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Abstract

Extensions of the Standard Model often predict new chiral interactions for top quark, which
will contribute to top quark spin correlation and polarization in tt production at the LHC. In
this work, under the constraints from the current Tevatron measurements, a comparative study
of the spin correlation and polarization is performed in three new physics models: the minimal
supersymmetric model without R-parity (RPV-MSSM), the third-generation enhanced left-right
model and the axigluon model. We nd that the polarization asymmetry may be enhanced to the
accessible level in all these models while the correction to the spin correlation may be detectable

in the axigluon model and the RPV-MSSM with ¥ couplings.
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I. INTRODUCTION

Among the known elementary particles, top quark is distinguished for its excessively large
mass and therefore often speculated to be sensitive to new physics. So far the Tevatron
experiments have measured some of its properties such as the tt cross section (tt) and
the di erential cross section in each bin of tt invariant mass My [1]. While most of the
measurements agree well with the Standard Model (SM) predictions, its forward-backward
asymmetry shows moderate deviation [2] which may be a harbinger for new physics [3{
7]. Although the Tevatron collider is still running to collect more data, the top quark
measurement will be limited by its small statistics. The Large Hadron Collider (LHC),
however, will copiously produce top quarks, which provides good opportunities to precisely
measure top quark properties and also to probe new physics [8].

To explore new physics e ects on top quark processes, the spin information of top quark
may be utilized because top quark decays rapidly before forming any hadronic bound state
and its spin information is thus preserved. Explicitly speaking, for the tt production at the
LHC, top quark is not polarized at the leading order of the SM since the production proceeds
mainly through the QCD interaction and the parity-violating electroweak contributions to
the spin polarization is negligibly small [9]. But on the other side, some extensions of
the SM may predict new parity-violating interactions of top quark which can enhance the
polarization sizably [10, [11]. Therefore, the polarization asymmetry can serve as a sensitive
probe to new physics. In association with the spin polarization, the spin correlation of t and
t in the tt production, which can be readily generated through the parity-conserving QCD
interaction [12], may also be altered signi cantly by the new interactions and so can be used
as an additional way to probe new physics [13].

In the popular minimal supersymmetric standard model (MSSM), the SUSY e ect on top
quark polarization in the tt production mainly arises from the radiative correction induced
by the axial-vector couplings of gluinos and thus the e ect is small [14]. In the general
left-right models, since the predicted new neutral gauge bosons are usually at TeV scale
and their mediated contributions to tt production do not interfere with corresponding QCD
amplitudes [15], it is unlikely to induce sizable polarization e ects on the tt production. In
the extended color interaction models such as the topcolor model [16], the breaking of the

new color gauge symmetry will give rise a massive octet coloron with strong coupling to top



quark. But due to its vector interaction nature with fermions, the coloron mainly a ects the
tt production rate instead of the polarization asymmetry [17]. Based on above observation,
we investigate the top quark polarization asymmetry and the spin correlation between t
and t in the tt production at the LHC in another three models: the R-parity violating
minimal supersymmetric standard model (RPV-MSSM), the third-generation enhanced left-
right model (LR model) and the axigluon model. These models a ect the tt production by
exchanging at tree level the color-singlet sleptons (1 ) and/or the color-triplet squarks (),
the color-singlet vector boson Z' and the color-octet vector boson G’ respectively. As shown
below, although these e ects on the tt production cross section may be quite small, they
may be sizable in the top quark polarization and the spin correlation.

In our calculation, we take the SM parameters as [18]
m; = 172:5 GeV; mz = 91:19 GeV; sin? = 0:2228: ¢(m;) = 0:1095; =1=128; (1)

and use the CTEQG6LL1 [19] parton distribution function with the renormalization scale g

and the factorization scale ¢ set to be m¢. The following three quantities are considered:

() The ratio P de ned by [11]
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where the polarization states for the t quark (  denote the helicity) are summed over.

(i) The ratio A g de ned by [11]

ARr= ¥; (3)
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where the di erence between helicity-unlike cross sections of tt pair is considered.

(iii) The correction to the spin correlation of t and t de ned by [12]
— Ctot CSM
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where
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In calculating these quantities, we have included the SM contribution. We require new
physics predictions of (tt) and My at the Tevatron to coincide with their measured values
at 2 level |20, [21].

This paper is organized as follows. In Sec. I, 111 and IV we calculate the spin polarization
and the spin correlation in the RPV-MSSM, the third-generation enhanced left-right model
and the axigluon model respectively. We investigate the characteristics of the quantities in
a comparative way. In Sec. V we discuss the observability of the quantities and then draw

our conclusion.

II. SPIN POLARIZATION AND SPIN CORRELATION IN THE RPV-MSSM

The most general superpotential of the MSSM consistent with the SM gauge symmetry

and supersymmetry contains R-violating interactions, which are given by [22]

1 1
Wa = 5 ijkLiLi B+ iikLiQi Dy + 3 ik UPDj Dg + iLiHy; (6)
where i; J; k are generation indices, ¢ denotes charge conjugation, , and are the color
indices with being the total antisymmetric tensor, H, is the Higgs-doublet chiral super-

eld, and L;(Q;) and E;(U;; D;) are the left-handed lepton (quark) doublet and right-handed
lepton (quark) singlet chiral super elds respectively. The dimensionless coe cients jjx (an-
tisymmetric in i and j) and ?jk in the superpotential are L-violating couplings, while ?ﬂk

(antisymmetric in j and k) are B-violating couplings.
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FIG. 1. Feynman diagrams contributing to tt production in the RPV-MSSM with i and d&

denoting i-th generation left-handed slepton and k-th generation right-handed squark respectively.

In Eq.(6) both ®and ® terms can induce new chiral interactions of top quark, which,

in terms of the four-component Dirac notation, are given by
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TABLE I: The upper bounds on the couplings ?31 (i=1,2,3) and g, (k=2;3) [24].

couplings bounds sources
131 0:03 m,; =(100 GeV) Qw (Cs)
231 0:18 M =(100 GeV) q
Sa1 0:26 My =(100 GeV) K ¥
31k 0:97 m . =(100 GeV) R?
31k 1:25 perturbativity

AMA4T )

1T )

L AT ] A |

FIG. 2. The contributions of ?31 (lower curves) and ?,flk (upper curves) to P¢, A_Lg and C at the

P

LHC with * s=7 and 14 TeV, which are represented by the solid and dash lines.

These interactions contribute to the tt production by the diagrams shown in Fig[lland their

corresponding amplitudes are
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where , , , and are color indices of the quarks and squarks and the sum over the

generation indices i and k is assumed. Since the amplitudes depend on the coe cients
', and 3,, to reasonably estimate the RPV-MSSM e ect on the top pair production we
consider their upper bounds from di erent measurements [23, [24], which are summarized in

Table 1. This table shows that the bounds are proportional to squark mass and for squark

5



Pe_

FIG. 3: The correlation among P¢, ALgr and C for “and " respectively at the LHC with 7

and 14 TeV. The projections(the blue, red and green lines) on di erent planes are also shown.

as heavy as 1 TeV, the coe cients may be of O(1). In our discussion, we assume all the
squarks/sleptons degenerate in mass (M = Mg = M) and take the largest values of b1
and &, for given Mg to maximize the RPV-MSSM e ects. We require M larger than about
100 GeV, which corresponds to the mass bound from the LEP search for the sparticles [25].

Our results indicate that although the amplitudes interfere with the QCD amplitude
dd ¥ g ¥ tt, their e ects on the tt production cross section is only few percent [26] and
thus unobservable at the LHC; but on the other hand, since the interactions violate parity,

their e ect on spin polarization may be sizable. The latter conclusion becomes obvious



from Figl2 where we plot the three quantities Py, A g, and C versus Mg for the LHC
with p§ = 7;14 TeV respectively. This gure shows that, due to the largeness of , the
values of P¢, ALgr and C can reach 23%, 30% and 8:5% respectively for p§ = 14 TeV.
In addition, we note that even if one further requires the RPV-MSSM to explain the top
quark forward-backward asymmetry measured at the Tevatron at 2 level, which favors the
squark mass from 250 GeV to 400 GeV [5], the polarization asymmetry Py and A r may
still be tens percent and thus be observable at the LHC (see Table Il in Sec. V).

Since in the RPV-MSSM, the three quantities depend on the same couplings, i.e. ° or

“ their values should be correlated, which may be utilized to distinguish di erent models.

In Fig.3 we show such correlation for *and “, respectively. We see that the curves for
is very di erent from those for

About the RPV-MSSM, two points should be noted. Although the coupling ¥; in the
RPV model can be severely constrained by the n  n oscillation, the upper bound are
dependent on the squark mass and other SUSY parameters, such as the chargino mass m,,
and the soft SUSY breaking parametersA, In the Ref.[3], they obtain the constrains for the
scenario mg = my, = A, which is not relevant for our calculation. The other is we use the
mass bounds of the sparticles from the LEP instead of from the Tevatron. The reason is
we are considering R-parity violating case while the Tevatron results are valid only for the

R-conserving case.

I1l.  SPIN POLARIZATION AND SPIN CORRELATION IN THE LR MODEL

So far various left-right symmetric models have been proposed to understand the origin
of parity violation and neutrino masses. These models generally predict new gauge bosons
which contribute to tt production at tree level [15]. However, due to the heaviness of
these bosons, they are hard to induce any signi cant e ect on the tt production when the
constraints from Tevatron are considered. Here we focus on a special left-right symmetric
model called the third-generation enhanced left-right model, which still allows relatively
light new gauge bosons and neutral avor changing interaction at tree level [28]. This model
is based on the gauge group SU(3)c SU(@). SU(2)r U(1)g . with gauge couplings
03, 0L, gr and g respectively, and the key feature of this model is the right-handed gauge

bosons corresponding to SU(2)r group couple only to the third-generation fermions. After
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FIG. 4: Feynman diagrams contributing to tt production in the third-generation enhanced left-right

model.

the mixings of the right handed bosons with the SM bosons and the light quarks in the SM
with top quark, the tt production will be a ected by the modi ed SM gauge interactions and
also by additional contributions from new gauge bosons. In our analysis, we only consider

the potentially large contribution from neutral gauge interactions, which are given by

_ gL . 0

Lz = 5 cos wq (Qv  9a s5)a(cos zZ  sin zZ)
gY 4 2 . 0
+ 2 tan R( L O+ gURi URi §dRi dri)(sin zZ +cos zZ")

7(tan R+COt R)(URi VEiVAjUrj Ori Vi Vehjdrj)(sin zZ +cos zZ") (10)

where tan gr = g=gr, 0y = gC0S R =grSiN Rr, z IS the mixing angle between Zr and Z,,
g and g_ denote any quarks, VRIJ are the unitary matrices which rotate the right-handed
quarks urj and dg; from interaction basis to mass eigenstates and the repeated generation
indices i and j are summed.

Eq.(T0) indicates that the Z'u;u; interaction is strong if gr gy or equally cot g 1.
In [28] nearly diagonal mixing matrices V2 and V3 were introduced to avoid large avor-
changing neutral currents. In practice, this requirement may be relaxed since sizable ugr tg
mixing with the other avor mixings suppressed can still satisfy the constraints [4]. Here we
emphasize that this pattern of avor mixing does not necessarily mean the up-top element
in up-type quark mass matrix M, is much larger than other o -diagonal elements. For
example, assuming (V§)ut = 0:2, (V&)et = 0 and (V¥)uc = 0, we numerically solve the
equation Vg"MIMyVE = M, with Mg, = diagfmZ; mZ; m{g, and we nd it possible that
(My)ct is several times larger than (My)y:. With the non-vanishing ur  tg mixing, the top
pair production may proceed by the t-channel diagrams shown in Figid (c-d), and unlike
the s-channel contribution in Figl4 (a-b), this t-channel contribution will interfere with the

QCD processuu ¥ g ¥ tt, so is more important than the s-channel contribution.
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