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We study the production of top-antitop pairs at the Large Hadron Collider as a test bed for discovering
heavy Z' bosons belonging to a composite Higgs model, as in this scenario, such new gauge interaction
states are sizeably coupled to the third-generation quarks of the Standard Model. We study their possible
appearance in cross sections, as well as (charge and spin) asymmetry distributions. Our calculations are
performed in the minimal four-dimensional formulation of such a scenario, namely the four-dimensional
composite Higgs model, which embeds five new Z's. We pay particular attention to the case of nearly
degenerate resonances, highlighting the conditions under which these are separable in the aforementioned
observables. We also discuss the impact of the intrinsic width of the new resonances on the event rates and
various distributions. We confirm that the 14 TeV stage of the LHC will enable one to detect two such
states, assuming standard detector performance and machine luminosity. A mapping of the discovery
potential of the LHC for these new gauge bosons is given. Finally, from the latter, several benchmarks are

extracted which are amenable to experimental investigation.
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I. INTRODUCTION

Z' states are rather ubiquitous in beyond-the-Standard-
Model scenarios and are typically searched for at hadron
colliders through a dilepton signature in the neutral
Drell-Yan (DY) process, ie., pp(p)—(y,Z,Z)—€" (",
where € = ¢, w. In fact, the most stringent limits on Z’s
at the Large Hadron Collider (LHC) come from this
signature and are set at around 2.5 TeV (for a sequential
Z') [1]." Since such an experimental signature is clean, and
theoretical uncertainties for sufficiently inclusive quanti-
ties are well under control (see, e.g., Ref. [2]), including
those associated with higher-order effects—both two-loop
quantum chromodynamics (QCD) [3] and one-loop elec-
troweak (EW) [4] ones—one can conceive of accessing the
couplings of a discovered Z’ (thereby providing a window
on its high-scale genesis) by studying the ensuing dilepton
observables such as (differential) cross sections and/or
asymmetries.

Another decay channel of Z’ bosons that can be phenom-
enologically relevant as a search mode is the one yield-
ing top-antitop final states, i.e., pp(p)—(v,Z,Z")—t. Its
importance for Z' searches with respect to the DY case
becomes manifest in models in which the new neutral gauge
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'This is a state with generic mass and the same couplings to
the SM particles as the Z boson. Limits in the aforementioned
models are normally obtained by rescaling the results for a
sequential Z', though this implicitly assumes that the Z' cannot
decay into additional extra matter present in the model spectrum.
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bosons have sizeable couplings to the third-generation
quarks while being weakly coupled to those of the first
two generations and, most importantly, to leptons as well.
In such scenarios, the complications arising from a much
larger background dominated by QCD production of
top-antitop quark pairs, a more involved final state yielding
six or more objects in the detector (including jets), as well
as an associated poorer efficiency in reconstructing the two
heavy quarks (with respect to the much simpler case of the
DY process) must be overcome if one intends to probe the
associated Z’ states. While this is an arduous challenge, it
reveals its rewards when one notices that the top quark
decays before hadronizing (so its spin properties are effec-
tively transmitted to the decay products), and that the
electromagnetic charge of the top quark can be tagged
via a lepton and/or a b jet [S]. Also, ¢f samples can be
extremely useful in profiling the Z', as the aforementioned
charge/spin asymmetries, particularly effective in pinning
down the couplings of the new gauge bosons, can be
defined theoretically and measured experimentally [6].
Furthermore, in this connection, two other key considera-
tions, pertaining to the 7 final state but not the €€~ one,
ought to made. On the one hand, the multistep decay chain
7' — tt— bbWT W~ — bbX (with X representing any
possible W W™ decay), as opposed to the simple Z' —
£* €~ one, affords one with the possibility to define a wider
variety of the aforementioned charge and/or spin asymme-
tries than in the DY case (albeit correlated with one an-
other). On the other hand, the large top mass, as opposed to
a negligible one for both electrons and muons, induces
nontrivial spin correlations, which are not present in the
DY case and are also sensitive to the nature of the interven-
ing Z' state. Guided by these considerations, experimental
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collaborations at both the Tevatron [7] and the LHC [8]
have in fact been pursuing the study of ¢f data samples in
beyond-the-Standard-Model searches in general, and more
systematically recently, in part driven by some anomalies
that have emerged in the forward-backward asymmetry of
1 events at the Tevatron [9]. Finally, just like in the case of
DY, for tf production the higher-order effects from both
QCD [11] (see also Ref. [12]) and EW [13] (see also
Ref. [14]) interactions are well known, including the case
of polarized (anti)tops.

The purpose of this paper is to study the sensitivity of the
LHC to the presence of Z' bosons, as well as to assess
the machine’s ability to profile them when mediating
tf production, in both cross sections and (charge/spin)
asymmetries, assuming as theoretical framework the
four-dimensional composite Higgs model (4DCHM) of
Ref. [15]. The latter is the ideal theoretical scenario to
test experimentally in this context, for the following rea-
sons: On the one hand, the scope of DY in accessing the
gauge sector of the 4DCHM is confined to large machine
energies and luminosities [ 16]. On the other hand, #7 decays
are here amongst the preferred decay modes of the ensuing
new heavy neutral gauge bosons.> In fact, an added feature
of the 4DCHM is the presence of multiple such resonances,
i.e., five in the model spectrum, though only three are
potentially accessible at the LHC.

The plan of the paper is as follows: In the next section,
we recall the properties of the 4DCHM pertaining to the
bosonic and fermionic sectors affecting top (anti)quark
phenomenology. In Sec. III, we describe our calculation
and define the observables to be studied. In Sec. IV, we
report and comment on our results. In the final section, we
conclude, and in the Appendix, we list the numerical
values of the Z'tf couplings for the benchmark points
considered.

II. MODEL

We describe here the model on which we base our
analysis, chiefly its neutral gauge sector and its extended
fermion one, by fixing conventions and discussing its
relevant features. Further, we test its parameter space
against available experimental constraints.

In addition to the SM particles (the e, u™=, 77, v, -
leptons, the u, d, c, s, t, b quarks and the y, Z, W=, g gauge
bosons), the 4ADCHM presents a Higgs boson H, which
is a pseudo-Nambu-Goldstone boson, and a large number

>The LHC has not confirmed this (see Ref. [10]), though the
pp nature of the CERN accelerator with top-antitop production
dominated by gluon-gluon fusion, as opposed to the p p nature of
the FNAL machine with top-antitop generation driven by quark-
antiquark annihilation, implies that the same signature is much
harder to extract.

3As shown in Ref. [16], this is no longer true when the new
heavy fermion decay are channels open, as they are the preferred
ones due to the large couplings involved.
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TABLE I. Extra particle content of the 4ADCHM with respect to
the SM. An increasing number in the label of a particle corre-
sponds to a larger mass of the particle itself.

Neutral gauge bosons 7, .
Charged gauge bosons Wff 3

Charge +2/3 quarks T, s
Charge —1/3 quarks By s
Charge +5/3 quarks T,
Charge —4/3 quarks B,

of new particles, in both the fermionic (quark) and
bosonic (gauge) sectors. We summarize the additional
particle content of the 4DCHM with respect to the SM in
Table 1.*

Amongst the various new states predicted by the
4DCHM, we concentrate here on the additional neutral
gauge bosons Z,;s [notice, in fact, as we shall show
explicitly in the following, that the Z; 4 states are essen-
tially inert for the purpose of our study, as they do not
couple to first- and second-generation (anti)quarks [151°]
and additional heavy quarks Ty, g, B, g T, and
B,,, which affect the Z,35 widths. We neglect the
Higgs and charged gauge boson sectors, for which we
instead refer the reader to Ref. [15] in general, and
Refs. [16-18] in particular, respectively, for the two
contexts.

The 4DCHM can be schematized in two sectors, the
elementary and the composite, arising from an extreme
deconstruction of a 5D theory. The gauge structure of the
elementary sector of the 4DCHM is associated with the
SU(2); ® U(1)y SM gauge symmetry, whereas the com-
posite sector has a local SO(5) ® U(1)yx symmetry with 11
new gauge resonances. Therefore, the spin-1 particle con-
tent of the 4DCHM is given, besides the standard W, Z
bosons and the photon, by five new neutral (collectively
denoted by Z’) and three new charged (collectively denoted
by W) bosons. The parameters for the gauge sector are the
scale f of the spontaneous global symmetry breaking
SO(5) — SO(4) (typically of the order of 1 TeV) and g.,
the SO(5) gauge coupling constant, which, for simplicity,
we take to be equal to that for U(1)y. The mass spectrum of
the spin-1 fields is then expressed in terms of these two new
parameters, the gauge couplings of SU(2); and U(1)y,
namely g, and ggy, and (k) ~ v, the vacuum expectation

“Hence, the Z, s states herein are our Z' bosons.

SFurther, we can confirm that the contribution to the process
studied here induced by the subprocess bb — vy, Z, Z; — tf is
negligible (i = 1,...5), owing to the small probability of ex-
tracting b (anti)quarks from the proton sea of partons for our
typical kinematic configurations, for which x> = M%, /s, with
My = 2-2.5 TeV and ﬁ= 7, 8 and 14 TeV [x being the
b-(anti)quark momentum fraction relative to the proton
beam].
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value of the Higgs boson.® It is given as (here, an increasing
number in the label indicates a particle with higher mass)

M% =0,
TR
My =L o334+ 20)g
z=778 (Sa 2)§
M3, = fg,
242 52 ¢t
w, =LE (125 ) )
C‘p 4C2¢
wg, =LE (100 )
N Cﬁ 4620

M3, =2f%g3

1 /1 1
M2z22%(1+—<—+ ))
Zs 178; s 202y &

16

with tan @ = sy/cy = go/g+ tany=s,/c, = V280v/ 85
The photon is massless, as it should be, and the neutral
gauge bosons Z; and Z, have their masses completely
determined by the composite sector.

Regarding the fermionic sector, we just recall here
that the new heavy states are embedded in fundamental
representations of SO(5) ® U(1)y, and two multiplets of
resonances for each of the SM third-generation quark are
introduced in such a way that only top and bottom quarks
mix with these heavy fermionic resonances in the spirit of
partial compositeness. This choice of representation is a
realistic scenario compatible with precision EW measure-
ments and represents a discretization to two sites of the
MCHM in Ref. [19] (see Fig. 1). As stated before, the
spectrum contains four 5 representations indicated with
W7 755 in the composite top/bottom sector, respectively.
The SM third-generation quarks, for both the left-handed
doublet, ¢¢/, and the two right-handed singlets, b% and 74,
are embedded in an incomplete representation of SO(5) ®
U(1)y in such a way that their correct quantum numbers
under SU(2); ® U(1)y are reproduced via the relation
Y = T3k + X. The fermionic Lagrangian of the 4DCHM
considered in Ref. [15] is (for simplicity we take my =
my = Mg = Mg = M)

-£fermions = -EEI + (AZL QIe,IQl\PT + AtR ff?lﬂlqlf + H-C-)

fermions
- (YT@T,L(bg(I)Z\I,T,R + MYT@T,L\IIT,R + HC)
+(T—B), 2)

°In the 4DCHM, the vacuum expectation value of the Higgs
boson is extracted by the minimum of the Coleman-Weinberg
potential as a function of the fermion and gauge boson parame-
ters, which, in the following analysis, will be chosen in such a
way as to reproduce (h) ~ v = 246 GeV. In particular, the
analytical expressions of the neutral gauge boson masses at the
leading order in & = v2/f? (see Ref. [16] for details).
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FIG. 1 (color online). Fermionic sector of the 4DCHM. The
elementary sector is on the left, and the composite sector is on
the right. The mixing and Yukawa terms are shown symbolically.

where D indicates the covariant derivative related to the
composite gauge fields and A, , , ,. are the mixing
parameters relating the elementary and the composite
sector, while Y7 5 and My, are the Yukawas of the com-
posite sector. In Eq. (2), the fields €); and ®, trigger the
symmetry breaking and are expressed in terms of the
Goldstone bosons (see Ref. [15] for details).

The top and bottom quark masses are proportional to the
EWSB parameter and the elementary-composite sector
mixings (shown in Fig. 1), as suggested by the partial
compositeness hypothesis. Due to the bottom-top mass
hierarchy, we will require Ay, , ~ 107'A, , . The fermi-
onic mass spectrum, at the leading order in ¢ for the top
and bottom quark, and for ¢ = 0 for the lightest new
fermions, is given by

2y 2o o
_ miAg AL Y

2 (1+Fp)°
m KRV
2 (1+F)(1+Fg)
2

myi - _ =
mj, = 5 <2+M’§T —MYT,/4+M2YT)
2

2 M 72 72
m31—7<2+MYB MYB,/4+MYB)

where we have defined A, , , 5,
Yrp= YT,B/m*’ MYT,B = MYT‘B/m*,

2
U

mi=§

mzﬂ’ My |>|My,],

i, 3)

1

= ArL,tR,bL,bR/m*,

Fr=A (1+M}), Fr=AL(1+ My, +Y7)), 4

and, for simplicity, we have taken A, = A, = 0 except
in the bottom mass expression.

For the process of interest here, pp(qg, gg) — tf
(gluon-gluon fusion clearly inducing only background
events), we need the couplings of the Z; s to the first
two generations of (anti)quarks, which live in the elemen-
tary sector, and those to the third-generation (anti)quarks,
which interact with the composite fermionic sector. While
the former comes only from the mixing of the Z; s with
the elementary gauge bosons, the latter must also take into
account the mixing of the third-generation (anti)quarks
with the new heavy fermions.
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In order to give an idea of the order of magnitude of this
effect, we provide here the analytical expression for the
neutral-current interaction Lagrangian of the 4DCHM at
the leading order in ¢, limited to the case of the first two
generations of (anti)quarks, as for the case of the third
generation, it is sufficient to show the ¢ = 0 terms, since
they are already sizeable due to the elementary-composite
sector mixing terms. (In both instances, though, in all the
forthcoming calculations of cross sections and asymme-
tries, we have used the corresponding full numerical
expressions without any approximations.)

Let us first consider the neutral-current Lagrangian of
the 4DCHM for leptons and the first two generations of
quarks. Starting from the elementary sector, where the
neutral gauge fields of SU(2); X U(1)y are coupled with
the fermion currents, we get, after taking into account the
mixing among the fields, the following expression:

£ludc s Zl:ewffyﬂQflpfAr“ + Z(lhgz (f)?’,uwf
I3 i=0

Vhek (F)y, v )Zf‘], 5)

where ¢, » = [(1 £ y5)/2]i and we have identified Z,
with the neutral SM gauge boson Z. The photon field, A ,,
is coupled to the electromagnetic current in the standard
way, namely with the electric charge, which in the 4ADCHM
is defined as

818y

) Vet 2

while the couplings of the Z;’s have the following
expressions:

85:(f) = AL Ti(f) + Bz, 0, g5(f)=Bz0,, (D

where A, = (go@; — govBi)> Bz, = 8oy Bi» and «; and B;
are the diagonalization matrix elements, namely
5
Y =3 BiZ, ®)

5
W3 = Z CYZ'ZZ‘,
i=0 i=0

with W5 and Y the elementary gauge fields associated with
SU(2), and U(1)y, respectively. As intimated, as a result,
the Z; and Z, bosons are not coupled to leptons or to the
first two quark generations, so they are completely inert for
the process we are here considering.

At the leading order in &, we get the following:

8L = 80Co gy = &oyCy»  (6)

Az, = [1+ (chaz + soby)E],
es, (
BZO = _T(l + bz§),
es
Ar = =201 (%2, - by e )
Co Cy Se (10)

€ S
By, = w[l_bz,f]

[0}
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AZ} - — e S(} [1 + (dzx + —wbzz)f],
o e oG (11)
e s
Bz, = c_ C—Hbzgf
0
e Se e
Az, = s_<aZ5 - —bzs)\/g, Bz, = C—bzs\/g, (12)
with
8 [
tanw:;Y; €=8150 = 8YCw» s ¢ = g%—f_g%’y
L oo
(13)
and
az, = (2s5 + s%/,)(4c§ - 1)/32,
bz, = (255 + s3)(4cy, — 1)/32,
4 \/-Sgslllcw
2 A - ), - 1)
b C¢(2—7C¢ +9c¢, —4031)
o SS?J,(I — 20@)2 ’ A
(14)
—2c4 +5¢§ —4c
az, = ,
% A(1 = 2c3)
b \/—Sgslpce
2742 -G -3
4y, =6
%221 - 2¢3)
bZ - — S¢

5 41 — 26%11)‘

Because of the nonuniversality of the couplings of the
neutral sector to the three generations of quarks, we also
need to present the couplings of the Z’ to the top quark,
which will be relevant for the processes we will deal with.
Due to the mixing of the top quark with the new fermionic
resonances that are coupled to the extra neutral gauge
bosons [see Eq. (2)], after taking into account the mixing
among the gauge and fermionic fields, the neutral-current
Lagrangian for the top (anti)quark is the following:

2 - > -
LXE =3 el yup'ar + 3 (85 0bLy, 0l

i=0
+ g8 (DPRy YR ZY. (15)

The expressions of the coefficients gé}R(t) turn out to be
quite complicated, even at the leading order in £. For this
reason, we only show the terms originating from the
elementary-composite mixing before EWSB (¢ = 0):
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La_ e (1 2 2)
l - =~ 5 i
gZO() Swa (2 3sm

R(n_ € 2,
1= —355)
0 ( 3sw)

g5, 0~0,  gf(H~0,

g M~0  gb=g5 =0 g5 ()~g5()~0,

(16)
with F g as given in Eq. (4) (for A, = A, = 0). Notice

that, in the & = 0 approximation, w is equal to the
Weinberg angle defined by

2 2 V2¢

Swlw = m (17)
In fact, the following relation holds in the 4DCHM:
SwCow ™~ SWCW(I - g(H, i//)f),
(18)

1
26, ) = ﬁ(—6s§ + 4sp — 357, + 257).

Notice also that, before EWSB (that is, for £ = 0), the Zytt
coupling is exactly the SM one (as it happens for leptons
and for the first two quark generations), and this is due to
the unitarity of the rotation matrix in the fermionic sector.
For the exact values of the couplings Z;qg withi = 0, 2, 3
and ¢ = u, d, and of the ratio of these couplings with
respect to the SM ones, we refer to Ref. [17], while the
exact values of the couplings of the top quark to Z,, Z, and
Zj5 are listed in Tables VI and VII of the Appendix. Finally,
we would like to mention that the Zs state is actually not
accessible in the process considered here, so we refrain
here from presenting similar results for this case.

Despite the large number of parameters in the fermionic
sector (both mixing and Yukawa ones), limited to the
analysis that we are going to perform in this paper, the
characteristic of the latter can be easily summarized.
As pointed out in Ref. [16], it is sufficient to divide the
composite fermion mass spectrum into two different
regimes, as follows:

(1) A regime where the mass of the lightest fermionic
resonance is too heavy to allow for the decay of a Z’
in a pair of heavy fermions, and consequently, the
widths of the Z' are small, typically well below
100 GeV. This configuration of the 4DCHM is
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illustrated by the forthcoming benchmarks (b), (d)
and (f) defined in Tables 20 and 21 of Ref. [16].

(2) A regime where a certain number of masses of the
new fermionic resonances are light enough to allow
for the decay of a Z’ in a pair of heavy fermions, and
consequently, the widths of the involved Z’ states are
relatively large and can even become comparable
with the masses themselves. This configuration
of the 4DCHM is illustrated by the forthcoming
colored benchmarks (green, magenta, yellow), as
given in Tables 19 and 22 of Ref. [16].

In summary, the parameter space of the 4DCHM is

defined in terms of 13 independent variables, i.e.,

f’ 8+ 805 8oys> M, AtLy A[R, YT’ MYT: Abl_: AbRy YB; MYE~
(19)

In order to constrain this space, we have written a
MATHEMATICA routine which considers f and g, as free
parameters and performs a scan over m., &, , A, , Y7, My,
Ay, Ap,, Yg, My, that is able to find allowed points with
respect to the physical constraints e, M, Gp, m,, my, v,
mpy, the latter being consistent with the recent data
coming from the ATLAS [20] and CMS [21] experiments:
124 GeV = my = 126 GeV. Further, notice that we have
compared the W~ tb, Ztf and Zbb couplings as well to data.
In particular, our program also checks that the left- and
right-handed couplings of the Z boson to the bottom (anti)
quark are separately consistent with results of LEP and
SLC [22].

In scanning the 4DCHM parameter space, we have, of
course, checked that the regions eventually investigated via
our reference process pp(qg, gg) — tf are compatible with
LHC direct searches for heavy gauge bosons, specifically
with the data reported in Refs. [23-26].

Extra gauge bosons give a positive contribution to the
Peskin-Takeuchi S parameter, and the requirement of
consistency with the EW precision test (EWPT) data
generally gives a bound on the mass of these resonances
around a few TeV [27]. However, since we are dealing
with a truncated theory describing only the lowest-lying
resonances that may exist, we need to invoke an UV
completion for the physics effects we are not including in
our description. These effects could well compensate for
S, albeit with some tuning. One example is given in
Ref. [19] by considering the contribution of higher-order
operators in the chiral expansion. Another scenario lead-
ing to a reduced S parameter is illustrated in Ref. [15],
by including nonminimal interactions in the 4DCHM. To
be on the safe side, our analysis will consider gauge
boson masses of the order of 2 TeV or larger, in order
to avoid big contributions to the S parameter. Notice also
that the fermionic sector of the 4DCHM is quite irrele-
vant for the aforementioned EWPTSs, since the extra
fermions are weakly coupled to the SM gauge bosons.
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On the other hand, these additional fermions, to which
we collectively refer as ¢ and 2’, can potentially be
produced in hadron-hadron collisions. The most stringent
limits on their mass come presently from the LHC. An
analysis of the compatibility of the 4ADCHM with these
LHC direct measurements has been performed. The pair-
production cross section o(pp(qg, gg) — t'f'/b'b') has
been calculated according to the code described in
Ref. [28], which is essentially the one generally used to
emulate ¢7 production. Herein, a rescaling of its cross
section to take into account the non-100% BRs of the
and b’ states into SM-like decay channels owing to the
new ones specific to the 4DCHM has been taken into
account. Results for # and b’ essentially limit the heavy
quark masses to values in excess of 500 GeV or so; thus,
we have excluded such masses in the forthcoming
parameter scans and in the definition of the benchmark
points to be analyzed.

III. CALCULATION

In this section, we present the details of the calculations
performed, i.e., the tools used and the kinematical varia-
bles that have been analyzed.

A. Tools

The numerical results obtained in the previous section
for the 4DCHM spectrum generation and tests against
experimental data were based on two codes, one exploiting
MATHEMATICA and the other using the LanHEP/CalcHEP
environment [29], cross-checked against each other where
overlapping.’

The code exploited for our study of the asymmetries is
based on helicity amplitudes, defined through the HELAS
subroutines [31], and built up by means of MadGraph [32].
Initial-state quarks have been taken as massless, whereas
for the final-state top (anti)quarks we have taken m, as
obtained following the description in the previous section.
The parton distribution functions (PDFs) exploited were
CTEQG6L1 [33], with the factorization/renormalization
scale set to Q = p ~ My, .. VEGAS [34] was used for the

multidimensional numerical integrations.

B. Asymmetries

The charge/spin variables that we are going to study
have been described in Ref. [35] (see also Ref. [36]), and
we summarize here their salient features. Their depen-
dence on the chiral couplings of the asymmetries can be
expressed analytically using helicity formulas from
Ref. [37] (also derived independently here with the

"These modules have been described in detail in Ref. [16], so
we do not dwell on them here. Further, although limited to the
LanHEP/CalcHEP part, they are available on the High Energy
Physics DataBase [30]; see https://hepmdb.soton.ac.uk/.
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guidance of Ref. [38]) for a neutral gauge boson exchanged
in the s channel.

1. Charge asymmetry

Charge (or spatial) asymmetry is a measure of the sym-
metry of a process under charge conjugation. Due to the
charge/parity (CP) invariance of the neutral-current inter-
actions, this translates into an angular asymmetry at the
matrix element level. It can only be generated from the gg
initial state due to the symmetry of the gluon-gluon system,
and it can occur via subtle next-to-leading-order (NLO)
QCD effects, as described in detail in Ref. [39], as well as
more standard EW ones.

The symmetric p p initial state at the LHC necessitates a
more suitable definition of such an observable compared
to, e.g., the well-known top quark forward-backward
asymmetry employed at the Tevatron. Several possibilities
exist, though; as investigated in Refs. [35,36], the spatial
asymmetry that delivers the higher sensitivity is the
rapidity-dependent forward-backward asymmetry, Agpg.
It uses the rapidity difference of the final-state fermion
pair, Ay = |y,| — |y7|, and enhances the ¢§ initial-state
parton luminosity via a cut on the rapidity of the
fermion-antifermion system, y;:

A :N(Ay>0)—N(Ay<O)
KB N(AY > 0) + N(Ay < 0) |y, 5y

(20)

with, hereafter, y$" = 0.5.

Another charge asymmetry which will turn out to be of
relevance (especially to resolve adjacent Z' peaks, which
are a characteristic of the 4DCHM) is

. N(cos 8* > 0) — N(cos 6" < 0)
Apg = - ; , (21)
N(cos 6* > 0) + N(cos 6" < 0)

where cos 0* is defined with the z axis in the direction of
v, 80 that 8* is the polar angle in the #7 rest frame, i.e., the
center-of-mass (CM) system at parton level, to which the
entire event can generally be boosted, no matter the actual
final state produced by the #7 pair after it decays [40].

These observables can only be generated by a Z’ boson if
its vector and axial couplings to both the initial-state (i)
and final-state (#) fermions are nonvanishing.

2. Spin asymmetries

Spin asymmetries focus on the helicity structure of the
final-state fermions and, when such properties are measur-
able, display interesting dependences on the chiral struc-
ture of the Z’ boson couplings. The helicity of a final state
can only be experimentally determined for a decaying final
state, where the asymmetries are extracted as coefficients
in the angular distribution of its decay products. This is
well described for the case of top quarks in Ref. [5].
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As such, our parton-level implementation does not repre-
sent the full reconstruction and extraction chain of such
observables but highlights their potential strength while
estimating the reconstruction efficiencies from recent
experimental publications. We elaborate on this point in
Sec. IVA. We define two such asymmetries.

The first observable we consider is the polarization A,
or single spin asymmetry, defined as follows:

_N(=, =)+ N(=,+) = N(+,+) = N(+, )

Ar
N- Total

. (22)

where N denotes the number of observed events, and its
first (second) argument corresponds to the helicity of the
final-state particle (antiparticle), whereas N, is the total
number of events. It singles out one final-state particle,
comparing the numbers of its positive and negative helic-
ities, while summing over the helicities of the other anti-
particle (or vice versa). This observable is proportional to
the product of the vector and axial couplings of the final
state only and is therefore additionally sensitive to their
relative sign, a unique feature among asymmetries and
cross section observables. In other words, it is a measure
of the relative “handedness” of the Z' couplings to the
final state.

In the case of appreciably massive final states, like the
top quark, the spin correlation A;;, or double spin asym-
metry, is accessible. This observable relies on the helicity
flipping of either of the final-state particles, whose ampli-
tude is proportional to m,/ 3, where /3 is the partonic CM
energy, and gives the proportion of like-sign final states
against the opposite-sign ones:

_N(+,4H)+N(=-) =N+, -) = N(=, )

NTotal

ArL 23)

This observable depends only on the square of the cou-
plings in a similar way to the total cross section. In the
massless limit, A;; becomes maximal, making it a relevant
quantity to measure only in the ¢7 final state.

IV. RESULTS

We split this section into two parts. Firstly, we perform a
scan of the 4DCHM parameter space by searching for
regions where at least one Z' — 7 signal can be estab-
lished, assuming /s =7, 8 and 14 TeV for the LHC
energy. Secondly, we study the aforementioned bench-
marks defined over such a parameter space, although lim-
ited to the case of the maximum energy and luminosity of
the CERN machine.

A. Reconstruction

While the ¢f channel offers a wide choice of observables
that are sensitive to new physics, one of the primary
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complications of such analyses is the difficulty in recon-
structing the six-body final state that results from the pair
production of tops. Ideally, one would perform a full chain
of event generation, showering and hadronization, culmi-
nating in a detector simulation to get an accurate represen-
tation of the reconstruction process for observables of
interest. The associated efficiencies will depend on the
information required for the observable and the particular
decay channel of the #f system. Since our analysis is
limited to be at the parton level, without subsequent decay
of the tops, it is necessary for us to employ reasonable
estimates of reconstruction efficiencies such that our quali-
tative predictions correspond better to the reality of a
detector environment. We estimate this quantity in a con-
servative manner by gauging the selection efficiencies
from the requirements of each observable in each decay
channel. We take the sum of these and define a net effi-
ciency to reconstruct a ¢ event coming from a high mass
(~2 TeV) Z', weighting by the branching fractions.

The common experimental requirement between the two
asymmetry observables of interest and also the invariant
mass distribution is a full reconstruction of the 7 system.
The only extra information needed comes in the form of
the angular distributions of the decay products of one or
two of the tops when extracting the top spin observables.
The other important point concerning the analysis of new
physics at several TeV is the likely boosted nature of the
final states, which will have an impact on the reconstruc-
tion process. The collimation of decay products means that
many traditionally reliable measurements such as b tag-
ging, invariant mass reconstruction and isolation become
hampered and must be adjusted. A variety of pruning and
jet substructure methods are applied at the LHC [41], and
quote efficiencies of about 30%—40% to tag a hadronic top,
and a number of analyses have used such methods in recent
resonance searches [42], showing that including the
boosted methods increases sensitivity to higher Z’ masses.
In the ATLAS analyses, for the hadronic case, a weighted
efficiency of around 5% is quoted, while in the semilep-
tonic case, the net reconstruction efficiency plateaus at
around 15%, which, when scaled by the 46% branching
fraction, gives around 6%. As of yet, we are not aware of
any asymmetry measurements or analyses in the dilepton
channel using these techniques. We therefore choose a total
10% efficiency as a conservative estimate to reconstruct
high-mass #f events, not counting any extra contribution
that might come from dilepton analyses.

The charge asymmetry measurement can be made in any
of the three ¢f decay channels, and a reconstruction of the
top four momenta, after potential top tagging using boosted
methods, is sufficient to obtain the quantity, and nothing
extra is needed beyond sufficient statistics to represent it as
a function of M;. We therefore use the same reconstruction
efficiency estimate for this observable as used in the reso-
nance searches. The top polarization asymmetry and spin
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correlation are more complicated due to the need for
reconstructing the angular distributions of decay products.
What is clear is that the boosted systems will inhibit the
measurement of such quantities as the collimation of
the decay products approaches the angular resolution of
the calorimeters. At this stage, a lack of experimental
analyses makes it difficult to estimate how well such
quantities can be measured at high p, although a number
of papers discuss the problem and pose potential solutions
moving away from the requirement of fully reconstructing
the decay products [5,43]. For this study, we further halve
the estimate to 5%, bearing in mind that this is somewhat
crude, since we cannot assess the process of extracting the
coefficient from the decay product kinematics. We feel an
estimate of this order is reasonable, in that most measure-
ment techniques proposed involve using the semileptonic
or dileptonic channels, which should not suffer as much
dilution thanks to the 100% spin-analyzing power of the
daughter lepton. However, the question of associated sys-
tematic uncertainties is not addressed in this paper. It is
therefore a given that the results shown here remain of an
illustrative nature, showing that this model has the poten-
tial to be investigated in the ttbar channel.

B. Parameter scan

In order to completely define the parameter space of the
4DCHM where at least one Z' — (7 signal can be estab-
lished, we have performed a scan over the fermionic
parameters of the model® for various choices of the model
scale f and gauge coupling constant g, that, as stressed in
Sec. II, completely determine the neutral (and charged)
gauge boson mass spectrum. The parameters of the model
have been varied in a range from 0.5 TeV to 5 TeV,
except—in the spirit of partial compositeness—for the
mixing parameters of the bottom sector that have been
varied between 0.05 TeV and 0.5 TeV (the Yukawa parame-
ters My, , have been varied in a negative range with the
same absolute values as the others).

Scans have been performed with the use of both
MadGraph and CalcHEP for 7, 8 and 14 TeV in the
presence of the following selection cuts:

My, + My, 31“22 +1I'y, <M,;<MZZ + My, N 31“22 +1I'y,
2 2 2 2
(24)

J(p, + p;)? is the

for the lightest Z’ bosons, where M,; =
invariant mass of the #7 final state.

8We remind the reader that these are the mass m.., the mixings
A,p, . and the Yukawas Y75, My, .

“Due to the large widths of these Z' in certain regions of the
parameter space, lower/upper bounds on the selection cut have
been imposed to be the maximum/minimum between those of
Eq. (24) and 2m,/./s.
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The signal S has been defined as the difference between
the total cross section 7T in the full 4DCHM and the SM
background B, so that interference effects in the gg
channel between the Z's and vy, Z are taken into account
in the former, and the dimensional significance ¢ has been
defined as S/+/B (with unit +/fb). However, the actual
statistical significance is obtained from this through
multiplying it by JeL, where € = 10% is the estimated
selection efficiency for the ¢7 final state, as discussed in the
previous section and £ = 5,20 and 300 fb~! (for /s = 7,
8 and 14 TeV, respectively) for the integrated collider
luminosity.

In Fig. 2, we present the results of the scans for three
choices of the model scale f and the coupling constant g.
in terms of scatter in the mr, /I';, plane (results for I';, are
very similar), with the corresponding dimensional signifi-
cance o, for the 8 and 14 TeV stages. Notice that in some
cases the latter is negative, owing to the fact that, for very
large widths, the selection cuts in Eq. (24) sample large
interference effects which are not positive definite.
Results of the scan for the 7 TeV stage of the LHC
are not presented, since the resulting dimensional signifi-
cances are rather similar to the ones for the 8 TeV stage,
yet the statistical significances are smaller by a factor of 2
or SO.

One can see the clear relationship between the mass
scale of the heavy third-generation partners and the visi-
bility of the resonances in that, once their Z’ decay channel
becomes kinematically accessible, the widths grow sub-
stantially and prevent any significant deviations from the
SM background. Some branch structure is also apparent in
this region, corresponding roughly to when the decay
channels into either one or two ‘“‘generations” of heavy
quarks are open. Since my, and mg, are strongly correlated
(see Fig. 3), it is quite rare for only one out of the pair of
lightest top and bottom partners to contribute to the decay
width. In such cases, one is essentially probing the inter-
ference effects which generically yield negative significan-
ces, which we leave this way to remind ourselves of this
fact. The off-peak effects of such widths of the order of the
gauge boson masses themselves have consequences down
to very low invariant masses, perhaps even near the #7
threshold. These may not only already be constrainable
with current LHC data, but they would certainly require
analyses with background estimates beyond leading order
to give a more precise prediction of the overall shape and
normalization of the invariant mass spectrum. Without this,
it is difficult to make meaningful statements about such
deficits in the production cross section over a large M;
range, and we do not associate any physical meaning with
such negative significances. It is evident that our intended
resonant analyses become difficult beyond the limit in
which the Z's are narrow and cannot decay into the heavy
fermions. This is further emphasized by Fig. 3, which
collects all scanned points, where the correlation of the
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dimensional significance with mp, is also shown, other
than with my (as previously established). Herein, the
reliance of such a significance of the Z’ signal on a narrow
resonance hypothesis is evident.

C. Benchmark studies

In this subsection, we will concentrate in some detail
on the scope of the 7 final state in profiling Z' bosons of
the 4DCHM for the case of the LHC at 14 TeV in
energy and 300 fb~! in luminosity, as the results in the
previous subsection clearly highlighted only some lim-
ited scope in this respect at lower values of /s and L.
Moreover, the parameter scan has prompted us to focus
primarily on cases where the resonances remain narrow,
although we do show the effects of allowing them to
become very wide later. In order to get a feel for the
strength of the observables studied, we also define an
illustrative measure of the “theoretical significance” of
an asymmetry prediction for the signal Ag as the number
of standard deviations it lies away from the background
prediction, Apg,

|As — Al
\[BAZ + 8A3

which, of course, remains within the scope of our
parton-level analysis. As such, they should not be inter-
preted as true LHC significances but should be indicative
of the strength of a particular observable.

We will concentrate in particular on the invariant mass
distribution of the top-antitop pair, M,;, which we will
sample in terms of the cross section as well as the asym-
metries introduced in Sec. III B. In fact, we can anticipate
here that the spectra obtained in the case of Agpg are in
shape essentially identical to those displayed by Agg.
Furthermore, on the one hand, the actual value of the
asymmetry is larger in the former case than in the latter;
whereas, on the other hand, the total number of events at
disposal to construct it is larger in the latter case than
in the former. Overall though, the significance is always
larger for Apy than for Agpg, so hereafter, we will only
show Afg.

Figures 4-6 show the differential values of the cross
section (o) and three asymmetries (A;, A;; and Afg)
as a function of M,; with each figure referring to the
following three benchmarks of Ref. [16], respectively:
(b) f=08TeVand g* =25;(c) f=1TeV and g* =
2; (f) f=1.2TeV and g* = 1.8. Recall that the mass
scale of the two lightest (and nearly degenerate in mass)
gauge boson resonances, Z, and Z3, is given by Mjjgpies =
fg«, and notice that the heaviest one, Zs, has a mass
between 600 GeV and 1 TeV above such a value, depending
on the benchmark. Furthermore, the mass difference
between Mz, and M, is at most 60 GeV or so.

(25)

s =
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These points in parameter space correspond, as inti-
mated in Sec. II, to the case of small Z’ widths; i.e., the
threshold for the gauge boson decays in pairs of heavy
fermions has not been reached, so that the resonances are
rather narrow. Therefore, one may hope to resolve the
individual Z,, Z5 and Z5 peaks in the cross section already.
Unfortunately, this is not the case. For a start, one should
note that the invariant mass resolution of #7 pairs is realisti-
cally of the order of 100 GeV or so (somewhat better for
semileptonic decay channels and somewhat worse for fully
hadronic/leptonic ones), so that it is not generally possible
to separate the Z, and Z; peaks (they do, however, cluster
together in what looks like a single wider resonance).
Then, it should be appreciated that the (isolated) Z5 peaks
never emerge over the background. These two points are
made explicit for all benchmarks by the two top frames in
Figs. 4-6. Herein, the left frames show the differential
cross sections binned over (artificially) narrow M,; bins
of 5 GeV, whereas the right ones use a much larger (and
more realistic) 100 GeV resolution. Despite this, in most
cases, a significance S/+/B larger than 5 can be achieved
after an event sample of £ = 300 fb™! has been collected
for the signal (§) and background (B), i.e., for benchmarks
(c) and (f). For benchmark (b), instead, the significance is
only above 3.

Under these circumstances, wherein a detection either
cannot be established with enough significance, or it can-
not resolve nearby resonances, the ability to exploit the
three asymmetries introduced previously is crucial. In fact,
all of these complement the scope of the cross section, as in
all cases they offer a similar level of significance for the
signal, so the contribution of the former and the latter can
be combined to increase significance (where needed),
albeit for the cases of Z, and Z; only, not Zs.
Furthermore, amongst the asymmetries, A; is unique in
offering the chance to separate (in the presence of resolu-
tion and efficiency estimates) Z, and Zs, as the two objects
contribute to the asymmetry in opposite directions, unlike
the cases of A;; and Afg, which establish an excess in the
same direction, so that the result is here indistinguishable
from the case of a lone wider resonance. Such dynamics is
exemplified in last three rows of Figs. 4-6. As discussed in
Subsect. III B, and referring to Ref. [35], this distinguish-
ability is owed to the sensitivity of A; and Ajg to the
relative “handedness” of the Z' couplings. For the latter
observable, however, this sensitivity extends to both the
initial and final state, which does not give it the same
distinguishing power as A; . All this is particularly relevant
if one notices that it appears to be a generic feature of this
model from the tables in the Appendix that Z, and Z;
have predominantly right- and left-handed top couplings,
respectively.

As illustrated in Ref. [16], if one allows for the
heavy fermion masses to be lighter than half the mass
of the Z' states, their widths grow substantially. The
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FIG. 4 (color online). Cross section and asymmetries as a function of the 7 invariant mass for the f = 0.8 TeV, g. = 2.5 benchmark
at the 14 TeV LHC with 300 fb~!. The left column shows the fully differential observable. The right plots include (upper frames)
estimates of statistical uncertainty assuming a realistic 100 GeV mass resolution and also display (lower frames) the theoretical
significance assuming a 10% reconstruction efficiency. Grey (pink) shading represents the (statistical) error on the 4DCHM (SM) rates,
in black (red) solid lines. Masses and widths of the gauge bosons are M[I'],, ;. = 2048[61] GeV, 2068[98] GeV.
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the 14 TeV LHC with 300 fb~!. The left column shows the fully differential observable. The right plots include (upper frames)
estimates of statistical uncertainty assuming a realistic 100 GeV mass resolution and also display (lower frames) the theoretical
significance assuming a 10% reconstruction efficiency. Grey (pink) shading represents the (statistical) error on the 4DCHM (SM) rates,
in black (red) solid lines. Masses and widths of the gauge bosons are M[I'],, ;. = 2066[39] GeV, 2111[52] GeV.
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in black (red) solid lines. Masses and widths of the gauge bosons are M[I'],, ; = 2249[32] GeV, 2312[55] GeV.
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benchmark at the 14 TeV LHC with 300 fb~!. The left column shows the fully differential observable. The right plots include (upper
frames) estimates of statistical uncertainty assuming a realistic 100 GeV mass resolution and also display (lower frames) the
theoretical significance assuming a 10% reconstruction efficiency. Grey (pink) shading represents the (statistical) error on the ADCHM
(SM) rates, in black (red) solid lines. Masses and widths of the gauge bosons are M[I'],, ; = 2249[48] GeV, 2312[86] GeV.
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benchmark at the 14 TeV LHC with 300 fb~!. The left column shows the fully differential observable. The right plots include (upper
frames) estimates of statistical uncertainty assuming a realistic 100 GeV mass resolution and also display (lower frames) the
theoretical significance assuming a 10% reconstruction efficiency. Grey (pink) shading represents the (statistical) error on the ADCHM
(SM) rates, in black (red) solid lines. Masses and widths of the gauge bosons are M[I'],, ;. = 2249[1099] GeV, 2312[822] GeV.
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aforementioned colored benchmarks are representative of
this phenomenological situation. They are modifications
of the f=1.2TeV and g. = 1.8 point. The corresponding
cross section and asymmetry distributions are found in
Figs. 7-9. With a growing width, the ability to resolve
the presence of the Z, and Z; resonances degrades
substantially, and with it also the discriminative power
of A; between the two nearby peaks. This is not surpris-
ing, as in this case the effects induced by the two gauge
bosons, Z, and Z;, which are opposite in sign, start
overlapping in invariant mass, hence canceling each
other. In contrast, for the cross section and A;;, as
well as Afyg, this is not the case, so that these observables
are more robust in comparison. Altogether, though, Z,
and Zj signals should remain accessible so long as their
widths are less than O(10%) of their masses; see the first
two colored benchmarks (green and magenta). For the
other one (yellow), the case in which the masses and
widths are comparable, which is also when the M
resolution is actually less than 'y, any discovery power
unfortunately vanishes.

V. CONCLUSIONS

In this paper, we have emphasized that the 7 final state
can be an efficient LHC probe of the neutral gauge sector
of the 4DCHM that represents a complete framework for
the physics of a composite Higgs boson as a pseudo-
Nambu-Goldstone boson and which is based on the mecha-
nism of partial compositeness. The latter implies that,
alongside the SM gauge bosons, only the third-generation
quarks (unlike the first two and all leptons) of the SM are
mixed with their composite counterparts, so that the
pp(qq) — Z' — 1t process emerges as an obvious discov-
ery channel.

In fact, we have been able to show that such a mode
can enable the detection of two of the three accessible
(i.e., sufficiently coupled to the initial quarks) Z’ bosons
of the 4DCHM already by data taken at 7 and 8 TeV,
albeit in limited regions of parameter space—i.e., those
with the smallest possible Z’' masses, yet compatible with
all current experimental data. Once the CERN machine
reaches the 14 TeV stage, detection will be guaranteed
essentially up to the kinematical limit of the machine
itself, so long as the Z' bosons of the 4DCHM are
sufficiently narrow—i.e., with widths being at most 10%
of the masses.

Other than discovering such possible new states, the
LHC (at maximal energy and luminosity) could afford
one, under the same width conditions, with the possibil-
ity of profiling the Z's, i.e., of measuring their quantum
numbers, thanks to the fact that one can use ¢7 samples
to define charge and spin asymmetries, which are par-
ticularly sensitive to the chiral couplings of the new
gauge bosons. Furthermore, these observables, unlike

PHYSICAL REVIEW D 88, 074024 (2013)

the cross section, once mapped in invariant mass, also
enable one to separate the two resonances, Z, and Zj,
that the 4DCHM predicts to be very close in mass—in
fact, closer than the standard mass resolution afforded by
top-antitop pairs. In fact, one could exploit the cancella-
tion effect observed in A; but not in Afy to deduce
the presence of nearly degenerate resonances without
relying on the appearance of their distributions in M
by correlating the two observed asymmetries and com-
paring to predictions from single resonances as shown
in Ref. [44].

We have reached these conclusions after including both
EW and QCD backgrounds [the latter dominated by
pp(gg) — 1], including interference effects [where appli-
cable, i.e., in the pp(qq) — tf subprocess], through a
parton-level simulation, in the presence of realistic detec-
tor resolution and statistical error estimates. In this con-
nection, before closing, we should acknowledge that in
drawing our conclusions we have neglected systematic
uncertainties [45]. However, we do not expect these to
undermine our results. The reason is twofold: On the one
hand, the already wide mass resolutions exploited here are
expected to milden their actual phenomenological impact,
and furthermore one could equally exploit transverse mo-
mentum spectra, which are less sensitive to such effects in
comparison to the invariant mass. On the other hand, by the
time the LHC reaches the 14 TeV energy stage and accrues
300 fb~! of luminosity, where our most interesting results
are applicable, the systematics will be much better under-
stood than at present. Under any circumstances, though,
the inclusion of systematics would require detailed detec-
tor simulations which are clearly beyond the scope of
this paper.'’
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APPENDIX: BENCHMARK POINTS

In this Appendix, we list the exact numerical values of
the masses, widths (limited to the new resonances) and
couplings of the Z, Z, and Z; gauge bosons to the light
quarks (i, d, ¢, s), and also to the top quark in terms of
left- and right-handed coefficients defined in Eq. (5) and
(15) for the benchmark points of Ref. [16] adopted in this
work. We neglect here the case of the Z5 state, as we have
shown this to be inaccessible in the process studied in this
paper. The values are reported in Tables II, III, IV, V, VI,
and VIIL.

1A validation of our results using a simulation of 7 decays,
followed by parton shower and hadronization, also in the pres-
ence of detector effects, is currently in progress.

074024-17



D. BARDUCCI et al.

TABLE II. Masses and widths of the neutral gauge resonances
limited to Z, and Z; for the benchmarks of Ref. [16], with
b)) f=08TeV, g.=25; (¢c) f=1TeV, g.=2; and
) f=12TeV, g. = 1.8.

PHYSICAL REVIEW D 88, 074024 (2013)

TABLE V. Couplings of the up and down quark to the neutral
sector, limited to Z, Z, and Z; for the colored benchmark points
of Ref. [16] in green, magenta and yellow. Since these couplings
depend only on the two parameters f and g., they are equal for
all three colored benchmarks considered.

My, (GeV) Iz (GeV)
L R L R
Z2 2048 61 ng(u) C) ng(u’ C) gZ’.(dr S) gZ,.(d) S)
(b) Zs 2068 98 Z 0256 —0.115 —0.313 0.057
Lo w0 g bE ot
© Zs 2111 52 3 : : : :
®) Z, 2249 32
Z; 2312 55
TABLE VI. Couplings of the top quark to the neutral sector,
limited to Z, Z, and Z; for the benchmarks of Ref. [16] with
(b) f=08TeV, g.=25; (¢c) f=1TeV, g.=2; and
TABLE III. Masses and widths of the neutral gauge reso- (f) f =12 TeV, g, = 1.8.
nances limited to Z, and Z; for the colored benchmark points
of Ref. [16] in green, magenta and yellow. gél(t) g%(t)
My, (GeV) Iz (GeV) z 0.248 —0.123
Z 21 13 (b) Z, —0.108 —0.603
2 V4 0.481 0.009
(green) Z 2312 86 ’
p 5249 7 z 0.251 —0.120
2 V4 —0.091 —0.571
magenta (©) 2
(magenta) Z3 2312 104 Zs 0.377 0.006
V4 2249 1099 —
(yellow) Z2 5312 o z 0.252 0.118
3 (f) Z, —0.106 —0.486
Z3 0.427 0.006
TABLE IV. Couplings of the up and down quarks to the neutral
sector, limited to Z, Z, and Z; for the benchmarks of Ref. [16],  TABLE VII. Couplings of the top quark to the neutral sector,

with (b) f = 0.8 TeV, g, = 2.5; (c) f =1 TeV, g, = 2; and
(f) f = 1.2 TeV, g, = 1.8.

ghwe)  ghuwe) ghlds) gildy)

z 0.256 —-0.115  —0.313 0.057
® Z» 00075 0.048 0017  —0.024
Z;  —0.086 ~0.004 0.084 0.002

z 0256 —0.115  —0313 0.057
© 7 0.012 0.061 0019  —0.031
Z;  —0.110 ~0.003 0.109 0.002

z 0.256 —0.115  —0313 0.057
A 0015 0.069 0020  —0.034
Z, —0.125 ~0.002 0.123 0.001

limited to Z, Z, and Z; for the colored benchmark points of
Ref. [16] in green, magenta and yellow.

85,(0) g5 (1)

(green) Z 0.251 —-0.117
Z, —0.143 —0.617

Z 0.591 0.010

V4 0.251 —0.117

(magenta) Z; —0.162 —0.694
Z, 0.666 0.0118

(yellow) Z 0.248 —0.120
Z, —0.190 —0.790

Z 0.795 0.027
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