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Effective-field-theory approach to top-quark production and decay
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We discuss new physics in top-quark interactions, using an effective-field-theory approach. We consider
top-quark decay, single top production, and top-quark pair production. We identify 15 dimension-six
operators that contribute to these processes, and we compute the deviation from the standard model
induced by these operators. The results provide a systematic way of searching for (or obtaining bounds on)

physics beyond the standard model.
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L. INTRODUCTION

The standard model (SM) of the strong and electroweak
interactions has been very successful phenomenologically.
However, there are reasons to believe that the SM is not a
complete description of nature. It contains many arbitrary
parameters with no connections and provides no explana-
tion for the symmetry-breaking mechanism that gives rise
to the masses of gauge bosons and fermions. In addition,
the existence of dark matter and dark energy are not
accommodated by the SM. It also provides no explanation
of the strong CP problem. Consequently, there could be
further particles and interactions as one probes higher
energy scales. These energy scales could be the Planck
scale or an intermediate scale A.

A complete description of any new physics beyond the
SM requires a fundamental theory. There are many models
proposed for new physics. For example, the new particles
could be those of supersymmetric theories or fermions that
transform under different representations of the SM gauge
group. The new interactions may also originate from quark
substructure or preon exchange. Because of the diversity of
these models, it is useful to introduce a model-independent
approach.

If the physics beyond the SM lies at an energy scale A
less than 1 TeV, then we should be able to observe it
directly at high-energy colliders. If it lies at a scale much
greater than 1 TeV, then we can parametrize its effects via
higher-dimension operators, suppressed by inverse powers
of the scale A. If the new physics is too heavy to appear
directly in low energy processes, then we can integrate it
out from the Lagrangian. In this way, the effective
Lagrangian is

1
Leff = LO + _Ll +

L CEC R

i D

where L is the SM Lagrangian of dimension four, L is the
new interaction of dimension five, L, is of dimension six,
etc. The procedure is quite general and independent of the
new interactions at scale A. The only constraint is that all
L; are SU(3)¢ X SU(2); X U(1)y invariant.
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At dimension five, the only operator allowed by gauge
invariance is [1]

Lt = CX”(UTE@C((;;TEU) + He, @)

where L' is the lepton doublet field of the ith generation
and ¢ is the Higgs doublet field. When the Higgs doublet
acquires a vacuum expectation value, this term gives rise to
a Majorana mass for neutrinos. Because of the tiny neu-
trino masses, the scale A is probably around 10> GeV. In
contrast to this unique dimension-five operator, there are
many independent dimension-six operators [2,3].

Because the top-quark is heavy relative to all the other
observed SM fermions, we expect that the new physics at
higher energy scales may reveal itself at lower energies
through the effective interactions of the top-quark, and
deviations with respect to the SM predictions might be
detectable. In this paper we will study the effect of these
dimension-six operators on top-quark interactions at
hadron colliders. We focus on three different processes:
top-quark decay, single top production, and top pair pro-
duction. If no deviation is observed experimentally, then
one can place bounds on the coefficients of the dimension-
six operators. The effects of nonstandard interactions on
top-quark physics at linear colliders and photon colliders
can be found in Refs. [4-7].

We choose the effective Lagrangian to realize the weak
symmetry linearly, as the precision electroweak data favors
a light Higgs boson. The situation where the weak sym-
metry is realized nonlinearly is studied in Refs. [§—12]. We
will use the operator set introduced by Buchmuller and
Wyler [3]. In their paper they categorize all possible gauge-
invariant dimension-six operators, and use the equations of
motion (EOM) to simplify them into 80 independent op-
erators (for one generation). Subsequently, it was found
that several of these operators are actually not independent
[13-15]. We focus on the operators that have an influence
on the top-quark.

We expect the leading modification to SM processes at
order # In this paper we do not consider higher order

contributions. We expect the scale A to be large (at

least larger than the scale we can probe directly), so %

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.83.034006

CEN ZHANG AND SCOTT WILLENBROCK

contributions would be small compared to the uncertainty
on top-quark measurements. Thus, we ignore all
dimension-eight (and higher) operators, as well as effects
involving two dimension-six operators.

For any physical observable, the ﬁ contribution comes
from the interference between dimension-six operators and
the SM Lagrangian. This contribution might be suppressed
for a variety reasons. For example, since all quark and
lepton masses are negligible compared to the top-quark
mass, a new interaction that involves a right-handed quark
or lepton (except for the top-quark) has a very small
interference with the SM charged-current weak interac-
tions, which only involve left-handed fermions. It turns
out that although there are a large number of dimension-six
operators, only a few of them have significant effects at
order ﬁ We list these operators in Tables I and II.

In Table I, only one of the four-quark operators, O(ql,f) =

7'y, /) (Gy*7'q), is listed explicitly. Here the super-
scripts i, j denote the first two quark generations, while ¢
without superscript denotes the third generation. In single
top production, this is the only (independent) four-quark
operator that contributes. However, there are many other
four-quark operators with different isospin and color struc-
tures [2,3]. In the top pair production process gg — tf,

TABLE 1.
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seven such operators contribute. The details are discussed
in Sec. IV.

In Table II, the CP-odd operators are listed. These inter-
actions interfere with the SM only if the spin of the top-
quark is taken into account. The reason is that the SM
conserves CP to a good approximation (the only CP viola-
tion is in the CKM matrix), and the inteference between a
CP-odd operator and a CP-even operator is a CP violation
effect. It was shown in Ref. [16] that, in the absence of final-
state interactions, any CP violation observable can assume
nonzero value only if it is 7y-odd, where Ty is the “naive”
time reversal, which means to apply time reversal without
interchanging the initial and final states. Thus an observable
is Ty-odd if it is proportional to a term of the form
€,1pcV*V"VPV7. If we do not consider the top-quark
spin, v must be the momentum of the particles, and such a
term will not be present because the reactions we consider
here involve at most three independent momenta.
Therefore, top polarimetry is essential for the study of CP
violation. Since the top-quark rapidly undergoes two-body
weak decay + — Wb with a time much shorter than the time
scale necessary to depolarize the spin, information on the
top spin can be obtained from its decay products. CP
violation will be discussed in Sec. V.

CP-even operators that have effects on top-quark processes at order 1/A?. Here g is

the left-handed quark doublet, while 7 is the right-handed top-quark. The field ¢ ((ﬁ = €p”) is
the Higgs boson doublet. D, = 9, — ig, A" Gy — igi7'W! — ig'YB,, is the covariant de-

2

rivative. W!,, =, W, — 0, W! + ge;;x W/, WK is the W boson field strength, and G4, =
3,Gy — 0,G4 + g, f*CGEGS is the gluon field strength. Because of the Hermiticity of the
Lagrangian, the coefficients of these operators are real, except for O,y and O,5. The operator

o®

g With an imaginary coefficient can be removed using the EOM.

Operator

Process

0% =i(¢*7'D,d) gy 7'q)

O = (Go+'7! t)q’;WL,, (with real coefficient)

0% = @y, d)ay"'q)

Og = (qg’“’)‘At)q;Gﬁ,, (with real coefficient)

Og = fABcGﬁVGpr/CJ”
Oy = 5(¢" )G, G

7 four-quark operators

Top decay, single top
Top decay, single top
Single top
Single top, qq, gg — tf
gg— 1t
gg— 1t
qq — 1t

TABLE II.

CP-odd operators that have effects on top-quark processes at order 1 /A
Notations are the same as in Table I, and G wr =

a
€u1ps G’

Operator

Process

O = (go*"7't)pW!,, (with imaginary coefficient)

0,6 = (Go*" M 1) ¢G4, (with imaginary coefficient)

O¢g = fABcGﬁVGEPGgM

045 = 1(¢* $)GL, G

Top decay, single top
Single top, qg, gg — tt
gg — 1t
gg— 1t
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There is an argument that can be used to neglect some of
the new operators [17]. Some new operators can be gen-
erated at tree level from an underlying gauge theory, while
others must be generated at loop order. In general the loop
generated operators are suppressed by a factor of 1/167°.
However, the underlying theory may not be a weakly
coupled gauge theory, or the loop diagrams could be
enhanced due to the index of a fermion in a large repre-
sentation. Furthermore, the underlying theory may not be a
gauge theory at all. Fortunately, the effective-field-theory
approach does not depend on the underlying theory. We
will consider all dimension-six operators, without making
any assumptions about the nature of the underlying theory.

We do not make any assumptions about the flavor struc-
ture of the dimension-six operators, although we do not
consider any flavor-changing neutral currents in this paper.
The charged-current weak interaction of the top-quark is
proportional to V,;,, so the SM rate for top decay and single
top production is proportional to V2. We write all
dimension-six operators in terms of mass-eigenstate fields,
so no diagonalization of the new interactions is necessary.
Hence, in charged-current weak interactions, the interfer-
ence between the SM amplitude and the new interaction is
proportional to V,,C;, where C; is the (real) coefficient of
the dimension-six Hermitian operator O; (also recall that
V., itself is purely real in the standard parametrization
[18]). If the operator is not Hermitian, the coefficient C;
is complex; CP-conserving processes are proportional to
V., ReC;, while CP-violating processes are instead propor-
tional to V,;, ImC;.

Deviations of top-quark processes from SM predictions
have often been discussed using a vertex-function ap-
proach, where the Wtb vertex is parametrized in terms of
four unknown form factors [19]. Given our precision
knowledge of the electroweak interaction, this approach
is too crude. The effective-field-theory approach is well
motivated: it takes into consideration the unbroken
SUB)¢ X SUQ2), X U(1)y gauge symmetry, it includes
contact interactions as well as vertex corrections, it is valid
for both on-shell and off-shell quarks, and it can be used for
loop processes [20]. None of these virtues are shared by the
vertex-function approach [21].

II. TOP-QUARK DECAY

When the fermion masses (except for the top-quark) are
ignored, there are only two independent dimension-six
operators in [3] that contribute to top-quark decay at lead-
ing order":

05 = i(¢* 7D, ¢)Gy*q), (3)

Oy = (Go*" ')W1, 4)

'The operator Op, = (qDMt)Df‘tj; listed in Ref. [3] can be
removed using the EOM [14].
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The operators OS()] and O,y modify the SM Wtb interac-

tion. Upon symmetry breaking, they generate the following
terms in the Lagrangian:

CS) gv?
Leff == A—Zq fb'y’u'PLtW; + H.C., (5)
Lt = 2% vboarp g W- + H 6
eff = A2 vbo" Lrtd, W, .C., (6)

where v = 246 GeV is the vacuum expectation value of ¢.
The operator Og’; simply leads to a rescaling of the SM

c® 2 .
Wtb vertex by a factor of (1 + A‘;—‘i/vb), so it does not affect
1

any distributions, and is therefore impossible to detect in
angular distributions of top-quark decays. The vertex-
function approach to top-quark decay is pursued in
Refs. [22,23].

These operators interfere with the SM amplitude, as is
shown in Fig. 1. We can compute their correction to the SM
amplitude. The t — be™ v squared amplitude is

3)
Ly ipp = Yag'un = w | CogVie” gtutm? — u)
2 2(s — m¥)? A? (s — m,)?
N 42ReC,yyVypmmy — g2su o
A? (s — m¥)?>’

where C; is the coefficient of operator O;, and s, f, u are
generalizations of the usual Mandelstam variables [s =
(i = Po) 1= (p, = p)% u = (p, = po+)*1. €3 is real,

Using the narrow width approximation for the W boson,
the differential decay rate is

3) 2
dl = <V2 2C¢qV’hv ) g4 (m2 —m2 )2
dcosf b A? 4096 mimy Ly, Y
X [m? + m3, + (m? —m%,)cosf](1 — cosh)
ReCyy Vi 8? 2.2 212
my,(m; —m 1 —cosé).
12827 A2mTy w e = i) )
(®)
t Vv t v
+
1,3
Opy Oy
b et b et
(a) (b)
FIG. 1. The Feynman diagrams for t — be™ v. (a) is the SM

amplitude; (b) represents the vertex correction induced by the
operator 022()1 and O,y.
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Here 6 is the angle between the momenta of top-quark and
the neutrino in the W rest frame, and I'y, is the width of the
W boson. In the SM, at tree level 'y, is given by

I'y =—my. 9

W 1w )]
The angular dependence is shown in Fig. 2. The curves

are normalized to have equal areas. The contribution from

0% is the same as the SM contribution, because 0$;

simply rescales the SM Wtb vertex. It therefore does not
affect angular distributions. The angular dependence of the
contribution from O,y is not dramatically different from
the SM.

The partial width is given by

2C$’2va2>g4(m? — 3mbym? + 2mfy)
A? 30727 yymimy,
g (o — i)
6422 AT ym?

I'= (V,Zb +

+ ReCtW th

(10)

Both dimension-six operators affect the partial width. The
total width is given by the above expression times a factor
of 9. Unfortunately, it is not known how to measure the
partial or total widths in a hadron collider environment.

We also consider the energy dependence of the leptons
in the top-quark rest frame. The SM computation can be
found in [24,25]. The correction from dimension-six
operators at leading order is

(v 26y, thvz)g4Ee+ (m,~2E,)

dE,- \'™ A2 12872 my Ty
n ReCZWthgzm%V(mt —2E,+)
168272 ATy,
(3) 2
dar (v + 2C4,q Vipv
dE, b A?
« g (—4E2m? + 2E,(m} + 2m%,m,) — m3,(m? + m%,))
256 mZmy Ty,
+ReC,WV,bg2m%V(2Eth - m%v) 11
165272 A2m, Iy '

where m2,/2m, < E,+, E,, < m,/2 are the energies of the
electron and neutrino, respectively. We do not list the
energy dependence of the bottom quark, because the nar-
row width approximation for the W boson is used and the
energy of the bottom quark is given by E, = (m? —
m%,)/2m,. These results are shown in Figs. 3 and 4.
Again the curves are normalized so that the areas are the
same. Compared to Fig. 2, the two curves are more distinct,
which implies the effect of O would be more apparent in
the energy distribution of the leptons.

The angular distribution and the energy distribution are
not independent. The energy of the leptons are fixed in
the W rest frame. Therefore, their energy in the top-quark

PHYSICAL REVIEW D 83, 034006 (2011)

dI'/dcosO

0 /2 L8

FIG. 2. The differential decay rate induced by different opera-
tors. The curves are normalized so that the area is the same.

dI'/dE

20 40 60 80
E (GeV)

FIG. 3. The energy dependence of the electron.

rest frame is given by a boost, which only depends on the
angle 6:

E, = 3(E + |q| cost), (12)

o+ = 3(E — gl cos0), (13)

where E = (m? + m3,)/2m, and |q| = (m? — m},)/2m,
are the energy and momentum of the W boson in the top-
quark rest frame. Furthermore, both the angular distribu-
tion and energy distribution can be expressed using the W
helicity fractions [22]:

1 dI' 3
- ==(1+ ’F
I' dcosb 8( cos0)"Fg
3 3
+ g(l — cosh)’F; + ZsinZGFO, (14)
and
1 dI 1
= = 3(E,+ — Epin)*F
r dEfr (Emax - Emin)3( ( ‘ mm) K
+ 3(Emax - Ee*)zFL
+ 6(Emax - Ee+)(Ee+ - Emin)FO), (15)
where E. = m,/2 and E;, = m¥,/2m,, F; = T;/T are

the W boson helicity fractions, corresponding to positive
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——SMand O -~
oq P
T OtW e
> s
E .
L‘ . 7z
o ¥
f‘/ N N N
20 40 60 80
E (GeV)

FIG. 4. The energy dependence of the neutrino.

(R), negative (L), or zero (0) helicity. The helicity fraction
is affected by the operator O,y :

PHYSICAL REVIEW D 83, 034006 (2011)

These equations make manifest the earlier observation that
the operator 0%, which simply rescales the SM vertex,
cannot affect any distributions. Thus top-quark decay is
sensitive only to the operator Oy, and can be used to
measure (or bound) its coefficient.

Finally, we investigate the polarized differential decay
rate. In the rest frame of the top-quark, the angular distri-
bution of any top-quark decay product is given by [24,25]

1 dI' 1+ a;cosb;
T dcosb; 2 ’

7)

where 6; = 6,, 0, 0,+ is the angle between the spin axis
of the top-quark and the momentum of the bottom quark,
neutrino or positron. The “analyzing power” «; measures
the degree to which the direction of the decay product i is
correlated with the top spin. If dimension-six operators are
added, the relation still holds, but the coefficient «; will be
affected by the new operators. Since OS; is just a rescaling
of the SM interaction, the only correction is from O,y . This
could be an independent way to determine the coefficient
ReC,y. At leading order, the correction is given by

5

Fy— m?  42ReCyv? mmy(m? — m},)
m? + 2m3, A2V, (m? + 2m3,)?
F, = 2m?, 42ReCyyv? mmy(m? — mi,)
m? + 2m3, AV, (m? +2m3)*
Fr=0. (16)
J
~ m?—2m3,  ReCyv? 832m,my (m? — m3,)
= m? +2m3, A%V, (m? +2m%)*
_mY — 12mim3, + 3m?Im}, (3 + 81n(m,/my)) + 2m$,
“v m® — 3mZmj, + 2m$,
ReCyv? 1242m,my (m® — 6mim?, + 3m?md,(1 + 41n(m,/my)) + 2m$,)
AT, (m? + 2m3, P (m? — mr3,)?
a, = 1.

The same equations hold for hadronic top decay, with
a, = a,, aj = a,+. The coefficient a,+ is not affected
by dimension-six operators. This is consistent with the
results in Ref. [26].

The measurement of these coefficients requires a source
of polarized top quarks. This is addressed in the next
section.

III. SINGLE TOP PRODUCTION

Single top quarks are produced through the electroweak
interaction. There are three separate processes: s-channel
[27], t-channel [28-30], and W¢ production [31]. An
effective-field-theory approach to the s- and ¢-channel
processes was advocated in Ref. [32]. We update that
analysis by including an additional operator, which was
neglected in that study because it is loop-suppressed if the
underlying theory is a gauge theory. We also perform an
effective-field-theory analysis of the Wr process. The
vertex-function approach to single-top production is
pursued in Refs. [33-35].

(18)

Single top production contains four distinct channels:
the s-channel process ud — tb, the t-channel processes
ub — dt and db — iit, and the Wt associated production
channel gb — Wt. We first consider the s and ¢ channels.
The following operators contribute [32]:

04 = i(¢p* 7D, )Gy T'q), (19)
Ow = (QO'#VTII)Q’;W'{W, (20)
04" = @'y, 7' a) @y ' q). @1)

For the four-quark operator 051143), the superscripts i, j

denote the first two quark generations. Another four-quark
operator that could contribute is (7'y,q)(Gy*q’).
However, using the Fierz identity, this can be turned into
a linear combination of 051143) and some other four-quark
operators with different isospin and color structures which
do not contribute to this process. Four-quark operators are
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neglected in the vertex-function approach to the Witb
vertex.

The Feynman diagrams are shown in Fig. 5. Since the
operator O, will be measured (or bounded) from studies
of top-quark decay, the s- and 7-channel production of
single top quarks can be used to measure (or bound) the
operators OSE] and 05114‘3).

Now we turn to consider the gb — Wt process. The
contributing operators are

05 = i(¢*7'D, ) gy q), (22)
Ow = (Go*' ') oW, (23)
0,6 = (Go*" A1) G, (24)

u t u

PHYSICAL REVIEW D 83, 034006 (2011)

Again, the first two operators Og’()] and O,y will affect the

Wtb coupling. The ‘““chromomagnetic moment” operator
O,; modifies the gtt coupling:

I o ReC,G
eff — \/— P
2A

This interaction is neglected in the vertex-function ap-
proach to the Wtb vertex.

The Feynman diagrams are shown in Fig. 6. Since the
operators Og’; and O,y will be measured (or bounded)
from single top production and top-quark decay, respec-
tively, the Wt associated production process can be used to
measure (or bound) the operator O,;, which is also present
in tf production (see Sec. IV).

Here we list all the corrections to the SM amplitudes and
cross sections. The squared amplitude of the three channels
are s-channel:

v(foH AA)GA,,. (25)

(3) 1.3
>W\/\< + M,OIW N oy
d b d b d b

(@) (b) (©)
u d u d u d
(1.3)
+ + Oyq
Oy Oy
b t b t d t
(d) (e) (®

FIG. 5. Feynman diagrams for the s- and 7-channel single top production. (a—c) are the s-channel diagrams, while (d—f) are the
t-channel diagrams. (a,d) are the SM amplitude, (b,e) are the correction from Og’; and O,y , and (c,f) are the four-fermion interaction

from 05,1(;3). The diagrams for the z-channel process db — it can be obtained by interchanging u and d quarks in (d—f).

g t g t
t
b w b w

(3) +
Opq - O b

4 t g t 4 ;
t
lé
b w b w b w

(©) (d)

(3)
Opg - Ow  + !

(e)

FIG. 6. The Feynman diagrams for Wt associated production process. (a,b) are the SM amplitude. (c,d) are corrections due to the

operator 02:31 and O,y. (e) is a modification on the g1t vertex.
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2C$2Vzbv2) gulu — m?)
A? 4(s — m?,)?
_ 2\2ReCpyVymmy  gsu
A? (s — m3)?
20y gt D

2 2
A s — my,

1
ZE|Mua—.tb’|2 = (szb +

(26)

t-channel:

(3) 2
1 20DV 02N ho(c — 2
7 3 WMupa? = <V12b AL )g s(s — m?)

A? 4(t — m3,)?
232ReCoy Vpm,my

_ e
" zc(qlq'S)th g2s(s — m7
A? t—my

g2st
(t — m¥)?

(27)

g
N
24m3,s(t —

2C§j>qv,bu2>

1
og Sl = (Vi + =20

— 2(s* — st + 2t9)m3, + 2tmf, — 4mS,)m?

2ReCtWthg%mth
3v2A2%s(r — m?)?

+ 1(s? — 25t — 312 + 6(s + H)m3, — 6my,)) +

As before, C, is the coefficient of operator O; and s, ¢, u are
the usual Mandelstam variables. We have set V,;, = 1 for
simplicity. The differential cross sections are as follows:
(3)
2C¢thb”2) gt(s —m?)?

Vi, +
( i A? 5127s2(s — m3,)?
X (1 4 cosf)(s + m? + (s — m?) cosf)

do g _
dcosé

g’ mmy(s — m?)?
16127 A2s(s — m3,)?

g (s —m?)?

+ RCCZW th

(1 + cosf)

1,3
+ Cai’Viy

8
ms —
m?)? (s

PHYSICAL REVIEW D 83, 034006 (2011)

3) 2
LIl = (V3 2Cy,Viov )gwu —m?)
4 db—iit th A2 4([ _ m%V)2
_ 2\2ReCpyVymmy — glut
A? (t —m3)?
(P Pua =) o
A? t—miy
Wt associated production:
(2s + )ym8 + ((s + 1)? = 2tm%, — 2m3,)m} — (¢(s + 1)?
—2tm3,(s2 + 12 = 2(s + )m3, + 2m3,))
(3m¢ — (25 + 3t + 6m¥)m;} — (s* + 2st — 31> — 6my,)m?
ReC, V3 g*gmuv ,
(m? + 2s — 1). (29)

3v2A2(m? — 1)

with 6 the angle between up quark and top-quark momenta
in the center of mass frame:

(3)
AT i _ (Vz i M)
d cosf th A2
gHs — m7)?

32mws(2my, + (s — m?)(1 — cos6))?
gZmmy (s — m?)*(1 — cosh)
42w A2 s(2m3, + (s — m2)(1 — cosh))?

g2 (s — m})?

+ ReCthtb

-V, . 31
64mA2s (s — m?,) 9. b 8mA2s(2mi, + (s — m?)(1 — cosh)) D
X (1 + cosf)(s + m? + (s — m?) cosf)  (30)
|
Ao gy (V2 N ZCEZ()]thvz) g*(s — m?)*(1 + cosb)(s + m? + (s — m?) cos)
d cosf b A2 1287A%s2(2m3, + (s — m?)(1 — cosf))?
CReCV g>m,my/ (s — m?)3sin’6
W A2 (2m, + (s — m2)(1 — cosh))?
3 Cé'q’”V,b g%(s — m?)*(1 + cos@)(s + m? + (s — m?) cosf) 32)

327w A% (2m3,

+ (s — m?)(1 — cosb))

034006-7
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with 6 the angle between bottom quark and top-quark
momenta in the center of mass frame:

((m? +10m3,)s + (3m} + 19m?m3}, — 22ms,) s>

do gy, _ ( , 2C$3]Vzbvz) g giA'?
dcosf b A? 15367s>m, (s +m? —m3, — A'/?cosh)?
— (9mC + 8mtm3, + Smimt, —22m$,)s + 5(m? — m3,)3 (m? +2m3,) — (m? +2m3,) A3/ >cos0
+((6m3, —m?)s — m} — mim3, + 2my,) Acos® 8 — ((14m3, — m?)s* — 2(m} — Tmim3, +6mi,)s
g%mth)‘l/z (553
9627 A253 (s + m? — m3, — A2 cosh)>
+ (19m} + 10m?m3, — 29m,)s — 15(m? —m3,)? +313/2cos30 — (55 — 3m? + 3m3,) Acos?0

2

+3(m8 —3m?mi, +2m$,)) A2 cosf) —ReC,y V,y, —9(m? —m3,)s?

v g2 g,um AY2(m? —m3, + 55 — A1/?cosh)

— (352 —10(m? — m2,)s — 9(m? — m%,)?)A'/2cos@) + ReC
( (i =iy )s =y = my)") ) O 962 A2s2 (2 — m2, + s — A2 cosh)

(33)

with 6 the angle between gluon and toli—qgark m4omen2a in e 2C$2 V02 g4 (s —m?)?
the center of mass frame, and A = s~ + m; + my, — Tupoar =\ Vi + e P 5 5
2sm? — 2sm¥, — 2m?m3,. The angular dependence at mAZsmiy (s —mi + myy)

/s = 2m, (recall that the kinematic threshold is /s = g2mymy (s —m? — (s — m? + 2, )lnS*m?;m%/)
m,) is shown in Figs. 7-10 (areas are normalized). —ReC,yVy il
The total cross sections are 42 N2s(s — m? + m3,)
20Ny Smitmd
B 205 Vi v2\ g4(s — m2)*(2s + m?) (), & (8 mp)In—=
Tui—is =\ Vi A2 3847 AZs2(s — m%}v)z —Coi Vi 87 AZs ) (35)
2 2)2
g mmy(s — m;)
+ ReC,yV,
W 82w A%s(s — m,)?
2(s — m2)*(2s + m?
+ C(1,3)V 8 ! £ 34
M4 NS (s — md) ©4)
J
2 2
zcg()lvlblﬂ g*((s + 2m3))(s — m?) — m3,(2s + 2m3, — m?) lnﬁ";‘:%v i)
ot = (th " A? ) 64msim?,
\) m2 7m2
e V‘f%mM®+2m%—m3miﬁ§4—2U—m%
—Re
tWVYth 4\/§7TA2S2
\) mz _mz
) g22(s + m3, — m2)(s + m3,) I o~ (s — m?)(3s + 2m3, — m?))
—Lq9 Vi 167 A2s2 , (36)

G) 2
5 2C¢qV,bU ) gzg?

& gt = (v,,, e (—((3m3 —2m)s + Tm? — w2 + 2md ) AV

+ m? — m?, + A2

+ 2(m? + 2m? sz+2m2—mzs+2m2—m221n(s ! W ))
(o 2m3 )57 20mF = )+ 20mf = ) (e
gsmmy 2 2 1/2 2 2 2 2 2)2

_ ReCtWV,bm<(s + 2002 — M)AV + 2(s? — 6(m2 — m)s — 6(m> — m3)?)

T2 — m2 + A2 2 o2 — 2+ A2
Xln(s T My ))+Rec,Gv2 &8sV (2sln<s i T My )+/\1/2>. (37)

s+ m?— m%v — A2 ib 242 \252 s+ m?— m%v — A2
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— M, 0 and 0¥
oq qq

T -OtW

do/dcosO

FIG. 7. The s-channel differential cross section at /s = 2m,.

—SM and O
oq

- -OtW

0\ | (13)

S qu

3

S

o

0 /2 T

FIG. 8. The t-channel (ub — dr) differential cross section at

Js = 2m,.

do/dcoso

FIG. 9. The t-channel (db — af) differential cross section at

Js =2m,.

The operators Og; and O(ql,f) will be measured (or

bounded) by single top production. Because they enter
with the opposite relative sign in s- and #- channel produc-
tion [see Egs. (30) and (31)], it will be valuable to measure
these two processes separately.

The operator O,y also has an effect on the produced top-
quark spin. In the SM s- and #-channel single top produc-
tion, the top-quark is always polarized in the direction of d
or d three-momentum in the top rest frame [36]. When O,
is present, the top-quark spin devitates from its original

PHYSICAL REVIEW D 83, 034006 (2011)

R —SM and 0%
N oq

o -OtW

do/dcos6

.o

FIG. 10. The gb — Wt channel differential cross section at

Js =2m,.

direction, but is still in the production plane. For example,
in the s-channel process, the top spin deviates away from
the three-momentum of the 5, with an angle (in the top rest
frame)

2202 Js s — m?) sinf
e (38)

60 = ReC ,
¢ my s+ m? + (s — m?) cosf

where 6 is the scattering angle in the W rest frame.
Similarly, in the ¢-channel process bd — tii, the top spin
deviates toward the three-momentum of i, with the same
angle. In the t-channel process bu — td, the top spin
deviates toward the three-momentum of the incoming b
quark, with an angle

2 2
V2v? 5 sinf.

m

w

In Eq. (18) we reported the effect of the operator O, on
the analyzing power of top decay. Let § be the unit vector in
the top-quark spin direction and p; be the unit vector in the
direction of the three-momentum of the decay product i in
the top rest frame, so we have

a; =36 Py (40)

In practice, we can use the s- and f-channel single top
production as a source of polarized top-quark. To measure
the analyzing power, we can replace § with p, 7, the unit
vector in the direction of three-momentum of d or d,
depending on the production channel:

a; =3Pz Do) (41)

In single top production the top-quark spin is affected by
Oy, so § and P, ; are not exactly aligned. However, the
direction in which the top-quark spin deviates from the
three-momentum of d or d is independent of the p;, i.e.

((Pgg —8) P =0. 42)

Therefore Eq. (41) still holds. In other words, the effect of
O, on the production vertex does not affect the measure-
ment of the analyzing power.
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IV. TOP PAIR PRODUCTION

The effect of higher-dimension operators on top-quark
pair production is studied in [37-39]. In Ref. [37], two
dimension-six operators, the chromomagnetic moment op-
erator, O, and the triple gluon field strength operator, Oy,
are considered:

0,6 = (Go*" M) ¢G4, (43)
Og = fABCG?LVGIVngSM' (44)

It is shown that O, will generate observable cross section
deviations from QCD at the LHC even for relatively small
values of its coefficient.

Here we redo the leading order calculation, and also take
into account the operator O 4:

Oy = 3" P)G4,GAH, (45)

o
S

0g
il

+
0g

(a) (b)

oq
-~
OS]

O

oq
|
]

(d)

Oy
()

|
oq

@ (k)

FIG. 11.

;§<
(e)
g rog t g t
3%<
(h)

PHYSICAL REVIEW D 83, 034006 (2011)

which is a Higgs-gluon interaction. Its effect on the Higgs
production rate and branching ratios has been discussed in
[40]. We include this operator because it contributes to top
pair production through gg — h — 17,

1 Cy

E ?UthLVGA‘U“V, (46)

Loy =

which could be significant because the top-quark has a
large Yukawa coupling.

Top-quark pair production proceeds at the tree level
through the parton reactions gg — t7 and gg — t7. We first
consider the gluon channel. The Feynman diagrams are
shown in Fig. 11. The operator O,; changes the SM gt
coupling, and also generates a new ggtt interaction. Og
affects the three-point gluon vertex in QCD. O 4 generates
a new diagram with an s-channel Higgs boson.

The squared amplitude is

t g 1

ZZ}< | |

il
og
|

(c)

+ O¢  +

|
53]
|

®

O

®

il

The Feynman diagrams for gg — 7 process. Diagram (a—c) are the SM amplitude. (d-h) are the gt vertex correction

induced by O,. (i) is the g vertex correction induced by Og. (j) is a ggtt interaction from O,;, and (k) is a gg — h — tt process,

induced by O 4.
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e 38 =0 —w) gl m(s — 4m?)

PHYSICAL REVIEW D 83, 034006 (2011)

gt —m*QGt+u) —m* gt tu—m(t + 3u) — m*

M o5
256I | 4 52 24 (m? — t)(m* — u)

3¢yt —2mPt+m* 3¢ tu—2mPu + m?

6 (m?* — 1)? 6 (m?* — u)?
V2ReC,zg3vm 4s* — 9tu — 9m%s + 9m*

8 s(m? — 1) 8 s(m?® — u) 3A2 (m? — ) (m? — u)
9Cgg; m*(t—u)y? Cypcgim* s2(s — 4m?) 47)
8A2 (m? — t)(m?* — u) 8A2 (s —m)(t — m*)(u—m?)’
where m is the mass of the top-quark and m,, is the mass of the Higgs boson.
The differential and total cross sections are
o _ 8P (7(1 +2B* —2B*) — B*(5 — 32B% + 18*)cos?0
dcosf®  1536ms(1 — B*cos?6)?
SuBV1 — B2(7 + 9B%cos?0
(258 — 18%)c0s*0 — 985cos°0) + ReC,, S VPV~ BT+ 9B7cos"0)
96272 /5(1 — B2cos?6)
9¢38°(1 — B*)cos*d gsp(l — B?)
+Cg 2 2002g) -~ 9G 2 2 20020’ (48)
256 A*(1 — B%cos?6) 256 A*(s — m;)(1 — B*cos*0)
4 3 )
_ 8s 3 2 4 1+B> gsvl_:B( 1+:8 )
=_——|318°—598 + (33 — 188~ + In——] + ReC 81n -9
7= (315 595 + (33— 184> + Y I S et (L LT
9g3(1 — ,32)( 1+8 ) gspr1—p) 1+8
+ C 1 I § - 2 - C 1 I . 49
6 s6mA? M= g 2P) T S0 as6mazts— m2) M- B “49)

Here 6 is the angle between the gluon and top-quark

2 .
1—4%1s

momenta in the center of mass frame; B =
the velocity of the top-quark. Top-quark pair production
can be used to measure (or bound) the coefficients of the
operators O, Og, and O,¢. The operator O,; is also
probed by Wt associated production, as discussed above,
and the operator O 4 is probed by Higgs production [40].

Now we turn to consider the quark process qg — tr.
There are a large number of four-quark operators with
different chiral and flavor structures [2,3,37]. Here we
consider all possible chirality and color structures. In
Ref. [3], only one generation is considered. When there
are three generations, the quark field in these operators can
be of any generation. For example, (7'y,4’)(Gy*¢) and
(7'v,.q)(Gy*q’) (superscripts i, j are used to denote the
first two generations) should be considered as different
operators. The effect of some of these operators are sup-
pressed by the color structure or by the small quark mass.
For example, (7'v,4’)(gy*q) does not interfere with the
SM, because the ¢ and 7 form a color singlet; an operator
like (gt)e(g'd’) does not interfere either, because it in-
volves a left-handed and a right-handed down quark while
the SM gdd coupling does not change chirality.

Using the Fierz transformation and the following SU(2)
and SU(3) identities

TopTea = ~OarBea + 28448 pes
tﬁt‘lél = _%aijékl + %BiIBjk, (50)

we find that only the following four-quark operators con-
tribute to the uii, dd — tf reaction:

05" = 4@y, M a)@y A q),
05 = gy T Mg gy T M),

Ol = K@y, M) iy M),

0y = Yy, Md))(iy* M), 04 = (qu)(@q),

oL = (qd)dq),  Of) = (gn(ig)). (51)
We do not include the operators that have the form
(gA%u')(it/ A g). This operator can be turned into a linear
combination of OE,ILZ, Whigh is already considered, and
another operator (g.ul)(ithqs)84,8.4 (a, b, ¢, d denote
color indices), which does not contribute because the ¢
and 7 form a color singlet. In addition, we also need to
consider the operator O,, whose effect is to change the gt

coupling. The diagrams are shown in Fig. 12.
The result is

1 SZﬁReCtGg3vm
%lMﬁu—d_tlz = g%(Mlz + M%) + 9A2 -
1 S an 2 S
+ CMPMI + C,,PMQJ
(52)
1 P TP 5 32\/§R6C,Gg§vm
%lM&'d—»ﬁl = gi(M7 + M3) + A2
Ry s
+ Caa Mi + Gl M3
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t u t
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~
=
~

(b) (c)

FIG. 12. The Feynman diagrams for uii — tf process. (a) is the SM amplitude, (b) is the correction on g#f coupling induced by O,
and (c) is the four-fermion interactions. The dd — 7 process has the same diagrams.

where

ch=cEV+ i)+, (53)
c2=cy + ), (54)
Ch=Coi = Coi” + € (55)
¢ =clh+cly), (56)

) _ 488 2 2
M; = 022 (3m — m?(t + 3u) + u?), (57)

2 _ 4gs 2 2
M:="55Gmb - m2Gr+u) + ). (58)

The cross section is

gvBY1— B
\/EWAZ\/E
2

+C! d28; A23(2+2[30050 B*sin6)
g2
C2d288 e B(2—2Bcosh — B%sin?0),

(59)

_ 4
A0 g, di—is _ &

2 +
deosh Tadms PR Bsin’0) +ReCig= o=

where 6 is the angle between up or down quark and the top-
quark momenta, in the center of mass frame. The total
cross section is

V2g3v
9mA% /s

s B3 — ). (60)

O, dd—it — ——B3 - ﬂz) +ReCyg Byl— :82

1087Ts

+(Cud+C2d)216 1
Although there are seven four-fermion operators, their
effects on top-quark pair production are summarized by
only four coefficients C;’yi. Thus top-quark pair production
can be used to bound four linear combinations of the four-
quark operators as well as the operator O,;.

If C}L 4 and CLZL 4 are distinct, they will generate a
forward-backward asymmetry:

. _ N(cosf >0) — N(cos# < 0)
FB N(cosf > 0) + N(cosd < 0)

=(Cha—Ch)) ﬁ

(61)

The recent measurements of the top-quark forward-
backward asymmetry from the CDF and the DO experi-
ments can be found in [41-45]. The SM prediction is
dominated by O(a3) QCD interference effects and is 5%
in the lab frame [46—49]. There is a discrepancy of about
20 between theory and experiment. It is interesting to ask
whether this discrepancy can be accommodated within the
effective field theory framework. The challenge is to avoid
too large a modification of the 77 production cross section,
since the current measurement is in good agreement with
the SM prediction [50]. In the effective field theory ap-
proach, this can be done if C , and Cj, have similar
nonzero values but with opposite sign, i.e. C}, , = —C2

V. CP VIOLATION

Violations of the CP symmetry are of great interest in
particle physics especially since its origin is still unclear.
Better understanding of this rare phenomenon can lead to
new physics which may explain both the origin of mass and
the preponderance of matter over antimatter in the present
Universe.

The SM predicts that CP-violating effects in top physics
are very small. This is primarily due to the fact that its large
mass renders the Glashow-Iliopoulos-Maiani [51] cancel-
lation particularly effective [52,53]. Therefore, the study of
CP-violation effects in top physics is important because
any observation of such effects would be a clear evidence
of physics beyond the SM.

Effective field theory is a complete and model-
independent approach to physics beyond the SM. Its
CP-odd operators can be used to describe the
CP-violation effects in top-quark physics. We find that
there are four CP-odd operators that can have significant
contribution to top-quark production and decay processes,
as listed in Table II. In this section we will consider the
effects of these four operators.
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A. Polarized top-quark decay

In top-quark decay, the momenta of the four particles, f,
b, e* and v are not independent because of the energy-
momentum conservation. However, if we define the
top-quark spin vector (in the top rest frame):

s =(0,8), (62)

where the unit vector § is the direction of the top-quark
spin, then a term proportional to €,,,, pipy pfj .87 is
Ty-odd. Thus it becomes possible to observe CP violation
effects.

In the top-quark decay process, there is only one opera-
tor that contributes at leading order:

O = (Go* ')W1, (63)

This operator is CP-odd if its coefficient is imaginary.

To investigate the effect of O,y,, we choose the coordi-
nate axes in the top rest frame such that the positron
momentum is in the z direction, and the bottom momentum
is in the xz plane, with a positive x component. The top-
quark spin is § = (sinf cos¢, sinf sing, cosf). The decay
rate is given by

ar V2 g4 (m¢ — 33111%3{,m,2 +2m$,) (1 + cos)
dcosfdde 122887 m; my, Iy,
2 2 23
_ImCyVyg my (my — myy,) sinf singh.
2048272 ATy m?

(64)

The CP-odd contribution is proportional to sin¢, so it does
not affect the total decay rate and the analyzing power «;
defined in Eq. (17).

We now define the following triple product and evaluate
it in the top rest frame:

1
[ Moy P o — .a
T = Ee,uvp(rpt PpP+S" = (pb X pe*) S, (65)

which corresponds to the projection of the top spin onto the
direction perpendicular to the plane formed by the bottom
quark and the positron. This leads to an asymmetry:
N(T >0) — N(T <0)
N(T >0) + N(T <0)

3mvi(m? — m3,)
42NV (m? + 2m3,)

Awp =

= ImC,y (66)

Such an asymmetry is a sign of CP violation. To observe
such an asymmetry requires a source of polarized top
quarks. This is addressed in the next section.

N(s;  =1)—N(s, =-1)

PHYSICAL REVIEW D 83, 034006 (2011)

B. Spin asymmetry in single top production

In single top production, we can construct CP-odd ob-
servables in a similar way. In the s- and t-channel pro-
cesses, O,y (with imaginary coefficient) is the only
CP-odd operator that contributes. Consider the s-channel
process ud — th. We can define the following triple
product in the top rest frame

1 R
T == €upoPi Pupgs” = Py X Pg) 8. (67)
t

In the SM, the top spin in its rest frame is in the direction
of the d three-momentum [36], therefore 7 = 0. When the
CP-odd operator is added, the direction of the top-quark
spin can be computed. It deviates from the production
plane, with an angle (in the top rest frame)

2202 /s(s — m?) sinfyy

0 = ImC ’
WAV ymy(s + m? + (s — m2) cosBy)

(68)

where 6y, is the angle between the momenta of the up
quark and the top-quark in the W rest frame. The value of T
is then given by

B V2ImCyvis(s — m2)2sin6y,
2NV, ymym,[s + m? + (s — m?) cosOy, |’

T = (69)

In practice, assume the top spin § is measured in the
direction perpendicular to the production plane, i.e. s
takes either 1 or —1, then this will lead to an asymmetry:

_N(sp =1 —N(s,=-1)
ui=th — N(s| = 1)+ N(s, = —1)

3mv?[s(s — m?)
W2\/§A2V,bmw(2s +m?)

A

= ImC, (70)

Similarly, for the #-channel process bu — td, we find

ImC,yv*s(s — m?)sin’6y,

T= (o X pu) 8 = =) s o A
and for the process bd — ti,
T=(p,Xpy-$
V2ImC iy v2s(s — m?)2sin?6yy, 72)

- 2A2V,ymym,(s + m? + (s — m?) cosfy,)

If the top spin § is measured in the direction perpendicular
to the production plane, the corresponding asymmetries are

272 5((s — m2 + 2md))y[s — m2 + m3, — 2my (s — m? + m3))

Apyssg = = —ImC
bmd TN, = 1)+ N, = —1) W

A? Vi (s — m[2)2 '
(73)
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A _ Ny =1)—-N(s,=-1)
ba=ti — N(s; = 1)+ N(s, = —1)

PHYSICAL REVIEW D 83, 034006 (2011)

= —ImC,W

EmJ5((s = m? + 4 W= 2 F W = (35 = 3md + 4 )

- (74)
N2V,pl(s = m2)(s + 203 — (25 + 2mi, — m) In' 2%
In Wt associated production channel gh — Wt, the chromoelectric dipole moment operator
O = (qo*" M1$Gy, (75)

will also contribute. We find

_N(Slzl)—N(SJ_:—l)

(76)

A =
W NG =D+ N(s,=—1)
—ImC vzx/ZmW)l
WoA2 Vi (A(@2m3, — 3m2)s — T(m2 + 2m3,)(m2 — m3,)) — 2(m? + 2m2) (A + 4sm? + (m? — m3,)?) logy)
2\/§vm,2s3/2
—ImC Tm? — 8m3)A + dsm?>(11m? — 15m3,) — 4m2(m? — m3,)?
tGgSAz(s+m,2—m%V+\/X3y2{[( t W) t( t W) t( t W) ]
X (VA + s +m2—m2) —8y[2(m2 — 2m%,)(m2 — m2,) + s(3m? — 4Am2)[A + (s + m2 — m2,)V/A + 2sm?]}
w W w w w
X (\/X(S(Zm%v —3m?) —7(m? +2m3,)(m? —m3)) — 2(m? + 2m3,) (A + dsm? + (m? — m?%,)?)logy) ™!,
[

where process is only used as the spin analyzer, and the analyzing

A=s*+m}+my, — 2sm? — 2sm3, — 2m?m3, (77)

and

s+mt2—m€V—\/X
s+ m?2—my + A

y= (78)

In practice there is no way to measure the top spin
directly, so we need to use the momentum of the decay
products as the spin analyzer. The positron has a spin
analyzing power «,+ = 1. It can be shown that, if the top
production process is followed by a semileptonic decay,
one can replace the top spin in the triple product T by the
positron three-momentum, and the corresponding asym-
metry will be decreased by a factor of 1/2. For example, in
the s-channel process, consider

T= (pu X p&') *Per- (79)
We find
A 7=N(T>0)—N(T<O)
ud=tb — N(T > 0) + N(T < 0)
2 _ 2
— ImC 3mv\[s(s — m?) (80)

W 42NV, my(2s + m2)’

which is exactly half of Eq. (70), as expected. Similarly, for
t-channel and gb — tW channel, the results in Egs. (73),
(74), and (76), should also be reduced by a factor of 1/2.
Note that although the CP-odd operator has effects on both
production and decay processes, this asymmetry only re-
flects its effect on the production, because the decay

power a,+ = 1 is not affected by the CP-odd effect.

We can also reverse the procedure and construct a
CP-odd observable that only reflects the CP-odd effect
in the decay process. In single top production, the top spin
in its rest frame is always in the direction of the d or d
quark [36]. Although this gets modified by the operator
O, in the production vertex as is shown in Egs. (38) and
(39), the direction in which the top spin deviates is inde-
pendent of the decay process, and thus the leading order
effect gets averaged out as one considers the asymmetries.
Therefore the d or d three-momentum can be used to
replace the top spin in Eq. (65):

T =(py X Per) " Pu> 81
and the asymmetry becomes
N(T >0) — N(T <0)
Awp =
N(T >0) + N(T <0)
— ImC 3mvi(m? — m3,) 82)

m ’
Y a2ZN YV, (m? + 2m2)
which agrees with Eq. (66).

C. CP-violation in top pair production

The CP-violation effects in top pair production and
decay have been considered in the literature before.
References [54,55] have considered the CP-violation ef-
fect in the multi-Higgs doublet extensions of the SM. The
effect of the top-quark ‘“‘chromoelectric”” dipole moment,
which corresponds the operator O,; with an imaginary
coefficient, can be found in Refs. [56-58], where [58]
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has also considered the other two operators, Oz and O,y .
An analysis of the lepton transverse energy asymmetry at
the Tevatron can be found in Ref. [59]. A recent numerical
study of the ATLAS sensitivity to the complex phase of the
Wtb anomalous couplings can be found in Ref. [23]. The
CP-violation effects of the top-quark at linear colliders and
photon colliders are discussed in Refs. [4,13,60].

In the top pair production processes, there are three
operators that will contribute to CP violating observables:

Oi¢ = (qo*" 11 G, O = [5G GY Go¥,

e
1 ~

046 = 5 (6" )GL,GH, (83)

where G wr = €u1pcGP7. The first one contributes to both

gg — ttf and qg — tf channels, while the last two contri-
bute only to the gg — #f channel.

A natural choice of the CP-odd observable is the triple
product considered in single top production. One could
define similar quantities such as

T = (p, X P,) S, (84)

However, this quantity does not result in any asymmetry,
because the three CP-odd operators are P-odd but C-even.
For both gg — tf and gg — tf channels, under PTy sym-
metry the initial and final state do not change, except that
the spins of ¢ and 7 are flipped. This means that 7 defined in
Eq. (84) is PTy-odd and therefore the C-even operators
cannot result in nonzero expectation values for 7. We will
need the spin information of both 7 and 7 to observe
CP-violation effect.

Here we define our CP-odd observables in a different
way than the usual CP-odd triple product in most of the
literature. In the top-quark semileptonic decay, the ampli-
tude contains a factor which is the inner product of the top
spin and the lepton spin [56], and therefore we can use the
spin projection operator to project the top spin on to
the direction of the lepton three-momentum and ignore
the other two decay products, in order to reduce the prob-
lem to a 2 to 2 scattering problem.

Consider the quark channel process gg — t7 followed by
the semileptonic decays of both ¢ and 7 quarks. We choose
the coordinate axes such that in the CM frame, the top-quark
momentum is in the z-direction, the g and § momenta are in
xz plane, and the angle between the ¢ and t momenta is 6.
Let p,+ = (sina; cosB, sina, sinB;, cosa;) be the unit
vector of the positron three-momentum in the top rest
frame, P, = (sina, cosfB,, sina, sinB,, cosa,) be the unit
vector of the electron three-momentum in the antitop rest

frame, and v = (cos6, 0, /1 — 8% sin6). Define the follow-
ing triple product:

T = (P XPe) -V, (85)

and we find that the the contribution from O,; can be
written as:
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do
dcosfdcosadBdcosa,df,
3,02
g v sinf
= —ImC T. 86
02332823 A2 5 (86)

Clearly, T leads to an asymmetry:
_N(T>0)—-NT<0)
=1 N(T > 0) + N(T < 0)

mfsvy1l — B2
“22g,A2B(3 — B2)

. (K(ﬁfi 1) B 2)E(BZBi 1)) &

/2 de
V1 = i2sin26’

A

= —ImC

where

K(k*) = (88)

and
/2
E(k?) = f V1 — k%sin?0d6 (89)
0

are the complete elliptic integral of the first and the second
kind. The SM has no contribution to this asymmetry
because T is parity-odd while the strong interaction is
parity-even.

Now consider the gluon channel gg — t7. We use the
same coordinate system, i.e. top-quark momentum is in the
z-direction and gluon momenta are in the xz plane. p,+ (p,)
is the unit vector in the direction of the momentum of the
positron (electron) in the top (antitop) rest frame. Define
two triple products 7, and 7:

T, = (pe+ X Pe) 2, (90)

T, = (]?)64r X ﬁe) "X 1)
The cross section due to the CP-odd operators is

do
dcosfdcosa;dfBdcosa,df3;

= ImC,G(ffGTZ + ffGTx) + CG(fZéTz + f)(c”;TX)
+ Coal i .

where
7 - _ g?”ﬁz
© 2488322 A2 /5(1 — B2cos?h)?
X 41 = B*(9B*cos®0 + (78% — 183*)cos*6
+ (188* — 258% + 16)cos? + 7(28%> — 3)),
(93)
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. gvp’

G 24883223 A2 /5(1 — B2cos?h)?

+ (782 — 9B8*)cos?6 — (2382 — 16)) sinf cosh,

(9B*cos*6

%94)
3g;B°(1 — B*)cos’d
L= , 95
fG 16588873 A%(1 — B%cos?8) ©3)
Fr— - 3g3B%/1 — B%sinf cosf 96)
G 1658887 A2(1 — B2cos26)’

rA— g%sﬁz(l B ,82) 97)

¢G 1658887 A%(s — m3)(1 — B*cos?6)’

In general, any quantity that has the form T7(a)=
(p,+ X P,) -4 may lead to an asymmetry. Using the
following property of T(a):

f dQ,.d0,T(@)sign(T(h) = 273G - B),  (98)

we find the asymmetry of T'(a) is
do(T(a) >0) do(T(a) <0)
dcosf dcosé
= 27[ImC,;(fisa. + fiza,)
+ Co(fia, + fia) + Cd)cf;éaz]. (99)

VI. SUMMARY

We have considered the effects of dimension-six opera-
tors in top-quark physics. The analysis is linear in the
coefficients of these operators, therefore the deviation
from the SM is the interference terms between the SM
and the new operators. In general, integrating out heavy
particles leads not to just one but to several operators
whose coefficients are related. Therefore, it is necessary
to consider all dimension-six operators simultaneously.
Fortunately, although the total number of these operators
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is large, we found that there are only 15 operators that can
have significant interference terms. In addition, for each
decay or production process, only a few of them will
contribute. This is one of the advantages of the effective-
field-theory approach: although we do not have any knowl-
edge of the new physics beyond the SM, by making use of
power counting and symmetries, the number of parameters
required to describe the new physics can be largely
reduced.

We have obtained the deviation from the SM caused by
these operators. This allows us to constrain the new physics
in a systematic way. For example, we can measure (or put
bounds on) the operator O,y by measuring the W boson
helicity fraction Fy g and the analyzing power «, ,,, and
then use the s- and 7-channel single top production to put

bounds on Og()] and O(qlq’3). The operator O,; can be con-

strained from the Wt associated production and the gluon
channel 7 production, while the latter process also con-
strains O and O ;. Finally, the quark channel ## produc-
tion can be used to put bounds on the four linear
combinations of the four-quark operators.

The CP-violation effects in top-quark physics are of
particular interest. We have calculated the spin asymme-
tries caused by the 4 CP-odd operators. The observation of
these asymmetries can be evidence of physics beyond the
SM. In the single top production, these are the spin asym-
metries in the direction perpendicular to the production
plane. One could use the top decay process as a spin
analyzer to study the asymmetry in the top production
process, or vice versa. In #7 production, we showed that
both the top-quark spin and anti-top-quark spin are re-
quired to construct CP-odd observables.
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