PHYSICAL REVIEW D 83, 114026 (2011)

Top quark polarization as a probe of models with extra gauge bosons
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New heavy gauge bosons exist in many models of new physics beyond the standard model of particle
physics. Discovery of these W' and Z' resonances and the establishment of their spins, couplings, and
other quantum numbers would shed light on the gauge structure of the new physics. The measurement of
the polarization of the SM fermions from the gauge boson decays would decipher the handedness of the
coupling of the new states, an important relic of the primordial new physics symmetry. Since the top quark

decays promptly, its decay preserves spin information. We show how decays of new gauge bosons into
third generation fermions (W' — tb, Z' — 1) can be used to determine the handedness of the couplings of
the new states and to discriminate among various new physics models.
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L. INTRODUCTION

One of the missions of the Large Hadron Collider (LHC)
is to piece together some of nature’s original symmetries.
The search for these symmetries is a part of the ultimate
quest to unify all of the particles and forces within a grand
unified theory that exhibits overarching gauge symmetries.
Theoretical clues to the original state of symmetry may be
present in conserved or nearly conserved quantities in
nature today. As remnants of symmetry breaking, extra
gauge bosons exist in many models of new physics (NP)
that go beyond the standard model (SM). The discovery of
new neutral and charged gauge bosons and the establish-
ment of their quantum numbers would shed light on the
gauge structure of NP [1-17].

One salient property of new gauge bosons is the handed-
ness of their couplings to SM fermions, whether domi-
nantly left-handed as the SM W and Z vector bosons or
possibly with large right-handed couplings. In this paper we
focus on new color singlet W’ and Z’ production at the LHC
and their decays into the third generation SM fermions ¢, b.
We explore quantitatively the measurement of the chirality
of the couplings of the new gauge bosons from the polar-
ization of the top quarks in their decays.' The top quark is
the only “bare” quark whose spin information can be
measured from its decay products since the decay proceeds
promptly via the weak interaction. Among the top quark
decay products, the charged lepton from r — b€ is the best
analyzer of the top quark spin. In the helicity basis, the
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polarization of the top quark can be determined from the
distribution in 6, the angle of the lepton in the rest frame of
top quark relative to the top quark direction of motion in the
overall center-of-mass (cm) frame. The angular correlation
of the lepton €% is %(1 *+ cosf,), with the ( + ) choice for
right-handed and ( — ) for left-handed top quarks [20,21].

In addition to the matter of handedness of couplings,
there are other reasons to search for the Z'/W’ in tf and tb
events. One is that searches in the leptonic decay modes
would fail in the so-called leptophobic models because the
7' and W' bosons in these models do not couple to leptons.
Searches in dijet invariant mass distributions are valuable
but cannot determine whether a dijet resonance is a Z’ or
W' boson because the jet charge is not measurable. In such
cases, the third generation quarks are necessary for charge
determinations of the heavy resonances; for example, the
7' bosons decay into 7 and bb pairs and the W’ bosons into
th and b pairs.

In Sec. II, we describe models of new physics that
contain extra gauge bosons and show how patterns of
symmetry breaking are manifest in the handedness of the
couplings of the new gauge bosons to SM fermions. We
illustrate a few of the NP models from the current litera-
ture. This section also includes a summary of the existing
constraints on masses and couplings of new gauge bosons.
In Sec. ITI, we present W’ and Z' production cross sections
at the LHC, both the inclusive rates and the rates of interest
to us with all branching fractions included. The collider
signatures we study are ¢"E;bb for the W and the
semileptonic decay of t7, namely ¢ Eyjjbb, for the Z'.
The missing energy £ is carried off by a neutrino in the
top quark decay. The dominant backgrounds are also com-
puted and assessments are presented for the W’ and Z’
discovery potential. After we impose kinematic cuts and
reconstruct the final states, we conclude that a Z’ resonance
with mass 1 TeV could be seen above the SM 7
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background with a statistical significance more than 5
standard deviations (50 for 10 fb~! integrated luminosity

at 14 TeV, provided its coupling gy = 4/g7 + g% to the SM

quarks is about 0.4, consistent with bounds from Tevatron
searches in the dijet final state. The W’ signal can be much
larger than the SM background if a coupling strength 0.4 to
the SM quarks is assumed. For purposes of comparison, the
couplings of the SM W boson to SM quarks are gW”d =
0.461 and those of the SM Z boson are g#'" = —0.257,
g4t =(.115, g dd = 0.314 and g%dd = —0.057.

Sectlon IV is devoted to the measurement of the top
quark polarization and the determination of the handedness
of the new gauge bosons. We apply our approach to three
benchmark models, the sequential SM-like W’/Z' model
(SSM), the top-flavor model, and the left-right symmetric
model (LRM). These models provide different predictions
for the left-handed fraction of the coupling strengths of the
new gauge bosons. We show that the coupling of a W' to tb
can be determined precisely, whereas the uncertainty is
relatively large for a Z' to t7, owing mainly to better
statistics and smaller SM backgrounds in the W' case.
For myy (= m,) ~ 1 TeV, our determinations of the hand-
edness of the W’ and Z' couplings allow the three bench-
mark models be separated to varying degrees with
100 fb~! of accumulated data. With this large data sample,
one can distinguish the Z’' models if the central values of
their top quark polarizations differ by ~20%. For a lep-
tophobic Z’, one can differentiate among different models
if the difference of the handedness of the coupling to SM
quarks is = 10% (for coupling strength ~0.4)). Our overall
summary is found in Sec. V.

II. MODELS WITH EXTRA GAUGE BOSONS

Extra gauge bosons may be classified according to their
electromagnetic charges: W’ (charged bosons) and Z' (neu-
tral bosons). While a Z’ can originate from an additional
Abelian U(1) group, a W' arises often in models with an
extra non-Abelian group. In this section we consider the
so-called G(221) model [22] which carries the simplest
non-Abelian extension to the SM

G(221) = SU(2), ® SU(2), ® U(1)y. (1)

The model represents a typical gauge structure of many
interesting NP models such as the nonuniversal model
(NU) [23-25], the ununified (UU) model [26,27], the
fermiophobic (FP) model [28], left-right (LR) models
[29], and so forth. Both W' and Z' bosons appear after
the G(221) symmetry is broken to the SM symmetry
Ggm = SU(2); ® U(1)y. As depicted in Fig. 1, these mod-
els can be categorized by two symmetry breaking patterns,
(a) In the UU and NU models:

U(1)y is identified as the U(1)y of the SM. The first

stage of symmetry breaking SU(2), X SU(2), —

SU(2); occurs at the TeV scale, while the second
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FIG. 1 (color online). Pictorial illustration of symmetry break-
ing patterns of the G(221) model.

stage of symmetry breaking SU(2); X U(l)y —
U(1),,, occurs at the electroweak scale;
(b) In the FP and LR models:

SU(1), is identified as the SU(2); of the SM.
The first stage of symmetry breaking SU(2), X
U(1)y — U(1)y occurs at the TeV scale, while the
second stage of symmetry breaking SU(2); X
U(1)y — U(1),,, occurs at the electroweak scale.

In the first pattern the couplings of new gauge bosons to
the SM fermions are predominately left-handed while in
the second pattern the couplings are right-handed. A mea-
surement of the polarization of the fermions from the new
gauge bosons would decipher the handedness of the
couplings.

Rather than focusing on a specific model, we explore the
discovery potential of W’ and Z’ bosons in a model inde-
pendent method, and we comment on a few new physics
models later. The most general interaction of the Z’ and W'
to the SM quarks is

L = gy*gf P, + g% Pr)qZ, + gy*(g) P,
+ g¥ Pr)g'WiH + hc. ()

where Py /g is the usual left- and right-handed projector and
g denotes the SM quarks. The Z' and W' are understood
here to be color singlet states, but one can easily obtain the
interaction of color octet bosons, such as a G/, from in-
sertion of the SU(3). color matrices A4/2 in Eq. (2).

The masses of the W' and Z' are not necessarily equal.
The mass difference between the W' and Z’ can be gen-
erated either by symmetry breaking or through mixing with
SM gauge bosons. The couplings g%//R and g?///R usually are
not independent when the W' and Z’ originate from the
same gauge group. For example, in the left-right model, the
SM right-handed quark singlets form a doublet (ug, dg)
which is gauged under the additional SU(2); group. The
W' and Z' transform as a SU(2) triplet and their couplings
to the SM quarks are correlated.

In this work we first treat gIV‘V//  and gf'/ & as independent

in our collider simulation to derive the experimental sensi-
tivity on Z’ and W' measurements. We then consider the
correlation between the two couplings and masses in the
context of some NP models. We use g; /r to denote the left-
handed and right-handed couplings of the W’ and Z' to the
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Couplings of a W' to tb and a Z' to 17 for the sequential SM-like W’//Z' (SSM)

TABLE L.
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model, the left-right symmetric model (LRM), and the top-flavor model, where s,,(c,, t,,) =

sind),, (cosh,,, tanf,,), 6,, is the weak mixing angle, g, =

and sing is taken to be 1/+/2.

e/s, is the weak coupling, a; z = 1.6,

W'th Z'tt
SSM Zby, PLIW* 21y, (=3 + 4s3)PL + 453 Pp)iZ'*
LRM by, PriW'™ ety (GPL + (G — 3a p) PR)iZ/*
Top-Flavor 7“23357 P tW'H %‘ﬂtyﬂPLtZ’“

SM quarks. For simplicity we assume the couplings of Z' to
up- and down-type quarks are the same.

For illustration we study three benchmark NP models in

this work:

e sequential SM-like W//Z' (SSM) model: the W’ and
Z' couplings to SM fermions are exactly the same as
the SM W and Z boson, and my» = my. Although it
is difficult in a realistic model to have couplings
which are the same as in the SM, we show such a
case for comparison.

e top-flavor model [24]: the W' and Z’ couplings are
purely left-handed, and my, = m.

e left-right symmetric model (LRM) [29]: Here,

we consider a SU(2);, X SU(2)g X U(1)g_,; model.
The W’ couplings to SM quarks are purely right-
handed while the Z' couplings are dominantly right-
handed. The difference of m, and my, depends on
the model parameter «; p.
Table I is a summary of the couplings of a W' and a Z'
to SM third generation quarks in these models. The
couplings to the quarks of first two generations are the
same, except that one should replace sin¢ by cosé in
the top-flavor model.

Bounds on masses and couplings

The masses and couplings of Z' and W' bosons are
bounded by various low energy measurements (mainly
via the four-fermion operators induced by exchanges of
new heavy gauge bosons) such as the precision measure-
ments at the Z pole at LEP-I [30], the W-boson mass [30],
the forward-backward asymmetry in bb production at
LEP-II [30], ve scattering [31], atomic parity violation
[32-34], Moller scattering [35], and so forth. The bounds
are severe when new gauge bosons couple to leptons
directly, but they can be relaxed for a leptophobic model,
as analyzed in Ref. [22].

Tevatron data place a lower bound, about 1.1 TeV, on the
mass of a W/ [36] and about 1.07 TeV for a Z' [37], based
on the charged lepton plus missing energy (€*E;) and
utu final states, respectively, with the assumption that
the couplings between the W'/Z' and the SM fermions are
the same as those in the SM. Searches for the W’ and Z’ at
the Tevatron in dijet events yield lower bounds on my and

myz, assuming SM couplings, of 840 GeV and 740 GeV,
respectively [38]. Recent CMS and ATLAS Collaboration
searches for a Z' from dilepton final states and a W’
from lepton plus missing energy events place lower
bounds, mz > 1.14 TeV (CMS) [39], along with my >
1.58 TeV (CMS) [40] and my > 1.49 TeV (ATLAS) [41].
The analyses assume the Z’' and W' have sequential stan-
dard model couplings. CMS and ATLAS also present
searches for a resonance in dijet events which also con-
strain the masses of a W/ and a Z’, but the lower bounds are
looser than the Tevatron results [42,43]. If the couplings
between the W//Z' and the SM particles are not small, one
can expect the discovery of the these heavy resonances
sooner or later at the LHC. Negative searches for a W’/Z/
through the b and 7 final states at the Tevatron impose
upper bounds on the production cross section times decay
branching ratio (o Br(W' — th), o,Br(Z' — tf)) for
masses up to 950 GeV and 900 GeV for W' and Z/,
respectively [44,45].

III. LHC PHENOMENOLOGY

We divide our discussion of W' and Z' phenomenology
into two parts. In this section, we present our evaluation of
the production cross sections and discuss the pertinent
backgrounds with a view toward understanding the discov-
ery potential of the two states. Section IV is then devoted to
an examination of top quark polarization measurements as
a means to learn more about the models that produce W’
and Z' bosons.

We explore the W' in the th/7b decay mode, and the
Z' in the #f mode. The production cross section of
qq — Z' — ti is

A B § 2 232 2
\s) = + 3+
gz (?) 1927 (§ _ m2 2 ¥ mé,ré, [(gL gR) ( B )
+6g18r(81 + g2)(1 = B7)] 3)
where B = V1 —4m?/5. The cross section of ¢g' —
W' — tb/tb is
) = (1 —x?)? §
Ow\S =
967 (8 —mi,)* + my, Ty,
X (g7 + gr)*(2 + x7), “4)
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where x, = m,/~/3. The partial decay width of V' — ¢g’'
V' =W, Z)is

_ myy m,m,;
LV —qq) = S—VBo[(g% + g3)B + 6818r — 5 ]
o mV/

(&)

where

2 2 2 22
m2 +m?  (m2—m?)
_ _ 9q q 4q q
Bo=+|l —2—15—<+ 2
my, my,
2 2 2 22 ©)
o my +m, B (mg — mq,)

B =1

2m%,, 2m“‘,,

Evaluations of the cross sections are presented in Fig. 2 at
the LHC with center-of-mass energy 14 TeV. In the mass
range of interest to us the W' and Z’ bosons are much
heavier than the top quark, and m, can be ignored. Since
the Z' and W' can decay into three generations of SM
quarks, the decay branching ratio of Z' — ¢ is about 1/6
while the ratio of W/ — tb is 1/3. The cross sections for
other values of g; and gp can be obtained from the curves
in Fig. 2 by a simple scaling, oy « (g2 + g%).

We use MadGraph/MadEvent [46] to obtain the signal
and background distributions. These results are computed
at leading order with the renormalization scale (wg) and
factorization scale (u ) chosen as

pr = pp =ymi +2p3). (7)

The CTEQG6.1L parton distribution functions (PDFs) [47]
are used. The widths of W' and Z' for different g; and gg
couplings are calculated in BRIDGE [48].

The coupling strength is set at gy = 4/g7 + g% = 0.4,
which respects the dijet constraints at the Tevatron [38] in
the leptophobic W'/Z' models with a universal coupling.
We plot the production cross sections with the choice of
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FIG. 2 (color online).
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g1 = 0.4, grp = O in the figure. The curves shown in Fig. 2
also represent the cross sections for g = 0.4, g; = 0. Our
study can be extended easily to the case of other small
couplings. The top quark polarization is sensitive only to
the ratio of g; and gz, but statistical precision on the
measurement of the top quark polarization requires a large
enough coupling.

After including branching fractions, we also plot the
cross sections for pp—Z'X—tiX, pp— W X —
thX, and pp — W'~ X — ibX. Universal couplings of the
W'/Z' bosons to three generation of quarks are understood.
Because the u#-quark parton density in the proton is large, it
is easy to understand that the Z’ has the largest production
cross section while the W'~ has the smallest one.

To be able to measure the top quark polarization, we
focus on final states in which the top quark decays leptoni-
cally. Therefore, the W’ search is via the channel pp —
W'X — thX — €*vbbX. The Z' search is done in the
channel pp — Z'X — tiX — €*vjjbbX. We consider
semileptonic decay of only one of the top quarks in the ¢7
mode of Z' decay because of its large branching ratio. One
can also use the dilepton channel to search for a Z’ using
the MT2-assisted method discussed in Ref. [18,19] to fully
reconstruct the Z'.

A. Z' discovery potential

The collider signature of interest to us for the Z’ boson is
¢*vjjbb, where one top quark decays semileptonically
and the other decays hadronically. We consider in this
subsection only u* final states, t — bu™ v,, but the sta-
tistics will increase when the different flavors and charges
of the leptons are combined. The major SM background is
tf production via the QCD interaction. The sum of other
backgrounds, such as W/Z(— €€) + jets, single-top,
W + bb, etc., is a factor of = 20 smaller after the usual
semileptonic 7 selection cuts [49].

At the analysis level, all signal and background events
are required to pass the acceptance cuts listed here:

I0CFE"T "1 717 1T "1 ™3

o b 3

- eos ® :

X i — Z'>it ]

_ 10 - W’f—nB 3
@ . W —th 3
o i N ]
10’ E
1()-1 P I N NI A ||
800 1000 1200 1400 1600 1800 2000

M,, (GeV)

Production cross sections of the W/ and Z’ at 14 TeV for the choice g; = 0.4 and gz = 0. The curves in

(a) provide the results before branching fractions are included, whereas the curves in (b) include branching fractions.
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TABLE II.  Cross sections (in fb) for the signal process pp — Z' — tf — u " E7jjbb and the
SM backgrounds at 14 TeV. Two b-jets are tagged. “With cuts” means the cross sections after all
of the kinematic cuts, b-tagging and reconstruction. The universal coupling of the Z’ to the SM
quarks is set to be 0.4. The mass window cuts are AM = 150(200) GeV for a 1(1.5) TeV Z'

PHYSICAL REVIEW D 83, 114026 (2011)

resonance, respectively.

Zy zZ; Background
M, No cut With cuts AM No cut Withcuts AM  Nocut  With cuts AM
1 TeV 275.6 29.5 283 2756 27.2 262 3.75 X 10* 133.1 87.0
1.5TevV 514 3.0 2.6 52.5 39 35 3.75x10* 133.1 11.3
pr(€, j) > 20 GeV, In(e, )l <2.5, especially for a 1 TeV Z'. The results are shown in Fig. 3.
To enhance the discovery significance we further focus on
ARjjje > 0.4, Er =30 GeV, () the events within a mass window around the resonance:

Hy > 500 GeV, Mj > 800 GeV,

where pr(m, Er) denotes the transverse momentum
ARy =
V(n — m))? + (¢, — ¢))? is the separation in the azimu-
thal angle (¢)-pseudorapidity (n) plane between the ob-

jects k and [, Hy is the scalar sum of the transverse
momenta of the final state visible particles plus £z, and

(rapidity, missing transverse momentum),

My is the cluster transverse mass defined as M, =

1/21‘: it pl? + E% + Er. We model detector resolution ef-

fects by smearing the final state energy according to

SE/E= A/\JE/GeV & B, where we take A =
10(50)% and B = 0.7(3)% for leptons (jets). To account
for b-jet tagging efficiencies, we demand two b-tagged
jets, each with a tagging efficiency of 60%.

We consider two masses m» = 1 TeV and 1.5 TeV and
the coupling strength g, = 0.4 to satisfy the bounds on
heavy resonance searches in the dijet channel at the
Tevatron. The cross sections for 7 before and after the
cuts are shown in Table II.

Since there is only one neutrino in the final state, the
undetected z component of the neutrino momentum can be
reconstructed from the on shell condition of the W boson.
This procedure leads to a twofold solution, but the ambi-
guity can be removed by the top quark on shell condition
m?,, = m7, where m, = 173.3 GeV [50] is used. If no real
solution is obtained, we use the top quark on shell condi-
tion first, and then the W boson on shell condition to
choose the better solution. Since the » and b are indistin-
guishable, one must pick which b jet should be combined
with the charged lepton. We use the on shell condition of
the top quark in the hadronic decay to select one of the b
jets to pair with the two jets that are the decay products of
W boson. The efficiency for choosing the correct b jets to
reconstruct the semileptonic and hadronic decays of the top
quarks can reach = 99.7%.

In our simulations, after kinematic cuts and event re-
construction, the Z' resonance peak can be seen above the
SM continuum in the 7 invariant mass distribution, m;,

|m,; — my| = 150(200) GeV, for 1(1.5) TeVZ'. (9)

Figure 4 shows the statistical significance (S/ \/E) for
discovery as a function of accumulated luminosity for
mz = 1TeV and my = 1.5 TeV, where S denotes the
number of signal events while B number of background
events. Since the charged lepton from a right-handed top
quark decay is boosted to a harder pr, more signal events
survive after cuts in a right-handed Z’ model (black-solid
curve) than in a left-handed Z' model (red-solid curve).
Therefore, the statistical significance for a right-handed Z’
is better when m, = 1 TeV. However, the situation re-
verses when the Z’ becomes heavier because the selection
cuts play a role. For a heavy enough Z', the top quark is
highly boosted. The leptons and jets from its decay are
collimated and fail the AR separation cuts, as can be seen
in Fig. 5. The peak position in the AR distribution for two
light jets shifts down below 0.4 when the mass of a right-
handed Z’ increases from 1 TeV to 1.5 TeV. As a result, the

30 7\ T L L ‘ L ‘ L ‘ L ‘ T \7
N fe5 background + 1TeV Z' ]
25— —
C B3 background + 1.5TeV Z' ]
% 20 - [ Ism background ]
R C ]
~ - -
€ 151 .
= o ;
© - i
ks B ]
sk ]
O 7\ 11 1 1 1 I 1 1 | I 1 1 1 I 11 | ]

600 800 1000 1200 1400 1600 1800 2000

Mﬁ (GeV)

FIG. 3 (color online). Distribution in m,; for a Z’ and the SM 7
background at the LHC. The coupling strength g, is set to
be 0.4.
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discovery potential for a very heavy, right-handed Z' is
worse than for a left-handed Z’, as illustrated in the black-
dashed and red-dashed curves in Fig. 4 for a 1.5 TeV Z'.

B. W' discovery potential

The search for a W’ in the tb mode involves the study of
the £ bb plus missing energy final state, where the missing
energy originates from the neutrino in top quark decay. We
examine only the W'* case since its production cross
section is about a factor of 2 larger than W/'~. We demand
that two jets are b tagged. The SM background processes
include production of single-top quarks, Whb, Wjj, and 7.
Only the single-top background is considered in our study
because it is about a factor of 10 larger than the others [51].
There are three single-¢ backgrounds: gg’ — th (named
th), gb— q¢'t (named bq) and qg— ¢'tb (called
W g-fusion). The bg channel has only one b jet in the final
state, but it is possible that the other light-favor jet is
misidentified as a b jet as well. The channel has a large

cross section ( ~ 150 pb [52]). We also apply a mistagging
rate for charm-quarks €., = 10% for p;(c) > 50 GeV.
The mistag rate for a light jet is €, 4, ,., = 0.67% for
pr(j) <100 GeV and 2% for p;(j) > 250 GeV. For
100 GeV < p7(j) <250 GeV, we linearly interpolate the
fake rates given above.

All signal and background events are required to pass the
acceptance cuts:

pr(€) > 20 GeV, ()] < 2.5, E; > 25 GeV,
pr(j) > 50 GeV, In()l < 3.0, AR(jj) > 0.4,
AR(j€) > 0.3. (10)

The notation is the same as in the Z’' search. The event
reconstruction is done in a manner similar to Ref. [51].

A twofold solution may be obtained for the undetected z
component of the momentum of the missing neutrino if the
W-boson on shell condition is used. However, unlike
Z' — ti, there is not a second top quark in the final state
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TABLE III.  Cross sections (in fb) for the signal process pp — W' — th — uE;bb and the
SM backgrounds at 14 TeV. Two b-jets are tagged. “With cuts” refers to cross sections after all
of the kinematic cuts, b tagging, and reconstruction. The value 0.4 is used for the universal
coupling of the W' to the SM quarks. The mass window cuts are AM = 150(200) GeV for a 1

PHYSICAL REVIEW D 83, 114026 (2011)

(1.5) TeV W', respectively.

Wi 14 Background
My No cut With cuts AM No cut With cuts AM No cut  With cuts AM
1 TeV 6521 1094  105.2 6503 1129 1085 3.04 X 10* 4121 8.4
1.5 TeV 131.7 239 227 129.2 26.1 24.8 3.04 X 10* 4121 2.0

to help in selecting the correct b jet to pair with the charged
lepton. Instead, we use the top quark on shell condition,
m3,, = m? and loop over the two b jets to find the better
paring of the b jet and charged lepton, and the better
solution for the neutrino momentum. If no real solution is
obtained, we discard the event. After the neutrino momen-
tum is obtained, we can reconstruct the momenta of the top
quark and the W’. To further suppress the SM backgrounds,
we limit the event set to a mass window around the W’ peak
position. For a 1 TeV (1.5 TeV) resonance, we adopt

lm; — mys| = 150(200) GeV. (11)

After the cuts are imposed and the two b jets are tagged, the
SM backgrounds are at the fb level while the signal rates are
about 100 (20) fb for W/ masses of 1(1.5) TeV. The signal
and background cross sections are shown in Table III. After
imposing the mass window cut and demanding two
b-tagged jets, we find that the Wg-fusion channel yields
the largest background. For a 1 TeV W', the single-¢ pro-
cesses give these background rates: Wg-fusion, 6.3 fb; bgq,
1.3 fb; tb, 0.8 fb. For a 1.5 TeV W/, the W g-fusion rate is
1.4 pb, bq is 0.4 fb, and tb is 0.16 pb. The acceptance for a
left-handed W' is slightly better than for a right-handed one.
Because the top quark is boosted from W’ decay, AR

between the charged lepton and the b quark from the decay
of a right-handed top quark is smaller than that from a left-
handed top quark, similar to the situation described above
fora 1.5 TeV Z'.

The coupling strength g} = 0.4 or g}/' = 0.4 is used in
our analysis to satisfy constraints from the Tevatron dijet
search. Since the background is much smaller than the
signal rate, S/B =~ O(10), a W'* should be easy to dis-
cover. Moreover, good accuracy can be obtained for the top
quark polarization measurement, as discussed in the next
section.

IV. TOP QUARK POLARIZATION

The symmetry breaking patterns mentioned in Sec. II
prefer either a purely left-handed top quark (SU(2); X
SU((2), — SU(2);) or a purely right-handed top quark
(SUQ2)g X Uy, = U(1)y). We can measure the top quark
polarization from the cosf distribution of the charged
Iepton in top quark decay after the top quark kinematics
are reconstructed in the W'* and Z' final states, as de-
scribed in Sec. III.

Figure 6 displays the cosf, distributions of the u™* in the
rest frame of the top quark in ## events for the SM

ITTT | TTTT | ITTT | ITTT ITTT | TTTT | ITTT | ITTT TTTT | ITTT | ITTT | ITTT

0.1 (a) SM — 0.1 | (b) purely Z,* - 01— _ (c) purely Z,'_|
1 \ ]
gi - - cgi - — no cut 21 - 'y — nocut -~
S - . 4 8 - --- with cuts - S o T --- with cuts
3 SR o142 - - - % i .
g R e R 3 - 4 = - i
N P o :
= L -1 — nocut 4 = L 4 = L i
! --- with cuts i L _ L i
0 _: 111 | 1111 | 1111 | 111 I_ B dl 11 | 1111 | 1111 | 111 I_ O _I 111 | 1111 | 1111 | [ A
-1 05 0 0.5 1 -1 05 0 0.5 1 -1 05 0 0.5 1

cosO -+ cos0 -+ cos0

il il i

FIG. 6 (color online).

Distributions in cosf, of the lepton from the decay of top quarks produced in ¢7 events before and after cuts:

(a) SM, (b) right-handed polarized top quarks in Z’ decay; (c) left-handed polarized top quarks in Z’ decay. The distributions for W’

decay are similar to those for Z' decay.
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background and for a 1 TeV Z’ boson before and after cuts.
A top quark produced at the LHC via QCD interactions is
unpolarized, as shown by the flat black curve in Fig. 6(a).
We see the 1 = cosf, behaviors in Fig. 6(b) and 6(c) for
purely right- and left-handed polarized top quarks from Z’
decay. After kinematic cuts are imposed, the distributions
are distorted and drop significantly in the region cosf, ~
—1, affected mainly by the p; and AR cuts. However, the
main characteristic features remain, i.e. flatness and 1 =
cosf,. While not shown here, the cosf, distributions in
right- and left-handed W’ decay are similar to the Z’ case.

We denote the distributions from purely left-handed
(right-handed) top quarks F;(y) (Fg(y)) where y =
cosf,. These are the distributions in Fig. 6(b) and 6(c)
before and after cuts. We use these as the basis functions to
fit the event distributions from our simulations of various
models. We adopt a general linear least-squares fit in this
study to estimate how well the degree of top quark polar-
ization can be determined.

An observed angular distribution O(y) after the SM
background is subtracted can be expressed as

O(y) = €, FL(y) + egFr(y), (12)

where €; (ep) is the fraction of left-handed (right-handed)
top quarks. The values of €; and €y are chosen as the best
parameters that minimize x>, defined as

oo i[O()’i) — € F (y) — ERFR(yi):Iz, (13)

i=1 i

where N is the number of bins, and o; = {/O(y;) is the
statistical error (standard deviation) of the ith data point.
The minimum of Eq. (13) occurs where the derivative of x>
with respect to both €; and €p vanishes, yielding the
normal equations of a least-squares problem:

N
0= Z%[O(yi) — €.FL(vi) — exFrO)IF,(v),

i=1"1i

where [ = L(R). (14)

Interchanging the order of summations, one can write the
above equations as matrix equations,

arp €. t aper = By, app €, T agr€g = B, (15)

where

NF Fn i NO iF i
@, = Zl [(yll_zl ()’), Bl: Zl (y)zl(y)

. (16)

The coefficients €; and € can be obtained from Eq. (15) as

R

€= Z [alm]ile = Z Clm[z O(yl)im(y[):l;
m=L

m=L i=1 g;

I=L,R. (17)
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The inverse matrix Cj,, = [a,,, ]! is closely related to the
standard uncertainties of the estimated coefficients €; and
€r. Assuming the data points are independent, considera-
tion of propagation of errors shows that the variance a']% in

the value of ¢ is

N ) 2
ae) =Y fr%( g 08.)) = Cy (18)
i=1 i

i.e. the diagonal elements of [C] are the variances (squared
uncertainties) of the fitted coefficients.

We illustrate this method with two toy models in which
the W’tb couplings are €; = 30% and €; = 70%, where
the fraction of left-handed top quarks is closely related to
the W'-t-b coupling as

o(ty) - g%
o(ty) + oltg) g7 + g%

€L 19)

For simplicity, we choose the same €, for the Z'tt coupling
as for W'tb. (Note that €, = 1 — €z.) The coupling

strength to the top quark (gy = 4/g7 + g%) and the masses
of the Z' and W' are taken to be the same: g% = g/’ = 0.4;
my = myy = 1 TeV. We also adopt 5% uncertainties in
each bin to take into account the imperfect predictions of
the template distributions F; (y) and Fx(y).” We generate
ten bins of data in the cos6, distribution. The first bin,
cosf, ~ —1, is not used in the fits because of the signifi-
cant dropoff associated with cuts.

Our results for €; in our toy models are shown in Fig. 7
with the legends “True (30,30)” and “True (70,70)”. For
an assumed €; = 30%(70%) used in the event generation,
the measured polarization (e7*?) is found to be €/** =
31.4% * 15%(68.5% = 15%) for a Z', and € =
30.2% * 3.4%(70.2% = 3.4%) for a W' for an integrated
luminosity of 10 fb~!. The uncertainties are reduced to
10.5% and 2.1% for a Z' and a W’, respectively, if the
integrated luminosity is raised to 100 fb~!, while the cen-
tral values remain the same. As shown in the figure, €; can
be measured precisely in the W — th mode, owing to the
small SM backgrounds, while the measurement in the
Z' — tf channel is less accurate because of the large 7
background.

The statistical uncertainty of each bin in the cosf,
distribution scales as +/N; = /o, L where o is the differ-
ential cross section of the i-th bin. An increase of the
luminosity by a factor of k reduces the uncertainties by a
factor of \/§

Discovery of the Z' and W’ bosons might not occur
together owing to different collider signatures and SM
backgrounds. For example, it is easier in general to observe

>The 5% variation may be too optimistic, but the value to be
adopted will not be obvious until a more precise next-to-leading
order calculation is done.
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FIG. 7 (color online).

PHYSICAL REVIEW D 83, 114026 (2011)

100 & b PRI

9 ® E

80 MW' =1TeV =
70E 100 b —F— E

8 60F True (70,70) =
2L S0E 3
w e =
40 ; True (30,30) + LRM é
30 —E— + ssm =
20 + Top-Flavor
10E =

0
0 10 20 30 40 50 60 70 80 90 100

&7 (%)

Top quark polarizations determined from y? fits in pp — W'* — tbh and pp — Z' — (7 for two assumed

t-polarizations €; = 0.3, 0.7. The results for benchmark models, the left-right symmetric model (LRM), the sequential standard model
(SSM where couplings are the same as the SM W and Z bosons), and the top-flavor model, are also shown. The uncertainties are the
quadratic sum of the uncertainties from statistics and theory and are shown as black and red bands for integrated luminosities of

10 tb~! and 100 fb~!, respectively.

the W’ boson at the LHC as it exhibits simpler collider
signatures and smaller SM backgrounds than the Z'. We
use our simulated events to determine how well €; could
be measured for the W' and for the Z'. For the three
benchmark NP models described in Sec. II, we obtain the
results shown in Table IV. All the fitted central values are
close to the true values in each model. We emphasize that
the values of €; are determined independently for the W’
and the Z'.

The polarization of the top quark in W’ decay can be
measured precisely. The uncertainty is =< 5% in EZVI for
10 fb~! of integrated luminosity. It decreases to < 3% for
100 fb~! of integrated luminosity. The polarization is
measured less accurately in the ¢7 channel, however, be-
cause the SM 7 background is large. For a Z’ in the SSM
and top-flavor models, the uncertainties are about 30% and
24% with 10 fb~! of integrated luminosity, respectively.
They are reduced to about 20% and 17% when the inte-
grated luminosity is increased to 100 fb~!. For a Z’ in the
LRM, the uncertainty is large, ~70% for 10 fb~' and

~40% for 100 fb~! integrated luminosities. The larger
uncertainties arise because Z' mass is heavier (1.2 TeV)
and the coupling of the Z’ to ¢7 is smaller than in the SSM
and top-flavor models, as noted in Table I. The statistics are
too low to obtain a good fit.

The fitted uncertainties are generally larger for a left-
handed Z] compared with a right-handed Zj, if the masses
and couplings to the top quark are the same, because the
charged lepton from the decay of a left-handed top quark is
softer than from a right-handed top quark. Therefore, the
statistics are usually greater for a Z}. However, the situ-
ation switches when the Z’ is heavier, because the separa-
tion AR computed from the charged lepton and the b from
top quark decay will more easily fail the kinematic cuts, as
shown in Sec. IIT A.

It is of also of interest to consider the correlation be-
tween the W’ and Z' bosons as it could be used to discrimi-
nate different NP models. Assuming both bosons are
discovered at the LHC, we examine the correlation of the
polarization of top quarks produced in W' and Z’ boson

TABLE IV. Fitted values of €; for W and Z’' boson production at the LHC (14 TeV) with
integrated luminosities of 10 fb~! and 100 fb™!. We fix my» = 1 TeV for all three models and
vary my correspondingly: my = my for the SSM and top-flavor models while m, = 1.2 TeV

for the LRM model with «;, = 1.6.

7' Theory €; (%) Measured €; (%)

10 fb~! 100 fb~!
LRM 2.0 3.0 +70.9 3.0 = 40.1
SSM 83.6 86.7 = 30.1 86.7 +20.2
top-flavor 100.0 101.9 £ 23.8 101.9 = 16.7
w! Theory €; (%) Measured €; (%)

10 fb~! 100 fb~!
LRM 0.0 5.1+3.7 5.1x25
SSM 100.0 101.4 £ 4.1 101.4 £ 1.7
top-flavor 100.0 101.3 = 4.5 101.3 = 1.8
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decays in the three NP models. The results are shown
in Fig. 7 for my,» = 1 TeV. In the SSM and top-flavor
models my = myy, while in the LRM my =~ 1.2my, for
Arp = 1.6.

V. DISCUSSION AND SUMMARY

Extra gauge bosons may be among the new states pro-
duced at the LHC. Depending on how the gauge group is
broken in the BSM scenario and how the SM fermions are
charged, the couplings of the heavy gauge bosons W’ and
7' to the SM fermions could have the same or different
handedness. While it may be more straightforward to dis-
cover the W//Z' through their dijet or leptonic decays, we
emphasize that decays into top quark final states allow us to
study the nature of the coupling between the new gauge
bosons and the SM quarks. These channels are also com-
plementary to the dijet and leptonic channels, especially
for leptophobic W’'/Z' bosons.

We focus on final states in which the W'* boson decays
into a top quark and a bottom quark and the Z’ boson
decays into a top-antitop quark pair. The collider signatures
we examine are £ E;bb for the W' and the semileptonic
channel €= E;jjbb for the Z'. The missing energy E is
carried off by a neutrino in the top quark decay. After an
event simulation of the signals and backgrounds, and im-
posing a set of kinematic cuts, we reconstruct the momen-
tum of the missing neutrino using on shell conditions for
the W boson and the top quark. Adopting a coupling

strength g, = ‘/g% + g% =04 (g, and gy are the left-

handed and right-handed Z't7 couplings) consistent with
data from the Tevatron dijet search, we find that a 1 TeV Z’
resonance could be seen above the SM #7 background at
14 TeV with a statistical significance of more than 5o for
10 fb~! of integrated luminosity. The W’ signal can be
much larger than the SM background if the coupling
strength of the W’ to the SM quarks is not too small
(~0.4).

Even in the presence of SM backgrounds and despite
distortions associated with cuts, we show that the left-right
handedness of the top quark can be measured from the
angular distribution in cosf, of the charged lepton in the
top quark rest frame. This observable is most interesting
because it reflects the coupling structure of the W//Z' to
the top quark. When performing x? fits to our simulated
cosf, distributions, we allow 5% fluctuations in each bin of
cosfl,. In the W' case, the SM backgrounds are small and
our fits result in uncertainties of =< 5% for the fraction of
left-handed coupling for 10 fb~! of accumulated luminos-
ity. The Z’ situation is less good because the statistics are

PHYSICAL REVIEW D 83, 114026 (2011)

smaller and the SM backgrounds are larger. The uncer-
tainty for the Z’ decreases from ~15% to ~10% when the
integrated luminosity is increased from 10 fb~! to
100 fb~ 1.

We apply our approach to three benchmark models, the
SSM, LRM, and top-flavor models. The central values
from our fits are close to the true values in these models,
with a deviation about 2% ~ 5%, and they are insensitive
to luminosity. The uncertainties, again, are small for W’
and larger for Z’, depending mainly on statistics. Owing to
the larger uncertainty in the Z’ case and the similarity in the
handedness of couplings (true values €; =~ 84% for SSM
and €; = 100% for top-flavor model), the SSM and top-
flavor models can be separated only marginally with
100 fb~! of integrated luminosity when the Z' and W’
results are combined, as shown in Fig. 7. However, the
situation is better if the Z’ is leptophobic and the coupling
strength to SM quarks is as large as 0.4. This is the case we
show first using toy models with the couplings €; = 30%
and 70% in Fig. 7. Since the uncertainty can be reduced to
about 10%, one could distinguish models with handedness
of couplings to SM quarks differing by about 10%.

We remark that the coupling strength of a W//Z' to the
top quark cannot be determined from our study since our
signal cross sections also depend on the couplings of the
W'/Z' to light quarks. Finally, our approach relies on
reliable calculations for the backgrounds as well as the
signals, which are crucial for normalizations and the kine-
matic distributions. Next-to-leading order (NLO) QCD
contributions enhance the cross section significantly [53],
possibly improving our results. The higher order QCD
contributions to the SM backgrounds are also not negli-
gible. A study that consistently includes higher order con-
tributions to both the backgrounds and the signals is
needed, and we leave it for future work.
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