PHYSICAL REVIEW D 83, 034024 (2011)

New physics effects on top quark spin correlation and polarization at the LHC:
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Extensions of the standard model often predict new chiral interactions for top quarks, which will
contribute to top quark spin correlation and polarization in ¢7 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, the third-generation enhanced left-right model, and the axigluon model. We find 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 minimal supersymmetric model

without R-parity with A” couplings.
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L. INTRODUCTION

Among the known elementary particles, the 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 proper-
ties, such as the 7 cross section o(#7) and the differential
cross section in each bin of #7 invariant mass M ; [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 measure-
ment will be limited by its small statistics. The Large
Hadron Collider (LHC), however, will copiously produce
top quarks, which will provide good opportunities to pre-
cisely measure top quark properties and also to probe new
physics [8].

To explore new physics effects on top quark processes,
the spin information of the top quark may be utilized
because the top quark decays rapidly before forming any
hadronic bound state and its spin information is thus pre-
served. Explicitly speaking, for the ¢ production at the
LHC, the 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 con-
tributions 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 the top quark
which can enhance the polarization sizably [10,11].
Therefore, the polarization asymmetry can serve as a sen-
sitive probe to new physics. In association with the spin
polarization, the spin correlation of ¢ and 7 in the #7 pro-
duction, which can be readily generated through the parity-
conserving QCD interaction [12], may also be altered
significantly by the new interactions and so can be used
as an additional way to probe new physics [13].
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In the popular minimal supersymmetric standard model
(MSSM), the supersymmetry (SUSY) effect on top quark
polarization in the #f production mainly arises from the
radiative correction induced by the axial-vector couplings
of gluinos and thus the effect is small [14]. In the general
left-right models, since the predicted new neutral gauge
bosons are usually at TeV scale and their mediated con-
tributions to ¢7 production do not interfere with correspond-
ing QCD amplitudes [15], it is unlikely to induce sizable
polarization effects on the 77 production. In the extended
color interaction models such as the top-color model [16],
the breaking of the new color gauge symmetry will give
rise to a massive octet coloron with strong coupling to the
top quark. But due to its vector-interaction nature with
fermions, the coloron mainly affects the 7 production
rate instead of the polarization asymmetry [17]. Based on
the above observation, we investigate the top quark polar-
ization asymmetry and the spin correlation between ¢ and #
in the t7 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 affect the #f production by exchanging at tree
level the color-singlet sleptons (l~5_) and/or the color-triplet
squarks (cﬁ‘e), the color-singlet vector boson Z’, and the
color-octet vector boson G’, respectively. As shown below,
although these effects on the #7 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,  my =91.19 GeV,
sin2fy = 0.2228,  a,(m,) = 0.1095, (1)
a=1/128,
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and use the CTEQG6LI1 [19] parton distribution function
with the renormalization scale wy and the factorization
scale wr set to be m,. The following three quantities are
considered:
(1) The ratio P, is defined by [11]
_ (o +o,y)— (0o _+o0_,)

P[ ’ (2)
o, toyy to__+o_;

where the polarization states for the 7 quark are
summed over. (The + and — denote the helicity.)
(2) The ratio A;p is defined by [11]

AR =—"7—" 3)

where the difference between helicity-unlike cross
sections of ¢7 pair is considered.

(3) The correction to the spin correlation of ¢ and 7 are
defined by [12]

Coi — C
SC = totC SM’ (4)
SM
where
C:(0'+++0'——)_(0'+—+0'—+) (5)

o, to__+o,_+o_4

In calculating these quantities, we have included
the SM contribution. We require new physics pre-
dictions of o (¢f) and M ; at the Tevatron to coincide
with their measured values at 2o level [20,21].
This paper is organized as follows. In Secs. II, III, and
IV, we calculate the spin polarization and the spin corre-
lation 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 com-
parative 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 consis-
tent with the SM gauge symmetry and supersymmetry

contains R-violating interactions, which are given
by [22]
1
W g =S AipLil jE + Ajy LiQ;D5

1 R,
+ EAggke“ﬁyU;aD;ﬁD;y + w,L;H,  (6)

where i, j, k are generation indices, ¢ denotes charge
conjugation, «, 8 and 7y are the color indices with €BY
being the total antisymmetric tensor, H, is the Higgs-
doublet chiral superfield, and L;(Q;) and E;(U,, D;) are
the left-handed lepton (quark) doublet and right-handed
lepton (quark) singlet chiral superfields, respectively. The
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FIG. 1 (color online). Feynman diagrams contributing to t7
production in the RPV-MSSM with 7} (left diagram) and d%
(right diagram) denoting i-th generation left-handed slepton and
k-th generation right-handed squark, respectively.

dimensionless coefficients A;j. (antisymmetric in i and j)
and /\gjk in the superpotential are L-violating couplings,
while A/, (antisymmetric in j and k) are B-violating
couplings.

In Eq. (6), both A’ and A" terms can induce new chiral
interactions of top quark, which, in terms of the four-
component Dirac notation, are given by

P | S
I dkuj — z/\gk[d’,‘fﬁkdf + dfy ithd] + h.c.
(7

These interactions contribute to the ¢7 production by the
diagrams shown in Fig. 1, and their corresponding ampli-
tudes are

L =)

ijk

ii(1)Pru(d)v(d)Pyv(t
Mggzﬁl)\/ = _i5ap550|)‘§31|2 AP gul )vz( ) sz( )’
(p1 — p3)° — mf,-L
()
de];thl/\” = _isﬁp/\srrozAlAglklz
u(1)y ,Prv(t)v(d)y* Pru(d) ©)

A(py = pa)>—m3 1
kR

where «, 3, p, o and A are color indices of the quarks and
squarks and the sum over the generation indices i and & is
assumed. Since the amplitudes depend on the coefficients
Alz; and Af},, to reasonably estimate the RPV-MSSM
effect on the top pair production we consider their upper
bounds from different measurements [23,24], which are
summarized in Table I. This table shows that the bounds

TABLE L. The upper bounds on the couplings Al (i = 1,2, 3)
and A, (k=12,3) [24].
Couplings Bounds Sources
M3, 0.03m,;,L/(lOO GeV) Qw(Cs)
M O.ISmJAL/(IOO GeV) v,.q
Az, 0.26my /(100 GeV) K — mvp

- R
Mk 0'97’"3’1%/(100 GeV) R?
M 1.25 perturbativity
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FIG. 2 (color online). The contributions of Al;; (lower curves) and A}, (upper curves) to P,, A;g, and 8C at the LHC with Js =
7 TeV (dashed lines) and /s = 14 TeV (solid lines).
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FIG. 3 (color online). The solid curves show the correlation among P,, A; g, and 8C for A’ and A", respectively, at the LHC with

/s =7 TeV and /s = 14 TeV. The projections on different planes are also shown: A; R — 8C (dotted [blue] lines), P, — 6C (dashed
[green] lines), and P, — A; R (dot-dashed [red] lines).
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are proportional to squark mass, and for squark as heavy as
1 TeV, the coefficients may be of O(1). In our discussion,
we assume all the squarks/sleptons degenerate in mass
(mp = mg = M) and take the largest values of ALy, and

A4, for given M, to maximize the RPV-MSSM effects.
We require M| larger than about 100 GeV, which corre-
sponds to the mass bound from the LEP search for the
sparticles [25].

Our results indicate that, although the amplitudes inter-
fere with the QCD amplitude dd — g* — t7, their effects
on the ¢7 production cross section is only a few percent [26]
and thus unobservable at the LHC; but on the other hand,
since the interactions violate parity, their effect on spin
polarization may be sizable. The latter conclusion becomes
obvious from Fig. 2 where we plot the three quantities P,,
Ag, and 8C versus M, for the LHC with /s = 7, \/s =
14 TeV, respectively. This figure shows that, due to the
largeness of A”, the values of P,, A;z and 8C can reach
23%, 30% and —8.5%, respectively, for /s = 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 P, and A;, may still be tens
percent and thus be observable at the LHC (see Table II
in Sec. V).

Since, in the RPV-MSSM, the three quantities depend
on the same couplings, i.e. A’ or A”, their values should be
correlated, which may be utilized to distinguish different
models. In Fig. 3 we show such correlation for A" and A”,
respectively. We see that the curves for A’ are very different
from those for A”.

About the RPV-MSSM, two points should be noted.
Although the coupling A, in the RPV model can be
severely constrained by the n — 71 oscillation, the upper
bounds are dependent on the squark mass and other SUSY
parameters, such as the chargino mass my and the soft
SUSY-breaking parameters A,. In Ref. [3], they obtain
the constraints for the scenario m; = my = A, which is
not relevant for our calculation. The other point is that we
use the mass bounds of the sparticles from the LEP instead
of from the Tevatron because we are considering the R-
parity-violating case, while the Tevatron results are valid
only for the R-conserving case.

II1. 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 #f production
at tree level [15]. However, due to the heaviness of
these bosons, it is hard for them to induce any significant
effect on the ¢7 production when the constraints from
Tevatron are considered. Here, we focus on a special
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left-right symmetric model called the third-generation
enhanced left-right model, which still allows relatively
light new gauge bosons and neutral flavor-changing
interaction at tree level [27]. This model is based on the
gauge group SU(3)¢ X SU(2);, X SUR)g X U(1)g_ with
gauge couplings g3, g;, gg and g, respectively. The key
feature of this model is that the right-handed gauge
bosons corresponding to SU(2); group couple only to
the third-generation fermions. After the mixings of the
right-handed bosons with the SM bosons and the light
quarks in the SM with the top quarks, the #7 production
will be affected by the modified 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

L,=—- 3 costy qv*(gv — gavs)q(cosé,Z, — siné;Z),)
g 1 4 2.
+ 7Y tan9R(§ arytqr + guRi’)’”MRi - ngi')"udRi)

X (siné;Z,, + cosé,Z),) — %(tan@R + cotfg)
X (agiy*VigiViittr; = driY™VienVitnjdr))

X (siné;Z,, + coséZ),), (10)

where tanf, = g/gg, gy = gcosfy = gg sinfy, &, is the
mixing angle between Zy and Z;, ¢ and ¢; denote any
quarks, V,‘;;;{ are the unitary matrices which rotate the right-

handed quarks ug; and dg; from interaction basis to mass
eigenstates, and the repeated generation indices i and j are
summed.

Equation (10) indicates that the Z'i;u; interaction is
strong if gr > gy or equally cotfr > 1. In [27], nearly
diagonal mixing matrices V¢ and V% were introduced to
avoid large flavor-changing neutral currents. In practice,
this requirement may be relaxed since sizable up — 5
mixing with the other flavor mixings suppressed can
still satisfy the constraints [4]. Here we emphasize that
this pattern of flavor mixing does not necessarily
mean that the up-top element in up-type quark mass
matrix M, is much larger than other off-diagonal elements.
For example, assuming (Vg),, = 0.2, (V{)., =0, and
(V#)ue =0, we numerically solve the equation
Vitmim, v = M3, with M3, = diag{m2, m2, m?},
and we find it possible that (M), is several times larger
than (M,),,. With the nonvanishing ug — ¢tz mixing, the
top pair production may proceed by the #-channel diagrams
shown in Figs. 4(c) and 4(d), and unlike the s-channel
contribution in Figs. 4(a) and 4(b), this t-channel
contribution will interfere with the QCD process wuii —
g*—tf, so it is more important than the s-channel
contribution.
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FIG. 4 (color online).

The amplitudes corresponding to Fig. 4 are given by

t(ps3)

t(ps) u(p2) t(pa)
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Feynman diagrams contributing to ¢7 production in the third-generation enhanced left-right model.

Ma = iﬁaﬁﬁpg(

Mb = i3aB5p0<

MC = i5ap53(,<

. e \?
M, = l5ap5ﬁo<m) [s,(cotbp + tanfp) PIVi, Vi,

where ' is the Z' width obtained by considering all decay
channels of Z', s,, = sinf,,, ¢,, = cosf,,, and the coupling

coefficients g5, g%, &5, and g5 are defined as

Z'R
u 4 1
gt =1- §S%” ~ 35 tanfréz, 5)
4 4
gl. = _§S%V =3 tanfg &, (16)
t 4 2 !
ghr = _§SW — §SW tanfr &, + s, cotbpéy, A7)
tu 4 2 1
gZ”L =(1—- gsw fZ + §SW tanHR, (18)
4 4
gl =— gsgvfz + gsw tanfp, (19)

4 1
8yp =" gsﬁfz + §SW tanfp &, — s, cotBp. (20)

The amplitudes in Egs. (11)—(14) involve the parameters
., cotbg, My and (V}§),,. About the parameters &, and
my, the oblique T parameter and perturbative requirement
will give constraints on &, (versus my) [27]. However,
such constraints are obtained under the requirement to
explain the b-quark forward-backward asymmetry A%,
which, of course, can be relaxed if we give up the expla-
nation of A%,. Furthermore, for the #f productions, the

e \2u()yuley Pr + ghpPrlv(o(u)y*[g4, P + g5xPrlu(u)

o , (a1
2cwsw (pl + p2) — myz

e \u)yuley, Pr+ &ypPrlv)o(u)y* gy, Pr + gy rPrlu(u)

3 3 - , (12)
26,8y (p1 + p2)* —m — ilymy
e \2 i(t)y , Pru(u)o(u)y* Pru(t)

— (cotfp + tanfp) 2|V Vi |2 al , 13
2CWSW) [é:st(CO R an R)] | Rtu Rnl (p] — p3)2 — m% ( )
o TP )y Py "

(p1—p3)P—my

main contributions are independent of the parameter &,
[6]. Therefore, the constraints from the 7 parameter are
almost irrelevant to our numerical study. We note that the
constraints from the CDF Collaboration’s search for Z’
[28] and from the global fitting of the electroweak preci-
sion data [29] are invalid here since these constraints
arise mostly from the processes involving the fermions
of the first two generations. So far, the most pertinent
bound comes from e*e™ — bb at LEP-II, which requires
M7z = 460 GeV for cotfp = 10 [27]. In our numerical
calculation, we scan over the following parameter regions:

500 GeV = M, = 2000 GeV, 0=¢,=002
10 = cotfy = 20, 0.1 =(V¥),, =0.2

Requiring the LR predictions for o(¢f) and M,; at
Tevatron to coincide with their measured values at the
20 level, we display in Fig. 5 the surviving samples on
the planes of the polarization asymmetries versus cotf, or
M, respectively. This figure shows that large P,, A;z and
6C come from the region where cotfy, is large. This can be
understood by noting that, in the LR model, the dominant
contribution comes from Fig. 4(d), which is proportional to
(cotfg + tanfg)?. This figure also shows that the samples
with 500 < M7 <900 GeV have little effect on the quan-
tities. We checked that these samples are strongly con-
strained by the Tevatron measurements of o (¢7) and M,;.

In Fig. 6, we display the correlation of P,, A;r and
6C for the surviving samples. We see that these three

034024-5
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FIG. 5 (color online).

Scatter plots of the quantities P,, Ay, and 6C as a function of Mz or cotfy in the LR model. Constraints

from the Tevatron measurements on o(1f) and M,; are imposed. The solid (red) circles and (green) crosses denote, respectively, the

center-of-mass energy VS =7 TeV and /S = 14 TeV at LHC.

quantities are proportional to each other, which is quite
different from the RPV-MSSM case.

Finally, we note that, for most of the surviving samples,
the top quark forward-backward asymmetry A5 measured

5C(%)
5C (%)

FIG. 6 (color online). Same as Fig. 5, but showing the corre-
lation (dark central dots) of different polarization observables at
the LHC with /S = 7 TeV (left plot) and +/S = 14 TeV (right
plot). From left to right around the broad path of dark central
dots, the correlations of A; R — 6C (left [blue] dots), P, — 6C
(pale [green] dots), and P, — A, R (straight line of [red] dots) are
projected on the different planes.

at the Tevatron lies within 20 region around its experi-
mental central value [5]. So even if we take the asymmetry
as a constraint, our results for the spin polarization
asymmetry still hold.

IV. SPIN POLARIZATION AND SPIN
CORRELATION IN THE AXIGLUON MODEL

The third model we are considering is the chiral color
model [30] which enlarges the color group SU(3)¢ to
SUB3), @ SU(3)g with gauge couplings g; and gg, re-
spectively. The spontaneous breaking of this enlarged
symmetry to SU(3) will produce a massive color octet
called axigluon. Depending on charge assignments of
quarks under the SU(3), @ SU(3); group, there are
many variants of the chiral color models. In this paper,
we focus on a special one which was utilized to explain the
20 deviation of the top quark forward-backward asymme-
try [6,7]. The key feature of this model is that the quarks
in the third and the first two generations are assigned
with different chirality in the SU(3); @ SU(3)z group,
and consequently, the couplings of the axigluon with
quarks are given by

034024-6
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FIG. 7 (color online). Feynman diagrams contributing to #7
production in the axigluon model, with G and G’ denoting gluon
and axigluon, respectively.

gv = g\ = —g,cot26, g4 = —g\ = —g,csc20,

2D

where 6 is the rotation angle relating gluon G and axigluon
G’ to the interaction eigenstates G, and G, by

G = cosfG,; + sinfG,, G’ = sinfG, — cosfG,.

(22)

The value of 6 is determined by the gauge couplings,
cotd = tan (g, /gr), and the perturbativity and the con-
dition for fermion condensation require that it vary from
14° to 45°.

In the axigluon model, the Feynman diagrams contrib-
uting to ¢f production are displayed in Fig. 7, and the
corresponding amplitudes are

, W)y, v()o(g)y*ulq)

iTe T% g2
(p1 + po)?

Ba pods

, (23)

0
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5 14: S
uls
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P

FIG. 9 (color online). The correlation among P,, A; g, and 6C
in the axigluon model for the LHC with /s = 7 TeV (left) and
/s = 14 TeV (right). Projections on different planes are also
shown. For each curve, the solid part satisfies the lower bound on
the axigluon mass from B; — Bd mixing [7].

My, = iT4,Té,

o u(t)yuley + gﬂs]v(t)v(q)y”[gv + gns]u(q)

(p1 + p2)* — —il'gme

(24)

where g, is the usual SU(3). strong coupling, and I's is
the G’ width obtained by assuming the axigluon decays
only to the SM quarks [4,6]. With the Tevatron constraints
o(tf) and M ;, we show in Fig. 8 the dependence of P,, A,
and 6C on M. This figure indicates that large predictions
of these quantities come from the case of light G’ and
small 6, and for 0 = 25°, my = 1.8 TeV, and /s =
14 TeV, P,, Ay g, and 6C can reach 10.3%, 13.2% and
4.6%, respectively.

Figure 8 shows that the magnitude of the effects is quite
sensitive to the axigluon mass. About the axigluon mass,
the direct search at the LHC recently gave a lower bound
of mg > 1.52 TeV [31], which was, however, for the

o

148 7

T
o

121

"7 ‘punoq Bupui e |

10}

Ar(%)

Fr—1

ST=6
y

=0

ST

punoq Buxiw °g

punogq Buixiw Pg]

—_—— — —
0=25 (7TeV)

o O

1.8

FIG. 8 (color online).

24 2.7
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The contribution of axigluon to top spin polarization and correlation at the LHC with /s = 7 TeV, /s =
14 TeV. The vertical dashed lines indicate the lower bounds on axigluon mass from B, —

B, mixing [7].
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FIG. 10 (color online).
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The correlation between A,z and 8C in the A” LR and axigluon models for the LHC with /s = 7 TeV,

/s = 14 TeV. For the axigluon results displayed in the right frame, the solid part of each curve satisfies the lower bound on the

axigluon mass from B, — B, mixing [7].

flavor universal case and not applicable to our flavor non-
universal model. In Fig. 8, we display an indirect bound
me sin(20) > 1.8 TeV from the B, — B, mixing [7].
However, such a bound was derived under an assumption
that the flavor mixing between the left-handed down-type
quarks is approximated as the SM CKM matrix [32]. We
see from Fig. 8§ that, if we adopt such an assumption to
impose this bound, then the axigluon effects will be rather
limited.

In Fig. 9 we fix § = 25° and display the correlation of
P,, Arg, and 8C at the LHC with /s = 7, \/s = 14TeV,
respectively. Comparing with the results in the RPV-
MSSM with A”, we see that the three quantities have
different correlation behavior.

Finally, in Fig. 10, we display the correlation between
the spin correlation and the top quark forward-backward
asymmetry in the A’ RPV-MSSM, the LR, and the axi-
gluon models, which can alleviate the A% deviation. It can
be seen that the correlation behaviors are quite different for
different models.

V. DISCUSSION AND CONCLUSION

In order to discuss the observability of the asymmetries
P; and A;p, we calculate the statistical significance Ny
defined in [11] and list their values in Table II for the

TABLE 1L
of 1 fb~! for /s =7 TeV, /5 = 14 TeV.

optimum case of P, and A; in the three models with an
integrated luminosity £ = 1 fb~!. From the results of
Figs. 2, 5, and 8 and Table II, we have following observa-
tions:

(1) The LHC with /s = 14 TeV usually predicts larger
Ng than that with /s =7 TeV. For the RPV-
MSSM, the A’-induced asymmetries are obviously
unobservable at the LHC, while the A”-induced
asymmetries may be detectable. For the specific
left-right model and the axigluon model, P, and
A r may also be large enough to be detected at the
LHC. On the other hand, if the effects are not
observed in the future, the stronger bounds can be
imposed on the models.

(2) Among the three models, the RPV-MSSM and the
axigluon model can allow for 6C larger than 4%
in magnitude, which may be observable at the
LHC [33].

In summary, in this work we considered new physics
effects on the top quark spin polarization and correlation at
the LHC in three models: the RPV-MSSM, the specific
left-right model, and the axigluon model. We find that, due
to the introduction of new parity-violating interactions of
the top quark, the polarization asymmetries P, and A;  can
reach the observable level in all these models, while, for

The maximal statistical significance Ng (defined in [11]) for P, and A, at the LHC with an integrated luminosity

RPV-MSSM ()

RPV-MSSM (")

LR model (Z') Axigluon model (g’)

\/E = P, Arr P, Arr P, Arr P, Arr
7 TeV 1.70 1.90 20.10 36.50 8.80 9.90 1.710 1.950
14 TeV 3.10 3.50 59.20 68.30 18.40 20.60 26.50 32.80

034024-8



NEW PHYSICS EFFECTS ON TOP QUARK SPIN ...

the spin correlation, the RPV-MSSM and the axigluon
model can cause observable effects at the LHC.
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