¢ ) md oo,
+ ZngRS(S —2m?)] + e (gL + gR)
Zl
X (4§M%, + (1t — M%)z)}, (54)

and Agy is given in Eq. (20). The interference between
the QCD and electroweak processes can be easily under-
stood as follows. The SU(N) gluon propagator can be split
into a U(N) gluon propagator and a U(1) gluon propagator
(471,

PHYSICAL REVIEW D 81, 114004 (2010)
Zf?jfiz = 1(51'15@‘ L 5ij5k1), (55)
2 2 N

where the U(1) gluon, carrying a factor 1/N, is unphysical.
The color flow of the SM QCD channel (i.e., u — tand f —
ii) is then exactly the same as the Z’' induced r-channel
diagram, resulting in interference between both processes.
Within the SM, the FCNC coupling u-t-Z vanishes at
tree level, but can be generated at one loop. However, the
one-loop generated coupling is strongly suppressed by the
GIM mechanism, making the FCNC top interactions very
small. In models beyond the SM this GIM suppression can
be relaxed, and one-loop diagrams mediated by new par-
ticles may also contribute, yielding effective couplings
orders of magnitude larger than those of the SM. Since
the coupling strength of this FCNC interaction is typically
at the order of the SM weak interaction, the coefficients f;
and f are expected to be much smaller than 1. Therefore,
it is not easy to generate a large asymmetry from a loop-
induced u-7-Z interaction. However, the couplings f; and
fr could be larger if they are generated at tree level.
While the value of fj is not well constrained by direct or
indirect search experiments, the value of f; is tightly
bounded by the B sector. The left-handed coupling f; in
Eq. (51) originates from the gauge interaction of the Z’
boson to the first and third generation quark doublets,

L =gq,iy*D,0Q; + H.c, (56)

where ¢;(Q;) denotes the first (third) generation quark
doublet and the covariant derivative is D, = id,, + iB'Z),,
where B’ is the charge. The flavor-violating interaction
dy-b;-7' then follows directly from the gauge invariance,
which can contribute to the B)-BY mixing at the tree level.”
A coupling of the form

L = edy"(fLV,,VPL)bZ), (57)

follows from Eq. (56) after rotating to the mass eigenstate
basis with f; asin Eq. (51) and V,; and V,;, elements of the
Cabibbo-Kobayashi-Maskawa matrix. Assuming no addi-
tional NP effects arise, this gives a contribution to the mass
difference between BY-BY of
4e%f? N f 12; BMB

Am = %Ivudvtblzl}wiéd (58)
where fp, is the B, decay constant and B is the “bag
parameter”’ that characterizes the deviation from the vac-
uum saturation approximation. If we conservatively re-
quire that this contribution does not exceed the
experimental value of 3.34 X 1071 MeV [49], we can
set a limit on f; of

2A similar correlation among the gauge boson and the third
generation quarks in the SM has been studied in Ref. [48].
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fr<35X% 10*4<£>, (59

100 GeV

where we use de\/E =216 =15 MeV [50] and
|V, V| = 1[49]. As aresult, we choose f; = 0 hereafter.
Furthermore, the unitarity constraint derived for the pro-
cess uf— Z'— it requires only [fgl =28; see
Appendix A for further details.

The most striking signal of the FCNC Z’ model is same-
sign top pair production through the processes uu — tt via
a t-channel diagram mediated by the Z’ boson. Recently,
the CDF Collaboration searched for the same-sign top pair
signature induced by the maximally flavor-violating sca-
lars at the Tevatron and found no evidence of new physics
beyond the SM [51]. In their analysis, the upper limit to the
production cross section of same-sign top pairs is of the
order of 0.7 pb. We show, in Fig. 15, the same-sign top
production cross section at the Tevatron for couplings
fr = land f; = 0. The cross section scales with the right
coupling as o(tt + 71) ~ f4 if f, = 0. Direct production
via t-channel Z' exchange dominates and is severely con-
strained as the couplings increase. Note that we do not
consider the possible effects that same-sign top production
could have on a measurement of Agg, which requires a
delicate analysis and will be presented elsewhere [52].

In Fig. 16, we show the result of the MCMC scan in the
plane of m, and fg: (a) for the current integrated lumi-
nosity and (b) for expected 10 fb~!. For the current inte-
grated luminosity, we impose the constraint of
o (1t + 77) < 0.7 pb [51], whereas for 10 fb~!, we assume
the cross section limit scales with 1/v/L, giving o (¢t +

Tt T TT T T T 1T TT I TrrTTrrrrr1rT1T I TTTrrrTrrirr]
/ Flavor Violating Z’ ]
10° E — uu->tt 3
2 —- ug->ttu ]
K ©uu->2'Z->ttuu b
107 & =
. ;
2 [ ,
A7 ¢ r e =~
© 10_2 I N -7 ~ < - a
2 T~2 E
- ~ ~ -
E - S~
"""" ~J
10° & =
1 -4 L I T s I:I ) | I ) I ) |
100 200 300 400 500
M, (GeV)

FIG. 15 (color online). Value of the same-sign top quark
production cross section at the Tevatron for a flavor-violating
Z' with f; =0, fr = 1 (Eq. (51)).

PHYSICAL REVIEW D 81, 114004 (2010)

1) < 0.4 pb. The value of {}*)cpain = 1.90 for the current
integrated luminosity indicates that the FCNC Z’ model fits
o(t7), Agg, and the M,; distribution worse than the SM.
Note the quality of fit is maintained even if we fix the Z’
mass to be specific values as in the flavor-conserving G’
and Z' cases. Since the INT effects lead to a negative
asymmetry, one needs a large NPS contribution to over-
come the negative INT contributions to generate the posi-
tive asymmetry. That requires a very large f» coupling, as
seen in the upper and lower 1o contours of Figs. 16(a) and
16(b), which is near the constraint of o(¢f + 77) < 0.7 pb.
In this model, the predicted value for the same-sign top pair
production cross section is pushed to just below the limit
taken. Overall, while there is tension between the positive
asymmetry and small o (¢t + 77), we find a fit not much
worse than the SM. With 10 fb~!, the fit remains worse
than in the SM with (}*)cpain = 4.39.

The observed top asymmetry may also be induced by a
flavor-changing interaction via a charged W’ boson
[10,18]. The top quark pair can be produced in the channel
dd — 7 via a t-channel W’/ boson propagator. As in the
flavor-violating Z' case, we consider the following effec-
tive d-t-W' coupling:

L = edy*(f P, + frPr)tW!, (60)

where e denotes the electromagnetic coupling strength.
The differential cross section of dd — ¢f is the same as
Eq. (52) with the substitution u(it) — d(d).

One advantage of the flavor-violating W' model is that it
does not suffer from the constraint of same-sign top pair
production at the Tevatron. Figure 17 displays the correla-
tion between f; and fy couplings for a 2000 GeV W’
boson. For the current luminosity the 1o contours are
symmetric for f; and f, and the innermost one includes
f1 = fr = 0.In order to generate positive asymmetry, the
couplings f; and f need to be large enough to overcome
the negative INT contributions. The typical values of cou-
plings f; and f are in the range of =10 to =20. For the
current luminosity, (x*)epain = 1.67, which indicates a bet-
ter overall fit than the FCNC Z’ boson due to the lack of the
same-sign top constraint, and a better fit than the SM.
Because of the PDF dependence, the d-quark initiated 7
production via the W’ is smaller than the u-quark initiated
production through a Z'. Therefore, larger couplings are
required to maintain the production cross section than in
the Z' case. With upgraded luminosity, {x*)chain = 3.61
provided that the central values of A% and o' are main-
tained which offers more improvement over the SM.

We focus on a heavy W’ due to general constraints from
electroweak precision and flavor measurements. In gen-
eral, a W’ is associated with a broken non-Abelian gauge
group, and one must also consider a neutral gauge boson,
Z', whose mass is typically degenerate or nearly so with
that of the W'. If this Z’ has predominantly flavor-changing
couplings to top quarks, then it falls into the previous case
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Correlation of fp and mz with f; = 0. The left panel is for the current integrated luminosity while the right

panel is for an upgraded luminosity of [ Ld¢= 10 fb~!. Tension with the same-sign top production constraint from the Tevatron

prevents this model from becoming a better fit than the SM.
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Correlation of couplings for my, = 2000 GeV. The left panel is for the current integrated luminosity while

the right panel is for an upgraded luminosity of [ Ld¢ = 10 fb~!. The 1o region is bounded by the solid curves, the 20 by the dashed
curves, and the 30 by the dotted curves. Couplings of either f; ~ 0 and fr ~ =10 or fr ~ 0 and f; ~ =10 are consistent with the

Apg and o ,;; measurements.

we analyzed. If its coupling to top quarks is flavor-
conserving then one would expect to produce top quark
pairs through s-channel Z’ exchange. However, such a
process suffers from PDF suppression and is negligible in
comparison to the W’ contribution considered above and
therefore we ignore it here.’

VII. FLAVOR-VIOLATING SCALAR S/S*

In addition to spin-1 exchange, we also consider the
FCNC top interaction with a new color singlet scalar S’:

L D eS'(frigt, + friiptg), (61)

*A model with a light W’ and Z’ has been proposed in
Ref. [18] and may lead to a naturally good fit. This model has
potential implications for precision electroweak observables
which have not yet been fully explored.

where S’ is an SU(2) doublet and we parameterize the
overall coupling strength with respect to the weak coupling
e. If we assume S’ to be the SM Higgs boson, then the
FCNC top interaction originates from the dimension-six
operator

2
v
L = Fh(fLI’_‘RtL + fRriltR).

Results for this operator can be obtained from those for

Eq. (61) with the substitution e — X—zz As will be shown

below, such an effective coupling is too small to generate a

sizable asymmetry, however. Hence, it is difficult to ex-

plain the asymmetry with the SM Higgs boson effective

coupling without introducing additional heavy scalars.
The differential cross section is written as

dé

i i
= Agu + Aljr T Alps
dcosé

(62)
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where
Ay 2meamBUE+ R + G- miR]
INT o7 ,
9§%(7 — m3,)
/ 2 2 4L 2327 — m2)?
ﬂﬁps _ Waem:B(fL fR) ( mt) ’ (64)

85(7 — mé, 2

with a,,, = e?/(4m). Because of the repulsive scalar in-
teraction, the NPS contributions generate a negative ANE.
In order to generate a positive ARE, the scalar §" needs to be
very light, generally mgy < m,, and to have large couplings
with the top quark. However, such a light scalar leads to a
new top quark decay channel # — S’u, which is tightly
constrained [49]. Therefore, we consider scalar masses
that are larger than top quark mass to forbid this new decay
channel. Furthermore, the flavor-violating coupling will be
highly constrained by D°-D° mixing (a AC = 2 process) if
one assumes a universal flavor-violating coupling among
the three families of quarks. However, from a purely
phenomenological perspective, we assume that the second
generation quarks are not involved in the flavor-violating
Yukawa interaction which leads to no constraint on the
Yukawa couplings f; and f. In other words, f,; (., fr)
is taken as a free parameter and is only constrained by
considerations of unitarity (see Appendix A for details).

We plot ARE as a function of f = 4/f7 + f% for a scalar

of mass 2 TeV in Fig. 18(d) and see that it is indeed
negative. This does not pose a problem with respect to
the measurement of a positive asymmetry since the scalar
interferes destructively with the SM which gives a negative

0.14
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R, defined in Eq. (6) and shown in Fig. 18(c). Thus, the
total asymmetry, which is related to AR and R in Eq. (5), is
positive. This is plotted in Fig. 18(a).

We also consider a charged scalar, S*, which couples to
top quarks as in Eq. (61), but with the replacement u — d.
In Fig. 19, we see the result of the MCMC scan in the plane
of f; and fg for a 1000 GeV neutral S’ and charged S*
scalar: (a,c) for the current luminosity and (b,d) for ex-
pected 10 fb~!, again assuming the central value of ex-
perimental data is not changed. For the neutral scalar, we
impose the same-sign top pair production constraint dis-
cussed in Sec. VI. We plot the same-sign top pair produc-
tion cross section for a neutral scalar with f; = fr = 1 at
the Tevatron in Fig. 20. In the case of the neutral scalar,
with the current luminosity we find a marginally better fit
than in the SM, (x*)chain = 1.72. The fit improves relative
to the SM with (}*)ehain = 3.15 for 10 fb~! if the central
values remain the same. For the charged scalar we obtain a
similar fit at the current luminosity with (}*)epain = 1.72.
At 10 fb~! with the same central values we obtain a
slightly better fit, {x*)chain = 3.04, than in the case of the
neutral scalar due to differences between the u and d PDFs.
Although the negative oyr decreases the total cross sec-
tion oz, it allows for good agreement with the -22 distri-

M ;
bution and gives a positive contribution to A}, which
results in a better overall fit.

VIII. CONCLUSION

We have examined a number of models for new physics
in top quark pair production which could account for the

0.0

(@)

S

0.12
0.10

0.08

tot
AFB

0.06
0.04

0.02

0.00

onp (pb)

(b)

=02
-04
-0.6
-0.8
-1.0
-12

-14

=20 -10 0 20

=20

0.00 0.0

(©)
-0.05 -0.1
-0.10 -0.2
sz
<
-0.15 -0.3

-0.20 -0.4

-0.25

(d) (e)

ONPS/TINT
|
=)
o

-0.5

=20 =10 0

f

20 ~20 -10

FIG. 18 (color online).

0 10
f f

Theoretical expressions for a flavor-violating neutral scalar S. (a) Ay [cf. Egs. (3)—=(5)] as a function of

f =+/f? + f3% for a flavor-violating scalar with mg = 2 TeV. (b) onp = o nt + O'nps Vs f- Note that the interference is destructive.

(c) R, as defined in Eq. (6). Note that it is negative for all f. (d) A{;I}]; vs f which is negative, as mentioned in the text. (e) The ratio of
onps to oy The INT term dominates over the NPS term for a scalar of mass 2 TeV.
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current integrated luminosity while the right panels are for an upgraded luminosity of [ Ldr = 10 fb~!. The regions of each figure,
from innermost to outermost, are (a) within 1o, within 20, within 30, and greater than 3o7; (b) within 20, within 10, within 20, within
30, and greater than 3¢ (¢) within 1o, within 20, within 30, and greater than 307; (d) within 20, within 1o, within 20, within 307, and
greater than 30. The couplings are varied only within their allowed values from unitarity considerations (see Appendix A).
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FIG. 20 (color online). Value of the same-sign top quark pro-
duction cross section at the Tevatron for a flavor-violating S’
with f; = fr =1 [Eq. (61)]. The gray region indicates mg <m,.

larger-than-expected forward-backward asymmetry ob-
served at the Fermilab Tevatron, while not significantly
disturbing the approximate agreement of the cross section
o, and its M; distribution with the standard model pre-
dictions. Our results are summarized in Table IV.

The results summarized in Table IV show that it is not
easy to account for the larger-than-expected value of
Apg(2f) observed at the Fermilab Tevatron while maintain-
ing the good agreement between theory and experiment for
the production cross section o,; and differential rate ddTU,;'

Of the models considered, those that provide a fit better
than the SM for the applicable data are a 1 TeV or 2 TeV
flavor-conserving G’ with axial couplings, a2 TeV W' (or a
2 TeV flavor-conserving G’ or Z') with chiral couplings.
Other models we considered provide at most a mild im-
provement with respect to the SM case. The 1 TeV cases
often give large corrections to the M ; distribution since the
additional signal is well inside the data region. Finally, in
Table V, we examine in detail the contribution to the
(X*)chain in the small neighborhood around the best points
in parameter space of the axial G’, chiral G', FV chiral W/,
and FC chiral Z’ models as well as the SM. Assuming the
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TABLE IV. Models for top quark pair production and their ability to account simultaneously for the cross section and forward-
backward asymmetry in top quark pair production at the Tevatron. FC and FV models are considered.

PHYSICAL REVIEW D 81, 114004 (2010)

Model Result
FC G’ 1 TeV Poor fit for fr = gr = 0 considered due to #"ﬁ constraint; Good fit for axial couplings
2 TeV Fit not significantly improved with respect to the SM for fr = gz = 0; Excellent fit for axial couplings
EFT Poor fit; Agg consistently smaller than measured value.
FC 7' 1 TeV Poor fit due to ddTU,,— constraint
2 TeV Fit not significantly improved with respect to the SM for fr = g =0
Fv Z Poor fit due to ﬁ constraint and same-sign top constraint
FV W' 2 TeV Good fit although large couplings necessary with a large amount of fine-tuning
FV &/, §* 2 TeV Tension with small predicted o; leads to poor fit with current data;

however, a good fit would be obtained if central values were unchanged after 10 fb™!

current integrated luminosity for each measurement and a
mass of the new states responsible for the Agg deviation of
2 TeV, we find:

)

(i)

The 2 TeV axial G’ model provides the best overall fit
to the experimental data considered in this article. It
improves the agreement with experiment of both the
total top quark production cross section and the
forward-backward asymmetry. The fit to the M
distribution is slightly worse than in the SM case
but still in good agreement with data.

The 2 TeV W' can also lead to a good fit to the data.
It is able to generate a large asymmetry and to
improve the agreement of total cross section with
data without disturbing the differential cross section
sizably for some regions of parameter space.
However, large couplings are needed. Note that in
Table V, the best-fit point in the W’ case has a lower
x° than the axial G’ although the {¥*)cpain iS lower
for the axial G’ indicating that the axial G’ gives a
better overall fit. Stated differently, the W’ requires a
greater amount of fine-tuning of its parameters to fit
the data than the axial G'. This is seen in the large
value of 8(x?)poin; a slight perturbation of the best-
fit points greatly decreases the quality of the fit. The
W’ model provides such a large value since the y?

(iii)

(iv)

contributions from o; and Agg are aligned and in-
crease together with couplings that deviate from the
minimum x? couplings. This is to be contrasted with
the other models in which the increasing y? contri-
bution from, say, Agp is compensated by a smaller y?
contribution from o, resulting in a total y? value
that remains relatively flat.

The 2 TeV chiral G' and Z’ do not lead to significant
improvement over the SM. They reduce the discrep-
ancy with the asymmetry measurement although
they are unable to reduce it below 20 without dis-
turbing the M; distribution due to their large widths.
The 2 TeV FV scalars S” and S* have fits that are not
significantly improved with respect to the SM. They
lead to a significant discrepancy in o, and only
slightly improve the fit to Agg and do/dM,; with
respect to the SM.

In this work, we have used the full NLO QCD ¢7 pro-
duction cross section. It is worth noting that partial NNLO
QCD corrections to the 77 cross section have been calcu-
lated in Ref. [24] and give rise to an enhancement of the
total cross section of about 0.3 pb. This indicates that
higher order QCD corrections might improve the agree-
ment between the measured total cross section and its value
in the SM, and therefore areas of NP parameter space

TABLE V. Values of x? for selected models. Assuming the current integrated luminosities, the ( )(2>p0im contributions from the
production cross section, forward-backward asymmetry and invariant mass distribution in top quark pair production at the Tevatron are
given for the chain only in the small neighborhood of the points that provide the best fit to the data in each model. The value of ( X2>point
is the Total/Ng.s, where Ngo; = 3, and provides a measure of how well the best-fit point in each model fits the data. The value 8{ > }wim
is the ¢ X2>poim value of a box that is =10% wide in the couplings for the best-fit point and is a rough measure of fine-tuning. Note the
SM value for (x?) i is equivalent to that given in Eq. (15). The {x*)cp,n Values for each model are also listed.

Model i Arg j,l\zf Total (X point X point (X chain
EV W' (f, = 17.0, fx = 0.0, my: = 2 TeV): 063 006 027 096 0.32 41.4% 1.67
Axial G' (f = 2.5, g = —2.5, mg = 2 TeV): 0.75 0.47 0.75 1.97 0.66 1.6% 1.15
Chiral G’ (f; = 2.0, g, = —2.0, mg = 2 TeV): 0.59 2.91 0.62 4.12 1.37 0.4% 1.69
FC 7' (f, = 8.0, g, = 8.0, m, = 2 TeV): 067 266 091 424 1.41 1.0% 1.62
FV S’ (f, = 7.0, f = 0.0, mg = 2 TeV): 201 285 009 496 1.65 0.2% 1.72
FV S* (f, = 1.5, fr = 0.0, mg = 2 TeV): 2.01 2.85 0.12 4.98 1.66 0.2% 1.72
SM : 1.12 4.07 0.06 5.25 1.75 - 1.75
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which give negative contributions to the total cross section
will be less constrained. Such negative contributions, how-
ever, may be in tension with the observed M,; invariant
mass distribution. A detailed collider simulation, including
the complete NNLO corrections, would be therefore highly
desirable in order to make a more reliable comparison of
the predictions of these models with data.

Crucial to the test of any model is also the accumulation
of more integrated luminosity at the Tevatron, in order to
demonstrate deviations from the standard model exceeding
3. Until then, the observed Agg values cannot be regarded
as anything more than a hint of new physics.
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APPENDIX A: UNITARITY CONSTRAINTS

In this appendix, we explore the unitarity constraints on
new physics models considered in this work. The weak
isospin amplitude M’ (I being isospin index) can be
decomposed with respect to orbital angular momentum
according to

M! =167 (2€ + 1)P((cosf)al. (A1)
0

With the normalization Ja} = |a}|, the unitarity con-
straint requires

Nal| < (A2)
where a{, could be projected via:
1 1
al = — j d cosOP (cos§) M. (A3)
327 J-q

First consider the flavor-conserving Z' models, which
involve the s-channel diagram only. Note that the con-
straints of the G’ model can be easily derived from
flavor-conserving Z’ model. The helicity amplitudes for
qq — tt are represented by A(A,, Az A, Ap), where A, =
—, +, respectively, indicates a left-handed and a right-
handed top quark. Apart from the common factor

PHYSICAL REVIEW D 81, 114004 (2010)

2¢%E

s—m%,’

the nonvanishing helicity amplitudes from the diagram
mediated by the Z’ boson are

A(_’ +’ B _) = fL Sineml[gL + gR]’ (A4)
A(=, +, =, ) = —fo(1 + cosO)E[(1 + B))g,
+ (1 = BIgrl (A5)
A(_: +’ +: _) = fL(1 - COSQ)E[(I - Bt)gL
+ (1 + B)grl (A6)
A(_’ +: +’ +) = _fL Sinemt[g[, + gR]’ (A7)
A(+’ RS _) = fR Sinemt[gL + gR]’ (Ag)
A(+’ T +) = fR(l - COSH)E[(I + Bt)gL
+ (1 = Bgrl (A9)
A(+: B +1 _) = _fR(l + COS&)E[(I - Bt)gL
+ (1 + B)grl (A10)
A(+, - +, +) = _fR Sinﬁmt[gL + gR], (All)

where B, = /1 — m?/E”. In the c.m. frame of the #7 pair
the 4-momenta of the particles are chosen to be

p, = E(1,0,0,1), (A12)

p; = E(1,0,0,—1), (A13)

p, = E(1, B,sind, 0, B, cosh), (A14)
p; = E(1, — B, sinf, 0, — B, cosh). (A15)

In the high energy limit £ > m,, only (1 + 3,) terms
contribute. The J = 1 partial wave of the A(—, +, —, +)
amplitude is

(0%
lzllngLJ

yielding the following limit |f, g;| = 6/a.n. Similarly,
one can derive the following constraints

|f.] =28 and

al™qg— 7' —11) = (A16)

lg | =28

from the gg — Z' — qg and 1t — Z' — tf processes.

Now consider the flavor-violating Z’' model. We con-
sider the scattering uf — Z' — tii, the calculation of which
is identical to the flavor-conserving Z’ model. In the high
energy limit /s > m,, we obtain the following unitarity
bound on f from the helicity amplitude A(+, —, +, —) in
Eq. (A10),
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Ifrl = 28. (A17)

Finally, we consider the scattering uf — S — #t to de-
rive the unitarity constraint for the flavor-violating §
model. The helicity amplitudes are represented by
A(Ag Az Az Ap). In the high energy limit s > m,, the non-
vanishing helicity amplitudes are

A+, +, +, +) = 2 f3, (A18)

A(+r +’ ) _) = eszfL’ (A19)

PHYSICAL REVIEW D 81, 114004 (2010)
A=, — +, +)=effr (A20)

A(_’ ] _) = €2f%,

where f; and f are given in Eq. (61). The J = 0 partial
wave of A(+, +, +, +) is

(A21)
al=O(uf — § — iir) = % 72, (A22)

yielding the unitarity limit /7 =< 2/a.,,. Hence, |f,| < 16,
|fxl = 16, and |f; fr| < 256.
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