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We present analytical results for top-quark decay processes, in an effective field theory beyond
the Standard Model, at next-to-leading order in QCD. We parametrize new physics effects using
dimension-six operators, and consider all operators that give rise to non-standard interactions of the
top quark. We investigate both the flavor-conserving and flavor-changing decay modes, including
their two-body and three-body semi-leptonic final states. The QCD mixing among relevant operators
are also taken into account. These results provide all information needed for a complete model-
independent study of top-quark decay at next-to-leading order accuracy, paving the way to global
analyses for new physics effects in an effective field theory approach.
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I. INTRODUCTION

The discovery of the Higgs boson at the LHC finally
completes the Standard Model (SM) [1, 2]. The absence
of any resonant signal of new physics up to several hun-
dreds of GeV allows one to parametrize the effects of any
possible new physics using an effective field theory (EFT)
approach [3-5]. In this approach one assumes that the
new physics decouples from the SM in the limit that the
energy scale A, which characterizes the new particles and
interactions goes to infinity, and at the electroweak scale
the deviations from the SM are parameterized by higher-
dimensional operators that involve only the SM fields.
In this paper we also assume that the Higgs boson ob-
served at the LHC is the SM Higgs boson, and that the
electroweak SU(2)r, x U(1)y gauge symmetry is linearly
realized.

On the other hand, the top quark continues to be the
heaviest particle known, serving as a window to new
physics. Measurements on top quark production and
decay processes can provide key information on physics
beyond the SM. Model independent analyses of the top
quark have been perfermed using the EFT approach, see
for example Refs. [6-46].

As the precision level of experimental measurements
continue to increase, it becomes more and more impor-
tant to have theoretical predictions at a same or better
precision level. As a colored particle, any process involv-
ing a top-quark can potentially suffer from a large uncer-
tainty at the leading order (LO) accuracy in QCD. For
this reason it is desirable to have predictions in the EFT
framework at a next-to-leading order (NLO) accuracy in
QCD.

Fortunately, despite being a “non-renormalizable the-
ory”, an EFT indeed provides a framework in which ra-
diative corrections can be consistently handeled, see for
example Refs. [23, 24, 47-49]. Nevertheless going to the
NLO accuracy is not a trivial task, for at least two rea-
sons. First, at the NLO accuracy level more operators
start to contribute, and including only a subset of oper-

ators is not justified. Second, operators involving quark
or gluon fields will in general evolve and mix with each
other. As a result extracting information on new physics
effects is complicated by the large number of operators.
In order to determine or constrain their coefficients, one
has to perform a global analysis, taking into account all
available data and all relevant operators, a task that, in-
deed, needs a dedicated effort.

The aim of this paper is to give contribution to this
goal, by providing the complete analytical results for top-
quark decay processes, in the EFT framework at NLO
in QCD, including all relevant dimension-six operators.
Top-quark decays provide the best places to probe the
weak coupling of top quark [50], as well as to discover its
flavor-changing neutral couplings [51]. Previous results
on QCD corrections to top-quark decays are available
in the literature. The t — bW decay and W-helicity
fractions in the SM have been computed at NLO [52]
and at NNLO [53]. Decay of a polarized top quark has
been considered in Refs. [54, 55]. Ref. [56] has studied
the same decay mode but with anomalous tbW couplings.
The flavor-changing decays t — u;V, where u; is u or ¢
and V can be Z, v or g, have been studied in Ref. [57—
59], in terms of dimension-four and five operators (these
operators do not have explicit SU(2);, symmetry). The
t — u;h decay was originally calculated in Ref. [60], and
more recently in [42] including the contributions from
flavor-changing color-dipole operators.

In this work we complete the analytical results of top-
quark decay in an EFT framework. We consider the main
decay channel ¢t — bW, the flavor changing decays ¢ —
w;V and t — wu;h, as well as their corresponding semi-
leptonic three-body final states. Apart from checking
existing results, we provide new results, including:

1. The contribution of the top color-dipole operator
O, in the main decay channel.

2. The helicity fraction of Z in t — u; 2.

3. Differential decay rates for semi-leptonic decays
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(and thus also the finite-width effect of W and Z),

including invariant mass and angular distribution.
4. Contributions from four-fermion operators at NLO.

We also provide the operator mixing at order .

The paper is organized as follows. In section II we
present our formalism and explain the calculation strate-
gies. In section IIT we summarize the O(a,) running and
mixing among all relevant operators. We then give our
analytical results in section IV. In section V we discuss
some numerical results, and we summarize in section VI.

II. APPROACH
A. Operator list

Assuming electroweak SU(2)r x U(l)y gauge sym-
metry and baryon and lepton number conservation (see
Ref. [61] for a discussion about baryon number violation
in top quark decay), the higher-dimensional operators
least suppressed by inverse powers of A are the ones with
mass dimension six. They are suppressed by 1/A2. In
this work we only consider dimension-six operators. The
EFT can be written as

C;0; + C;O}
ﬁEFTZESM-FZT‘F'“ (1)

where O; are the dimension-six operators, and C; are
dimensionless coefficients. The ellipsis refers to opera-
tors of dimension eight or higher, which we neglect. The
complete list of dimension-six operators was first given in
Ref. [62], and gradually evolved to an independent oper-
ator basis with 59 operators [63]. Here we use the same
basis as in Ref. [63]. We will use the following notation
for quark fields:

Q@ : 3rd-generation left-handed quark doublet
q: lst-generation left-handed quark doublet
right-handed top quark

right-handed bottom quark

g o =

right-handed up and charm quark

We first list the operators for two-body decay pro-
cesses. The relevant ones for ¢ — bW are flavor diagonal.
They are

0% = Z;yt (@Tﬁiw) (@' Q)
Owv = yrgw Qo™ 7' t)gW,.,

Oy = iy; (2" Dup) (I7"0)

Oww = yegw (Qo" 7 b) W,

Osc = y19s(Qa" T ) 3G,

Orp = =4 (#T9) (Qt)g

where 7! are the Pauli matrices, ¢ is the Higgs doublet,

and ¢ = iT%¢*. The covariant derivative D,, is defined
as

1
Dy =0, —ig TG} — igWETfWJ —igyYB, . (8)

The relevant operators for t — u;V and t — wu;h are
flavor off-diagonal. They are

OG1+9) = l2y (w*ﬁ,ﬂsﬁ) (@' Q) (9)
00,13 = l2y (¢T<5>u90) (@"Q) (10)
00 = Z%y? (@Tﬁw) (ay"t) (11)
055 = yigy (@0"" 1)@ By (12)
O = mgw (@™ T H)e W, (13)
0L = g5 (@0 TG, (14)
O = —yi(oTo)(at)p (15)

where superscript (1 + 3) and (13) denotes the flavor
structure. For operators with (13) superscript [Egs. (12)-
(15)], a similar set of operators with (31) flavor structure
can be obtained by interchanging (13) + (31), t + u
and @ < ¢. The Hermitian conjugation of these (31) op-
erators will contribute to t — w;V or t — wu;h in a similar
way, but with chirality structures opposite to those from
the (13) operators. On the other hand, for the operators
with superscript (14 3) superscript [Eqgs. (9)-(11)], inter-
changing the first and the third generation simply gives
the Hermitian conjugation of themselves, therefore needs
not to be considered separately. Replacing the up quark
field with the charm quark field will give the same set of
operators for (2 + 3), (23) and (32) flavor structures.

We have normalized these operators by adding factors
of y:, gw, gy and gs. Here y; is the top-quark Yukawa
coupling, gw is the weak gauge coupling, gy is the hy-
percharge gauge coupling, and g5 is the strong coupling.
More specifically, we attach a y; for each Higgs field, a
gw (gy) for each W (B) field, and a g, for each gluon
field. This is helpful in determining the order of opera-
tor mixing. In general, the order of mixing between two
operators depends on the normalization factors of both
operators, and so its definition itself has some ambiguity.
In this work we are interested in NLO effects in QCD,
and we consider them as any corrections coming from
a virtual gluon in a loop or a real gluon emission (and
gluon splitting in ¢ — u;g). With the above normaliza-
tion factors, these corrections are automatically of order
O(as), and thus it is convenient to present results using
these conventions. These normalization factors are also
consistent with the naive dimension analysis [64], and
the presented operators are constructed in the following
form:

() () (R) () oo



with A ~ 4w f and X represents any gauge-field strength
tensor. It has been shown in Ref. [65] that with this
convention the anomalous dimension for the operator
coefficients depends on products of powers of \/(47)%,
g%/(4m)?, and y?/(47)? as expected. In this work we
are interested in the g2/(4m)? part, which is related to a
virtual or real gluon correction, and is expected to be im-
portant in top-quark related processes. The y; involved
in the normalization is defined by the on-shell top-quark
mass:

V2
o= (17)

where v is the vacuum expectation value of the Higgs
field. This is just for simplicity. As a result, it does not
contribute to the anomalous dimension of the operators
at order ag.

Following Refs. [63, 66], we have defined the Hermitian
derivative terms:

(@T?MP) =i (Du - 6#) ¥ (18)
(@Tﬁicp) = il (TIDM - 5HT1) ©. (19)

A relative plus sign between the two terms on the
r.h.s. would give rise to redundant operators (in the sense
that they can be reduced to other operators like Oy, or

OSS) by equations of motion). The advantage of us-
ing these definitions is that these terms do not involve a
Higgs field, therefore the number of relevant operators in

t — u;h is reduced. The flavor diagonal operator Os(aBQ)J
defined in this way is Hermitian, so we can ignore the
imaginary part of its coefficient. Also note that we al-
ways add a Hermitian conjugation of an operator to the
Lagrangian, even if the operator is Hermitian by itself.
The operator Oy, does not affect the ¢ — bV decay.
We include it here only because in principle this operator
is required as a counterterm to render the top-leg correc-
tion from Oy finite. In practice this can be avoided, as
we will discuss in Section II C. Similarly, the operator

01%)’ 3D g required as a counterterm to regulate the one-

loop @t mixing from O 13 3D and from itself. They are

important in ¢t — u;h decay, but can be safely ignored in
t — u;V, as has been done in previous calculations.

We now list the four-fermion operators, relevant in
semi-leptonic decays [9]. These operators have two quark
fields and two lepton fields. We again choose the operator
basis as presented in Ref. [63], where these operators are
Fierzed into the form of a quark current times a lepton
current. This has the advantage that the QCD correc-
tion can be factorized, and for vector and scalar current
it is essentially the same as in the two-body decays, for
a given invariant mass of the lepton pair. This allows us
to infer some results from two-body decays. In addition,
these operators do not mix at order s, because QCD
correction does not affect the lepton current.

We divide the four-fermion operators into three classes,
according to their Lorentz structures: the vector-vector

operator (V-V), the scalar-scalar operator (S-S), and the
tensor-tensor operator (T-T). The operators that con-
tribute to flavor-conserving decay t — bre™ are:

V-V

Oy = (1) (@' Q) (20)

8-S
Oievq = (le) (bQ) (21)
Ojogy = (Ie) £ (Q1) (22)

T-T
Oie = (loywe) & (Qo™1) (23)

where ¢ = i72. The following ones contribute to FCNC
decay, t — ul™l™:

V-V
O™ = () (17"Q) (24)
Ol(q3 A43) _ (lmﬂll) (Q’}/MTIQ) (25)
OF® = (Iyl) (iy™t) (26)
”3’ = (q1.Q) (e7"e) (27)
”3> = (evue) (uy"'t) (28)
S-S
Oteq” = (le) e (at) (29)
013 = (le) e (Qu) (30)
T-T
Ofin = (loywe) e (qo1) (31)
Ol(83q3u1) (lawe)s(Qo“”u) ) (32)

B. Calculation strategy

In this work we compute the top decay processes
at NLO in QCD but at LO in C/A2. Calculation of
higher orders in C/A? requires a complete knowledge of
dimension-eight operators, and is beyond the scope of
this paper. For the FCNC decays, LO in C'/A? means
order (C/A?)? since there is not SM contribution. For
t — bW, with left-handed or longitudinal polarization of
W, the LO result is of order C'/A%. The right-handed he-
licity vanishes at the tree level in the zero bottom-quark
mass limit, and LO contributions may come from order
(C/A?)2, asC/A?, or Cmy/A%my. The non-zero bottom-
quark mass effect at tree level in ¢ — bW has been given
in Ref. [50]. We will take this effect into account when
presenting numerical results, but we will not show the
analytical expressions.

For ¢t — bW and t — u;Z we compute three he-
licity states separately for W and Z. This is done



by using the helicity projection operators described in
Ref. [52]. The helicity fractions can then be used to de-
rive the differential decay rate of ¢ — bW* — bre™ and
t — uZ*,uy* — ulTl~. By considering three-body final
states we are also including the off-shellness and the fi-
nite width effects from W and Z. For three-body decays
mediated by four-fermion S-S and V-V operators, the
differential decay rates can be inferred from two-body
results at the NLO level. For T-T operators (and their
interference with S-S operators), we use a different set of
projection operators to decompose the tensor interaction.
We discuss this at the end of Section II D.

We use dimensional regularization [67] to regulate both
UV and IR divergences. Whenever 4% is present in our
computation, we use the following prescription based on
the 't Hooft-Veltman scheme [68, 69]:

7

75 — (1 - SG’S)ZLEVU/QVSVAL/YVI ’7112’71/3’71/4 (33)
7
7#75 - (1— 4a5)§e,ul/1u2u37m'7y27y3 (34)
)
UW’75 — ——EWQBUO‘B , (35)

2

where a; = Crag/(4m).
The calculation procedure for each process can be di-
vided into two steps:

1. UV-divergent part, which gives rise to operator
mixing and RG equations.

2. UV-finite part, which gives the finite part of the
matrix element.

In the first step, we calculate the UV-divergent part
arising from the loop diagrams, and identify the UV
counterterms by applying the MS scheme and requir-
ing that the UV-divergent terms in the matrix element
cancel. The outcome of this procedure is a set of coun-
terterms for dimension-six operators. We then proceed
to work out the O(a,) anomalous dimension and the RG
equations of the operator coefficients. These equations
characterize the O(a;) running and mixing of the coeffi-
cients and can be used to evolve them from a higher scale
down to the scale of the top quark mass. We summarize
them in Section III.

In the second step we calculate the UV-finite part. The
IR-divergences are canceled by including the real gluon
emission (and for ¢ — wu;g also the gluon splitting) correc-
tions. The final result is given in terms of the coefficients
of these operators defined at the scale of the top quark
mass. We present these results in Section IV.

For the flavor-changing operators, we will only consider
the (1+3), (13) and (31) structure, keeping in mind that
similar results for ¢t — ¢V and t — ch can be obtained
by replacing Cl_(1+3),(13),(31) - Ci(2+3)7(23)7(32)'

Throughout this paper, we ignore the bottom quark
and other light quark masses, and assume that the CKM
matrix is identity.

C. Operator renormalization

We first discuss a few issues in the operator renormal-
ization procedure. For the SM we use a scheme which
subtracts the massless modes according to MS, and the
massive ones at zero momentum [70]. For light quark
and gluon we use:

1 1
<5Z(‘1)=—%D6 _ 36
2 3m €UV €IR (36)
N 5 1 1 Q@ 1
5Z(9):_%D6 N2 -— ) -=D.—
2 2w 3 2 EUv €IR 61 €EUv
(37)
and for the strong coupling:
o e[ Ny 11 1 Qg 1
0Z, =—T(1 4 — - — | — D.—
9s 47 ( +€)(ﬂ-) (3 2>€UV+127T €UV
(38)
where
4rp?\°
DE:F(1+6)< il ) . (39)
mi

We consider five light flavors in the running of a;. We
then apply the MS scheme to the dimension-six opera-
tors. The operators considered here will only mix with
other dimension-six operators, and the counterterms are
given by

CO = Z;;C; = (1+62):;C; . (40)

In general they could also affect the running of SM pa-
rameters [65], but this is not an O(as) effect and is irrel-
evant for this study.

Special care needs to be taken for the renormalization
of top-quark field. This is because the operator Oys con-
tribute to the top quark self energy through the diagrams
in Figure 1. If one follows the standard on-shell renor-
malization condition, the divergence in the mass term
will require a mass counterterm from the operator Oy,.
On the other hand, the wavefunction part needs to be
canceled by other operators that are redundant in our op-
erator basis. This makes the problem more complicated
because these redundant operators will also contribute to
t — bW. Furthermore, since we use MS scheme for the
operators, only the pole is canceled in leg corrections, and
the remaining finite part needs to be taken into account.

FIG. 1: Top-quark self-energy correction from Oqg.

The easiest way to avoid the complication, is to replace
the ¢T¢ part in all operators by ((pT<p — v2/2). This re-
moves the dimension-four terms in a dimension-six op-
erator. It corresponds to a redefinition of a SM term,



and thus has no physical effects. The only differences are
that some vertices involving Higgs field will be shifted,
and that the two-point counterterms are provided only
by SM terms. Therefore one can adjust the SM countert-
erms to have on-shell subtraction including dimension-six
terms. The dimension-six counterterms will then be fixed
only by requiring that the matrix element is finite.

If we assume no C P-violation, then the coefficient Cio
is real. Following the above strategy we obtain the fol-
lowing counterterms for the top quark:

1 2
5z = - 2 p, (—+—+4>
3 EUV  €IR

m? [ 2as 1 1
- D — += 41
+ ReClg L e ( - ) <5UV + 3> (41)

%:__D (i+4>

me 3T EUV

m? [ dag 1 1
- Di|—+<) . (42
+ ReClg L e ( - ) <5UV + 3> (42)

These results would apply even if Cy¢ is complex. In this
case there will be terms proportional to iy® left in the
top-quark self-energy correction. They only give a phase
to the amplitude of t — bW, which will not interfere with
the SM amplitude, and so these terms have no effect at
O(as).

We use the same strategy to deal with the two-point
u — t function arising at one-loop, from the operator

Oilcij,Bl)_ We redefine the operator O&lgf’) by

v\

042 =y} (@Tcp - 7) ()@ (43)
and in a similar way for Oq(i,l). Note the uth vertex is
rescaled by a factor of 2/3. We then introduce the fol-
lowing u — t counterterms:

1 1
uLo = (1 + 5525‘1)) ur + 507t (44)
1 (9) Lo R
uro = |1+ 25Z UR + §5ZuttR (45)
) 1.1
tro=(1+ 25Z tr + §5Zut'UJL (46)
Lo Lo R
tR70 =(1+ 2(5Z tR + §5ZutuR (47)
with
1 « m 2
—ozbk = = G t D, - 48
1. 204 0(13)m 11
5(sth = i‘z LD (E + §> (49)
1 a, CBV* 1 2
1 pe 20,C%0"m2 /1 1
§6Ztu = - A2 DE g (51)

These counterterms are adjusted such that the two-point
u — t function is exactly canceled both at the up-quark
shell and the top-quark shell. This is convenient because
one does not need to include any leg correction diagrams
in flavor-changing processes.

D. Three-body final states

We briefly outline our approach for three-body decays,
i.e. t — bvet and t — ultl~. We consider two cases.
The first is that a two-fermion operator contribute to a
two-body decay t — g+ X, and the latter is followed by
X — IT1~. The second case is that a direct contribution
comes from a contact tgll interaction.

The contributions from two-fermion operators can be
completely factorized for a given invariant mass of lepton
pair, therefore one can make use of the NLO two-body
decay results to infer the three-body decay rates. The
same approach is often used in ¢t and B decays, neverthe-
less we sketch out the steps here, so that we can easily
include any non-standard interactions and four-fermion
operators later on.

Consider t — g + W* followed by W* — eTv as an
example. Here W* is an off-shell W with virtuality Q2.
The amplitude of the three-body final state can be ob-
tained from the two-body ones simply by replacing the
W polarization vector with a lepton current

M) (2, e
= M Q) Jor )y Pe(la) DG . Ty
(52)

where k1 and ko are the momenta of final state leptons,

M ﬁbw)(QQ) is the two-body amplitude with the W mass
replaced by the virtuality of the off-shell W, and

D(Q*,mw,T'w) =

Note this procedure can be applied both at LO and NLO
in QCD, as the QCD corrections do not affect lepton
current. 'y can be a function of Q2.

The resulting three-body amplitude can further be de-
composed with the three polarization vectors of the vir-

Q* —miy +imwTw . (53)

tual W:
M(be+v) Z M ,u* v
i=+,0,—
X %D(kl)WUPLe(kQ)D(QQ,mw,rw)il
=- MOHQH) L LED(Q? mw, Tw) ™
i=1,0,— V2

(54)

where Mi(bw) is the two-body amplitude with a specific
polarization 4, and L denotes the final state left-handed
lepton current polarized to the same state. We use (6,9)



to denote the direction of the et three-momentum in the
W rest frame, relative to the W momentum in the top-
quark rest frame. Then one can square the amplitude
and integrate over the ¢ angle:

d *
/ 4?: |Mbe v|2 (Ml(bW) (QQ)Mj (6W) (Q2))

2

(55)
Only the diagonal terms (i = j) in LiLLJL* survive after

integration:
/ j¢ (LFLE*) = Q%64 fi(cos6) (56)

where

fi(cosf) = % (1+ cosf)? (57)
fo(cos®) = %sin2 0 (58)
f-(cos ) = i (1—cosh)? , (59)

so in the end one only needs |M ") (Q?)[2, i.e. the two-
body squared amplitude for a given W* helicity.

Next we consider phase space. One can always write
a n—body phase space as a (n — 1)— body phase space
times a two-body phase space. For n = 3,

dete™) 1 +
TQ2 :%@(bw) (Q2) % (I)(e v)
167r2 <I>(bW) /dcos@/ d¢

The same can be done for n = 4 i.e. beTvg final state,
so the real corrections can be taken into account in the
same way. Putting all pieces together, we have the result
for t — beTv at NLO in terms of t — bW partial widths:

drbe*v _ Q2 g2
dQ2dcost 1672 2

[Fg;,)ﬁr (cos®) + Fg?/z,fo(cos 0) + Fg;v) f-(cosO)| . (61)

|D(Q25 mW7FW)|72X

In the case of t — ul™l~ the situation is more compli-
cated, because of the interference between ¢ — uZ* and
t — wy* with the same semi-leptonic final state. We leave
the details to Section IV, where the analytical results will
be given.

The contributions from S-S and V-V types of four-
fermion operators can be incorporated in a same way.
In each case, the amplitude from these four-fermion op-
erators mimics the amplitude of t — ¢X* — ¢lTI™, at
both LO and NLO, up to an overall factor and an X
propagator, where X can be a scalar or a vector. Since
the propagator is a pure number at any given @2, the

< D@2 mw T [ 2 (LELE)

problem can be converted to the NLO correction to two-
body decays, and previous results can be used, with some
operator coefficients shifted to include the effect of four-
fermion operators.! In this way the interference between
two-body decays and four-fermion operators is automat-
ically included.

For T-T type of four-fermion operators, and their in-
terference with S-S operators, the results cannot be in-
ferred from two-body decays, but the differential decay
rates can be computed in a similar way, using a set of
projection operators to decompose the tensor interaction
and to convert the problem to a two-body decay:

P (p, k) = Y (p, k) (62)

i 1 (p, k)ef
where p is the top-quark momentum, £ is the momentum
of the lepton-pair system, and €/ is a complete basis for
antisymmetric tensors:

ro 7
ny o pv
g € € =
i

(g““'g””/—g“”lg”“,) . (63)

N =

et can be constructed from k* and its three polarization

vectors €i'(k). This effectively allows us to convert the
problem to a two-body decay t — ¢ + X*, where X is
some fictitious tensor particle which doesn’t propagate,
similar to what has been done for t — bW* — betv
The angular distribution of the lepton-pair can then be
derived frorn the polarization state of X. The derivation
of Pf'] v g straightforward, but the results are tedious,
so we w111 not display them here.

Finally, there is no interference between V-V and S-S
or V-V and T-T operators, due to chirality suppression
of the leptons.

III. OPERATOR MIXINGS

In this section we summarize the operator running and
mixing at O(a;) that are relevant in our analysis. We will
also extend a bit and include all two-quark operators that
involve a third-generation quark. A complete calculation
of the anomalous dimension matrix for all dimension-six
operators can be found in Ref. [65, 71, 72]. Our results
are in agreement with the O(a,) terms in the complete
results.

The anomalous dimension matrix v is defined such that

dC;(p)
du

=7i;C; (1) - (64)

1 This implies that the corresponding counterterms can be ob-
tained with the same shift, which is expected because QCD cor-
rections only affect the quark current.



A. Flavor-conserving operators

We consider bilinear quark operators that involve the
third generation quarks ¢ and b. First of all, the following
operators are relevant in our calculation:

Oic = yigs(Qa™ T41) 3G,
Ow = yrgw Qo 7 )W 1,
OB = yth(QUW/t)SZB;w
Orp = =4, (91 0)(Q1)

Among these operators Oy and Oz contribute to t —
bW decay. Oy, is needed to absorb the UV divergence in
the top mass correction from O;g. We include O;p only
for completeness. The anomalous dimension matrix, for
Ctg, th, CtB and Ctgaa is

%000

20 | &+ L0 0

v = g3 (69)
—40 0 -1

We can see that the mixing effects are from operator O;¢,
which renormalizes all the other operators. Note that
the above anomalous dimension matrix is not “closed”,
in the sense that O will be renormalized by for example
Oc = gs fABCGHY GBPGEr at order a [73].

The following four operators are similar to O:g, Oww,
O;p and Oy, and can be obtained by ¢t — b and ¢ — ¢.

O = ytgs(QUHVTAb)SDGﬁU
Oyw = yth(QUWTIb)SDWJV
Ovp = thY(QUWb)SDBuu
Oy = =4 (#10) (Qb)p

The operator Oy contributes to t — bW decay, but only

at order A~* if the bottom-quark mass is ignored. Their
anomalous dimension matrix is

W[~

—
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Comparing with Eq. (69), there are two different compo-
nents, 31 and 4. The difference in 37 is due to the
different hypercharges of the top quark and the bottom
quark, as this term is proportional to Y; + Yg for O,
but to Y + Yy for Oy, where Vi = 2/3, Y, = —1/3
are the hypercharges of the right handed top quark and
bottom quark, while Yo = 1/6 is the hypercharge of the
left-handed quark doublet. The difference in 74 is sim-
ply because we are normalizing these operators with y;
instead of vy (which we neglect), and so this component

is suppressed by (ys/y:)?.

Finally, the following operators do not have anomalous
dimension:

0% = Z;yf (sﬂ(B w) (@"7'Q) (75)
0% =iz (¢ Bup) (@r@) (76)
O = i02 (¢ D up) (170 (71)
O = it (# Dup) (5770) (78)
Opyp = iy; (P Dyip) (19"D) (79)

due to current conservation. Here Ofg? and O,, con-
tribute to top-quark decay.

To illustrate the mixing effects, we plot the RG evolu-
tion of Cyy and Cyg in Figure 2. These two operators
affect the W-helicity fractions in t — bW decay. Their
evolution at order O(«y) is determined by the anoma-
lous dimension presented in Eq. (68), and is given here

by solving the RG equations:
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Cow (1) =Cw (my) ( as () )_350

as(my)

 2Citm) l( as(p) >_

as(my)

Cic () =Crc(ime) <O‘—(‘”)_ , (s1)

as(me)

where By = 11 — 2N;/3. The second term on the r.h.s
of the first equation implies that there is a mixing effect
between these two operators. The left plot in Figure 2
shows the direction of the RG flows in the Ciyw — Cig
plane, as well as the distance between (Cyw (1), Cra (1))
at = m; and at u =2 TeV.

B. Flavor Changing operators

We consider bilinear quark operators that involve both
first and third generation quarks. An interesting feature
is that the O(a;) mixing will not change the flavor super-
scripts, due to the chirality of the massless light quarks.
More specifically, operators with a (13) flavor indices will
not mix with those with (31), and operators with (1 + 3)
are current operators and do not have any anomalous di-
mension. For this reason the anomalous dimension ma-
trix can be divided into blocks that are closed under RG
evolution at O(«y), according to the type and chirality of
the light quark involved in the bilinear quark operator.

1. Operators with left-handed massless up quark

The following four operators mix with Oilé’), and
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FIG. 2: Left: RG evolution of Ciw and Ciq. The arrows represent the direction of the flow when p in-
creases. The color shows the distance between (Ciw(mi),Cic(me)) and (Cew(p),Cra(p)) for p = 2 TeV,

i.e. [(th(mt) — Cww (u))2 + (Cia(my) — Ctg(u))z]l/Q. Right: same plot but for Cy, and Cuc.

contribute to either ¢t — uV or ¢ — uh, or both: completeness:
Oilgg) = Yt9s (QUWTAt)SZGﬁV (82) Oég) = ytgs((jo””TAb)goGﬁl, (87)
01(}3) = Z/tQW(qUWTIt)SZW;{V (83) Ofﬁ,{o’,) = ytgw((jo“”TIb)goWlfV (88)
Oa(}g) = gy (qo" )P B (84) Ol(ilg) = Y9y (go""b)pB,,, (89)
e AGDICOLE (85) 04 = (o) @b - (90)
Their mixing is Their mixing is is given by Eq. (74).
NIETE
= 76:5 3 8 2 8 (86) 3. Operators with right-handed massless up quark
—92 0 8 -1 The following four operators mix with Ofg), and

contribute to either t — uV or t — wh, or both:
Comparing with Eq. (69), only the component

41 18 different. This is because O.¢ is flavor- (31) _ A A, N~ ~A
Zonserving, and its contribution to the anomalous Oua = y9s(Qo™T u)wG’“’ (01)
dimension comes from two diagrams, each propor- OS{,%,) = ygw (Qa™ 7! u)gZW,{V (92)
tional to the Yukawa coupling y;, while for O,(ilé’) OB _ Vol ) 3B 93
one of the two diagrams would be proportional to g =Ygy (Qo 1f)80 m (93)
Y, Which we neglect. 05,?;01) = —ZJ?(WT@) (Qu)¢ . (94)

2. Operators with left-handed massless down quark Their mixing is is given by Eq. (86).

The following four operators mix with Oz(ilc?)' They
are irrelevant for top decay, but we list them for 4. Operators with right-handed massless down quark



The following four operators mix with Ofl?g):

0% = 9. Qo Td)pGs, (95)
0% = yegw Qo 1 d)pW], (96)
Oy = egv (Qo* d)o By (97)
05 =~y (¢Te)(Qd)ep - (98)

Note the first two contribute to flavor-changing
charged-current top decay: t — dW. Though we
didn’t study this case explicitly, it is essentially the
same as t — bW and the results can be inferred.
Their mixing is given by Eq. (74).

Finally, the following operators do not have anomalous
dimension:

08 =iyt (¢ Dle) @r'@)  (99)
Og(glq,1+3) — z%yf (‘PT?HSD) (7" Q) (100)
00 = Z%yf (@Tﬁw) (ty"u) (101)
O;1d+3) — z%yf (QDT<B#<;7) (by"d) (102)
OUY = iy2(¢" Do) (") (103)
08 = iy} (¢ Dyd) (" w) (104)

The first three contribute to t — uZ.

For illustration we plot the RG evolution of the flavor-
changing Yukawa and color-dipole operators, O,, and
Oy (the anomalous dimension is the same for flavor
structure (13) and (31) so we omit the superscript) in
Figure 2. These two operators will contribute to the de-
cay mode t — wu;h. Their mixing effect is much larger
than that of O and Oyq.

C. Four-fermion operators with two quarks and
two leptons

Now we consider operators that contribute to semi-
leptonic top quark decays. These operators do not mix
at order ag. Their mixing with bilinear quark operators
is not an order «; effect so we neglect. In the following
we give the anomalous dimensions. The flavor indices do

not matter, so we will omit them. (For example, Ol(g)
and Ol(q3’1+3) will have the same anomalous dimension at
O(as), and so here we simply write them as Ol(qg)7 ete.)

The V-V operators are not renormalized because of

current conservation. These include

01, = (vl (@v"9)
O = (Ily"1) (@v"7'q)

105
106

(105)

(106)
Oecu = (Eype) (uy"u) (107)
Oca = (e7€) (J’y“d) (108)
O = (Ivl) (uy'u) (109)
Oua = (Iyud) (dv""d) (110)
Oge = (q719) (€7"'e) (111)

The S-S operators with a scalar quark current have
anomalous dimension

y= 2% (112)
o
These include
Otedq = (le) (dq) (113)
O, = (le) e (qu) (114)

Finally, the T-T operators with a tensor quark current
have anomalous dimension

20
= . 115
=30 (115)
There is only one such operator:
3 7, — _uv
02, = (louwe) & (G0 u) - (116)

IV. ANALYTICAL RESULTS
A. Decay mode: t — bW

In this decay mode, the fractions of W bosons pro-
duced with certain helicities are sensitive to the structure
of tbW vertex. Measurements on helicity fractions can
provide information about new physics. In Ref. [56], the
QCD corrections to the W boson helicity fractions with
a general anomalous tbW vertex are calculated. Our re-
sults on the partial decay width are in agreement with
Ref. [56]. Here we will present these results, and also in-
clude one additional operator, O;c. This operator has no
tree level contribution and has been ignored in previous
calculations. However, it gives rise to a chromo-magnetic
moment of the top quark, and thus modifies the standard
QCD correction to the SM ¢t — bW decay process. It also
has a mixing with the other operators, and so needs to
be included.

In the following we present the full NLO results for top-
quark decay to bottom and W boson in a certain helicity
state. The Feynman diagrams are given in Figure 3. We
give expressions for Tt T T(T) and TF) | where the
superscripts represent the total width, longitudinal par-
tial width, transverse partial width, and the difference



FIG. 3: Virtual and real corrections for t — bW . The black
dots represent interactions arising from color-dipole operator
O.c, while squares represent interactions from all the other
operators, which modify the tbW vertex. There will be addi-
tional diagrams if one includes a color-dipole operator for the
bottom quark. These diagrams will not interfere with the SM
contribution in the limit of my = 0.
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between transverse positive and transverse negative par-
tial widths. The decay width of each helicity state (which
we denote by +, - and 0) is thus given by

(T 4 &)
) = + (117)
r©® =p® (118)
@ _ &
re) = — (119)

For later convenience, we write the full results as func-
tions of the W-boson mass and the coefficients of
dimension-six operators:

FZ()T;[J/EL,T) EFZ()W,L,T) ( OS%,CW,CtW,CbW,CtG)

=4 @) + TP (2,68, Cuaw, Cu ) + T8 (2,089, Cow ) + T8 (,Cp 2, Cow)
(120)
Fz(;bv;/) Erz(;gv) ( C;ga Cops Crw s CbWactG)
=T (@) + 117 (2,653, Cow, Cu) + 187 (2, €50, Cow ) = 187 (2, Cpo /2. Cow) (121)

where © = my /my, Dsm represents the SM contribution, I’y is the contribution from the interference of SM and
dimension-six operators, and I's is the squared contribution from dimension-six operators. We include the coefficient
Cic only in the interference term I';. A complete calculation of O (CtG) effects requires counterterms from dimension-
eight operators (for example, the diagram in Figure 1 but with two dots representing O, may need to be regulated
by a dimension-eight counterterm), and so we will not consider in this work. The functions I'sp,1,2 are given by

A

Tou () = 3 TV (@) (1 + asdl () (122)
3
7 am i
I (@,0v,er,cq) = Sb [Re(ev) T (@ )(1+o¢s5v(x)) +Re (cr) T (2) (1 + audlp (@)
+Re (cq) Tyro () (0sbh 6 (x )} (123)
5
i am [ i [ i
Iy (@ ev,er) = S8 [lev P I (@) (1 + audy (@) + lerl? rgo( ) (1+ adip(x))
+2Re (cvei) Tyro ()@ (1+ o (:17))} , (124)
[
where s = sin 9W is the sine of the weak angle 6y, and (L) (:C — 1)2
the functions I‘S%(z) represent tree level contributions: v (@) = 472 (128)
1 2
Vo (@) = 5 (2 = 1) (129)
L 2
, I (@) = 2® (2 — 1) (130)
p(ton) (22 —1)" (222 +1) 195
vo (@)= 12 (125)
0 3 2
Ty () = 5 (@ =1) (126)
et (x) = (22 — 1) (® + 2) (127)



I () = % 2? —1)° (131)
M2 (@) = (2% = 1)° (132)
) () =2 (* —1) (133)
{7 (z) = —% (22 —1)* (134)
[ (@) = = (2% = 1)° (135)
LY (@) = —2 (22 —1)° (136)

and the functions 8}, 1 yr v (%) represent O(as) correc-
tions. Their expressions are given in Appendix A. Note
that these results apply even if the WW-boson is off shell,
with © = mw« /m;.

B. Decay mode t — u;V

In this section we consider the flavor-changing decay
mode t — u;V mediated by dimension-six operators.
In the SM the flavor-changing neutral couplings involv-
ing the top quark are loop-induced and have a strong
Glashow-Iliopoulos-Maiani mechanism suppression, lead-
ing to negligible branching ratios [74-76]. Therefore the

F(tot LT,F) _p(tot,L,T,F) (I b, 0(1 143) _ (3,143)
©q ’

uZ

—s2003) + 2ol ol ol
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observation of such processes will provide a clear signal
of new physics.

The QCD corrections have been studied in the litera-
ture. In Ref. [59], the contributions of dipole couplings
tot = u; +v/Z and t — u; + g have been investi-
gated at NLO in QCD. The vector-type couplings for the
tuZ vertex are considered in Refs. [57, 58]. Furthermore,
Refs. [57, 58] also presented the anomalous dimensions, in
terms of dimension-four and dimension-five effective La-
grangian, (hence without explicit SU(2)r x U(1)y sym-
metry). For ¢t — u; + Z, only the total width, i.e. with
all polarization states summed over, is available in these
works. The Feynman diagrams for these processes are
shown in Figure 4 and 5.

Here we give the partial decay width of ¢ — uZ* for
each helicity state of an off-shell Z boson, in terms of
dimension-six operators. The helicity decay rates are
needed to derive the differential rates of the three-body
decays. Our total widths are in agreement with previous
results in Refs. [57, 58], only if we change the sign of &
for the contributions from the 018103) operator. Again, for
later convenience we write the full results as functions of
the Z-boson mass and the coefficients of dimension-six
operators:

31)* (31)% ~(31)%
520153) 2CuW 701(LG ) )

(137)

where & = 1/2 — 4s2/3, @ = 1/2 are the vector and axial-vector coupling constants of Zuii, ¢ = cosfy, and the

function I‘Sj} is defined as

(tot,L,T) L L L. R .R Ry_ y(tot,L,T) L (tot,L,T) .. R R R

r,, (z,v,a; ¢y, cp, cés ey e, ) =Ty, (:C v, a; cv,cT,cG) +Ty, (w,v,—a,cv,cT,cG) (138)
(F) ..L L L. R R _Ry_ p(F) L L L (F) ..R .R R
L./ (x,v,a;cy,cp, céiey,cr,cq) =Ty (x,v a; CV,CT,CG) Iy (a:,v,—a,cv,cT,cG) , (139)

where the functions I‘&,i) are given by

g

Z,V,a;Cv,CT, CG)

5
amy

1 i i i i 0 i
= { 1 v TV (@) [1+ 0wl (@)] + ler Ty (@) [1 4 ubi(2)] —Re (ever) T [1+ asdir(@)]

c&) T oas [8ci(@, Re(v), a) + 64 (2, Im(v), 0)]
ce) Thas [0 (2, Re(v), @) + 8, (2, Im(v), 0)]

— Re (evey) T g [8hg (2, Re(v), @) — 8y (2, Im(v), 0)] — Im (e

+2Re (crcg) T as [0, (2, Re(v), @) — 0 4 (2, Im(v),0)] + 2Im (cr

+lea TE(@)as [0y (x, Re(v), a) + 3y (x, Im(v), 0)] } , (140)

where the tree level contributions, 1"(% are given in Eq. (125)-(136), and the NLO corrections, 6‘(z)’s, are given in
Appendix A. Note that in the above formula we allow for a complex value of 0, even though v is real in the SM. This
will be useful when we consider four-fermion operators in the next section.

We have also checked the available results for ¢ — u;g  in Ref. [59] and for ¢ — wu;vy in Ref. [57, 58], and find
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FIG. 4: Feynman diagrams for ¢ — u +/Z. The black dots represent interactions arising from color-dipole operators
while squares represent interactions from all the other operators, which modify the tuV vertex.
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FIG. 5: Feynman diagrams for ¢t — u + g. The black dots represent interactions arising from color-dipole operators O,

(13,31)
OuG ’

(13 31)

agreement. For the sake of completeness, we present where & and g are kinematic cuts on the photon energy

these results here using our formalism. and the jet-photon separation, required to remove the
For t — w;g: photon soft-collinear divergences:
dagm? 2 2
Pug = ~5o0p" (‘cf}é’ + || ) (1+a,0%) (141)
with
1
6L = o {6(29— 2Nj)1og— + 36Ny — 749 + 387 ] ,
T
(142)
where Ny = 5 is the number of running flavors in g,. For
t— uy: 1—py -puw/EyEy, > & (144)
2E,/m: > g , (145)
T, =T, (@gc 0(133),013) ’
v uG where the energy E,, I, and three-momenta p.,, p., are
o~ ~(31)% (31)x (31)*) defined in the top-quark rest frame, see [58] for details.
+1y (3:, 5:Cuw +Cup Cug ' (143) The function I'y is defined as



'y (Z,9;cr,cq)
_am}

A4

where the NLO corrections, 6, (Z,9), are given in Ap-
pendix A. Note that in both ¢t — uZ and t — wy,
the contributions from color-dipole operators 02103’31) are
pure NLO effects.

C. Decay mode: t — u;h

The QCD correction to t — u;h decay through Yukawa
operators was first computed in Ref. [60]. The process
considered there is the charged Higgs decay of the top
quark, but the QCD correction is the same (after tak-
ing into account the difference between renormalization

7
Gpmt

FS(% Cs, CG) = (m

where z = my,/m;, and

Tso(z) = (1—22) (149)
represents the LO contribution. The ds,sg g3(x) func-
tions are the NLO corrections, and are given in Ap-
pendix A. Again, here the contributions the color-dipole
operators are pure NLO effects.

D. Three-body final state

In this section we present results for three-body final
states, i.e. t — beTv and t — wltl~. The final state
leptons will have the same chirality if the contributions
come from two-fermion operators or V-V operators, or
opposite chiralities if they come from S-S or T-T opera-
tors. Since there is no interference between the two cases,
the most convenient way of presenting our results is to
consider them separately.

We first present results for same chirality leptons.
We will give expressions for the differential decay rate,
dl'/ d@? dcosf, in terms of the two-body NLO results.
Here Q? is the invariant mass of the lepton pair, and 4
is the angle between the three-momentum of the anti-
lepton in the W rest frame and the W momentum in

13

{ICTI2 [1+ asd7(2,9)] + 2Re (creg) asdie (2, 9) + 2Im (creg) asdi (&, 9) + leal*asdp (2, ﬂ)} , (146)

schemes). More recently we presented a calculation for
t — w;h in Ref. [42], adding the contributions from the

color-dipole operators OSGS’M), and their interferences

with the Yukawa operators 01%)”31). The Feynman dia-

grams are listed in Figure 6. For completeness we present
here the full results for this decay mode:

Tun =T's (x, C&;’) 7 Cilc?) )

+Ts (x,c<31> qﬁ?) ,

up

(147)

where the function I'g is defined as

) { les|* Ts,0(x) [1 4+ ads(@)] + 2Re (cscgy) Dso(@) [asdse(@)] + leal’ Tso(@) [asdas(x))] } ;

(148)

top-quark rest frame. We will make use of the functions
T'yw and T',y defined in section IV A and IV B.

For the charged-current decay t — be™v, the result
follows immediately from section IID:
drbe*v Q2 g2 2 -2
= =|D r
dQ?dcosf) 1672 2 D@7, mw, Tw )|

i /

> Ty (.68 Cop, Cow, Cow, Ci) filcos ) |

i=+,0,—

(150)
where
2= Q*/m? (151)
and
B3) _ ~O3) (3)
Coo =Con + " Ciy D(Q*,mw,Tw) . (152)

The above substitution takes into account the four-
fermion operator Ols’ .

Now we turn to the neutral current case. This can be
derived from the two-body decay results for t — uZ* and
t — uy*, where t — uZ* has been given in the previous
section, and ¢ — uy* can be written as:
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FIG. 6: Virtual and real corrections for t — wh. The black dots represent interactions arising from color-dipole operators
013:31) . . . (13,31)
we:, while squares represent interactions from Yukawa operators O, 7.

— —_ 4 * * *
P07 =10 (4 g 00l Cl + O CLT 0.5e(Cl " + .08 )

However the situation is complicated by the interfer-
ence between t — uy* and t — uZ*, due to their common
semi-leptonic final state. The factorization of the decay

M) o (M 2@)2 (1 - s%,Q") D

(153)

amplitude can be done in a similar way as for ¢ — bW™,
but one needs to consider the sum of M(“%) and M (“7):

Q2 mz, T )+ MUV(Q2)eQUDH(Q2,0,0)] x LF

- 2@ (=s3Q") D@ mz. Ta) + M (Q1)eQ'DTHQ0,0)| x L, (154)

where T and Q' are the isospin and electric charge of the

final state leptons [71~, and LiL’R are the polarized lepton
currents. Note that there is no interference between L
and L, and the square of LI is

/ % (LEL™) = Q%,; fi(— cos) . (155)

For the final state with left-handed leptons, one needs
the square of the combination

eQ'D(Q* mz,Tz)

Té - S%/VQl) D(Q27 0, O) '
(156)

K2

MMD(@Q%) + MIM(QY) 5 (

For the right-handed leptons the same is true if we set
T! = 0. There is no need to compute the interference
between Mi(uz) and Ml-(w): we can write MZ-(M) in terms
of Mi(uz)7 as in Eq. (153), and directly combine the cou-
plings. This is because Mi(uz) is a linear function of
UCSGS’M), aCig"gl) , and other operators coefficients. In
the meantime, the contributions from the four-fermion
operators can be included by a shift in suitable couplings.
The final result is



dypi-  Q° ) 72
= D
dQ?dcosf 1672 |D(Q%, mz,vz)| *x
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9 (i 2 A2 ) ' L+ Lt L. R R R
{ [Z (Tg — @ )} Z ft(cos ) x FS)Z(ZE,’U/, a;cyf ef egsey o )
i=-+,0,—

2 , .
+ {% (—S%VQl)} Z fi(—cosB) x FS)Z(a:,v",a;c%,”,c%",cé;cg",cg”,cg)} ,

i=+,0,—

where 22 = Q%/m?, and

202 D(Q2,mz, Fz)

Li _ ~(1,1+3) (3,143)

ey =C -C —
Pq ©vq I _ 2 Nl

T5 — sy Q

m3g?
% (Cl<;,1+3) +2T§C(3’1+3))

lq

2¢? D(Q27mz,Fz)C(1+3)
m?2g2 Ti — s3Q! tu

Rr _ ~(1+43)
Cy = Cgau -

(158)

(159)

b= PO PO 4y @) (U + 0)

(160)
o = =25 + OGR4 (@) (¢ + )
(161)
2¢2 D(Q*,mz,Tz)
I 1,143 3,1+3 ) ) l 143
CV/I:OL,(O(]+)_C<E7q+)_m22 —2 QC¢56+)
t9 w
(162)
2¢2 D(Q? r
o =gy - 20 P@mald gy gy

2,2
m:g —Sw

f = =20 + 2Cl) +rr(@®) (€ + L)

R __
CT =

k-t
-
1 4 4
V=35 - gS%v + gTL(Q2)
1 4 4
V=g - gS%v + gTR(Qz)
L1
2
(Q2) 8202Ql D(Q27mZ7FZ)
T =
" T]— 2Q! D(Q%0,0)
D(Q?* mz,T'y)
2\ 2 ) 9
TR(Q ) - = D(Q2,0,0)

(164)

200" + OO (@) (€ + )

(165)

(166)
(167)

(168)
(169)
(170)

(171)

(172)

(157)

This formula includes contributions from two-fermion op-
erators with uty, utZ and utg couplings, and from four-
fermions operators, as well as their interferences.

Now we move on to the case where the final state lep-
tons have opposite chiralities.

The scalar mediated case is straightforward, as there
is no angular correlation between ¢t — uh* and h* — X,
where X is some Higgs decay final state. In general, if X
does not involve any colored state, one can factorize the
decay rate:

dFuX
d@?

V@

:Trt%uh*rh*ﬂX|D(Q2amh;Fth .

(173)

There is no angular distribution in the h* rest frame. Fur-
thermore, for semi-leptonic final states, there is no contri-
bution from two-body decay, because the Higgs does not
couple to leptons in the massless limit. Thus we only need
to consider the contributions from four-fermion opera-

tors, S-S operators Ojepg, Ol(el();,t, O and 013V and

lequ lequ
T-T operators Ol(;%t, C®13) and 033V, Their anoma-

lequ lequ

lous dimensions are —2a; /7 and 2a,/(37) respectively,
and there is no mixing among them. There are also con-
tributions from the interference of S-S and T-T opera-

tors, i.e. the interferences between operators Ol(egé);)t and
01, 0213 and 01 "and 021 and O[3V Other
equ )

) leQt® ~lequ ; lequ > lequ
interferences vanish due to zero b or u quark mass.

The full results from these four-fermion operators are:
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t — betu:
_loery =T z,co80;C1 Cc® ) 4T (x,cos0;C 0) (174)
Q2 dcosd S+T leQt> ~leQt S+T P y UlebQ@ s
t— uete”
Muerer =T z,cos0; O3 cB319) 4 1 x, cos 0; O\ 13D o831 (175)
QQ dcos S+T ’ lequ ° “lequ S+T ’ lequ lequ ’
where 22 = Q?/m?, and there is no contributions to t — uvv because a scalar or a tensor current always involves

right-handed neutrino. The function I'g;p is defined as:

3
_L mi

M 3
Tsyr (:v,cos@,c( ),c( )) =128.3 A4

+ Re (c(l)c(3)*) vsT.0(z,cos0) [1 + asdsr(z)] +

where the tree level contributions are given by

~vss,0(x, cosd

)=
’YST (z,cos6) =
*yTT (z,cos ) =22 (1
( )

VTT oz, cosb

2* (1 2)2 [fT(cos) + fO(cosB) + f~(cosb)]
2 (1= )" [ (cos0) -

—22)” [f*(cos0) —
=4 (1 :102)2 [fo cos ] ,

2
{ ‘c(l)’ vss,0(z, cos0) [1 4+ asds(x)]

2 ) )
O 3 24 (. cos6) [1+ by (@)

i=1,2

(176)

177

178
179
180

(177)
[~ (cos )] (178)
f°(cos ) + f~(cos 9)] (179)
(180)

and the NLO corrections, dg s () and 5(TZ)T(3:) are given in Appendix A.
[

V. NUMERICAL RESULTS

In this section we present some numerical results.
In particular we focus on the effects of the top-quark
color-dipole operator O.;g and the four-fermion opera-
tors, which are often ignored in previous studies. Never-
theless, we will not go into too much detail. The main
purpose of this paper is to provide analytical results,
rather than to discuss their phenomenological aspects.
A more complete study of their phenomenological impli-
cations, including strategies for searching and bounding
the operators, will presented elsewhere.

Throughout this section we use the following values as
input parameters:

my = 80.385 GeV (181)
my = 91.1876 GeV (182)
my = 173 GeV (183)
mp = 125 GeV (184)
Gr = 1.1663787 x 10~ GeV 2 (185)
as(my) = 0.1081 . (186)

The strong coupling as(m) is obtained with RunDec [77]
from the value ag(mz) = 0.1185 [78].

A. t—bW

The main channel decay has been computed in Ref. [56]
at NLO and the width and W-helicity fractions are given
in terms of the anomalous tbW couplings. These anoma-
lous couplings are in one-to-one correspondence with the
coeflicients of the four operators, 0(3), Oy, Oy and
Opw . Our results include the contr1but10n from the top-
quark dipole operator Oyqg, which is a pure NLO effect.
To illustrate its numerical impact, here we will focus only
on Oy and Oyg. The other operators are either tightly
constrained from B meson decay [79] or do not change
the W-helicity fractions. For the numerical results we
will also include the my # 0 effects for the dimension-six
operators [50] at LO. We also include the NNLO QCD
correction to the SM contribution [53]. The off-shellness
and finite-width effect of the W is taken into consider.
We assume A = 1 TeV and both Cyy and Cie are real.

Up to order a /A2, we find the total width:

" =[1.311 + 0.158Cyw + a5 (—0.11Cw — 0.04C;5)] GeV

=(1.311 4 0.146Cy — 0.004C) GeV (187)



and the helicity fractions:

Fy =0.689 — 0.040Cw + a5 (0.006Cw + 0.007Crc)
=0.689 — 0.039Cw + 0.0007C¢ (188)

Fy =[1.69 — 0.04Cy + a5 (=0.57Cyy + 0.31Csg)] x 1073
=[1.69 — 0.10Cy + 0.03C;g] x 1073 (189)

where Fy = T'(O+) /T are the fractions of longitudi-
nal and transverse-positive W. The contributions from
the non-zero bottom-quark mass are about —0.4% for
et —0.1% for Fy and 25.7% for Fy. We have fixed the
renormalization scale at pu = mg.

For I' and Fy the influence from Cig is very small,
as expected. It has the same order of magnitude as the
NLO QCD correction to the operator Oy . In some sense
this effect can be considered as a O (A*2) modification
to the standard QCD correction, and will shift the NLO
correction to the operator Oy .

On the other hand, F; is more interesting because, at
order O (A’Q) and in the my = 0 limit, I} vanishes at
tree level even if anomalous tbW couplings are present.
The contributions to F; can only come from either a
non-zero my, effect or a O(ay) real gluon emission. For
this reason the contribution from O.q is relatively more
important. In addition, the LHC sensitivity on F. is
better than the other two helicities, at 2 per-mille level
for L = 10fb~* [80]. Our numerical result shows that the
contribution from Oy is about 1/3 of that from Oy,
and is not a negligible effect. Note the —0.04Cy in the
first line of Eq. (189) is a finite m;, effect.

In the above results we have chosen 1 = m; as our
renormalization scale, and thus the operator coefficients
in these results should be interpreted as being defined at
a low energy scale m;. These coeflicients are probed by
low energy experiments, but they are not directly related
to the new physics, which resides at a higher scale A. In
general, by matching the new physics to an effective field
theory at scale A, one obtains coefficients of operators,
C;(A), defined at scale A, and they need to be evolved
down to the scale m, to be compared with experimental
results. The operator evolution of O and O, is given
in Section III. In some cases one might be more interested
in C;(A) rather than C;(m;) because they are directly
related to the new physics. For this reason it is also
useful to present results in terms of Cywic(A), taking
into account the running and mixing of the coefficients.
The results then depend on the scale A. Assuming A = 2
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TeV, the helicity fractions are

Fo =0.689 — 0.038C4 (A) (1T;V>2
+0.0026C;(A) (1TA6V>2
Fy = |1.69 - 0.100C,w (A) (1T[‘§V>2

We can see the contribution of Oy¢ in Fp is enhanced by
a factor of ~ 4 due to its mixing into Ouw. To compare
the results at scale y = m; and scale y = A, we show
the contour plots for Fj and F; at two different scales in
Figure 7.

B. t—blv

In this section we discuss the effects of four-fermion op-
erators on W-helicity fractions. The W-helicity fractions
have been measured by both ATLAS and CMS. The re-
sults are normally used to set limits on the anomalous
tbW couplings, Vi, r and gr g, or alternatively on the
coefficient of the operator Oy (or 033,). However, one
can imagine that a four-fermion contact operator involv-
ing tblv may also lead to decay with the same blv final
state, giving rise to a shift of the measured “W-helicity
fractions”, even though a real W is not involved in the
process. One example is that some new heavy particle,
W', will mediate the decay through ¢ — bW’ — blv. If
the mass of W’ is much larger than my, this process is
well described by the four-fermion operator Ol(g).

The contribution from four-fermion operators are typ-
ically small, because their interference with the SM am-
plitude is suppressed by a small numerical factor due to
a cancellation in total rate between two phase space re-
gions, my, < mw and my, > mw (where my, is the
invariant mass of the lepton and neutrino) in which the
W propagator changes sign [9]. Their squared amplitude
do not suffer from this cancellation but are suppressed
by an additional factor of 1/A%. However, so far some
of these operators can be probed only in the top decay
process, and one might hope to bound these operators
using the differential decay rate of t — blv. Further-
more, the invariant mass distribution of the lepton pairs
are also sensitive to the contact interaction, and probing
the off-shell region of m;, may provide some information
about the four-fermion operators. Unfortunately, so far
experimental measurements on W-helicity fractions have
required that my, is equal to myy, in order to determine
the momentum of the neutrino. This condition certainly
does not apply to the case where the decay is mediated
by a heavy W', and so the current limits on the helicity
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FIG. 7: Contour plots for W helicity fractions in the Cyw (1) - Cia(p) plane. Left: Fy. Right: 1000 x Fy. The solid (black)
curves represent p = my, while the dashed (blue) ones are for y = 2 TeV.

fractions cannot be used to put limits on four-fermion
operators.

The “W-helicity fraction” is extracted from the cosf
distribution of the decay rate, and in principle this can
be done even if a real W boson is not involved, i.e. when
a four-fermion operator is present. It is well known that
the SM and its interference with two-fermion operator

Ofa% produces W-helicities with the following ratio (at

leading order):

Fy:Fy:F_ =0:1:22%, (191)
where * = my /my, while its interference with two-
fermion operator Oy gives:

Fi:F:F.-=0:1:2, (192)

note F is always zero. If the contribution comes from

four-fermion operators Of;ét and Oyepg, which take the
form of a scalar-current interaction, then the resulting
differential decay rate has no dependence on cosf. One
would measure

Fr:r:F=1:1:1 (193)

from the angular distribution. On the other hand, the

operator Ol(egé);)t corresponds to a tensor-current interac-
tion, and will give rise to different helicity fractions with

the following ratio:
Fr.FY:F =22:2—-2%:2%, (194)

where here x = my, /m; is not fixed at my /m;. The
vector-current operator 01(22) on the other hand gives rise

to a V — A interaction, and so its contribution to the
helicity fractions has the same ratio as in the SM, i.e.
Fr:F':F=0:1:22%. (195)
Nevertheless the interference between this operator and
the SM will cause a shift in the distribution of m;,, which
in turn will modify the helicity fractions.
In Table I we present the numerical results for the he-
licity fractions, from the SM contribution squared, the
interference between the SM and the two-fermion oper-

(3)

ators O«ﬂQ and Oy as well as the four-fermion opera-

tor Ol(g), and the squared contribution from four-fermion
operators. We have assumed A = 1 TeV and all co-
efficients are equal to one. To present the results in
a more useful way, we divide the phase space region
into three sub-regions: 15 GeV< m;, <70.4 GeV, 70.4
GeV< my, <90.4 GeV, and m;, >90.4 GeV. They are
chosen such that the second region corresponds to essen-
tially two-body decay t — bW and incorporates most
contributions from two-fermion operators. The results
given in the table are obtained by integrating over each
phase space sub-region. The NLO QCD corrections, the
finite my, effect at LO, and the finite W-width correc-
tions are all taken into account. The magnitudes of NLO
corrections are also given in the table. One can see that
in the second sub-region, i.e. the “on-shell” region, the
contribution is dominated by the SM and its interfer-
ence with two-fermion operators, and therefore helicity
fractions measured in this region provide information on
tbW couplings. On the other hand, in the other two “off-
shell” regions the SM and two-fermion operators are sup-



pressed, and four-fermion contributions at order A=* are
comparable with the two-fermion contributions at order
A~2. In particular the four-fermion operators will mod-
ify the positive helicity fraction which is almost zero in
the SM, and this may help to determine or to constrain
the coefficient of four-fermion operators.

C. t—ul'l”

For flavor-changing decays t — ul*l™, the situation is
very similar. Searches for ¢ — uZ has been performed by
assuming the lepton pair comes from an on-shell Z, and
cuts on invariant mass of the leptons near the Z-mass
shell are applied. In principle, one should consider also
the possibility that FCNC is mediated by new heavy par-
ticles like Z’. In this case the decay process is described
by four-fermion contact interactions, and so one should
take into account their squared contributions as well as
their interferences with ¢ — uy*, uZ* — wl™l~. Un-
like the main decay channel where the interference be-
tween SM and four-fermion operators is suppressed, in
the flavor-changing decay mode all contributions start at
order A™*, so the four-fermion operators are relatively
more important.

To present the decay rate from each operator, we write
the decay width of t — ueTe™ as

(1 TeV)?

Lisuete- = Zrijci(mt>cj(mt)T ;

2%

(196)

where C;(my) are either the real or the imaginary part of
the operator coefficients, defined at scale m;. In Table II
we show the numerical values of I';; for some typical op-

1,143
05t

erators, including which gives rise to the vector

coupling of Z, OSW?’)’UG which gives rise to the tensor cou-
plings of Z, v and g, and the S-S, V-V and T-T types
four-fermion operators, assuming their coefficients are
real. These numerical results are obtained with a cut on
the invariant mass of the lepton pair, my > 15 GeV. This
is required not only to remove not only the QCD back-
ground but also the divergence from the photon peak,
which comes from the weak-dipole operators 01(11;,))1;(3“/1)'
In the table we also show the amount of NLO correc-
tions. The complete results for all operators are given in
Appendix B. Note that the interference between S-S and
T-T operators is proportional to cos, and vanishes only
after integrating over the 6 angle. The QCD correction
to this part is about —2%.

If the flavor-changing decays are observed at the LHC,
the next step will be to determine the specific form of
the flavor-changing interactions. To this end one needs
to make use of the kinematic information of the final state
leptons. We have provided results for the differential de-
cay rates, including the invariant-mass distribution and
the angular distribution of the final state leptons, and we
expect these results will be useful in future analyses for
flavor-changing top-quark interactions.
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VI. SUMMARY

Measurements on top-quark related processes can pro-
vide valuable information on new physics. In general,
non-standard interactions of the top quark should be
studied in a global manner, in particular due to their
mixing effects at NLO in QCD. For this reason a model-
independent analysis based on an effective field theory
approach should be performed, and a global fit needs
to be done, including all available measurements and all
dimension-six operators.

In this paper we have presented the complete calcu-
lation for top-quark semi-leptonic decays in the pres-
ence of new physics, at the NLO accuracy in QCD in
an EFT approach. We have employed the operator basis
in Ref. [63], and consider all dimension-six operators that
give rise to a non-standard interaction of the top quark
and contribute to top-quark decay processes, including
both flavor-conserving and flavor-changing decay modes.
Apart from confirming results that were previously avail-
able in the literature, we have taken into account the
QCD corrections from the color-dipole operators, the dif-
ferential decay rate of semi-leptonic final states, and the
contributions from four-fermion operators.

Our results are presented in terms of analytical expres-
sions for total and differential decay rates as well as their
numerical evaluation. The QCD corrections can reach
the ten-percent level depending on the processes and op-
erators. In addition, in many cases new contributions
enter at the NLO, e.g. from color-dipole operators. For
completeness we have also presented the O(a;) mixing
of all relevant operators.

Our results complete the set of calculations needed for
a model-independent study of top-quark decay at NLO
accuracy and therefore provide all information needed to
perform global analyses for new physics searches.
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Region 1: [15,70.4] GeV Region 2: [70.4,90.4] GeV Region 3: [90.4, oo] GeV
Total(GeV) NLO F, Fy, F_ |Total(GeV) NLO F; F, F_ |Total(GeV) NLO F, F, F_
SM? 42%x107% —9% 0.00 0.80 0.20| 1.4 x 107" —9% 0.00 0.69 0.31|3.1x10"2 —9% 0.00 0.58 0.42
Schfg 5.1 x107* —9% 0.00 0.80 0.20| 1.7x 1072 —9% 0.00 0.69 0.31| 3.8 x10"* —9% 0.00 0.58 0.42
SMx Ciw | 3.x107* —8% 0.00 0.34 0.66| 1.5 x 1072 —8% 0.00 0.34 0.66| 4.8 x 10™* —8% 0.00 0.34 0.66
SM x Cff) | =4.6 x 107" —9% 0.00 0.83 0.17| 28 x10™° 1% 0.05 —8.75 9.70| 42 x 10~* —9% 0.00 0.54 0.46
C? 1 14%x107° —9% 0.00 0.85 0.14| 8.7 x 107 —9% 0.00 0.69 0.31|1.9x107° —9% 0.01 0.46 0.53
c;;g; 1.1x 1077 —0% 0.33 0.33 0.33]| 1.4x 1077 0% 0.33 0.33 0.33| 58 %1077 2% 0.33 0.33 0.33
Chvo 1.1x107" —0% 0.33 0.33 0.33]| 1.4x 1077 0% 0.33 0.33 0.33|58x1077 2% 0.33 0.33 0.33

C2% | 13x107° —9% 0.04 0.92 0.04] 6.9x107° —9% 0.10 0.79 0.10| 1.5x 1077 —8% 0.19 0.62 0.19

TABLE I: Numerical values of the helicity fractions at NLO, from the SM contribution, its interference with Offgw Oww and

Ol(g), and the squared contributions of four-fermion operators. The phase space is divided in to three regions according to my,,
in such a way that the second sub-region is near the W shell and incorporates almost all “on shell” decays. For each region we

present the total width, the NLO correction (I'nro/I'no — 1), and the three helicity fractions.

ri(GeV)  [Re(C0") Re(Cl) Re(cl?) Rre(c'*) ri;(GeV) |Re (Cl5\) Re (C5)

Re (Cf;q’”?’)) 1.9%x107° —62x107° 2.9x10°° —35x107" Re (C}jq’f)) 8.2x 1077 0.
—8% —8% — —12% 1% —
Re (Cf;;)) 76x107° —6.1x10°° —3.3x10°° Re (C}jq’f)) 3.5 % 107°
—9% — —7% —8%

Re (C(2) 6.8x10"°  2.6x1077

Re (Cfi1+) 2.9 % 107°
—8%

TABLE II: Numerical values for I';; from some typical operators. Left: Two-fermion operators and V-V type four-fermion
operator, and their interferences. Right: S-S and T-T type four-fermion operators and their interferences. The percentage
number under each entry represents the amount of NLO correction (a dash implies the presented value vanishes at LO).

Appendix A: NLO corrections

In the following we collect all O(as) corrections that appeared in the main text.
The 0y 7.7,y g(z) functions, appeared in Eq. (122-124) and Eq. (140), are:

1
I (22 — 1)* (222 + 1)
+6 (2% — 1)2 (42 +5) log(1 — z) — 242® (22" + 2° — 1) log(z) + 24 (22° — 32" + 1) log(1 — x) log()
+6 (2% —1)% (422 + 5) log(z + 1) + 24 (225 — 32" + 1) log() log(w + 1) + 48 (225 — 32" + 1) Lis(~2)

5Pt (2) = -

{ + (2* = 1) (3 (—62" + 92° +5) + 7 (82" — 42” — 1))

+48 (22° — 32 + 1) Lig(:v)} (A1)

2
Sioh(z) = ! )2{ — 322 (2* — 1)’ log (%) + 2% (2% — 1) (—212% + 47 (2° — 1) + 17)

 Ora? (2 —1
+2(2” - 1)2 (72% +2) log(1 — z) + 8z* (3 — 22%) log(z) + 242 (z* — 1)2 log(1 — z) log(z)
+2 (22 = 1) (72% 4+ 2) log(z + 1) + 242 (2> — 1) log(x) log(x + 1) + 482° (2* — 1)° Lis(—2)

+482° (2% — 1) Liy (x)} (A2)
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L —6($6—3$2+2) log (m_f)
I (22 —1)% (22 + 2) p?
+ (22 = 1) (=72* — 132 + 4n® (a* + 2% — 2) +32) + 6 (> — 1)° (2* + 8) log(1 — x)
— 24a2® (z* 4 22% — 2) log(z) + 24 (2° — 32* + 2) log(1 — x) log(z) + 6 (z° — 1)2 (z° +8) log(z + 1)

o) = -

+24 (2% — 32 + 2) log(z) log(z + 1) 4 48 (2° — 32% + 2) Liy(—x) + 48 (2% — 32% + 2) Lig(x)} (A3)

1 2 m?2 3
ot (p)=—— ¢ 4622 (22 —1)" 1o (—t)—1—10x2+31x4—20x6+4 22— 1) log(1l —
va() 18722 (22 — 1)2 { ( ) & 12 ( ) g( )

+ 4z (2 + 3) log(z) + 4 (2 — 1)3 log(z + 1)} (A4)
oy (z) = % +dn? (20" + 527 +1) — 3 (425 — 512 +422° 4+ 5) + 18 (2% — 1) log(1 — x)
9 (22 — 1)
— 96 (22" + 2°) log(z) + 12(z — 1)? (2* + 62% — = + 2) log(1 — z) log(z) + 18 (2 — 1)2 log(z + 1)
—12(z +1)* (2* — 62> — 2 — 2) log(w) log(z + 1) — 12(z + 1)* (z* — 82® + 3z — 4) Liz(—x)
+12(z — 1) (2° + 82” + 3z + 4) Lig(x )} (A5)
1 2
§pp(z) = —m{ — 322 (2* — 1)’ log <m—2t> +a? (=332" + 302% + 272 (22" — 72° + 1) + 3)
Tz (22 — 1) H

+6 (22° — 32" + 1) log(1 — =) — 122" (2° — 7) log(z) + 12(z — 1)*2? (22% + 52 + 1) log(1 — z) log(x)
+6 (22° — 32" + 1) log(z + 1) + 122%(z + 1)* (22° — 5z + 1) log(z) log(z + 1)

+122%(z + 1)* (42® — 9z + 3) Lig(—2) + 12(z — 1)*z* (42® 4 9z + 3) Lig(x)} (A6)
o (z) = SN S Sy (2 —1)"log (m—%> +a” (3 (2" — 222° + 21) + 47% (2" — 22° - 3))
’ Irx? (22 —1)° I
+6 (2% — 327 + 2) log(1 — z) — 2427 (2* — 32 — 3) log(z) + 12(z — 1)z (22° + 32% + 3) log(1 — z) log(x)
+6 (2% — 32° + 2) log(z + 1) + 12z(x + 1)* (22° — 32* — 3) log(z) log(z + 1)
+12z(z + 1) (42° — 72° + 22 — 3) Lis(—2z) + 12(z — 1)%z (42® + 72 + 22 + 3) Lig(a:)} (A7)
() = S S Sy (2> —1)*log (mQ) 342 (n* —12) 2® + (33 + 677) 2t — 62°
Ve 18722 (22 — 1)2 2

+6 (z° — 1)3 log(1 — x) — 482" log(z) — 12(z — 1)*z%log(1 — z) log(z) + 6 (z* — 1)3 log(z + 1)

+ 1222 (z + 1)3 log(z) log(x + 1) + 122% (2 + 1)3Lig(—2) — 12(z — 1)3:102L12(x)} (A8)
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9ma? (2 — 1
+122% (22" 4 72% + 5) log(z) + 6(z — 1)%x (42® + T2® 4 5) log(1 — z) log(z) + 6 (22° — 32" + 1) log(z + 1)
+ 6x(z + 1)* (42® — T2 — 5) log(x) log(z + 1) + 6z (x + 1)* (82° — 152° + 4z — 5) Liz(—2)

60 (x) = —;)2{ +a” (27% (22" — 5a® — 5) — 3 (2! + 182 — 19)) + 6 (22° — 32" 4+ 1) log(1 — )

+6(z — 1)%z (82° + 152° + 4z + 5) Lig(:zr)} (A9)
T _ 1 C9.2(.2 2 2 4 F 2 _ 4 2
6y () T 322 (22 — 1) log Tz )t ? (7 (42" — 5a® +5) — 3 (52" — 142” +9))

+3 (2 - 1)2 (52% + 1) log(1 — z) — 6 (32° + 2" ) log(z) + 6(z — 1)%2® (42° + 7z + 5) log(1 — z) log(z)
+3 (22— 1) (52% 4+ 1) log(x + 1) + 622 (z + 1)? (42 — 7o + 5) log(z) log(x + 1)

+62° (2 + 1) (82° — 15z + 9) Lis(—z) + 6(z — 1)%2? (827 + 15z +9) Lig(ﬂ:)} (A10)
1 m2
6h(r) = ———m—— —6(3:2—1) 1og< )—16 927 + 302" — 52° + 47 (z* + 1)
97 (22 — 1) I
+ 18 (22 — ) g(l —z) — 12 (52" + 2?) log(z) + 6(z — 1)? (2 + 627 + 52 + 4) log(1 — z) log(x)

(
+18 (2* — ) g(z 4+ 1) + 6 (—a° + 4a* + 62° + 3z + 4) log(z) log(z + 1)

(z+1)* (#* — 102® + 13z — 8) Liz(—z) + 6(z — 1) (z* + 102” + 13z + 8) Lig(x)} (A11)

1 2 m?
ba(r) = ———————{ —622 (22— 1) 1o <—t)—|—:1:2 27x* — 302 + 72 (322 +1) +3
e 18”2@2_1)2{ (o = 1)"1og () 2 (30 +1) +3)
—3 (2% — 1) log(1 — 2) — 62" (2 + 7) log(z) — 6(x — 1)** log(1 — z) log(x) — 3 (2> — 1)° log(z + 1)

+ 62%(x + 1)*log(z) log(x + 1) + 62°(z + 1)*Liz(—x) — 6(x — 1)3x2L12(x)} (A12)

68 (2) = _97rx2(x2—2—1)2{ + 2% (7% (2 4+ 2) + 3(4z — 3)(z — 1)?) + (62° — 92" + 3) log(1 — )

+ (—62° + 332* — 3022 + 3) log(x + 1) — 122% (2* — 32 — 1) Lig(—2) + 122° (2* — 1) Lig(a:)} (A13)

)

1 m?
§pp(z) = —m{ — 322 (2 — 1)’ log <M—;) +2? (57 (2® +1) = 3(x — 1)* (52® — 122+ 9))
+3 (2 - 1)2 (527 + 1) log(1 — z) + (—32° + 692" — 6927 + 3) log(z + 1)
+122° (=22* + 92° + 3) Lig(—2) + 242 (¢ — 1)° Lig(:v)} (A14)
2
F(z) = % +6(:c2—1) log (m ) +21° (2* = 2) + (z — 1)% (2" + 22° — 92% — 28z + 16)
9 (22 — 1) I

— 18 (22 —1)*log(1 — x) + 6 (5z* — 122% + 7) log(x + 1) + 24 (22" — 22® — 1) Liy(—2) — 24 (2% — 1)’ Lig(x)}

(A15)
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Sha(z) = Wjﬁz—l)z{ + 627 (2% — 1)210g (7}—5) + 2% (7% (322 + 1) — 6(z — 1)? (52% + 3z + 4))
+3 (22— 1) log(1 — x) + 3 (325 + & — 32> — 1) log(x + 1) + 12 (32 + 2?) Lig(—x)} : (A16)
In the following we define
Y= %m . (A17)

The 0% ¢ 7¢.¢2(®) functions that appeared in Eq. (140) are:

1 2
{43602 (2 — 1)  log <m—2t> +va? (—81a" + 15622 — 67v/4 = 220 + 4* — 75)
S54ma? (22 — 1) H

+a (—390° + 662 + (47* — 21) 2% — 67/ — 2%° + 1871 — %" 6
+ 12z sin~! (g) (a (\/4 — 2 (x4 — 327 — 4) - 271'1:) +o ( 4 — 22 (7:174 — 622 + 2) - 271'17))

— 242%(a 4 v)sin~! (%)2 — 1227 log(z) (a (z* — 52® — 3) + v (z* + 42 — 3))

5€/Oé,r(xa U, a) =

+ 2422 (a + v)ReLiy (xy)} (A18)
tot 1
6VG,i(xvvva) = —g(v—l—a) (Alg)
Sk (r,v,a) = ! + 6vz (2% — 32% + 2) log (m_f)
TE T 9na (a2 — 1) (2 + 2) p?
+x [a (—37T:v\/4 — 22 (2® — 2) + 3 (2* + 142° — 15) + 471'2)
o (—112° — 120" + 812 — 67V/4 = 07 (2% — 1) & + 4n® - 58|
—6sin! (g) (a (\/4 — 22 (2% — 5a* + 327 +4) + 47T£C) + vz (47T — x4 — a2 (2" +82° — 9)))
— 24x(a + v)sin~? (%)2 + 62° log(z) (a (z* — 72® = 7) + v (z* — 62% — 3)) + 24z(a + v)ReLiQ(a:y)}
(A20)
51 s, v,0) = 2 (v + a) (a21)
tot _ L 2(,2 8 6 4 2y .2
Sy (z,v,a) = ~3ona? D@ 2){ —a® (2* — 4) (52® — 432° + 1082* — (71 +27°) «

—9mV/A = 070”4 60mV/A = 2% + 1) - 2ava? (? - 4) (450" — 662 + 3mV/4 — 0 (2% +2) 0 — 27% + 21
+ %2 (—42® +192° 4 662" — 3892% + 27 (22 — 4) + 37/ — 22 (32" — 102 — 20) = + 308
—6a2sin~! (5) (o* (22 = 4) (30V/4 =27 (327 — 20) +47) + 200 (a* — 4) (47 = 30V/4—2” (2 + 2))

+0? (47 (2% = 4) + 32/4 22 (32" — 102% - 20) ))

2
+ 7227 (2% —4) (a4 v)*sin™! (g) + 622 (2 — 4) log(z) (a® (92* — 462® — 2) + 2av (52* - 6)

+v? (92" 4 42? — 10)) — 242 (2° — 4) (a +v)? 10g2(a:)} (A22)
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1 m? L1 (T2
SV (x,v,a) = —m{ — 6va® (2* — 1)310g (H_2t> + 602%(a + v) sin~* (§>
—|—CL(3ZZ?8—|—37T2:E7—3(3—|—27T2){E6+2(3—|—7T2):E4—37T2I3—|—3(1—|—7T2)I2—3)
+ va? (3 (43:2 — 5) (172 — 1)2 + 3mxv4 — x? (332 — 1) + 72 (33:5 — 6zt + 202 — 3z + 3))
— 624 — 22 (2% — 1) sin~ (g) (v (174 + 22° +2) — ax? (332 -3))
— 62° ( 1)1 ( (33 —43:2+1)—|—v(3:4—73:2—|—1))
—6(z —1)%z (2° + 32® + 7 — 1) (a + v) log(1 — 2) log(z) — 122* (2® — 1) (a + v) log*(z)
+62(z + 1)% (2* — 322 + 24+ 1) (a + v) log(z) log(z + 1) — 242*(a + v)ReLis (2y)
(

+62(z+1)% (2° —32° + 24+ 1) (a + v)Liz(—2) — 6(z — 1)’z (2* + 32" + 2 — 1) (a + v)Lig(:v)} (A23)

(e, 0,0) = —3 (0 +0) (a21)

m2
5tar(@,v,a) = g 2 _14) R 1)3{ — 6va® (2* —4) (2® — 1) log (H ) + 24z (3v — az® (2° — 4)) ReLis(zy)

+a (a(a? —4) ((20* - 4022 = 31) (2* = 1)+ 7% (22° — 120° — 42" + 120" — 32 + 1))
+vw (1207 + (472 = 69) a7 + (90 — 87%) 2 — 3 (7 + 157%) &” + 37 (11V/4 = 2% — 167 ?
1874 — 22 + 3 (m _ 47r) 25 + 67 (107r —3Va— x2> ot +4 (1372 - 3) :v))
+62 (a2 = 1) sin™! (5) (2v/4 =27 (aa® (2" = Ta® +12) = v (2° = 20* — 927 + 10)) + drv (2 — 3))
+12sin! (g)z (5a2% (2% — 4) — 3oz (2" — 42 + 8)) + 1227 (2% — 4a* — 22 + 4) (a + v) log>(v)
— 6z (z* — 52® + 4) log(z) (a (2% — 82" — 152% — 2) + v (2* — 2° + 6) 2?)
—6(z—1)* (2> 4+ 32 + 2) log(1 — z) log(z) (a (42* — 92° + 42* — bz + 2) + vz (22° — 2® — 8z + 3))

—6(z+1)* (2> — 3z + 2) log(x) log(z + 1) (a (42* + 92° + 42® + 5z + 2) + vz (22° + 2® — 8z — 3))
—6(z+1)% (2> — 3z +2) Lia(— )(a(4x4—|—9x3—|—4x2+5x—|—2)+v:17(23:3+3:2—83:—3))
)’ (@

—_

~— ~— — —

6(x —1)3 (22 + 3z +2 Lig(:v)(a(4x4—9x3+4x2—5x+2)+vx(2x3—x2—8x+3))} (A25)

1
5%G,i(x7 v, CL) = _g(v + CL) (A26)
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1
6L, (x,v,a) = — —a® (2% — 4) (2® — 282° — 1572%2° + 6 (72 — 3) 2* — 15722 + 4422 + 1
(o0, ) 367 (z — 2)xt(z + 2) (22 — 1)° { ( ) ( ) )

-’z (671' (10 — 3172) V4 — 22+ 12 (334 — 5% + 4) z? + 72 (53:5 — 2% + 523 + 827 — 80z + 16))
+2ava? (~6rav/A—a? (22 = 6) + 12 (2° — 7o' + 142% = 8) + 72 (52° — 20" — 250° + 82% + 10z - 8) )
+ 12022 sin™* (g) ( (6:10\/4 — 22 (2 —6) + 87r) + o (3:10\/4 — 22 (10 — 32%) + 87‘1’))
2

+ 96vz?(a + v) sin ™! (g) — 1222 (2% — 4) log(z) (2a* (52% 4 1) + 2av (52% — 2) —v* (72% + 2))
—24(z — 1)?2%(z + 2) log(1 — z) log(z) (3a®*(z — 2)z + 2av (2° — 2z — 2) —v? (2° — 22 + 4))
+ 62%(z + 2) log?(z) (3a*x (2 — 82% + 132 — 2)

+2av (2* — 82° + 112° + 22 — 2) — v? (2* — 82® + 172® — 10z + 4))
+24(z — 2)2*(z + 1)*log(z) log(z + 1) (3a*z(z + 2) + 2av (2 + 22 — 2) — v* (2 + 2z + 4))
+24(z — 2)2*(z + 1)’Liz(—2) (3a’z(z + 2) + 2av (2* + 2z — 2) — v” (2° + 22 + 4))
—12(z — 1)?2°(z + 2)Liz(z) (3¢ (z — 2)x + 2av (2 — 22 — 2) — v (2° — 22+ 4))

— 384va?(a + v)ReLiy (xy)} (A27)

(@, v,a) = m{ + 240z (2% —1)° log <7Z—22> + 24z (2 — 3) (a + v)ReLis(zy)
+a(a(-3(112% = 7) (22 = 1)" = 6mav/A— a2 (o — 42% + 3) + 27 (327 — 62" + 42® — 32 +1) )
+0 (=3 (1902 = 15) (22 = 1) = 670/ A =27 (2? = 1) + 272 (32" — 62 + 40® — 3z + 1) ))
+24(2? = )sin™ (3) (a (VA—2 (2* =327 —2) =72 + oo (2v/4 =22 (327 —4) — 7))
— 24 (22 — 6) (a + v) sin~ (%)2 — 2423 (22 — 1) (a + v) log*(x)
— 12z (2* — 1) log(x) (a (22" — 92° — 2) + v (22" — 32” — 2))

—12(z — 1)% (2 + 32 + 2 — 1) (a + v) log(1 — ) log(x)
+12(z +1)° (2° — 32* + 2 + 1) (a + v) log(z) log(z + 1)

+12(z +1)* (z* = 32° + 2+ 1) (a + v)Lis(—2) — 12(z — 1)* (2* + 32® + 2 — 1) (a + v)LiQ(a:)} (A28)

1
550,i(xv v, CL) = _g(v + a) (A29)
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2
5%:6',7"(5[:7“7@) = ! { + 12vx (,Tz - 4) (xz — 1)310g (m_2t>

187z (22 — 4) (22 — 1)° I
+a (a(e? - 4) (28 + (2n° - 41) 2® + (90 — 47%) 2 + (% — 65) ® — 6mv/4 — a2
_37 (\/m n 47r) 25+ 3 (3M+ 471') 23 14)
+v ((a° - 240* +1382% - 232) (2* — 1)° = 372 /4 = 22 (2° — 62 + Ta® - 2)
7% (42® — 1227 — 825 4 602° — 412" — 482 + 3227 + 16)))
+6 (22 = 1) sin™ (3) (a (@® - 1) (VA —27 (20" = 32% —4) — 4ra)
+20z (2/4= 2% (30" — 162 + 13) + 21 ) )
+ 122sin~! (g)Q (a (32" — 102 — 8) + v (—5a" + 222° — 32))
+ 6z (2* — 52° + 4) log(z) (a (2" + 82° +2) — va? (52° +9))

—6(z — 1) (2% + 32 + 2) log(1 — 2) log(z) (a (42" — 92° + 42% — 5z + 2) + vz (22° — 2° — 8z + 3))
—6(z +1)° (2% — 3z + 2) log(z) log(z + 1) (a (42" + 92° + 42% + 5z + 2) + vz (22° + 2° — 82 — 3))
—6(z +1)% (2 — 3z + 2) Lis(—=) (a (42 + 92° + 42° + 5z + 2) + vz (22° 4+ 2* — 82 — 3))

—6(z — 1)® (2 + 3z + 2) Liz(2) (a (42* — 92° + 42* — 52 + 2) + vz (22° — 2 — 8z + 3))

— 24z (a (2® —4) — v (2" — 52° 4+ 7)) ReLi, (xy)} (A30)
e, 0,0) = —5(0+ ) (A31)

1
02 (w,v,a) = e 1) (17 { +a® (2% - 4) (4:106 — 152* + 12622 + 37 (20 — 32%) /4 — 2%

7% (152° — 62” + 152 — 2) — 115)
+ 2av (57356 — 3302" + 45322 + 31/ 4 — 22 (2® — 2) & + 7% (50" — 22° — 2527 + 62 + 10)  — 180)
—? (—4:1:8 +312°% 4 621 — 3412% + 37v/4 — 22 (32 — 16) 2® + 72 (52° — 22" + 52° + 1022 — 80z + 8) + 308)
+6sin™" (5) (a? (2* = 4) (30V/4 =2 (322 = 20) +4r) + 200 (a* - 2) (4n = 30V/4 —2? (a* — 2))
+0%a? (32v/4 = 22 (302 — 16) + 47) ) — 24sin”? (g)z (302 (2 — 4) + 2av (322 — 14) + v* (327 — 16))

-6 (3:2 — ) log(x ( ( — 2622 + 2) + 10av (:1:4 + 227 — 2) + 02 (9:1:4 —102% — 14))

—24(z — 1)*(z + 2) log(1 — z) log(z) (3a*(z — 2)z + 2av (2* — 22 — 2) — v* (2% — 22 + 4))

+6(z + 2)log*(z) (a® (32* — 242° + 3927 — 22 — 8) + 2av (z* — 82° + 112° + 6z — 10)
—v* (2% — 82° + 172% — 14z + 12))

+24(z — 2)(z + 1)* log(z) log(z + 1) (3a’x(z + 2) + 2av (z* + 2z — 2) — v* (2® + 2z + 4))

+24(z — 2)(z + 1)°Liz(—2) (3a’z(z + 2) + 2av (2 + 22 — 2) — v (2 + 22+ 4))

—12(z — 1)*(z + 2)Liz(2) (3a*(z — 2)z + 2av (2° — 2z — 2) — v* (2® — 22 + 4))

— 384v(a + v)ReLig(:zry)} (A32)
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1 3 m?
b e (x,v,0) = + 24va/4 — 22 (22 = 1) 1o (—t)
Vel ) 36may/4 — 22 (22 —1)° { ( ) log I

+ x4 — 22 (a (27% (22" — 62% 4 3) — 3(x — 1)* (112" 4 182° — 182% — 222 + 3))
+v (21* (62 — 22° — 5) — 3(z — 1) (192" + 342® + 222° — 38z — 45)))

—1202v/4 — 22 (2% — 2) (a + v) sin 1(;)2—1—48 (2% — 1) TmLia(y) (a (22 — 4) + va?)
+48 (z° — 1) (a (2® — 4) + v2®) ImLis ((z — 1)y) — 48 (2® — 1) (a (2* — 4) + va®) ImLis(2y)
—24 (22— 1) (a (22 — 4) + va?) ImLi, (= = . )>
+1200/4 — a2 (22 — 1) log(2 — 2) (a (2* — 522 + 4) + v (2 — 3) 2?)
12 (2® — 1) log(2) (o (274 =22 (2" + 30 = 4) = 7 (22 = 4) ) + v (2T = a2 (22 + 1) = 7) 2*)
+242%/4 — 22 (2% — 1) (a +v) log? () + 482/4 — 22 (2° — 2) (a + v)ReLiz(xy)
+12 (2% = ) log(e + 1) (a (ov/T=22 (42 = 1)° = 7 (2* = 4) ) + vz (VA= 22 (a4 + 62° = 7) =7z )
+sin™! (5) (24 (2 1) log(@) (a (22 — 4) +va?) + 72 (4> = 1) log(w + 1) (a (a? —4) + va?)
+12 (z* — 522 + 4) (a (2* — 32> +4) + v (5 — 32%) 27))

+ 242/4 — 22 (2* — 1) Liz(—2) (2a2® — 5a + 6va” + 3v) } (A33)
r 1
ova,i(@,v,a) = —g(v +a) (A34)
6Fc (r,v,a) = — 1 59 — 120z (2® — 4) (2 — 1)310g (m—%)
’ 187z (22 — 4) (22 — 1) I

—z (2 —4) (a(2® -2 (5+7%) 2% — 202° + 632" + 82® + (7% — 68) 2° + 12z + 14)
+o (7% (4o — 2% — 4) + (22° + 42° — 292" — 662° — 252° + 68z + 58) (z — 1)?))

+60z (¢4 — 62% + 8) (a +v) sin~! (g) +48/4— 22 (22 — 1) ImLiz(y) (v22 — a)

+48v/4 — a2 (2% — 1) (v2® — @) ImLis((z — 1)y) — 48V/4 — 22 (22 — 1) (va? — a) ImLiz (2y)

—24v/4 — 22 (4® = 1) (vz® — a) TmLis (%) +122° (2% —4) (22 — 1) (a + v) log?(x)

— 6z (2* — 5a® +4) log(2 — 2) (a (2* — 52* +2) + v (2* — 2) 2?)

—6 (2 — 1) log(x) (a (27 - 92° +22¢° + 2w/ 4= 22 = 82 ) + v (& - 62° — 274 — 22 + 82) 2?)

—12 (2% = 1) log(w + 1) (ve (20 = 1022 + 7V/4 = 2% +8) — a (207 — 102° + 82° + 7/1 = 2?))

+sin~! () (24v4 =27 (22 — 1) log(a) (va? — @) + 72v/4 = 2? (a* — 1) log(x + 1) (va® — a)
+6v/1— a2 (0 = 52% +4) (a (2" — 3%+ 4) +v (5 - 32%) 2?))

+ 24z (z* — 52® + 4) Liz(—2) (a (2* + 2> + 1) —v (22® + 1))

— 24z (z* — 62 + 8) (a + v)ReLiQ(:zry)} (A35)

1
5'JEG,i(x7 v, CL) = _g(v + CL) (A36)
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1

08 (x,v,a) =
G2 (@0, ) 72nvA — 22 (22 — 1)

+ (z — 1)V4 — 22 (3a® (212® — 152” + 4 (82% — 9z — 21) log(2) — 31z + 25)
+2av (42® + 42" — 172° — 1327 — 49z + 12(3z + 11) log(2) + 71)

+30v% (212° — 152 + 4 (82® — x + 3) log(2) — 31z + 25))
—62%\/4 — 22log(2 — z) (a® (z* — 2) — 6av (2* — 6) + v* (2° — 2)) — 192z(a + v)* log(z) sin~! (g)
—6v/4 — a2log(z) (a® (72" — 162° + 2*(20 — 81log(2)) + 24z — 36) + 2av (32" — 82? log(2) — 16z + 28)
+v? (Ta' — 162° + 2°(4 — 8log(2)) — 8z + 12)) + 722°\/4 — 22(a + v)? 10g2(x)} . (A37)

3 { — 962 (a + v)?TmLis (y) + 962(a + v)?TmLis (zy)

2 2

The 07 1 ¢(#, ) functions that appeared in Eq. (146) are:
1 m; A 16(5—1) 4@ —-2)(H-1) 2(5-1g(2y—1)
T4 1) = — M\ s _
5T(w,y)—3ﬁ{+210g<ﬂ2) 6+§——+—5—+ p 52
2 1 -9 2 on N 2 N
+124/ = — Ltan + (97 + 29 — 10) log(1 — §) — 2log®(1 — )
2
2
2 5 . -2 2—1 zY(g+2)+2 2Y—2)y+2
=3 (w 122 + 16) log (i:gj— 2) 6log (i(gj— 2)22—!—2) = log S
A (A AlA_1)2
+ 4Liy (—x(y 1)> — 9Ly (x(? ;) ) } (A38)
2 m? 5m2 (2—2)(1 —g) (229 — 229 — 22 + 8)
y o) — 2 B 20 _
01 (%,9) = 97r{ alog ( u2> = 22(2 — 7))
—1 2 —1 —1 _y
+ 4 tan Z 1) —8(4/=—1—tan Z-1) | ta
X X X 2 1
2— 7 g2 1 s N —#2-9)3
—2log<—>log(—2—x2—yy)—41—ylog( - —
) 2-52-0)9) — 401 - g)log (=200

22 aa -
(w 4x+4)10g(2_£g

43
+2 <—2L12 (%’) + Li <§) - 2L12(y)) — 8ReLi (1 - % (
07, (2,9) = —g (A40)
53,8, 9) = %{ 2?”2 k) Gl g)i(fézf ;;xy —82+16) | (—255 +4log (g) + 4) log(4)
+ %(2 — &) (&° — 2% + 62 — 8) log <22__§y> +(1—9)(3—1)log (“’2(1_;3;))
(A41)

(%) () -00) |

The 0s,sG,¢3(x) functions that appeared in Eq. (148) are [dg(z) also appeared in Eq. (176)]:
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1 my
bs(z) = m{ + 3627 (2* — 1) log (7) + (47* —51) 2* (* — 1) + 6 (5z* — 72” + 2) log(1 — =)

— 242" log(z) + 242® (2% — 1) log(1 — z) log(z) + 6 (5z* — 72* + 2) log(z + 1)

+242” (2* — 1) log(z) log(z + 1) + 48z* (2* — 1) Liz(—z) 4 482” (2* — 1) Liy (x)} (A42)

Osa(z) = %1)2{ - 36 (172 _ 1)210g (%) _6 (7\/4—5172 (x4 622+ 8) 4 277) sin-! (f)

97 (22 x 2

2
— 36sin~! (g) — 627 (52® + 2) log(z) — 241log(1 — x)log(z) + 121og”(z) — 24 log(x) log(z + 1)

21
— 24Liy(—x) — 24Liy () 4 24ReLis (u) —3mV4—2% (2 —2) 2 +3 (2" + 827 —9) 2 + 5w2}
X

(A43)
Sas(x) = _m{ + 271 — 62022 4 342z 4 825 — 28 — 15674 — 22 + 30723/ 4 — 22
m — X
+362 (26 — 52) /4 — 22 sin ! (g) — 12 (92 + 7622 — 8) log(x)} . (A44)
The ds7(z) and 55;% functions that appeared in Eq. (176) are:
1 m?\ 24 (2—2?)2?Liz(—2) 3(72% + 62 +5) 22
=— — |6log | — 24Liy(z) —
dorlt) == o [6 % (u2 ) T ey TR G2 (1-a2)
6 (3 —22)1 1
- (3= a)log(a + 1 + 18log(l — z) (A45)
1— 22
1 2 m?
s @) =— ————— [—6:1:2 22— 1)°1o —t> + 122 (42® + 72% + 22+ 3) (z — 1)2Lis(x
TT( T) = 97rx2 (I2_1)2 ( ) g 12 ( )( )“Lia(x)
+12z(z +1)* (42° — 72° + 22 — ) L12( z) + 6 (2% — 327 + 2) log(1 — z) + 6 (2° — 32% + 2) log(z + 1) + 2°
(3 (z* — 222” + 21) + 47 (2 — 22° — 3)) — 242 (2 — 32” — 3) log(x)
+12z (22° + 327 + 3) (z — 1)? log(l —z)log(z) + 12z(x + 1) (22° — 32° — 3) log(x) log(z + 1)] (A46)
1 2
8 () = — ———— {—6 (22 —1)*log < > —6(x + 1) (2° — 102 4 13z — 8) Lia(—x)
97 (22 — 1) 12

+6(z — 1)? (2 4+ 102® 4 13z + 8) Liz(z) — 52° + 302" + 42 (2* + 1) — 92° + 18 (2 — 1)2 log(1 — z)
+18 (z° — 1)2 log(z 4+ 1) — 12 (52* + 2°) log(z) + 6(z — 1) (2® + 62° + 5z + 4) log(1 — z) log(z)

+6 (—2° + 42 4 62° + 3z + 4) log(z) log(z + 1) — 16] . (A47)

[
Appendix B: Numerical results for flavor-changing tributions from two-fermion operators, as well as their
decays interferences with the V-V four-fermion operators. To

save space we do not include the operator O(3 1+3) , whose
The numerical values of I'y; defined in Eq. (196) are  contribution is the same as O%;' ™ but with a differ-
given in Tables ITI-VI. In these tables we show the con-



3,143
oI

ent sign, and the operator , whose contribution

. 1,143
is the same as Ol(q’ + ).

each entry represents the NLO correction (a dash implies
the presented value vanishes at LO).

We do not display I';; when both ¢ and j correspond
to V-V, S-S and T-T operators. These contributions are
simply

The percentage number under

2
Dtpuet - =2.9 x 1075GeV (\qﬂ;*”g’ + Ot
+log| 4 ol + foar )

2 2
+8.2%1077GeV (‘c}lw + | >

equ lequ

lequ lequ

2
+3.5% 107°GeV ( BT ’O<3,31>

(B1)
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The NLO corrections in these three terms are about —8%,
1% and —8% respectively. The interference between S-S
and T-T operators is proportional to cosf and vanishes
upon phase space integration. There is no other interfer-
ence between any two four-fermion operators.
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i;(GeV) |Re (c},lq’”?’)) Im (0534”3)) Re (CSW”) Im (07515;)) Re (qﬂl;)) Im (075133)) Re (07515’)) Im (07515’))

Re (0;14“3)) 1.9 x 107° 0. —62x107° 1.6x1077 18x107°> 1.6x1077 29x107% —22x107°
—8% — —8% —8% —8% —8% — —

Im (C&W)) 1.9x107° —1.6x 1077 —6.2x107° —1.6x 1077 1.8x107° 22x107% 29x107°
—8% —8% —8% —8% —8% — —

Re (Cﬁf)) 7.6 x 107 0. —36%x107° —49x 1077 —6.1x10"° 5.5x 1070
—9% — —-9% —9% — —

Im (Cﬁv)) 76x107° 49x1077 —36x107° —55x107% —6.1x 10°°
—-9% —9% —-9% — —

Re (1) 9.1 x107° 0. 14%10°° —1.2x107°
Z9% - — -

Im (c;?) 91x10°° 12x10°° 1.4x10°°
Re (CL) 6.8 x 107 0.

im (C{3) 6.8 x 1078

TABLE III: Contributions from two-fermion operators that involve a left-handed light quark.

Fij (GeV)

Re (G149 1 (cf1+9)

Re (C’é‘}f?’))

Im (C’é‘}f?’))

Re (CTT)
tm (c9)

—35x 1077
—12%

2.3x107°
—8%

—-33x107¢
—7%

—38x1076

1.1 x107°
—8%

2.6 x 1077
2.5x107°8

—2.3x 1076
—8%

—35x 1077
—12%
3.8x107°
—8%

—3.3x 107
—7%

—1.1x 107
—8%

—1.9x 107
—7%

—25x%x 1078
2.6 x 1077

2.8 x 1077
—12%
—1.8 x 1076
—8%

—1.4x 1076
—7%

3.x107°
—8%

—2.5x 1076
—7%

—8.7x 1077
—8%

6.4 x 107°
—2.3x1077

1.8 x107°
—8%

2.8 x 1077
—12%
—3.x 107
—8%
—14x1076
—7%

8.7 x 107"
—8%
—2.5x 1076
—7%
2.3x 1077

6.4 x 107°

TABLE IV: Interference between two-fermion operators and V-V four-fermion operators that involve a left-handed light quark.

ry(GeV) |Re (Cl) m (€0F) Re(cQY) m(cQY) Re(cfP) m(cl)) Re(cl)) m(cl)

Re (CLL“)) 1.9 x 1075 0. —62x107° —1.6x1077 1.8x107° —1.6x1077 —1.8x107% —9.2x 107"
—8% - —8% —8% —8% —8% — —

Im (cﬁ?’)) 1.9x107° —1.6x1077 6.2x107° —1.6x1077 —1.8x107° —92x 1077 1.8x107°
—8% —8% —8% —8% —8% — —

Re (Ofvlv)) 7.6 x 107 0. ~36x107° 49x 1077 31x107° 1.9x 107
—9% - —9% —9% — —

tm (&) 76x107° —49x 1077 —36x107° —1.9x10™® 3.1x 10~°
—9% —9% —9% — _

Re (CS;)) 9.1x107° 0. ~1.3%107% 9.6 x 1077

Im (cf;;)) 91%x107% 9.6x1077 —1.3x 107
—9% — —
Re (C12) 5.3 x 1078 0.

tm (€& 5.3 x 107

TABLE V: Contributions from two-fermion operators that involve a right-handed light quark.
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Py(GeV) [Re (€)1 (C{i*) Re (C*?) mm (ci)

Re (C;W)) —35%x1077 —23x10° 28x1077 1.8x10°°
—12% —8% —12% —8%

Im (C“+3>) 23x10°° —35x10"7 —1.8x10°% 2.8 x 107
—8% —12% —8% —12%

Re (Oﬁ})) —33%107° 38x107° —14x10"° —3. x107°
—7% —8% —7% —8%

Im (c<31>) 38x10°% 33x10°% —3.x10°% 14x10°°
—8% —7% —8% —7%

Re (c<31>) ~1.9x107° —1.1x10"% —25%x10°% 87 x 107
—7% —8% —7% —8%

Im (c<31>) “11x107° 1.9x10°% 87x10°7 2.5x10°°
—8% —7% —8% —7%

Re (c<31>) 7.x10°%  21x10°7 1.6x10°7 43x 1078

Im( <31>) 21x1077 —6.8x10~% 43x10~° —1.6x10""7

TABLE VTI: Interference between two-fermion operators and V-V four-fermion operators that involve a right-handed light quark.



