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Angular correlations in top quark pair production and decay at hadron colliders
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We show how to observe sizable angular correlations between the decay products of the top quark and those
of the top antiquark in top quark pair production and decay at hadron colliders. These correlations result from
the large asymmetry in the rate for producing like-spin versus unlike-spin top quark pairs provided the
appropriate spin axes are used. The effects of new physics at production or decay on these correlations are
briefly discussed.S0556-282(196)03009-3

PACS numbes): 14.65.Ha, 13.88-e

[. INTRODUCTION ever, this asymmetry in the number of like- to unlike-spin
top pairs is true at any hadron collider independent of

Now that the Collider Detector at Fermil46DF) [1] and  whether the top quarks are produced via gluon-gluon fusion
DO [2] Collaborations have observed the top quarkgnd  or quark-antiquark annihilation both near and far from
reported mass values of 1¥8+10 GeV and 19937+22  threshold. To use the spin correlation induced by this asym-
GeV, respectively, it is important to reconsider what othermetry, we make simple cuts on the top quédp antiquark
quantities associated with top-quark—top-antiqudtk pro-  Side of an event to select a given spin for the top qutog
duction may be measured with the data to be collected adntiquark, and then observe specific correlations in the de-
both the Fermilab Tevatron and CERN Large Hadron Col-cay products on the top quatkop antiquark side of the
lider (LHC). One interesting avenue of investigation consistsevent. These correlations are large and can be observed in
of a study of the angular correlations between the decajhett events at both the Tevatron and the LHC.
products of the top quark and those of the top antiquark. For Our discussion is organized as follows. In Sec. Il we ex-
a top quark mass in the range reported by experiments, it hagnine the amplitudes fayg—tt andgg—tt with polarized
been known for some time that the top quark will decaytop quark production. Our emphasis will be upon the excess
before hadronization takes plafg]. Therefore, the angular Of unlike compared to like-spitt pairs at the Tevatron and
correlations in the top quark decay contain information onthe excess of like compared to unlike-sgin pairs at the
the spin of the top quark. If the production mechanism of the-HC. The forms of the relevant amplitudes using an appro-
tt pair correlates the spins of the top quark and top antipriate choice of the spin axes and the relative parton lumi-
quark, then this correlation will lead to angular correlationshosities at the two machines combine to produce these asym-
between their decay products. o metries. A description of the spinor helicity basis for massive

The study of angular correlations i production was particles used in this section appears in the Appendix, and is
pioneered by Barger, Ohnemus, and Philligs These au- Presented here because of its broad applicability. In Sec. Il
thors concluded that the decay product angular correlation&e review the decay of a polarized top quark. In Sec. IV we
induced by the spin correlations of top quark and top antidescribe how to observe the angular correlations arising from
quark were small when summed over all events. Kainal.  the production and decay dt pairs. We briefly discuss
[5,6] reached similar conclusions in their papers on the transsome possibilities for new physics effects in Sec. V. Finally,
verse polarization of top quarks induced by QCD loop ef-Sec. VI contains the conclusions.

fects. Since_ then many authors ha\{e found similar results for Il. POLARIZED tt PRODUCTION
hadron colliderd7—10. Other studies have addressed this
issue at lepton collidergl1-14. In this section we present the squares of the helicity am-

In this paper we exploit the fact that, even though the neplitudes for polarizedt production for both quark-antiquark
polarization of top quark pairs is very small, there is a very(qg) and gluon-gluon @g) initial states. The expressions
large asymmetry in the rate for producing the like-spin ver-given below have been summed over the spins of the initial
sus unlike-spin top quark pairs at hadron colliders if the appartons, as well as the colors of both the initial and final
propriate spin axes are chosen. Bargleal.[4] used this fact states. Spin- and color-averaging factors hawe been in-
to explain the small global correlation features of top quarkcluded. We represent the momentum of the particle by its
production at the Tevatron, while Schmidt and Pegkih  symbol and decompose the top qudtkp antiquark mo-
used this asymmetry to studyP violation near threshold at mentum into a sum of two massless momeritat;+t,
the LHC and Superconducting Super Collid&SQ. How-  (t=t;+t,), such that in rest frame of the top quaftop

antiquark the spatial momentum df (t;) defines the spin
axis for the top quarktop antiquark (see the Appendix for
*Electronic address: mahlon@umich.edu details)._ o
TElectronic address: parke@fnal.gov For qg—tt, we have[6]
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for unlike-spin paird 15]. Note that the sum of2.1) and(2.2) does not depend on the decomposition of the quark momenta.
The following expressions hold for initial state gludrs8]:
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As presented, Eqs(2.1)—(2.4) are valid for arbitrary allel to the left- and right-moving beams, respectivglg].
choices of the axes along which thandt spins are decom- Fortunately, the amplitude combinations we are considering
posed. However, all choices are not equally effective for exare symmetric under the interchange of the initial parton mo-
tracting the correlations at hadron colliders. In fact, the samenenta; therefore, it is not necessary to determine the identity
choice may not be ideal for all colliders. We shall now de-of each initial parton. Furthermore, this particular basis pro-
scribe two different bases, one of which turns out to be We”\/ides a frame_independent decomposition into like- and
suited to studies at the Tevatron, while the other is useful anjike-spin pairs. We work in the zero momentum frame of
both the LHC and Tevatron. . the initial parton pair, where we may describe the top pair
__Thefirst basis we consider is what we will refer 1o as they oqyction cross section in terms of the scattering amgle

beam line” basis. It utilizes the spin axes_for the 10p  panyeen the top quark and the left-moving beam, and the

quark andpy for the top antiquarki.e., t;cp, andt o pgin fth k. Eor thed initial fi
Egs.(2.1)—(2.4)], wherep, andpg are lightlike vectors par- speeds of the top quark. For theq initial state we find

R B?(1— B?)sirto*
W 2_gng4 .
T%i |.7(qq—tt)|*=8g (1= oo )2 " (2.5

(1— Bcosh* — B2sirt 6*)?

(1- Bcoss*)? @9

2 |- Z(qa—tt)[*=8g* 1+
1L

Notice the factoB?(1— B?) in the like-spin pair amplitud€2.5). It supplies suppression of this component for both small and
large values of3. In contrast, the unlike-spin pair amplitug2.6) contains a contribution which is independentf
For thegg initial state we define the common spin-independent angular factor

) .. 7+9B%cos6*
B oI = (1 presageye: @7
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in terms of which we have
—._ 16 (B—cosp*)
7 N 2" g% * _ 2 2 * 3ai *x - Tm= 7 ]
%L [ A9 t0[P=7 9" /(8,008 ) (1= B%)| 1+ BcoS 0" + 2 %I 0" T—3 oo } 2.8
, __. 16 , _ (1— B?)2+ (1— Becosh* — B2sirt 6* )2
7/ 2"~ 4«;/ * 2 *
& 2(gg—tt)] 39 2(B,coy*) Bsif g* | 1+ (1= oot )? . (2.9

Equation(2.8) shows that the like-spin pairs coming from gluon-gluon fusion will be suppressed forgarghile (2.9) tells
us that unlike-spin pairs are disfavored at |@wv L

The other basis we wish to discuss is built upon the helicities oftthadt. The helicity of a massive particle is a
frame-dependent concept, therefore the decomposition into like- and unlike-helicity pairs will depend upon which frame is
used. We choose to measure the helicities of the top quarks and top antiquarks in the zero momentum frame of the initial
parton pair. For theq initial state we find

> . Z(qq—tt)|?=8g*(1— B?)sinP6*, (2.10
LL,RR
> | Z(dg—tt)|2=8g*(1+coLe*). (2.11)
LRRL
We see from(2.10 that in the high energy limit@— 1), the production of like-helicityt pairs is suppressed.
The expressions involving initial state gluons are only slightly more complex:
. 16
2 |- A(gg—t)P=—5g" Z(B.cos*)(1- ) (1+ B>+ plsinf' %), (2.12
LL,RR i
—_ 16 .
> ./Z(gg—>tt)|2=gg“f?/(ﬁ,coy*)3zsm20*(1+cos?0*). (2.13
LR,RL

Once again, we see suppression of like-helititypairs in  and the LHC[17]. The breakdown of the totat cross sec-

the high energy limit. However, we note that for low ener-tion into like- and unlike-spin pairs as a function of ttte

gies, unlike-helicity pair production is suppressed relative tanvariant mass is given in Figs. 2 and 3 for the Tevatron

the production of like-helicity pairs by a factor @?. using the “beam line” and helicity bases, respectively. In
The difference in thgd dependence of these squared ma-the “beam line” basis 80% of thdt pairs_have unlike

trix elements is such that at nearly all hadron colliders, thespins, while in the helicity basis 67% of thé pairs have

tt pairs are produced with one of the two spin configurationsunlike helicities [18]. Figure 4 is the same breakdown

dominating the cross section. In Fig. 1 we show phelis-

tributions for 175 GeV top quarks produced at the Tevatron
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FIG. 2. Differential cross section fat production as a function
of the tt invariant masdM; for the Tevatron with center-of-mass
energy 2.0 TeV, decomposed into+ | T and 1+ | | spins of the
tt pair using the “beam line” basis for bothq andgg compo-
nents.

FIG. 1. Differential cross section fmt_production as a function
of the zero momentum frame spegdof the top quark for the 2.0
TeV Tevatron(solid line) and 14 TeV LHC(dashed ling
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FIG. 3. Differential cross section fat production as a function FIG. 5. The solid curve is the fraction of those pairs at the
of the tt_invariant massVl;; for the Tevatron with center-of-mass | €vatron(2.0 TeV) with an invariant masabove M which have

energy 2.0 TeV, decomposed int®+RL andLL +RR helicities helicities L_R+ R_L. Th(_a das_hed curve is the fraction of the total
in the zero momentum frame of the pair for bothgq andgg ~ CrOSS Section with an invariant massove Mt~
components.
nents. We have analyzed many bases besides the two dis-

at the LHC using the helicity basis, where 67% of thecussed here, and the “beam line” basis gives the largest
tt pairs have like helicitief19]. These asymmetries may be asymmetry at the Tevatron, while the helicity basis gives the
understood in terms of the amplitudés5—(2.13 and rela- greatest asymmetry at the LHC. Even though we believe
tive parton luminosities at the two machines. It is well these bases are optimal for these two machines, we do not
known thattt production at the Tevatron is dominated by yet have a proof of this fact.
the qq initial state; see, e.g., Ref20]. Furthermore, Eq. Since theB and #* dependence is different for different
(2.9) tells us that the production of like-spi pairs in the  spin configurations, we may ask if it is possible to devise a
“beam line” basis from aqq initial state is disfavored. set of cuts which would increase the purity of the dominant
Consequently, most of thi¢ pairs produced at the Tevatron spin configuration. For the Tevatron using the “beam
have unlike spins in this description. Similar considerationgine” basis, this turns out to be difficult. We have found that
may be applied to understand the production asymmetries ify order to increase the fraction of unlike-sgin pairs by
terms of the helicity basis at both machines. _ more than a percent or two, it is necessary to apply such

Since the size of the physics that we will discuss in SeCqyinqant cuts that the statistics are reduced by a factor of 10

IV is d|_rectly.propqrt|_onal to the asymmetry betvvegn I'k.e or more. Fortunately, 80% purity is already sufficiently good
and unlike spins, it is important to determine the basis WhICf‘{O render the correlations we wish to consider visitdee

maximizes this asymmetry. For any given hadron coII|der,$eC. ). On the other hand, using the helicity basis at the

the asymmetry for a given spin basis depends on the relativ C .
y y 9 P P evatron and requiriniyl,;-to be larger than some value will

strengths of thejq andgg components, as well as the zero . . 7t ) .
9 @9 99 P " z mprove the unlike-helicity purity of the sample. In Fig. 5 we

momentum frame speed of the top quarks for these compd
P P P Show how such a cut affects the fraction of unlike-helicity

pairs, as well as the fraction of the total sample retained
by such a cut. Using this basis with the dd{=>450 GeV

108 r N increases the unlike-helicity fraction to 74%, while retaining
47% of the data sample.
= 02 L _ It may also be desirable at the LHC to impose a cut on
2 Mt Recall that Eqs(2.12 and (2.13 predict that for low
€ 01 L _] values of 8, mostly like-helicity pairs are produced, while
s for high values ofB, mostly unlike-helicity pairs are pro-
§ 100 - \_ duced. This feature is clearly visible in Fig. 4: In the 800—
L £ 3 900 GeV region, the like- and unlike-helicity contributions
10! — from gg become equal. Thus, it is reasonable to consider
, F | | | | o 3 selecting events witM,rless than some maximum value. In

250 500 750 1000 1250 1500 1750 Fig. 6 we _show how such a cut a_ffects the fraction of like-
Mg (GeV) helicity pairs, as well as the fraction of the total sample
retained by such a cut. For example, if we impose the cut
FIG. 4. Differential cross section fat_production as a function M 7<500 GeV, we increase the like-helicity fraction to
of thett invariant masdM for the LHC with center-of-mass en- 78%, while retaining 45% of the data sample.
ergy 14 TeV, decomposed intoR+RL andLL + RR helicities in Last, all of the above fractions depend only weakly upon
the zero momentum frame of the pair for bothqq andgg com-  the value of the top quark mass, varying by only a few per-
ponents. cent over the range 150 Ge¥¥m;< 200 GeV.
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TABLE I. Correlation coefficientsy for both semileptonic and
hadronic top quark decays as a functiortefm?/mg, in the narrow

1.0 LU LU T T T LI LI T 1T TT
L I ! | s i e !
- | l// il . width approximation for theW boson and usingm,=0. For
08 u m;>100 GeV these are excellent approximations.
r s E — —
r / 1 eord 1
.g 0.6 — / ]
-+ L / -
g oul / E voru (- 1)(£2— 11— 2)+ 12¢In¢
N // ] (£+2)(¢E-1y7
0.2 :— / —: wt &2
r // LHC 1 £+2
0‘0 1 teA | 111 | 111 | 11 | I 1 1 I I 1.1 1 | 11 1
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Mg (GeV) CEt2

FIG. 6. The solid curve is the fraction of those pairs at the ) B
LHC (14 TeV) with an invariant masselow M+which have he-  ith decay product, if cag>y, then the probability that the
licities LL + RR. The dashed curve is the fraction of the total crosstop quark has spin ufR;, is given by
section with an invariant madselow Mt
+a;(1+ : :
I1l. POLARIZED TOP QUARK DECAY [2+ai(1+y))/4 3.4
Because of its extremely short lifetime, the top quark de- |n the rest frame of th&V boson it is well known that the
cays before it hadronizes, imparting its spin information tocorrelation of the angle’ between the charged leptdor

its decay products. For a 175 GeV top quark the total decamown-type quarkand theb-quark direction is given by
width is 1.6 GeV[3]. The squared matrix element for the

compl_ete decay chal_n is rather simple, considering the three- 1 dr 3 mfsin20T+m\2N(1+cosﬁT)2
body final state. Again we decompose the top quark momen- = —=— 5 5

tum into two massless momente=t;+t,, such that the I' d(co®’) 4 mg +2my,

spatial momentum df; defines the spin axis in the top quark

rest frame. For a top quarkt)( decaying into ab quark reflecting the relative rate of longitudinal to transvekse

. (39

(b), positron @), and neutrino ¢), we obtain bosons in top quark decay af to 2mZ,. This correlation
4 b)(Je- can be used to distinguish thietype quark from theu-type
|///T(t—>ba )|2= gu(2v-b)(2€-15) (3.1) quark in hadronic top quark decays. If we choose events such
v e .

C(2v-e—M3)2+MITE] that one of the jets has c6$>z, then the probability that
. o this jet originates from a-type quark,Pq, is

_ gu(2v-b)(Ze-ty)
.///L(t—>b91/e)| (ZV-e_M\Z/V)2+M\2,VF\2/V (3 )

mZ(2—z—2%) + mi(7+4z+2?)
2[mi(2—z—2%)+mi(4+z+2%)]

(3.9
For the hadronic decay of the top quark; bdu, one should
replace thee with d and » with u in the above expressions.

The differential decay rates in the rest frame of the decay
ing particle may be parametrized as

In Fig. 8 we have plotted all the angular correlations for a
spin-up top quark decay.

1 dr 1+ aicosﬁi
' d(cost;) 2 ' 33 RN R DR
1.0_ =.d |

where 6; is the angle between the chosen spin axis and the /—/"if*—__;
direction of motion of theth decay productj = b, e, or 05 e .
v (alternativelyb, d, or u). The correlation coefficien; C /,/
may be computed from the matrix elemef8sl)—(3.2); see S pof” .
Ref. [11]. For a spin-up top quark the results are given in r \\\ . ]
Table I, and plotted in Fig. 7. The spin-down top quark has L > 1
correlation coefficients opposite in sign to the spin-up case, -08 a ’ Teh—— _
whereas for the top antiquark the correlation coefficients for b7
spin up(spin down equal the coefficients for the top quark 10 v b b T
with spin down(spin up. For m;=175 GeV the values of 100 150 200 250 300
ag,a,, and ay, for a spin-up top quark are 1;0.31, and M, (GeV)

—0.41, respectively.
These correlations can be used to determine probabilisti- FIG. 7. Correlation coefficients; for a spin-up top quark as a
cally whether the top quark is spin up or spin down. For thefunction of m;; see Table I.
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the event, thex determining the angular correlation of the

L L L LN BLNLNLR “Ith decay product in Eq.3.3) is given by
- E E -
o8 — (1-2Py) (2P, — 1)~ 4.3
-] :\ b :
S os 1:'?-:__}\ N If we can only determine the identity of thi decay product
N et AL S probabilistically, as in the case of thetype quark in had-
S 0.4— ) s \\\\ _________ 2 ronic decays, them-in the above expression is replaced by
& r <
Z 0.2 [ // 7 Pdad+ (1_ Pd)CYLT, (44)
2 i -
Ty .}:{t._llTs.GTV.: wherePy is given by Eq.(3.6).
00 05 0.0 0.5 1.0 To demonstrate these correlations we choose thé, cos
cos @ cut, which is used to distinguish spin up from spin down, to

be at zero. This divides the data sample into two sets which

FIG. 8. Angular correlations in the decay of a 175 GeV spin-upwe call spin “up” and spin “down.” On the other side of
top quark. The lines labeleg d, b, », andu are the angle between the event we can compare the angular distributions between
the spin axis and the particle in the rest frame of the top quark. Th¢hese two data sets. Since the charged lepton has the largest
unlabeled dot-dashed line is the angle betweenkthguark and  correlation to the spin direction of the quark or antiquark, it
thee or d in the rest frame of th& boson. is natural to use this particle to distinguish spin up from
down. Requiring cog>0 for the charged lepton yields a
probability of 75% that it came from a spin-up quark, i.e.,

- - . ; . P.=0.75. If we tighten this cut to c@s-0.5, then
In this section we put together the spin correlations in-_T . . . ! .
duced by production, Sec. I, and the polarized decays, SegT:OB?S' thu; Increasing the cprrelaﬂons by 50%, with a
lll. For the ith decay product of the top quark with angle actor of 2 loss in stgtlstlcs. For dlleptor) events, the correla-
0, to the spin axis of the top quark in the top quark rest fram lons on tT]e othher S'éj? of the ei\j/hent WE'Ch (;/veh can .study are
and theith decay product of the top antiquark with angle etween the charged lepton or thejuark and the spin axis,

to the spin axis of the top antiquark in the top antiquark res ssuming that the neutrino mome”ta can be determined. In
frame, the correlation is given by he charged lepton plus four-jet channel we can look at the

correlations between tH&l” -type quark or thé quark and
the spin axis. Here thed” -type quark is defined as that jet

IV. CORRELATIONS IN tt PRODUCTION AND DECAY

1 d’c 1+ kCOSH;COH— =M Aern =
— = , (4.1)  which is closest to thb-quark direction in th&V-boson rest
7 d(cost;)d(cost; 4 frame. This allows us to include all events and is effectively
where a co® ' >0 cut. The probability that this jet comes from a
(rea) d-type quark is given by Eq3.6), and equals 61% for
k=(1—2Py) a;c 4.2 175 GeV top quarks. One further possibility is to look at the

correlation between thk quark and theéo quark for all the

andPy is the fractional purity of the unlike-spin component double-taggedt events, which may be done in a similar
of the sample oftt events. If both the top quark and top manner.
antiquark decayed spherically in their respective rest frames We have performed a first-pass Monte Carlo study of
[21], then the right-hand side of E¢4.1) would be simply  these effects at the parton level without any hadronization or
7 . Therefore, the contributiofwcosficossis induced by the  jet energy smearing effects included. However, we expect
spin correlations of thét pair. these effects to be small. Also, we have used the known

The strategy to observe these angular correlations in topeutrino momenta to determine the momenta of the top
quark production at hadron colliders is to select a sample ofjuarks and hence the appropriate angles in the top quark rest
tt pairs which have a high asymmetry in the number of like-frames. Studies by CDF22] demonstrate that even in dilep-
spin to unlike-spin pairs, i.e., dominated by unlike-spin pairston events, because of the mass constraints on the top quarks
for the Tevatron or like-helicity pairs for the LHC. Then, we and W bosons, the neutrino momenta can be determined to
choose those events for which the top quark has a given spipetter than 10%. A further complication is the combinatoric
and look to see what the correlations of the decay productsackground associated with assigning particles to the wrong
are for the top antiquark or vice versa. At the Tevatron if thetop quark decay. All of these effects would need to be in-
top quark had spin up, for example, then the top antiquarlcluded in a full study of these phenomena, and would result
should have spin down, while at the LHC, if the top quarkin a reduction of the correlations determined below.
has right helicity, then the top antiquark should also have We selected dt sample for both the Tevatron and the
right helicity. LHC using the following minimal cuts on the transverse mo-

Suppose we choose those events for whichithelecay mentap; and pseudorapiditieg of all final state particles:
product on the top quark side of the event has an afigie  For the Tevatron we required
the top rest frame with respect to the axis defining the top
guark spin such that cés>y. Then, this top quark decay has
a probability P,, given by Eq.(3.4), of coming from a
spin-up top quark. Furthermore, on the top antiquark side o#vhile for the LHC we imposed

pr>15GeV, |5|<2, (4.5
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FIG. 9. Angular correlation between the two charged Ieptom;_iﬂroduction and decay. Plotted is the angle between the charged lepton
on the top antiquark side of the event and thepin axis in thet rest frame. The data are divided into spin-“ug5olid line) and
spin-“down” (dashed lingtop quark components, as determined from the charged lepton on the top quark side of the e(@rthéor
Tevatron using the “beam line” basigh) the Tevatron using the helicity basis, af@ the LHC using the helicity basis.

pr>20GeV, |7|<3. (4.6)  curves comes from the spin correlations induced in the pro-
duction of thett pair. Second, in the absence of the minimal

No further cuts inMt-or #* were made to increase the spin Cuts, the curves in Figs. 9-12 would be straight lines going
asymmetry. The Monte Carlo generated events with the fulthrough (0.0,0.5), with slopes easily calculable from Eq.
spin correlations using the Kleiss-Stirlif@3] matrix ele-  (4.3); see Table Il. For the “beam line” basis at the Teva-
ments squared. The events from thissample were ana- tron, thepy and , cuts are approximately equally important
lyzed as discussed in the previous paragraph, using th@ distorting the shape of these curves, with the most pro-
coss >0 selection criteria to divide the sample into two datanounced effects around a@s1. If we relax these cuts to
sets. In Figs. 9—12 we compare the results for four differenpr>10 GeV and| 7| <3, then these curves become nearly
correlations in each of the following three cases: the “beanequal to the straight lines of the no-cut case, except very
line” basis at the Tevatron, the helicity basis at the Tevatronglose to cog=1. For the helicity basis at the Tevatron and
and the helicity basis at the LHC. The correlations studiedhe LHC, the  cut plays only a minor role: For values
were the charged lepton of one of top quarks versus th@reater than or equal to 2, this cut has essentially no effect. It
charged lepton, Fig. 9, thi&d” -type quark, Fig. 10, or the is thepy cut which is mainly responsible for the distortion of
b quark in the other top quark decay, Fig. 11, as well as théhese curves from the ideal straight lines. The reason that the
correlations between the tmquarks in thett sample, Fig. LHC shows a larger distortion than the Tevatron is that we
12. For each of the particles at each of the machines we sholiave used a highgs cut. Although the center-of-mass en-
the angular distributions of both the spin-“up” and spin- ergy at the LHC is 7 times higher than at the Tevatron, top
“down” data sets using the full spin-correlated matrix ele- quarks produced at the LHC have on average only 10-20 %
ment squared with the minimal cuts. higher pr. Therefore, the samp; cut has nearly the same
These plots should be viewed in the light of the following effect on the correlations at both machines. percuts very
two observations. First, if we produce data sets using thenuch above 20 GeV, the distortions become unacceptably
minimal cuts but allow both top quarks to decay sphericallylarge, and the two curves are forced closer and closer to-
in their respective rest fram¢21], we find that the resulting gether. L
two curves are identical and equal to the average of the two After sufficient tt events have been collected by the
curves shown. Hence, the difference between the plottedlevatron or the LHC, the difference between the “up” and
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FIG. 10. Angular correlation between the charged lepton and‘die-type quark @Tproduction and decay. Plotted is the angle
between théd” -type quark on the top antiquark side of the event and #pn axis in the rest frame. The data are divided into spin-“up”
(solid line) and spin-“down” (dashed lingtop quark components, as determined from the charged lepton on the top quark side of the event
for (a) the Tevatron using the “beam line” basid)) the Tevatron using the helicity basis, af@ the LHC using the helicity basis.
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FIG. 11. Angular correlation between the charged lepton andotig@ark in tt production and decay. Plotted is the angle between
theb quark and the spin axis in the rest frame. The data are divided into spin-“uggolid line) and spin-“down” (dashed lingtop quark
components, as determined from the charged lepton on the top quark side of the ev@nt®iTevatron using the “beam line” basigy)
the Tevatron using the helicity basis, af® the LHC using the helicity basis.

“down” data sets could be enhanced by making extra cuts tds to reduce the correlations discussed in this paper. If the
increase the spin asymmetry and/or tightening the selectiotechni-eta has a mass just above the top pair threshold, the
criteria on what we have have called spin-“up” and spin- charged leptons in the dilepton events will tend to be in the

“down” top quarks. same hemisphere instead of in opposite hemispheres. At the
LHC such a resonance would enhance the correlations pro-
V. SIGNATURES OF NEW PHYSICS duced by the standard modglj component.

On the decay end, new physics such as a charged Higgs

In this section we briefly discuss the effects of new phys-boson decay of the top quark would also affect these corre-
ics on the correlations examined in the previous section. Hillations. The correlation coefficients for the decayt—bjj
and Parkg24] have proposed that the production of top pairsvia a charged Higgs boson have values cq;—l.o and
at hadron colliders could be affected by a new vector partchQx =(— &2+ 1+2¢£IngI(¢—1)%, whereé=m?/mZ. As a re-
associated with top-color. Such a resonance would appear §Ult a deviation in the standard model correlations in the
the angular correlations for top pair production by changingw plus four-jet sample of top pair production could be ob-
the relative mixture ofjg- to gg-initiated production of top  served if the branching fraction for the top quark into a

quarks and by distorting the zero momentum frame speegharged Higgs boson pluskaquark is large enough.
B for the gqq component. At the Tevatron both of these ef-

fec_ts would increase thb_R+ RL helicity component in top VI. CONCLUSIONS

pair production so as to increase the correlations discussed in

the previous section. Since tlgg component at the LHC is We have described a method whereby the angular corre-

a small fraction of the total cross section, small changes itations between the top quark and top antiquark decay prod-

this component will be difficult to see. ucts could be observed at a hadron collider. Our discussion is
Eichten and Land25] have discussed the effects of a based upon the asymmetry in the number of like-spin to

techni-eta in two-scale technicolor on top quark pair producunlike-spintt pairs produced at any hadron collider. When

tion at hadron colliders. Since the production of top pairs viathe production is dominated by quark-antiquark annihilation,

a scalar or pseudoscalar goes exclusively intolthe-RR  there will be an excess in the number of unlike compared to

helicity state, the effect at the Tevatron of such a resonanclike spin tt pairs using the “beam line” basis and unlike
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FIG. 12. Angular correlation between the twoquarks intt_production and decay. Plotted is the angle betweenbttipiark and
thet spin axis in the rest frame. The data are divided into spin-“ugdolid line) and spin-“down” (dashed lingtop quark components,
as determined from thie quark on the top quark side of the event far the Tevatron using the “beam line” basi4) the Tevatron using
the helicity basis, anéc) the LHC using the helicity basis.
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TABLE II. Predicted slopes of theo-cut straight lines from Eq(4.3) for the spin-“up”
component of the angular distributions presented in Figs. 9-12.

Top quark Top antiquark Tevatron Tevatron LHC
decay product decay product (“beam line”) (helicity) (helicity)
Charged lepton Charged lepton 0.30 0.17 -0.17
Charged lepton “d” -type quark 0.15 0.085 —0.082
Charged lepton b quark -0.12 -0.072 0.069
b quark b quark —0.051 -0.029 0.028

compared to like helicity pairs using the helicity basis. Onunder consideration. As we shall see later, the direction op-
the other hand, when gluon-gluon fusion dominates the proposite to the spatial momentum pj in the rest frame of the
duction, there will be an excess of like compared to unlikemassive particle defines the axis along which the spin of the
helicity pairs. The size of these excesses may be enhanced massive particle is decomposed. Then we define the vector
applying a cut on any variable that selects events in a rep, by

stricted 8 region in the zero momentum frame of the 5

tt pair. The spin of a given top quark may be determined —p_ M (A1)
probabilistically by considering the angle between the direc- P 2P-p, P2-

tion of motion of the decay products and the direction of the

spin axis. The charged lepton ai-type quark from Note thatp, is also a massless vectqr;=0, and that

W-boson decay has the highest correlations to the top quark M2
spin axis. If we use these correlations to divide the data into P=p,+ D,. (A2)
spin-“up” and spin-“‘down” components for the top quark, 2p;-p2

we can observe a difference between these two data sets in L o ,

the angular correlations between the top antiquark spin axi©" some applications it is convenient to rescajeso that
and the direction of motion of the top antiquark decay prod-P=P1+t P2, where

ucts. For a “loose” set of cuts, we find that the difference M2

between the correlations for the spin “up” versus spin py= P,. (A3)
“down” data samples can be as large as 25% at the Tevatron 2p1- P2

and 14% at the LHC, making these effects potentially ob-
servable. If the top quark is strongly coupled to new physics
beyond the standard model, then these correlations could
dramatically altered.

To obtain the spinors which are eigenstates of spin for the
assive particle, we need to define two complex square roots
of the factorM?/(2p;- p,) by

M
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APPENDIX: SPINOR HELICITY BASIS FOR MASSIVE Ui (P)=(py+|—a(pa—1|, u(P)=(p1—|+B{p2+|,
FERMIONS (A7

In this appendix, we discuss the spinor helicity basis for v{(P)=(p1—|—B(p2+|, v (P)=(p1+|+a(p—]|.
massive fermions used to derive many of the results con- (A
tained in this paper. This appendix follows the convention
and notation used in the review by Mangano and PE2ké
and is a very useful extension to that review. The connectio
to the spin state methods found in Bjorken and Df&ll]

S . "
As expected, the spin states are a superposition of the two
ossible chiralities. They satisfy all the usual relations: the
irac equations

(BD) is also included. (P—M)u(P)=0, u(P)(P—M)=0,
For a massive particle of momentumand massvi, we (A9)
follow Kleiss and Stirling[28] and pick a reference vector (P+M)v(P)=0, v(P)(P+M)=0,

p, which is lightlike, p§=0. Usually it is convenient to
choosep, as one of the massless particles in the situatiorthe completeness conditions
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oppositeto the direction of the spatial part pf, [29]. Alter-
2 P)uy(P)=P+M, natively, the particle’s spin is in theamedirection as the
spatial part ofp; in the massive particle’s rest frame.

(A10) Next, we consider eigenstates of helicity. Since helicity is
2 vy(P)uy(P)=P—M, simply the spin projected along the direction of motion of the
A particle, choosep,=p(1,—n) for a massive particle with
and the orthogonality conditions momentumP = (yp“+M¥,pn). Then,
TN - JpZ+ M2+ .
u)\l( P)u)\z( P)=2M 5)\1,)\21 p1:¥(1,n)' (A14)
le(P)sz(P):_ZM 5>\1,>\2: (A11) M2 \/TMZ p(l A) s
- _— ,_n 1
Uy (P)o, (P)=0, vy (P)u, (P)=0. 2p1p, "2

To make contact with the methods of BD for massive
fermion states, we must first make trivial modifications to
account for BD’s choice of normalization. Instead of decom-
posing the particle’s momentum, however, BD make use of
a vectors, which satisfies M 2

—P, ——p,—0. (Al6)
s?=—-1, P-.s=0. (A12) P1 291~pzp2

It is conventional to label these helicity states lbyand R,
instead of “|” and “ 1,” respectively.
In the large momentum limit,

In the particle’s rest frame, the spatial partsopoints in the ~ Therefore the basis spinofa5)—(A8) become pure chirality
same direction as the particle’s spin. The relation betweegigenstates:
the two descriptions is provided by the identities

UR(P)_>|pl+>1 uL(P)_>|pl_>1 (A17)
P+Ms M?2 P—Ms
=7 pop,P 2 - A vr(P)—|p1—), vL(P)—|pi+), (A18)
To see that this is indeed correct, evaluate some outer prod- Ur(P)=(p1+|, uL(P)=(p1—1, (A19)
uctsuu or vv for some spin projection using our spinors, — —
make the above substitutions, and you will recover the vR(P)=(p1=[,  vi(P)=(ps+]. (A20)

BD expressions, e.gu(P,s)u(P,s)=z (P+M)(1+ys8).  Thus, in what is equivalent to the massless limit, the right-

To describe the spin direction in terms pj, we invert  handed helicity stategr becomes a state of pure right-handed
(A13), and evaluate the resulting expression in the rest framehirality. That the right-handed helicity statg, becomes a
of the massive particle, whemg, points in the direction of  state of purdeft-handed chirality simply reflects the fact that
some unit vecton. For P=(M,0) andp,=(1,n) we obtain the helicity and chirality eigenvalues asppositein sign for
s=(0,—n). Therefore, the direction of the particle’s spin is the antiparticle.
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