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Doubly heavy baryon Z. production in Y(1S) decay
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We study the doubly heavy baryon E.. production in Y(1S) decay. The nonrelativistic framework is
employed to describe the bound states for the calculation on the partial width. It is shown that the
corresponding branching ratio can be significant and can be well measured as the Y(1S) decay to

J /¥ + c¢ + anything process.
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I. INTRODUCTION

Y(1S) [1] decay is a good arena to study QCD and
hadron physics. Several instructive results have been
obtained. For example, recent searches on the exotic
XYZ hadrons via the inclusive channel Y — J/W¥ +
anything [2] and on light tetraquark hadrons in several
channels of Y decay [3] have been made. Both reported
negative results. As a matter of fact, in the energy region
above J/¥ mass at Beijing Electron Positron Collider and
that above Y mass at B factories, many exotic XYZ hadrons
have been observed (for a recent review, see [4]). These
exotic particles, except those directly couple to the virtual
photon in e e~ annihilations, are all produced from the
decays of either the exited c¢ bound states or the B hadrons.
On the other hand, Y decay is an environment significantly
different from those where the exotic particle production is
observed. Y decays via the OZI-suppressed ways, i.e., the
annihilation of the b quarks. The dominant mode (> 80%)
is the hadronic one generally referred to as “3-gluon” decay
[5], and the subsequent hadronization is a special case of
multiproduction. The negative results [2,3] mentioned
above can shed light on property of confinement and the
unitarity of the hadronization in multiproduction processes
as we have pointed out [6-9]. The experimental facts
mentioned above confirm that the c¢ pair produced in
perturbative process prefers to transfer into general hadrons
like J/¥ rather than exotic XYZ’s in this multiproduction
process; and that for light hadrons, it is also the similar
case, i.e., the above negative experimental results on light
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exotic hadrons indicate that the dominant decay channels
should be Y — /s, with h's referring to mesons as well as
baryons. In one word, Y generally decays to mesons and
baryons, with exotic ones hardly possible to be observed.
But the to-date measured decay channels of Y are much far
from exhausting the total decay width. Especially, almost
no baryon channel is measured [5]. So measuring the
baryon production is an important task for better under-
standing the dynamics in Y decay.

Among all the baryons which can be produced in Y
decay, the doubly heavy baryon ... is special. SELEX and
LHCb have respectively reported the observations of this
kind of baryons with different mass [10—12]. One of the
possibilities can be that different SU(2) multi-states of Z...
are observed by these two collaborations. To measure these
multistates, and further to explore SU(3) multistates, can
surely help to clarify and deepen our knowledge on the
property and production mechanism of Z... Y decay can
provide a clean platform for such measurements.

There is a further special reason that stands for the
observation on E,.. in Y decay. It is noticed that most of the
presented data of Y decay are upper limits [5S]. However,
the decay channel Y — J/¥ 4 X is well measured for
several times by several collaborations and has attracted
wide interests, which is important on the study of PQCD
and NRQCD (for the full literature list, please see a recent
review [13]). It was pointed out that, based on the soft J /¥
spectrum by CLEO measurement which was quite rough at
that time, and on the calculation of the partial width [14],
the dominant contribution could be Y(1S) — J/¥ + ccg.
Then the spectrum and branching ratio is confirmed by
CLEO 1II [15,16] and later by BELLE [2], though detailed
calculations show that several competing sub-processes
contribute [17,18]. This fact strongly implies that the
perturbative production of cccc in Y decay is significant.
This leads to the fact that the double charm baryon is hence
easily produced as argued by the color connection analysis
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[19]. For ¢ ¢,c3¢4g system from Y decay, ¢;¢, and c3¢4
respectively come from a virtual gluon. But ¢;¢4 and ¢3¢,
can respectively be in color singlet, i.e., the color space can
be reduced as

(31 ®3) ®(33®35) = (114 +814) ® (13 +83). (1)

This means that such combination of the pair can be color
singlet and easy to translate to J/y for proper invariant
mass. One can recognize that the color space can also be
reduced as

(31 ®33) ® (35 ®3]) = (373 +613) ® (304 +63,). (2)

In such color states, the two-charm pair can combine with a
light quark to become E.. [19-21] for proper invariant
mass. This simple analysis implies that the production rate
of E.. + ¢ ¢ g is expected not small once the J/¥ + ccyg
production rate is not small.

In this paper, we devote to study the production of E.. in
Y decay. We calculate the corresponding partial width and
the momentum distribution of E,.. Multistates like Z,. or
=1 could have different width and lead to quite different
feasibility or difficulty in observing them, but their pro-
duction mechanism is completely the same in Y decay.
Therefore we do not make any distinction for the inves-
tigation on the production. In the super B factory, once the
center of mass energy is tuned on the Y resonance, a large
sample of Y decay data can be obtained and could be
employed for the measurement. The following calculations
show that the branching ratio of E_.. production can be
order of 107*. For the Y decay, the process with two charm
pairs production is easy to be triggered by 3-jet like event
shape and strangeness enhancement (e.g., the ’;( value)
[16,22], of which some of the charm meson production
events can be vetoed by lepton pair or hadron pair mass
around J/'¥ mass. In this way, one can get a clean and large
sample of events to study the doubly charm baryon
multistates.

The calculation of the Y — E.. 4 ¢ ¢ +g¢ suffers from
the complexity that both the initial and final states contain
bound states Y and Z.., which need to be investigated
respectively. In Sec. II, we describe the traditional non-
relativistic wave function method and apply it to the initial
state Y. However, for the doubly heavy baryon system, we
have to factorize out the corresponding matrix elements via
NRQCD method [23]. These are the contents of Sec. III,
and we obtain the formulas to calculate the partial width.
Then in Sec. IV, we investigate the numerical result with the
estimation for the NRQCD parameters and give simple
discussions on experimental feasibility.

II. INITIAL BOUND STATE

In the process Y — E.. + cc g, both bottom and the
charm quarks are heavy. For the initial bound state, the

color singlet bb pair with C = —1, it directly leads to the
nonrelativistic wave function formulations [24-27], where
the relative momentum between b and b is vanishing,
namely same as the case of positronium. For the final
bound state, a factorization formulation within the NRQCD
framework [28,29] is employed. One subtle point is that,
the nonrelativistic formulations are investigated in the rest
frame of each bound state, respectively; and then a
corresponding covariant form of description is obtained,
which can be employed in any frame. Here we start from
the initial state: The differential width of the process ' —
E.. + ¢ ¢ g can be formulated as [14]

dU _ |By(E..c¢g|S|bb(S,, 1))
dR T ’

(3)

where dR is the differential phase space volume element for
EZ.. and ¢, ¢, g without the constrain of energy momentum
conservation; S is the S-matrix; By is related to the wave
function of Y at origin as

~ Py(0)
T VV2m,

For convenience, we normalize all final state particle states
to be 2EV (where E is the particle’s energy and V is the
volume of the total space). This normalization is also used
for all free quarks in bound states. For the initial state, By
normalizes the state of Y to be 1, so that the width can be
directly written as above. In Eq. (3) the sum over all spin
states for final particles and average of the 3 spin states for
Y are not explicitly shown and the “time” T is 275(0). We
only consider the case of the initial state bb as color singlet,
with a special “1” in the state ket to mark this.

For the factorization of the initial bound state, the width
is written, based on the above equation, as

4)

0T = dR 3 W ORI (E.c2 gl TIDBCS, DI (5)
My

Here dR' = dR(2x)*6"¥(P; — P;), the factors time T and
volume V have been canceled by the 5*)(0). 7 is the 7-
matrix with S;; = &;; + (27)*6W (P; — P¢)T ;. Sum over
all spin states is indicated.

Employing the projection operator formulation (e.g.,
[24]), and the radial wave function Ry to describe the
initial bound state, we get the decay amplitude 7 ; as,

S U B I
fl_2 /—471_ /—MY‘ Y

O, is the amplitude for bb — E..c¢g, with relative
momentum of bb vanishing and without the bb legs. P
and e¢ are 4-momentum and polarization vector of Y,
respectively.

(0)Tr[O(P + My)(—¢)]. (6)
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III. FINAL BOUND STATE AND
THE PARTIAL WIDTH

In the above Eq. (6), the final state of the Y decay except
the inclusively observed ZE.., can be divided into a
perturbative part Xp and a nonperturbative part Xy. To
the lowest-order (tree level) in PQCD, the amplitude 7 ; is

obtained as

d* .
Tyi= —ql4A,~j(k1,kz,Pl,Pz,P3,k,kN;q1)/d4x1e"qlxl
(27)
X (Bee (k) +Xy[0;(x1)Q;(0)[0). (7)

We assign ky, k,, Py, P, P3,k as the momenta of the
corresponding  particles, b,b,¢,¢, 9,2, Trespectively,
k1 :k2:P/2 Aij(k17k2’P17P27P37k’kN;q1)9 which
includes the initial wave function and the perturbative
contribution, can be directly read from Fig. 1. Both i and j
are Dirac and color indices. In the matrix element, Xy
represents the nonperturbative effects, with small total
momentum ky to fulfill the total energy-momentum con-
servation (ky to be neglected in later derivations). Q(x) is
the Dirac field for charm quark. ¢,x, := g;,x} and we will
always use this convention. Here we simply illustrate the
derivation from the corresponding Wick terms in the S-
matrix to get this result. This helps to expose the physical
meaning of the ¢;. After the field operators acting on the
corresponding initial and final states, integrating on the
spacetime variables which only appear in exponential (to

|

b(k1) o(P) blky) o(h)
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FIG. 1. Six Feynman diagrams for the “amplitude” A in Eq. (7).
The g* g* g system are in the same color, angular momentum and
charge conjugation states as those of Y. The left bubble represents
the wave function of Y. A does not include the bubble of E.. and
the two legs connected to it, which correspond to the matrix
element in Eq. (7).

get the 6 function of vertex), as well as integrating on the
fermion propagator four momenta and the corresponding o
function of vertex, one arrives to

d*l dAl . . . . _ _
/ L 4 / dixd'yA (L), 1)1 P (A SY (P — 1 — L — P3) (Eee (k) + Xn|QW)2MI0).  (8)

(27)* (22)*

With the help of the diagrams in Fig. 1, one can clearly
understand the procedure: Since two charm field operators
in the matrix acting on the final bound state, the result is
unknown, hence the dependence of the x and y is unknown,
and the integration on x and y is not yet done. We keep one
o function for easy to derive, since in this form we can
keep both the integration on /; and /,, the momenta of
two gluon propagators. /; is the four-momentum of the
propagator linking the vertex connecting the leg P, while
l, of that linking P,. A(l;,l,) is the short for

|

&l dl,

I

A;j(ky, ko, Py, Py, P31y, ;). From the following derivation
one sees how the [, [, are replaced and one gets
A;j(ky, ky, Py, Py, P3.k, ky; qy). The exponentials are those
from the (configuration space) propagators and the field
operators. The key physical point is the relation of the
spacetime displacement invariance and the energy-momen-
tum conservation. With the help of the spacetime displace-
ment operator e’”> (P is the four-momentum operator),
Eq. (8) can be written as

/ Ay g d xdiyA(ly L) e e Pty P (27t (P — Iy =1y = P3) (B oo (K) + X[ O (x=y) 2(0)e™[0).  (9)

(27)* (27)*

(2..(k) + Xy] is the eigenstate of the Hermitian operator P, so P*|Z,. (k) + Xy) = (K* + ky)|E.. (k) + Xy), P|0) = 0. At
the same time, by taking x —y = x; and since d*x = d*x,,
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d*ly d*l . o . G - -
/ T d xdyA(l ) e ey et P ity Py Y (D7) 464 (P 1) — 1 = P3) (B (K) + X |0 (1) 2(0) 0).

(27)* (22)*

(10)

Collecting the exponentials and integrals we have (now the (Z..(k) + Xy|Q(x;)0(0)|0) irrelevant from the following

calculations)

d*l,
(27)*

d*x,d*y

d*l,

(277)454([) - ll — l2 —

P3)g_i(ll+12_P1_P2_k_kN)yA(ll’ lz)e_i(ll_Pl)xl

_ /Wd4xld4ye—i(P—P,—P2—P3—k—kN)yA(ll , lz)e—i(ll—Pl)xl

a1,

= / 27) d*x;(27)*8* (P — Py — Py — Py — k — ky)A(ly, ) e~ (h=P1)x
b3

— (21)*6*(P = P, — Py — Py — k — ky) /

d* .
A d*x A(qy, k, ky)e i,

o (11)

For the last line, ¢, = [; — Py, [d*l; = [d*q,. (2n)*6*(P— P, — P, — P;—k —ky) is the total energy-momentum
conservation in Sy; = &;; + (27)*6™) (P, — P;)T j;. Thus the 7 f; is obtained as Eq. (7).
Taking the absolute square of the above amplitude, one gets

Sk [ &P, &P,

&P

1 1

1
=y 2 (27)3 / (27)32E, (27)32E, (27)2E;

Xy

1
(2r)* 6" (P =Py — Py —P3—k) X = X = X =

d*q, d*qs N0 AT SN0
X | =g agAijlki ko, Py, Py, Py ks gy ) [y A" (ky ko, Py, Po, PsL ks q3)70

(2z)* (2m)*

X /d4x1d4x3€_iq'x‘+iq3x3 (01Q1(0)Q;(x3)[Zce + Xn)(Eee + XN|Qi(xl>Qj(O>|0>’

where the spin summation of the baryon Z.., and the
polarization and color summation of two anticharm quarks
are implied. Here we take nonrelativistic normalization for
the baryon Z... The momentum change in the nonpertur-
bative process ky is negligible in this order. For this
approximation we can eliminate the sum over Xy with
the unitary condition. In this way we can see that this
|

1 1 &k &dr, &P,

(12)

|
matrix element is process-independent, i.e., independent
from the details of X, which could be different in various
processes and energies. Employing the displacement oper-
ator again, while writing the 6 function as spacetime
integral, and defining the creation operator a'(k) for ...
with the three momentum Kk, we obtain in the vacuum
saturation approximation

" 2My 18 (22)° / (27)32E, (27)32E, (27)32E;

d3P3 /d4611 d4612 d4613
(27)* (27)* (22)*

Ajj(ki, ky, Py, Py, P3,k; qy)

x [f°AT (k. ky, Py, Py, P3, k; 513)}’0]1(1/d4x1d4x2d4x3€_[q'xl+iq3x3_iq2x2<0|Qk(o)Ql(x3)a:(ain(x1)Qj(x2)|O>’ (13)

with g, = k — q;.

In &, rest frame, the heavy quarks move with a small
velocity v... Hence, the Fourier transformed matrix element
can be expanded in v, with fields of NRQCD. The relation
between NRQCD fields and Dirac fields Q(x) in the rest
frame is

x(x)

Q(x) — e—lmct{ 0

browa s

where y(x) is NRQCD field. We will work at the leading
order of v.. In the following we introduce v as the four
dimension velocity of ., with v* = k*/Mz_, to help to
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express our result of the matrix element in a covariant
normalization. The matrix element in the rest frame is

UO/d4q1d4q2d4q3e—iq1xl—iqzxz+iq3X3
x (01Qx(0)Qs(x3)a’ (k)a(k) Q;(x1)Q;(x2)|0)
— / d4ql d4q2d4q36—iq|xl—iq2x2+iq3x3

x (0[Q(0)Q;(x3)a™ (k = 0)a(k = 0)Q;(x;)Q;(x,)0).
(15)

Using Eq. (14), the matrix element in Eq. (13) can be
expanded with y(x) and y'(x). The spacetime dependence
of the matrix element with NRQCD fields is controlled by
the scale m,v,. At the leading order of v, i.e., v. = 0, one
can neglect the relative movement of the operators. The
spacetime dependence of the operators are hence the same,
and can be taken to origin because of displacement
invariance. The mass of the baryon Mz  is approximated
equaling to 2m,. With this approximation the matrix
element in Egs. (13), (15) is

(Ol (07 (0)a'ay;! (0)x3: (0)]0). (16)

where we suppress the notation k = 0 and it is always
implied that NRQCD matrix elements are defined in the
rest frame of Z,... The superscripts a; (i = 1, 2, 3, 4) are
used to label the color of quark fields, while the subscripts

|

A (i=1, 2, 3, 4) for the quark spin indices. The above
matrix element can be decomposed into two as following,
with the color and spin bases explicitly written:

(Ol (0)x3: (0)a™ax;' (0)x;2(0)]0)
= (8)14/13 (8)2221 : (5a1a45aza3 + 5a1a36a2a4> : hl
+ (0”8)1413 (San)izﬂl : (6a1045a2a3 - 5ala35a2¢14) : h3’ (17)

where ¢ (i = 1, 2, 3) are Pauli matrices. € = ic? is totally
antisymmetric. The scalar matrix elements 4; and h; are

1
M=% D (Ol ey + x2exa’ ay ey |0),

ap,ay

> (0l ec"y® — y2ec"y M a’ ay®o" ey |0).

ap,ap

1

h
D)

(18)

hy (h3) represents the probability for a cc pair in a 1S,(3S;)
state and in the color state of 6(3 * ) to transform into the
baryon. It is the Pauli exclusion principle determines that
only these two kinds of combination of color and spin
states, which are asymmetric, are possible [29]. With these
results the space-time integration can be done, the momenta
expressed with help of four-dimension velocity and the spin
projectors replaced by the corresponding four-dimension
ones, to recover the covariant form:

0 / d*xydxydt xye i mian e (0] 0,4 (0) Q)% (x3)a (K)a (k) 0 (x )Qjaz (x2)[0)

= (2”)454(611
+ (6u]a45u2a3

- mcv) (2ﬂ)454(QZ - mcu) (2777)454(Q3
- éu]1136a2a4)(Pvcyﬂpv)ji(vaycpv)lk(

where P,

_I+rv p 1470,
7 vP@: 2]’ ,C

- mcv)[_<5a1a45a2a3 + 5a1a35a2a4)(Pvc}/SPv)ji(PvVSCi)v)lkhl
0,0, — gﬂv)h3 + - ] (19)

iy?y°, the charge conjugation operator.

With the formula in this section and the above section, we obtain the decay width as following:

4.5 2 6
ag|§;1(%(:)| e (P, + k/2) P2 Y k/2)7 22(214?1:1%) <CZI Achfﬁl ) ZfZﬁ’;’
Pk P &P .
(271')32EkH(2 32E 2m)*6* (P — Py — Py — P3 — k), (20)
where
HP = —(Te[T*T T TP + Te[TT|Te[TPT?]) x hy x B 4 (Te[ToT< TP T = Te[T*T¢ | Te[TPT"]) x hy x B,

B = Trly(P, -

a/ )/
BV = Trly*(p,

The function A§ €=1,2,3,4,5, 6) are given in Appendix.

mc)ya/Pv}/Spvyﬁ/<_P1

- mc)ya/vayPU}/ﬁ/<_Pl

(21)
- mc)}/ﬂpv}/SPv]’ (22)
- mc)yﬁPvaPU](yﬂvp - gﬂp)_ (23)
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IV. NUMERICAL RESULT AND DISCUSSION

To get the numerical result, the parameters describing the
bound states have to be set. The knowledge about them are
varying. The radial wave function for Y at origin can be
obtained, e.g., by fitting its leptonic decay width which is
well known. On the other hand, the value of &, and A5, is
difficult to be obtained. In principle they can be obtained by
fitting data. There are yet no experiment results now. For
diquark in color-triplet and spin triplet here we employ a
potential model with the radial wave function R..(r) at
origin [30] to estimate the numerical value of /5

IR (0)

h
3 471- b

(24)

with its value to be 0.03 GeV>. The key point for this
simple model lies in that the quark degree of freedom of the
matrix element /3 only contains two charm quark fields, so
it can be parameterized by a model of cc system. In the
above factorization we only keep the leading contribution
of the relative velocity. The simplest one is the non-
relativistic wave function as solution of the Schrodinger
equation with the Hamiltonian containing certain potential.
Suppose this averaged potential is irrelevant with the color
and spin details, /5 in Eq. (18) can be simplified as

hy=_lim (0 (x;) (0L (x2)[Zec) (Beclr” (x2)[0)x" (x1)]0).

x1—=0,x,—

The y(x) (¢"(x)) is the nonrelativistic field which has the
physical meaning of annihilate (create) a charm quark at
spacetime point x. After solving the Schrédinger equation,
one can get a static solution which can be written as

(Ol (x1) (Ol (x2)[Eee) = w(x1x2)
_ \P(*)W(;)e—i(MﬂSE)z
_ eiﬁtw(?)e—i(M+5E)t’

with the difference of two clocks comoving with each
charm quark neglected in this nonrelativistic approximation
and only “inner” interaction potential between two charm

quarks considered. R,7 are the center of mass position
vector and relative position vector, respectively. Hence

lim ‘eiﬁty/(7)e—i(M+6E)r|2 = |y (0)2.
x1—=0,x,—-0

h3 =
which is (24) for S wave. In this paper we just borrow the
solution of the radial wave function obtained in [30]. On the
other hand, there is no practical potential model for color-
sextet state. An conceptual approximation can be taken
with the similar potential model as color triplet. In this case
h, is approximately the same order of magnitude as hs.
Here h, can be taken as a free parameter, the reason is

X

2
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14

0.14

(=]
—_
[\~

(= L L B e
o

r
e

/

[0

~ 008

0.06

0.04

PRI (SRS S SUR S S NS S S SRS SRS
4 026 028 03 032 034 0.36
m/my

FIG. 2. Dependence of branching ratio on m,/m,,.

explained in the following. In the numerical calculations,
we take Wy(0) = 2.194 GeV>3/2, My = 9.46 GeV, Mz =
3.621 GeV, m;, = 4.73 GeV. m./m, is taken to be para-
meter, since there is ambiguity at tree level calculations as
well as in the models of the nonperturbative parameters.
The dependence of branching ratio on m./m, is studied as
shown in Fig. 2, which is modest.

With m./m;, =025 and a,(m.) = 0.253, the partial
width is T = (0.013h; 4 0.24h3) KeV. Here we see that
the perturbative factor timing 4, is much smaller than that
of h;. So if there is no specially large enhancement on /4,
this part of the contribution cannot be significant and the
partial width is insensitive to the concrete value of /. So i,
can be considered as free parameter. Since yet there is no
practical model for this color and spin state, for simplicity
we take h; = hj, and the decay width is 7.3 eV, leading to
the branching ratio as 1.3 x 10™*. The main theoretical
error/systematics on this estimation is coming from the
final bound state parameters /; and /3, and the scale in the
strong coupling constant a(u). Taking into account a 10%
error of the parameters %, h;, the branching ratio can be
(1.34+0.1) x 107, since this is just a linear dependence.
On the other hand, the dependence on the «, is more
sensitive. If we take the scale y as 2m,, we obtain the
branching ratio to be half of the value from taking the scale
as m, i.e., (7.0 £0.6) x 107, The E,, and ¢ momentum
distributions are shown in Figs. 3 and 4, respectively. The

F T
os— e -
> C ]
= 04 N ]
(5] - .
S osp =
i~ - .
S} . [ 1
= 02F 3
o C -1
= C ]
= 0.l 3
0 E Il Il Il Il Il 1 ]

0 0.5 1 1.5 2 25 3

k(GeV/c)

FIG. 3. The normalized momentum distribution of ZE.;
solid,; = 0; dashed, h; = 0.

114003-6



DOUBLY HEAVY BARYON E.. PRODUCTION IN ...

PHYS. REV. D 104, 114003 (2021)

© o o o
E N - |

=] \H\‘HH‘\\H‘HH‘HH‘HH‘HHI

T

o o
[T

/T dI'/dp_(GeV/c)!

e

1

=l

5
pE(GeV/ c)

2.5

FIG. 4. The normalized momentum distribution of ¢; sol-
id,h; = 0; dashed, h; = 0.

line shape is mainly determined by the propagators of the
perturbative diagrams, insensitive to the color and spin
structures. These two anticharm quarks generally fragment
to open charm hadrons, respectively. A model for the
hadronization of these kind of final parton system can be
found in [20,21].

|

1

The experiment of BELLE in 2016 has collected
102 x 10° Y events [2,13]. So it is possible to make a
scan on the E.. production. In the future, further precise
measurement on the production of .. can even be made
with more large luminosity at BELLE2. Similar produc-
tions characteristic of the partonic state with four charm
(anti)quarks (7T .., di-J /¥ resonance) can also be studied in
Y decay.
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APPENDIX
The functions Ag(cf =1,...,6) in the decay width are

A, = T8 [TTP T4

Tt | ¢ (P3) m + Ps = d)1e <¢i _

[(g = P3)* =m?][(q -

Py —k/2)* = m’]
Pi= 5 m ot + P
1

Ay = Tr[TPT°T)

x T

-

_ 1
Ay = T [TeTT?)

[(Py+k/2~¢q)* —m

(g = Py = k/2)* = m?]

re(met Pt 5= )20 (4= P = m)rptor 4

X Tr | (P3)(m + P — d)vp <d -

[(Ps—q)* —m?][(q -

Py, —k/2)? — m?]
po-btm)rm )
1

Ay = T [TOTCT?]

¥

x Tr yﬁ<m+}"1+§—

1

[(Py+k/2—q)* = m

)¢ 2) (4= P2 = m)rator +

(g = Py = k/2)* = m’]

As = Tr*[TPTT¢]

x Tr

_ 1
Ag = T’ [T9T* T

[(Py+k/2=q)* = m

(et P 5= )t -

Tg=pPy-m]

Ps+m)f(P3)(M + P)¢

x Tr

[(Py+k/2=q)* —m

o (et Py = )l -

Ug=Py-m]

Ps+m)f (P3)(M + P)f

(A1)

Here Tr*[...] means only keeping the symmetric part; m = m;,, M = M~, g = P/2. &(P3) is the polarization vector of the

gluon with momentum P;.
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