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Probing nonstandard top-quark couplings using spin correlation
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(Received 16 October 1996

Top spin correlation has been shown to be nontrivial in hadronic top-quark pair production, and can be
realized by the asymmetries of the decay products of the top quark and antiquark. We show in this work that
the top spin correlation is a sensitive probe to the anomalous top-quark couplings beyond the standard model.
Specifically, we look at the anomalous chromomagnetic and chromoelectric dipole moments, as well as a
right-handed component in the weak decay of the top quark. We find a few measurable asymmetries formed by
the decay products of the top-quark pair that vary in accord with the spin correlation.
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I. INTRODUCTION anomalous couplings on the spin correlation in top-quark
pair production. Recently, a few studig&-10] showed that

The top quark is very different from the other five quarkstop-pair production is highly spin correlated, which means
because it has a mafH close to the electroweak symmetry- that the top quark and antiquark have preferential spin polar-
breaking scale. The top quark can, therefore, provide usefdations. A theoretically interesting variable to quantify the
avenues to probe the physics beyond the standard mod@pin correlation ig8]
(SM) through its decay, direct production, scattering, and the
associated production with other particles. Since the struc- o(t t, +tgtr) — o(t tr+trt,)
ture or even the symmetry of the correct high-energy theory C= (LT + tatg) + ot g+ ) D
is not known, the effective Lagrangian approach can be used TR T IR T AARLIRT IR
to study low-energy phenomena. Deviations from the SM

can be studied systematically by including higher dimen-Where the sub_scripﬂs andR denot_e the helicities of the top
sional operators, which are made up of the SM fields, ir],[oquark and antiquark. At the Fermilab Tevatron, the dominant

the interaction Lagrangian. Such higher dimensional opera%ugrfgcjsivhﬁ; ;?thuégRlF\)lall_rarpr:?ﬂl:élrgﬂ gﬁ;&:@?
tors are suppressed by powers of the schlef the new o= 9

ohysics. energygg—tt will dominate andC~ +0.3 [8]. The mea-

In thi wud | i f th surement ofC can then serve as an indirect probe to the
n |skpaphe_zr,hwefts Udy some anomalous cofu%mgs 0 %nderlying production mechanism. Although this variable is
top quark, which often appear in extensions of the SM. W&, ;6 ‘measure of the spin correlation, it is not directly mea-

shall limit ourselves_ to as low (_jimension as possible becausg eq experimentally. Fortunately, the top quark is so heavy
the effects of the high dimensional operators are very muchhat jt decays before it hadronizes and, therefore, almost all
suppressed at low energies. Here, we concern only the dimhe spin information is retained in the decay products of the
four and dim-five Operators. For dimension 4 we include atop quark_ The hea\/y top quark will decay preferentia”y into
right-handed component into the weak decay of the top longitudinally polarizedW™ boson and a left-handell
quark. Although thev-A structure in light quarks are more quark. Because of the conservation of angular momentum
or less established, thé-A structure of the top quark should the W* boson prefers to go in the same direction as the top
be confirmed. The presence of a right-handed componenpolarization in the rest frame of the top quark. The antilepton
even small, will signify some new physics beyond the SM./* decaying from théV" boson also goes in the direction
For dimension 5 we concentrate on the anomalous chromasf the W* boson, i.e., in the same direction as the spin po-
magnetic and chromoelectric dipole moments of the toparization of the top quark. On the other hand, the lepton
quark. They are particularly interesting because they are didecaying from the top antiquark prefers to go in the opposite
rectly involved in the subprocesseg),qq—tt of top-pair  direction as the spin polarization. Thus, by discriminating the
production, and they are often nonzero on loop level or evemirections of the lepton and antilepton we can select particu-
tree level in many extensions of the SM, e.g., the multi-lar polarizations of the top quark and antiquark. Since the
Higgs doublet modef2]. Furthermore, a nonzero value for top-quark pair is spin correlated, the asymmetries formed by
the chromoelectric dipole moment is a clean signalCd#?  the lepton and antilepton could be nontrivial. We shall intro-
violation. The effects of these anomalous couplings havejuce a few asymmetries in the next section.
been studied irit production[3-5], bb production[4], in- The organization is as follows. In Sec. Il we introduce the
clusive jet productioi6], and prompt photon productidi@]. = asymmetries and calculate them in the SM. In Sec. Il we
In this work, we study the effects of the above-mentionedstudy the effects of the anomalous chromomagnetic and
chromoelectric dipole moments of the top quark on the vari-
able C and the asymmetries, and in Sec. IV we study the
*Electronic address: cheung@utpapa.ph.utexas.edu effects of the right-handed component in the weak decay of
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the top quark. We then discuss and conclude in Sec. V. Ithe beam direction, in the center-of-mass frame. The third
this work, we concentrate on run Il of the TevatrofisE& 2 one, which we denote ByB’, is given by[10]

TeV) with a yearly luminosity of order 2 fo! [11]. The

top-quark mass is chosen to be 175 GEN. We use the _ 0(p1p;>0)— 0o (p;1p2<0)

parton distributions of CTEQ3[12]. ,_0(p1p§>0)+0(p1p§<0) : (4)
Il. SPIN CORRELATION AND ASYMMETRIES wherep;(p4) is thez component of the three-momentum of
WITHIN THE SM the antileptor{lepton in the rest frame of the top quattop

ntiquark. The only difference betweeB andB’ is that the
three-momenta of the lepton and antilepton are in different
frames.A andB’ correspond to the “helicity” and “beam-

qq—tt, gg—tt. line” basis that were discussed in R¢8].
To calculate these asymmetries we have to put in the de-

The qg-initiated subprocess dominates at the Tevatron eneicay matrix elements of the top quark and antiquark with full
gies (ys=1.8 TeV for run | and 2 TeV for run )| while the ~ SPIn correlation. We use the helicity amplitude metfitd]
gg-initiated one dominates at the LHC, because of the in0 calculate the spin-polarized cross sections, and the asym-
creasing gluon luminosity with increases in energy. At themetriesC, A, B, andB’. With this helicity amplitude method
Tevatron energies, since most of the times the top pair i§e subsequent decays of the top quark and/tigoson can
produced near threshold and in the dominant subproced¥ included straightforwardly. The necessary formulas for
qq—tt the top pair is produced via &= 1s-channel gluon, ~top-pair production and the decays are given in Ref. We
most of thett pairs are in a3S; state. By counting the spin found that the asymmetd is about'vL 0.1 in accord with t_he
eigenstates the ratio of the top-quark pair in the same helictesults of Ref[8], the asymmetryB is about—0.3 andB’ is
ties to the top-quark pair in opposite helicities is 1:2, so theabout—0.2, which also agrees with the results of Réf].
value of C is — . Far above the threshold, helicity conser- Although the asymmetrieB andB’ are larger tham nu-
vation requireg andt in opposite helicities, s€=—1. We merically, A is more sensitive to the anomalous chromomag-

found that at the Tevatrony6=1.8—2.0 Te\) C~—0.4, netic dipole moment that we are going to discuss in the next
which was first given in Ref[8]. On the other hand, Section. With the asymmetriéS, A, B, andB’ we can now
ggﬂtt_dominates at the LHC. Near threshold mﬁoair is  study the new physics associated with the top-gluon vertex
produced in a'S, state, sd andt have the same helicities, @nd the weak decay vertex of the top quark. They are, re-
with C=+1. Hence, there is a dramatic changeGofrom  SPectively, studied in the next two sections.
negative to positive when energy increases from 1.8 to 14
TeV. I1l. CHROMOMAGNETIC AND CHROMOELECTRIC

As mentioned above, althoughis not directly measured, DIPOLE MOMENTS

it can be revealed in the decay products of the top-quark pair. The effective L ian for the int i bet
The best analyzer of the top spin polarization is the semilep- € eflective Lagrangian for the intéractions between a

tonic decay, because in other decay modes it is difficult tdopP quark and a gluon that include the chrompmagnetic
distinguishythe up-type or down—typg quark in the decay of(CMDM) and chromoelectri¢€CEDM) form factors is

the W boson and leptons are much easier to detect. We will

study three different asymmetries, two of which have been £=gst_Ta
shown to be very effectivE8,10]. All three of them involve
semileptonic decays of the top quark and antiquark. The first

The dominant subprocesses for the hadronic production
top quark are

K i K
—HGR 4 — prea uv,5ha
0% GM+4mI0' G,uv o yGW

4m, t.

one, denoted by, is [8] where «/2m; (x/2m,) is the CMDM (CEDM) of the top
quark. The Feynman rules for the interactions of the top and
0(2,2,>0) — 0(212,<0) ) gluon can be written as
" 0(2,2,>0) + 0(2,2,<0)’ @ i
Lyt g=—0ti T3 ¥*+5—0""p,(k—iKy") |;G2, (6
wherez;=costt (i=1,2) is the cosine of the angle of the e~ Ot i) YT o P (k=iky’) |Gy, (6)

lepton in the rest frame of the parent top quark with respect _ . . . '
to the momentum of the top in thé center-of-mass frame. Wheret; (t;) is the incoming(outgoing top andp, is the

The second one, denoted By is four-momentum of the outgoing gluon. The Lagrangian in
Eq. (5) also induces atgg interaction given by
a(p1p2>0) — o (p1p2<0)
B (PP )+ 7(p1p,<0) @ 95— s
12 12 Lyt 99~ 4—mttj(TbT°—T°Tb),-iaW(K—|Kyf’)tieﬂeg, (7)

wherep; andp, are thez component of the three-momenta

of the lepton and antilepton in th& center-of-mass frame. which is absent in the SM.

The positivez direction is defined as the direction of the

incoming proton beam. In other words, this asymmegry

counts the number of events that the lepton and antilepton go'B’ is exactly the same a8, described in Ref[10], in which
to the same or opposite side of the plane, which is normal t@, is the best out of the four asymmetries considered.
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tain only even powers ok, while the curve fork is not
symmetric about the/ axis because the cross sections do
depend on odd powers af. SinceC is so sensitive to the
anomalous dipole moments, if one were able to mea€ure
directly and accurately enough, we could measure the
CMDM and CEDM of the top quark easily. However, this is
not so. But it is not impossible to have indirect measure-
ments ofC by means of the asymmetrids B, andB’ that

we introduced before. Similar to how we obtained the SM
results we require the top quark and antiquark to decay semi-
leptonically and take into account the full spin correlation.
The variations ofA, B, andB’ with « and’x are also super-
imposed withC onto Fig. 1 and Fig. 2. From these two
figures we can see that the rise and fall of the cueB,
andB’ are in accord with those @. It is then clear that the
asymmetriedA, B, andB’ are, to a great extent, true repre-
sentations of the spin correlati@ Especially A is directly
related toC by A= —C/4 [8]. We also see that the asymme-
try A is more sensitive than the asymmetr@sand B’ to
changes ink, while all three are more or less equally sensi-
tive to changes inc. Nevertheless, the asymmetB/has a
larger numerical value tha\ and B’ at the SM point
(k=x=0), which implies that it statistically needs fewer
dilepton events to see the spin correlation.

0.75

0.50

0.25
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0.00 |-

-0.25

-0.50

FIG. 1. Variations of the spin correlatidh and the asymmetries
A, B, andB’ versusk.

The unpolarizedt cross sections including the CMDM
and CEDM couplings were calculated in Rdi3-5]. Since
we are interested in polarized cross sections here, we use the IV. RIGHT-HANDED WEAK DECAY
helicity amplitude method13] to calculate the polarized
cross sections including the CMDM and CEDM couplings.
Once we obtained the polarized cross sections tfdy ,
trtr, t tr, andtgt, , we can then calculate the ideal spin-

In dimension 4 the general charged-current couplings of
the top quark are given byl 4]

correlation variableC of Eq. (1). We show the results o 9=, 1 5 1 5 _
versusk andx by the solid curves in Fig. 1 and Fig. 2, E“EbY 5 (1= 7))+ k) + 5 (1+77) kg|tW,
respectively. As expected the behavior of the curvexfas

symmetric about thg axis because the cross sections con- +H.c,, (8

FIG. 2. Variations of the spin correlatio@
and the asymmetrie&, B, andB’ versusk.
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0.2 . . metric aboutkg=0. Even atkg=1 (vector coupling only

: and atkg= — 1 (axial-vector coupling onlythe asymmetries

1 are nonzero, because nonzero spin correlation is still being
0.1 ~ A 5 fed down from top-pair productiord~ — 0.4 in the SM. As

,/ : \\ kR increases further away from zero, the asymmetries
[ I A— +0.01,B——0.18, andB’ — —0.02. It would also be
0.0 it P interesting to check the case of an entirely right-handed cou-
S N pling by puttingx, =—1 and kg=1, at whichA, B, and
‘g \ s B’ are verified to be the same as the asymptotic values of the
g —01r ‘:\ I," '] curves in Fig. 3. The reason widyandB' are not quite zero
4 [ yet is that thet pairs being produced are still spin correlated,
~~~~~~~~~~~~~ B L i.e., C~—0.4#0. Nevertheless, the right-handed weak de-
-02F ~0uh - . .
Y cay of the top quark and antiquark causes the asymmetries to
Vit be very difficult to be detected. We have also verified that at
o3k L ,’B ] the point whereC=0, i.e., the spins of the top pair are un-
v correlated, the values ofA and B’ are in fact zero for
: KL= — 1: KR
~04 ] L N .
-10 -5 0 5 10
“r V. DISCUSSIONS
FIG. 3. Variations of the asymmetries, B, and B’ versus (&) So far, the calculation of the asymmetries are without
KR - experimental acceptance cuts, efficiencies of reconstructing

the four-momenta of the top quark and antiquark, or the
where the parameterg; and kg are used to denote the smearing of momenta due to the detector. Typical acceptance
strength of the additional left-handed and right-handed coueuts on the transverse momentum and rapidity of the ob-
plings, respectively. In the SM| = kr=0. Since the right- served leptons and quarks and the missing transverse en-
handed weak decay interaction only affects the decays of thergy are
top quark and antiquark, it has no effects on the variable
C, asC only depends on the top-gluon couplings. But it will ,
affect the asymmetried, B, andB’. The nonstandard top pr(b,/)>15 GeV, |y(b,/)|<2, Er>25 GeV,
decay can be implemented using the helicity amplitude 11
method[13], replacing the spinors of the top quark and top

antiquark by which are also needed for eliminating backgrounds and for

2 1 1 reconstructing the top quark and antiquark. We found that
S ——— u_(v)y# the cuts reducE the asymmetries by about 15-20 % near the
8 Wo—my,+ilymy t“—m+il'im, SM point (k=«k=kg=0). The effects of smearing and re-
_ ANTT Y construction of the top quark and antiquark rest frame have
X(A=ys)u(/)u(b)y been studied in details in R€fL0], so we do not repeat them
X (14 k + kgt ¥ (kg—1—k))(E+my), (9)  here. In general, the asymmetries near the SM point are re-
duced by another 10-15 %. However, since it is only based
g2 1 1 on a parton-level Monte Carlo calculation, a full Monte
/‘)yﬂ Carlo calculation is needed to study the true effects.
(b) The SM values for the asymmetrids B, andB’ are
— +0.1,—0.3, and—0.2, respectively. It would be important to
X(1=ys)o(w)(= T+ my)y* check if these asymmetries can be observed above experi-
X (1+ Ky + kp+ ’yS(KR_l_KL))U(b—), (10 ~ mental uncertainties. Since we do not have a full Monte
Carlo simulation, we only take into account the statistical
where the four-momenta of the particles are labeled by th€rror. The SM cross section for production with the dilep-
particle symbols. We have used the narrow width approxiton decay mode afs=2 TeV under the cuts in Ed11) is
mation to handle the top and/ boson propagators and we about 0.14 pb, which gives about 280 dilepton events for a
used the SM values for the width of the top quark and the? fo~* luminosity in run Il of the Tevatro11]. The statis-
W boson. Since we are dealing with the asymmetries onlyical error is theny280/286=0.06=6%. Therefore, the val-
(not the total cross sectionsve do not need to include the ues forA=+0.1,B=—0.3, andB’ = —0.2 should be clean
nonstandard interactions in calculating the top wilth We  to be observed, even after taking into account other system-
have verified that changing, alone while keepingcgz=0  atical uncertainties, especialB/ shows a possible effect
would not change the asymmetries because the weak dec&pgm an uncorrelatett sample. Thus, the spin correlation in
is still V-A. Therefore, we only show the results versys  tt production can be tested cleanly in run Il of the Tevatron.
while keepingx, =0. In Fig. 3, we show the asymmetries  (c) In the following, we are going to estimate the sensi-
A, B, andB’ versuskg from —10 to 10. We can see that all tivities to or the bounds or, k, and kg using the various
three asymmetries decrease for nonzegg and are sym- spin-correlation asymmetries. To estimate the sensitivity

u(t)——

v(t)—— o - = ,
8 W2—m,+iTywmy t?—mZ+ilm,
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of k, k, and kg, we assume thad, B, andB’ have their tally to distinguish the quark and antiquark in tié boson
standard model values withirr 0.06. The bounds are then decay, which then reduces the asymmetries significgily

given by (d) Other facilities to study the top quark are thée™
colliders at 0.5 TeV and the LHC. le*e™ collisions, since
—0.7<xk<+0.6, the production of thet pair is vias-channel exchanges of
- v and Z, the production rate oft actually decreases with
—0.5<k<+0.5, (12 increase in energy when the energy is well above the thresh-

old. Therefore, it would not be advantageous to sttidyro-
duction in very high-energg* e colliders. Thett pair pro-
duced ine* e~ collisions will also be spin correlated, and the
studies in this paper can be applied. We can further study the
variation versus the center-of-mass energy of the collisions.

—0.5< kg<+0.5,

where we have combined, for each of thkés, the three

ranges given by, B, andB’. Although these estimates are
rather crude, they do give a feeling of how well the limits ; , .
can be obtained using the spin correlation. In reality, the Jhe LHC will be a copious source at pair, of order

_ 17 ;
limits should be weaker than the above because there are aldd —10'- There should be large number of dilepton events
{o measure the spin-correlation asymmetries down to one

systematical errors which have to be taken into account; ; )
Nevertheless, the limits obtained above are comparable tgercentaccuracy. Furthermore, the dominant production pro-

those using total cross sections. Moreover, using spin corré€SS changes Bg—tt, thus also changing the spin correla-
lation is better than using the total cross section in controlion substantially, as discussed in the Introduction.

ling the uncertainties coming from higher order corrections, [N conclusion, we have studied the spin correlatiorttof
parton distribution functions, and the strong-coupling con-Production and the asymmetries formed by the decay prod-
stant. ucts of the top quark and antiquark at the Fermilab Tevatron.

Higher luminosities, e.g., an integrated 10%bin the We also studied the effects of anomalous chromomagnetic
’ ’ and chromoelectric dipole moments of the top quark, and a

stretched run of run Il or even 1007H in the TeV33 plan
P right-handed component in the weak decay of the top quark

[11] will certainly reduce the statistical error by the square

root of the increase in luminosity. Using a 10 (1005t ©ON the spin correlation. W_e glso estim.ated .the limitskon
luminosity compared to a 2 ft luminosity reduces the sta- X and kg that can be statistically obtained in run Il of the

tistical error by a factor of/5(y50). Thus, the limits can | €valion if assuming the SM is correct.

als_o be improved substantially. There is also a possib_ility of ACKNOWLEDGMENT

using other decay modes of the top quark and antiquark,
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