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Top Quark Decay: Mt ≈ 170 GeV

Γt ∝ GFM3
t ∼ 2 GeV $ ΛQCD ∼ 100 MeV $ Λ2

QCD

Mt
∼ 0.1 MeV

⇒ Top Decays

before it hadronizes.

before it’s spin is de-correlated.

Therefore the non-trivial spin correlations produced in production
result in angular correlations between the decay products.

Top is UNIQUE amongst the quarks.
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Figure 3: Correlations of the decay products of the top quark with the spin of the top

quark.
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What about the stability of this result under QCD radiative corrections? The quick

answer is that the O(αs) corrections are dominated by the soft gluon emission diagrams

which factorize into an eikonal factor times the tree level result. That is, there is no spin flip

from soft gluon emission and that only hard gluon emission or the γ/Z anomalous magnetic

moment term can change the tree level result. An explicit calculation [6] of the O(αs)

corrections gives the ratio of the dominant top quark spin to the total as

σ(e−Le+
R → t↑ + X)

σ(e−Le+
R → t + X)

= 99.85% (9)

at
√

s = 400 GeV. This is a small change from the tree level result of 99.88% even though

the O(αs) correction to the total cross section is 28% !

Since the top-quark pairs are produced in an unique spin configuration, and the elec-

troweak decay products of polarized top-quarks are strongly correlated to the spin axis, the

top-quark events at e+e− collider have a very distinctive topology. The predominant decay

mode of the top-quark is t → bW+, with the W+ decaying either hadronically or leptonically.

Let us first consider the single particle decay products correlations with the top-quark spin.

If χt
i is the angle between the top quark spin and the momentum of the i-th decay product

measured in the top-quark rest-frame then the differential decay rate of the top-quark is

1

ΓT

d Γ

d cos χt
i

=
1

2

[
1 + αi cos χt

i

]
, (10)

where

αe+ = αd̄ ≡ 1

αW = −αb =
m2

t − 2m2
W

m2
t + 2m2

W

≈ 0.41

αν = αu ≈ −0.31

see Jeżabek and Kühn [7]. Fig. 3 shows these single particle correlations.
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Top Decay Correlations:
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Top Decay Correlations:

note: charge leptons are more correlated than the W-bosons !!!
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see Jeżabek and Kühn [7]. Fig. 3 shows these single particle correlations.

7



Top Production at ILC: e+
Re−L → tst̄s̄

Near Threshold (γ ∼ 1)
top spins aligned along beamline.

Ultra-High Energies (γ → 1)
top spins aligned along direction of motion, helicity.
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(b) and in the top anti-quark rest-frame (c). st (st̄) is the top (anti-top) spin axis.
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UU = DD = 0 and DU ! UD
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!NR" limit. The NR limit corresponds to the situation in

which the top quark and top antiquarks are produced at rest.

So the total angular momentum JZ!2 state cannot be real-
ized and the cross section is suppressed according to the

angular momentum conservation. The factor (1"#2) in the
JZ!0 channel suppresses the cross section in the ultrarela-
tivistic !UR" limit.1 Actually one can see these behaviors in
Fig. 2.

III. OPTIMAL SPIN BASIS

In this section, we show that there is an optimal spin basis

which maximizes the spin correlations between the produced

top and top antiquarks. These spin correlations may be useful

when one wants to distinguish the standard model from some

other models.

At first we discuss optimal spin basis for the JZ!0 chan-
nel. The most familiar spin basis might be the helicity basis

which is defined by

cos $!#1. !6"

In this basis, the cross section for %R%R→t t̄ becomes very

simple and the spin correlation of the top quark pair is very

strong. So in this channel, we employ the familiar helicity

basis. Cross sections for the like-spin configurations, tR t̄ R

and tL t̄ L , are given by

d&
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!%R%R→tR t̄ R or tL t̄ L"

!y!# ,'*"$!1"#2"!1##"2, !7"

and for the unlike spin configurations in the JZ!0 channel,
are identically zero in this basis,
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where what follows tR/L( t̄ R/L) refers to the top !top anti-
quark" with spin up or down in ‘‘helicity basis with cos $
!"1.’’

In Fig. 3 we show the fraction &(ts t̄ s!)/&JZ!0 where

&JZ!0!(s ,s!&(ts t̄ s!)JZ!0. We plot the differential cross sec-

tion in Fig. 4 at !s!400 GeV. The tL t̄ L cross section is
strongly suppressed by the factor (1"#)2 compared to the
tR t̄ R as # increases. Roughly speaking, the ratio is

d&(tR t̄ R):d&(tL t̄ L)!8:1 at !s!400 GeV(#!0.48).

1The higher order corrections might change these situations

slightly, especially the behavior of the cross section for JZ!0 )20*.

FIG. 2. Total cross section for the JZ!0 channel (%R%R initial

photon" and for the JZ!2 channel (%R%L initial photon". The top
quark spins are summed over.

FIG. 3. The fraction of the spin configuration !in the helicity
basis" in the JZ!0 channel (%R%R) as a function of the speed # .
This ratio is normalized by the total spin configuration. For instance

upper solid line (RR) gives &(%R%R→tR t̄ R)/&(%R%R→total).

FIG. 4. The differential cross section for the process %R%R

→t(st) t̄ (s t̄) at !s!400 GeV. Each line corresponds to the spin

configuration t(R) t̄ (R), t(L) t̄ (L) and t(R) t̄ (L).
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!NR" limit. The NR limit corresponds to the situation in

which the top quark and top antiquarks are produced at rest.

So the total angular momentum JZ!2 state cannot be real-
ized and the cross section is suppressed according to the

angular momentum conservation. The factor (1"#2) in the
JZ!0 channel suppresses the cross section in the ultrarela-
tivistic !UR" limit.1 Actually one can see these behaviors in
Fig. 2.

III. OPTIMAL SPIN BASIS

In this section, we show that there is an optimal spin basis

which maximizes the spin correlations between the produced

top and top antiquarks. These spin correlations may be useful

when one wants to distinguish the standard model from some

other models.
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In the JZ!0 channel the forward and backward scattering
dominate the cross section because the factor y(! ,"*) be-
comes large at "*!0,# when ! goes to one. While for the

JZ!2 channel forward and backward scattering are zero be-
cause the factor sin2"* cancels the singular behavior of the
y(! ,"*) at "*!0,# . This characteristic behavior can be
seen in the differential cross sections.

Now we come to the discussion of the spin basis for the

process $R$L→t t̄ in which the initial angular momentum is

JZ!2. The cross sections in this channel with the helicity
basis are

d%

d cos "*
&$R$L→tR t̄ R and tL t̄ L'

!y&! ,"*'"!2sin2"*&1#!2'sin2"*, &9'

d%

d cos "*
&$R$L→tR t̄ L or tL t̄ R'

!y&! ,"*'"!2sin2"*&cos "*$1 '2. &10'

It is natural to choose the spin basis as the helicity basis in

the UR limit. However the top quark is so heavy that we do

not have to stick to the helicity basis. A different choice of

the spin basis will be very useful which maximizes the spin

correlations between the top and top antiquarks. In fact, it

has been known that there exists the ‘‘off-diagonal basis’’

which makes the contribution from the like spin configura-

tion vanish for the e%e#→t t̄ process (12). Here we show
that even in the process $R$L→t t̄ , we can take the off-

diagonal basis by defining the spin angle * as follows:

tan *!!1#!2tan "*. &11'

We get the following expressions in this basis:

d%

d cos "*
&$R$L→tU t̄ U and tD t̄ D'

!0, &12'

d%

d cos "*
&$R$L→tU t̄ D or tD t̄ U'

!y&! ,"*'"!2sin2"*&1&!1#!2sin2"*'2. &13'

The state tU/D( t̄ U/D) refers to the top quark &top antiquark'
with spin up or down in the ‘‘off-diagonal basis.’’ We use

this notation to distinguish the off-diagonal basis from the

helicity basis.

To see the difference between the helicity and off-

diagonal basis, we plot the fraction normalized by %JZ!2

!+s ,s!%(ts t̄ s!)JZ!2, as a function of the speed ! (Fig. 5).

Note that the following equations hold, %(tR t̄ L)JZ!2

!%(tL t̄ R)JZ!2 and %(tR t̄ R)JZ!2!%(tL t̄ L)JZ!2. So the sum

of them are plotted in Fig. 5.

In the helicity basis, all spin configurations contribute to

the cross section %JZ!2 in a broad energy region, while one

configuration tD t̄ U dominates the cross section in the off-

diagonal basis. The cross section for tU t̄ D is small when !
'1 because it is proportional to !4. At very high energies,
one particular spin configuration dominates the cross section

in both bases. Please note that the spin angle * depends on
the scattering angle "* and speed ! and the off-diagonal

basis reduces to the helicity basis in the UR limit. This is

natural because the helicity basis is relevant in the high en-

ergy process.

In Fig. 6 we show the differential cross sections for each

spin configuration at !s!400 GeV. As we have already

mentioned, the spin configuration down-up &DU' tD t̄ U domi-
nates the cross section in the off-diagonal basis in contrast

with the cross section in the helicity basis. Therefore we can

uniquely determine the spin configuration of top and top an-

tiquark to be ‘‘down-up’’ in the off-diagonal basis.

The effects of the QCD corrections might change the be-

havior of the polarized cross sections, because the gluon ra-

diation potentially brings a spin flip of the top quark. How-

ever its effect is suppressed by ,s"Eg /mt for the soft gluon,

where Eg is a gluon energy emitted from the top quark and

FIG. 5. The fraction of the spin configuration in the JZ!2 chan-

nel ($R$L) in the helicity and off-diagonal basis: RR%LL(t↑ t̄ ↑
%t↓ t̄ ↓), RL%LR(t↑ t̄ ↓%t↓ t̄ ↑) in the helicity basis: UU

%DD(t↑ t̄ ↑%t↓ t̄ ↓), UD(t↑ t̄ ↓), DU(t↓ t̄ ↑) in the off-diagonal

basis.
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Optimal spin basis in polarized photon linear colliders
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We analyze the spin correlations of the top quark pairs produced at photon linear colliders. We employ the

circular polarized photon beams and general spin basis for the top quark pair. We consider general spin bases

to find a strong spin correlation between the produced top quark and top antiquark. We show the cross sections

in these bases and discuss the characteristics of the results. #S0556-2821!98"01013-3$

PACS number!s": 14.65.Ha, 13.88.!e, 14.70.Bh

I. INTRODUCTION

We have been progressing in our understanding of nature
step by step. The CERN e!e" collider LEP and Fermilab
Tevatron experiments provided us with precision measure-
ments of the top quark mass #1,2$, W boson mass, the bound
for the Higgs boson mass, and many other electroweak pa-
rameters. With these numerous data, the standard elec-
troweak theory describes nature without any discrepancies, at
least in current experiments.
In 1994, the last fundamental quark of the ‘‘standard

model,’’ the top was discovered at the Fermilab Tevatron.
The discovery of this very heavy fundamental particle is re-
markable, and has brought us some good chances to probe
the electroweak symmetry breaking mechanism. The top
quark sector is not yet well established and many authors are
discussing related problems. For instance, T or CP violation
in the top quark sector and the possibility of the presence of
anomalous couplings have been discussed in many papers
#3$. A very heavy top quark arouses our interest in trying to
understand nature deeply and we expect to investigate the
top quark sector of the standard model at the Next Linear
Collider !NLC" #4,5$ in the near future. Top quark physics at
the NLC is attractive and will give us some new information
to understand the standard model and clues to physics be-
yond the standard model.
On the other hand, photon linear colliders #6$ may be the

best alternatives to electron positron colliders. Physics op-
portunities in photon linear colliders are as rich as those in
the e!e" colliders and furthermore we have a unique oppor-
tunity in the case of the photon linear colliders: namely, we
can control the initial photon polarization by the inverse
Compton scattering of the polarized laser by the electron or
positron beams at the NLC. Handling the polarized photon
beams, we have the total angular momentum JZ#0,2, . . .
states in the s channel. Using these polarized high energy
photon beams, we will have attractive channels for Higgs
particle production #6$, top quark pair production #7$, and
other interesting processes.
It was discussed in the papers #8–10$ that the spin of the

top quark can be determined from the angular distribution of

the electroweak decay products of the top quark. There are
many studies #10–12$ for the angular and spin correlations of
the top quark at e!e" and hadron colliders. It is interesting
to investigate the spin correlations of the top quark pairs at
the photon linear colliders. We discuss in this paper the top
quark pair production at photon linear colliders with the cir-
cular polarized photon beams and the general spin basis for
the top and top antiquarks. Here we only consider cross sec-
tions above the threshold.
This paper is organized as follows. In Sec. II we explain

our notation and convention to calculate the cross section.
We show the cross section of the top quark pair production
from the initially polarized two photon beams. In Sec. III we
show that there is a useful spin basis to investigate the spin
correlations of the top quark pairs at photon linear colliders,
which was first discussed by Mahlon and Parke #10$ at had-
ron colliders and was extended by Parke and Shadmi #12$ to
the e!e" annihilation process.
Because of the large mass of the top quark, it decays

through the electroweak process before the QCD hadroniza-
tion effects come in #13$. So the decay products are the mes-
sengers of the top spin. In that sense, decay products are
sometimes referred to as the spin analyzer of the top quark.
We briefly review this point in Sec. IV. Section V is devoted
to the summary. Some similarities between the gluon-gluon
fusion and the photon-photon fusion into the top quark pair
are also mentioned. Some formulas needed in the calculation
with the spinor helicity basis are collected in Appendix A.

II. PRODUCTION OF POLARIZED TOP

We present the cross section for the polarized top quark
pair production from the circular polarized two photons

(%R ,L ,%R ,L→t↑ ,↓ t̄ ↑ ,↓) in the center-of-mass !c.m." frame at
tree level in the perturbation theory #Fig. 1!a"$. The suffix
↑/↓ denotes the spin up or down for the top and top anti-
quarks and the state %R /%L refers to the right-handed/left-
handed photon.
At the NLC, we have high energy polarized photon beams

which will be produced by inverse Compton scattering. By
adjusting the laser beam polarization, we can get highly po-
larized photon beams #4$. The linear polarized beams will be
also available but in this paper we discuss only the case of
circular polarized beams to get clear information on the top
quark spin.
Since we do not discuss the T-violating interaction in the

*Electronic address: michi@jigen.phys.sci.hiroshima-u.ac.jp
†Electronic address: kiyo@theo.phys.sci.hiroshima-u.ac.jp
‡Electronic address: nasuno@theo.phys.sci.hiroshima-u.ac.jp

PHYSICAL REVIEW D, VOLUME 58, 014005

0556-2821/98/58!1"/014005!8"/$15.00 © 1998 The American Physical Society58 014005-1

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

LHC !!!

– Typeset by FoilTEX – 4

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

⇒ LHC !!!

– Typeset by FoilTEX – 4

Jz = 0 Jz = 2

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

⇒ LHC !!!

– Typeset by FoilTEX – 4

Jz = 0 Jz = 2

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

⇒ LHC !!!

– Typeset by FoilTEX – 4

Jz = 0 Jz = 2 RR DU

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

⇒ LHC !!!

– Typeset by FoilTEX – 4

Jz = 0 Jz = 2 RR DU

Now since dσ(gg → tt̄) = Y(β, θ∗) dσ(γγ → tt̄)

⇒ LHC !!!

– Typeset by FoilTEX – 4



R

R

R

L

L

Spin

Massive Particle

at Rest

P 2
= M2, P · S = 0 and S2

= −1

right massless left massless

Fermion Masses:

electron positron
Left Chiral eL ēR SU(2)×U(1)
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