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NLO QCD corrections to triply heavy baryon fragmentation function
considering the effect of nonperturbative dynamics of baryon bound states
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Using a quark-diquark model of baryons and by working in the framework of perturbative quantum
chromodynamics we present, for the first time, the next-to-leading-order (NLO) corrections to the
fragmentation process of a heavy quark into a ground state triply heavy baryon. For a complete analysis, we
also study the effect of nonperturbative dynamic of baryon bound state on the extracted fragmentation
functions considering a typical wave function which is different from the Dirac-delta function that was
applied in all previous works. Our results show that the NLO corrections are significant, while the effect of

the baryonic wave function is of minor importance.
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I. INTRODUCTION

The quark model of particle physics predicts heavy
flavor baryons containing single, doubly, or triply heavy
charm or bottom quarks. The first state containing one
heavy flavor are interesting cases because of the fact that
they carry the spin of original heavy flavor [1]. Their
production has been studied theoretically [2] and exper-
imentally [3], so that all heavy baryons with single charm
quark have been yet discovered in the experiments. Some
of heavy baryons with single bottom quark, like A, baryon
with the quark structure |udb) and spin-1/2 as well as A},
baryon with the spin-3/2, have been observed in the
experiments (for a review see [4]).

Baryons with two heavy flavors, such as 2., E,;,, and
E,e, are treated within the approximate quark-diquark
model [5]. The light degree of freedom within these states
does not allow full perturbative calculations for their
production. At present, among all possible doubly heavy
baryon states only the spin-1/2 E/. charmed baryon have
experimentally been observed by the SELEX Collaboration
[6-8]. From the theoretical side, there are a lot of works in
the literature devoted to the spectroscopy and decay
properties of the heavy baryons containing single heavy
quark. There are also dozens of works dedicated to the
study of the properties of the doubly heavy baryons.

The third category of baryons are the color-singlet bound
states of three heavy flavors, i.e. Q. Qppes Lpee, and Q...
Triply heavy baryons would reveal a pure baryonic spectrum
without valence light-quark complications and provide
valuable insight into the quark confinement mechanism.
Their masses have been studied in framework of the various
approaches such as effective field theory, lattice QCD, bag
model, various quark models, variational approach, hyper
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central model, potential model and Regge trajectory ansatz
[9-14]. Information on the masses of these baryons can play
essential role in understanding the heavy quark dynamics and
they might yield sharp tests for QCD. Actually, the triply
heavy baryons are very interesting hadrons to be explored for
they provide particular information about strong interactions,
hadron structures, and weak decays of heavy baryons.
Although, they have not been observed yet but their
relevance has been emphasized since long ago [15].
However, there are limited numbers of works devoted to
the investigation of the properties of the triply heavy baryons.
With no experimental information available on these sys-
tems, previous studies have concentrated on their spectrum.
In Ref. [16] a possibility for discovery of the triply charmed
Q... baryons was discussed. In [17], production of Q... state
in eTe™ annihilation is studied and in [18] it is studied the
Q... production via fragmentation at LHC. In [19], the
S-wave hadronic production cross sections of the Q.. and
Q... at the CERN LHC is studied in a direct production
mechanism, theoretically. They have concluded that it is
quite promising to discover them at the LHC. With this in
mind, study of their properties beyond spectroscopy seems
timely. The experimental attempts, especially at the CERN
LHCDb, have still been continuing to complete the remaining
members of the heavy baryons predicted by the quark model.

It is well known that the dominant production mecha-
nism for heavy baryons at high transverse momentum is
fragmentation [20]. The fragmentation refers to the process
of a parton with high transverse momentum which sub-
sequently decays to form a jet including the expected
hadron. The specific importance of fragmentation functions
(FFs) is for their model independent predictions of the cross
sections at colliders. In [21], in a direct fragmentation
process we obtained an analytical result for the fragmenta-
tion of a heavy quark into a ground state triply heavy
baryon at lowest order of perturbative QCD. In the present
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work, in a two-step fragmentation process based on the
quark-diquark model we extend it to next-to-leading order
(NLO) in a;. This is the first attempt to include the one-loop
corrections to the heavy baryon FFs and our results show
that the NLO corrections are significant. To complete our
analysis, we also study the effect of baryon wave function
on the extracted FFs; a topic with a little attention in the
literature. The baryon wave function contains the bound
state nonperturbative dynamic of produced baryon. In all
manuscripts the wave function of bound state was estimated
by a delta function which simplifies the calculations, for
example see Refs. [22-29]. By this estimation, the Fermi
motion of constituents is ignored. Here, we will consider the
real aspects of the baryon bound state and show how this
effect changes the FF of baryons. Considering both effects
due to the QCD one-loop corrections and the changes due to
including a more realistic baryon wave function, we present
our numerical results for the heavy baryon fragmentation
functions. Since, there are no experimental data for triply
heavy baryons then, at the present, it is not possible to
compare our theoretical results to the real world.

The plan of paper goes as follows. In Sec. II, we describe
the quark-diquark model briefly, and in Sec. III this model
is applied to calculate the FF of heavy baryons at lowest-
order of perturbative QCD. In Sec. IV, in a different
approach and on the basis of quark-diquark model we
calculate the baryon FF in a two-step fragmentation at LO.
In this section, we also consider two corrections to the LO
results: NLO QCD corrections and the effect of baryon
wave function. Our conclusion is summarized in Sec. V.

II. QUARK-DIQUARK MODEL

The FFs are related to the low-energy part of the
hadroproduction processes and form the nonperturbative
aspect of QCD. Fortunately, it was found that these
functions for heavy hadron productions are analytically
calculable by virtue of perturbative QCD with limited
phenomenological parameters. Triply heavy baryons have
simple internal structures and the perturbative QCD
approximations to their FFs are well-defined in the non-
relativistic  QCD  factorization framework [30,31].
However, the FFs calculated in such approach are lengthy
and are not favored from experimental point of view. To
cast these functions into brief expressions one possible and
valuable way is to approximate the production of two heavy
quark pairs in the perturbative picture by a pair of heavy
diquark: quark-diquark model. The physical principle
behind this idea is the unification of any two quarks to
form a colored quasi-bound state of diquark. This choice
allows first of all to explore the possibility of employing the
heavy flavor diquarks in this situation and secondly to
obtain rather brief expressions for the FFs. The concept of
diquark is useful phenomenological model which is intro-
duced by Gell-Mann [32] and has proven to be very helpful
in the phenomenology of the strong interactions. The
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quark-diquark idea is used extensively in hadron physics
where nucleons have received special attention, e.g. see
Refs. [33-36]. Its application has also been extended to
treat the production and decay of baryons involving two or
three heavy flavors.

The composite nature of the diquark is taken into account
by diquark form factors (phenomenological n-point vertex
functions). Since a pointlike diquark has the quantum
numbers of two-quark system, a diquark in its ground
state might be a scalar or a pseudovector. Note that, due to
the Fermi statistics the ground state diquark composed of
different flavors is a scalar spin-O state, while a diquark
with identical constituents should be considered in a vector
spin-1 state. In the quark-diquark model, ground state
heavy baryons are composed of a heavy quark and a heavy
diquark system with spin-0 or spin-1, moving in a S-wave
state. All possible heavy baryons along with their corre-
sponding production processes are shown in Table 1.

For a scalar diquark, a single form factor is involved.
However for a pseudovector diquark, several form factors
will be relevant and usually the calculation of FFs leads to
numerical evaluation of the properties of the fragmentation
production [2]. Therefore, in this section we consider a
scalar diquark in our calculation for the fragmentation of
heavy quark into the spin-1/2 triply heavy baryons. In
other words, we restrict ourselves to the splitting processes
c— Q. and b — Q. where the structure of scalar
diquark is bc, see Table 1.

The color form factor of a heavy diquark is unknown and
one has to assume a certain dependence on the momentum
transfer squared regarding the formation of a diquark.
Parameterization of diquark form factors is obtained from
the requirement that, asymptotically the diquark model
evolves into the pure quark model. Since there is no direct
information about chromomagnetic form factors, then we
may expect that the ordinary electromagnetic form factors
will have the same functional form as their QCD counter-
parts. This is due to the fact that the source of both form
factors is the matrix elements of a conserved vector operator.
Here, the vector operator is the color octet gluon field so the
parameterization of the diquark form factors may be inferred

TABLE 1. Ground state baryons with corresponding possible
spin states when considered to be formed in the quark-diquark
model. The relevant diquark spin states are also shown.

Baryon production process Diquark spin Baryon spin
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from quark-diquark models of the nucleons. In this view, the
form factor Fg(q*) = q%/(q% — ¢*) is used as a relevant
form factor in the spacelike region [2] where ¢ is the
momentum transfer. This scalar diquark form factor is
assumed to have a simple pole, with pole position at gg
above 1 GeV so that the value of ¢y is very different for a
vector diquark. The form factor mentioned works nicely
with the light quarks. In the case of heavy diquarks, the
following expression

Fs(¢) =5, (1)

is more useful [37]. We apply this form in our calculation.
The parameter g is a free parameter so has a crucial role in
determination of the fragmentation probabilities. We will
comment more about its values when our numerical results
are presented.

III. HEAVY QUARK FF
IN QUARK-DIQUARK MODEL

The fragmentation mechanism is characterized by the
function Dg (z, ) which refers to the probability for a parton
Q at the fragmentation scale u to fragment into a hadron H
carrying away a fraction z = (E + py)u/(E + p))o of its
momentum.

There are several different approaches to calculate the FFs,
so once they are given at the initial scale 4, their u evolution is
determined by the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) renormalization group equations [38]. In
[39,40], we applied the phenomenological approaches based
on the experimental data to extract the FF of light mesons.

The first theoretical attempt to explain the production
procedure of mesons containing a heavy flavor quark was
made by Bjorken [41]. The perturbative QCD approach
was followed by Suzuki [42], Ji and Amiri [43] by
considering more elaborate models. While, Suzuki calcu-
lates the heavy quark FFs using a Feynman diagram similar
to that in Fig. 1, Amiri and Ji compute their FFs in e*e™
annihilation in the same order of perturbative QCD. The
Suzuki model includes most of the kinematical and
dynamical properties of the splitting process and gives
us a detailed insight about the hadronization process. In this
approach, Suzuki calculates the FF of a heavy quark using
the convenient Feynman diagrams for the parton level of
the process and also by considering the wave function of
heavy meson/baryon which contains the nonperturbative
dynamic of hadroproduction process. In fact, the Suzuki
model mixes a perturbative picture with nonperturbative
dynamics of fragmentation and not only predicts the
z-dependence of the FFs, but also their dependence on
the transverse momentum of the hadron relative to the jet
direction.

Here, using the Suzuki model and applying the quark-
diquark idea we focus on the triply heavy baryon FFs by
considering two following significant points:

PHYSICAL REVIEW D 96, 114021 (2017)

(1) In the quark-diquark model, two quarks can be
coupled in either a color sextet or a color antitriplet
state. Furthermore, it is the diquark in a color
antitriplet state that can couple with a quark to form
a color-singlet baryon. In a quark-quark system
(diquark state), single gluon exchange leads to an
interaction that is attractive for diquark in a color
antitriplet configuration. Here, we just consider the
antitriplet configuration of quark-quark states.

Consistent with our assumption, the constituents are
heavy enough so that the binding is relatively weak,
i.e., the quark and diquark are both on-shell and the
binding energy is negligibly small. This is expected
to be true for constituents with masses well above

(@)

AQCD.

To obtain the FF of a heavy quark Q splitting into a triply
heavy baryon Q in the lowest order perturbative regime we
consider the Feynman diagram shown in Fig. 1. According
to this diagram, a heavy quark Q fragments into a heavy
baryon through the mission of a time-like off-shell gluon,
that in turn splits into a scalar heavy flavor diquark pair.
The gluon must have enough energy, at least twice the
diquark mass, since both the diquark D and antidiquark D
are considered to be on or near their mass-shell. Finally, the
produced diquark combines with the heavy quark Q to form
the heavy baryon Q. We assume that the heavy baryon
moves in the Z-direction (fragmentation axes) so that, due
to the momentum conservation the transverse momentum
of the final state jet will be identical to the transverse
momentum of the initial heavy quark. Considering Fig. 1,
we set the relevant four-momenta as

Pu = [P0, 0. p/]
kﬂ = [kO’O’kL]

Py = [P0 kr, PLl

K, = [k kr. k] (2)

FIG. 1. Leading order Feynman diagram contributing to the
fragmentation of a heavy quark into a triply heavy baryon Q in a
quark-diquark model.
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and, also P, = [PO,(S,PL] where P refers to the four-
momentum of the produced baryon so that P, = p; + k;.
For the later uses, we also define the momentum fractions
= (po+pL)/(Po+ Pr) and xy=(ko+k.)/(Po+PL)
carried by the constituents of outgoing baryon, i.e.,
the heavy quark and diquark. Due to the momentum
conservation one has x; + x, = 1. Following Ref. [22],
we adopt the infinite momentum frame where the
fragmentation parameter in the usual light-cone form
2= (E+ py)a/(E+ py), is reduced to the more popular
formz = Eq/Ey = Py/p{ whichranges as 0 < z < 1. The
momentum fractions x; and x, are also simplified as

. o)
Py’

which refer to the baryon energy fractions carried by the
constituents. Considering the definition of fragmentation
parameter z, we also may write the energy of components in
terms of the energy of the initial heavy quark p{ as:
Po = x12p, ko = xpzp( and kj = (1 — z) py,.

To obtain the hard scattering amplitude related to the
process shown in Fig. 1, we consider the currents produced
by the diquark pair and the heavy quark. In covariant
coupling of a diquark to a gluon, the coupling is assumed to
have a simple structure as: +ig,“q* [44], where g, =
Varag and 14 = 1?/2 is the Gell-Mann color matrix. To
complete the current, one needs a color charge strength,
along with a possible form factor Fg [2]. The momentum
space color octet current reads ji o g,Fg(q*)q"e™"1*
where F is given in (1) and ¢ = k+ &’ so k and k' are
the scalar diquark pair four-momenta shown in Fig. 1. The
current due to the initial heavy quark is expressed as:
J% o gy[i(p')y*u(p)le~"r=r)* At lowest order perturba-
tion theory, the hard scattering amplitude for the process
shown in Fig. 1 is written as

[l o

which leads to the following hard scattering amplitude

TH:

g (u)CrFs(q?)

B 2q2D0\/ 2P0p6k6

where, u =2myp is the renormalization scale of QCD
coupling constant, Cr = 4/(3+/3) is the color factor [2]
and Dy = Py + k{, — pj, is the energy denominator which is
produced through the energy integration.

According to the definition of the FF in the Suzuki model
[22,42], this function is obtained by performing the phase
space integration over the scattering amplitude squared.
Then, the FF for the production of S-wave baryon Q from
the splitting of the heavy quark Q, reads

¢"u(p)y,u(p’)l.  (5)

PHYSICAL REVIEW D 96, 114021 (2017)

-

Z/ngd3k’|T PSP+ K - p),
(6)

where, T, is the probability amplitude, s, refers to the
spin of the fragmenting quark and the summation is going
over the spins and colors. Four-momenta are as labeled
in Fig. 1. To impose the long-distance effects, the prob-
ability amplitude 7', at large momentum transfer factorizes
into the convolution of a hard scattering amplitude 7 (5)
and the process-independent distribution amplitude @,
[45,46], i.e.,

DJ (Zﬂo 1+2S

Ty(P K, p) = /[dxi]TH(P,k/,P/,Xi)‘DM(Xi»WZ)a (7)

where [dx;] = dx;dx,6(1 — x; — x,). The fractions x; and
X, are defined in (3).

The scheme applied to describe the probability ampli-
tude Ty, as the convolution presented in (7) is convenient to
absorb the soft behavior of the bound state into the hard
scattering amplitude Ty [45]. In (7), the short-distance
coefficient Ty is calculated perturbatively from quark-
gluon subprocesses and expanded as a power series of a;
at the energy scale my or higher, and the long-distance
distribution amplitude @), contains the bound state non-
perturbative dynamic of the outgoing baryon. In fact, the
®,, refers to the probability amplitude for a quark-diquark
pair to evolve into a particular bound state. In the quark-
diquark model, at the lowest order perturbative QCD, a
diquark in a baryon interacts like an antiquark in a meson
because both belong to the 3 representation of color SU(3)
[47]. In other words, a baryon bound state is approximated
as a quasimeson bound state with the constituents including
a quark and pointlike diquark.

Following the Lepage-Brodsky’s approach [48], if we
ignore the Fermi motion of the constituents and let them to
fly together in parallel within the bound state, then the
distribution amplitude is approximated by a Dirac-delta

function as
f M ( mQ>
[OJ9 , 8

where f; is the baryon decay constant so we choose the
value of f; = 0.25 GeV [28] for all triply heavy baryons.
The assumption (8) was applied in Refs. [22-29] and many
other papers. We also follow this assumption and derive an
analytical form for the Q — Q FF.

Using Egs. (5), (7), and (8), and by performing the
necessary integrations one has

Q%CFfMFS(qz)

T, = — n (i u(p')l.
TN 3 [@(p)r,u(p')]

©)
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Putting the above result in (6), the FF reads

PRPP 1 = ..
DQ—AZ/_ SP+K-p, 10
O] Bopiy Dk ke K O
where A is proportional to (zaf, FsCr/+/6)?, and
fi= (- p- )+ k- K)
+(p-k+p-K)k-p +K-p). (11)

To perform the phase space integrations, we consider the
following integral

(M? —mpy —mp, +2p" - k)
(12)

and in (10), instead of integration over the transverse
momentum we simply replace the integration variable by
its average value. Therefore, one has

/ PPAP+K —p) z
Popf)D%

/d3lg’f(z, k3) ~ makyf(z, (k3)), (13)

where (k%) is a free parameter which can be specified
phenomenologically.

According to the approximation (8), it is assumed that
the contribution of each constituent from the baryon energy
is proportional to its mass, i.e., x; = mgy/M and x, =
mp/M. This simplifying assumption makes the dot prod-
ucts of the relevant four-momenta so simple, for example:
k-p=mgmp,2p-p" = sz(m%2 + k3)/M + (mpM)/z,
2k - p' = mpz(mg + k) /M + (mpM)/z, etc.

Putting all in (10), one obtains the following simple form
for the DJ-FF

(k3 + z(mp + mp(1 —z2))?

Dg(z,po) =N (1-2)F(z, (k2)) ()
where,
_ 2V +m?%)]3
F(z, (k7)) = [2’”0 +M(1z : +Z(§\§T(>1J:z)0)]

x {Mz—zmz - +z<k2>)r (15)
o\ T :

Here, N is proportional to (2,/2myq3nCras(2mp)fy)?
but it is determined through the normalization condition
Jo DG (z. po)dz = 1 [22,43].

In the Suzuki model, the FFs depend on both the
fragmentation parameter z and the phenomenological
parameter (k%). The z-dependence of the FFs is not yet
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calculable at each desired scale. However, once they are
computed at some initial fragmentation scale p, their p
evolution is specified by the DGLAP equations. Here, we
set the initial scale to py = mgy + mp which is the mini-
mum value of the invariant mass of the fragmenting quark.
Therefore, Eq. (14) should be regarded as a model for the
heavy quark fragmentation at the initial scale uq.

To present our numerical analysis, from Ref. [49] we
adopt the input parameters as m, = 1.67 GeV and
my, =4.78 GeV. Application of a scalar diquark brings
in the parameter gg which appears in the diquark form
factor (1). In [27], it is pointed out that for the creation of a
heavy diquark-antidiquark pair the values of gg is 5 GeV,
when the heavy quark is a c-quark, and 7 GeV when it is a
b-quark. Further future theoretical and experimental studies
on heavy diquarks will provide more precise values for gg.

It is worth mentioning here that the average transverse
momentum (k2.) is not a constant but a function of the
fragmentation parameter z. In [50], by considering the
z-dependence of this quantity, it is shown that the choice of
(k3) =1 GeV? is an extreme value for this quantity.
Nevertheless, in Fig. 2 we studied the (k%)-dependence

of DY) _FR considering four different values for the
average transverse momentum, i.e., (k%) = (0.5), 12,22,
and 3% GeV2. Any higher value of (k2) shifts the FF
toward the lower values of z which is not compatible with
the behavior of heavy baryon FFs. In this work, we set
the average transverse momentum as (k%) =1 GeV2. In
Figs. 3 and 4, we showed our theoretical predictions for the
fragmentation of ¢ — Q.., and b — Q. (dashed lines)
considering the scalar bc-diquark which is created by a
hard gluon. The value of the normalization constant N
appeared in (14)is N = 1.62 x 107 for the FF of ¢ — Q_,,,
and N = 3.2 x 1076 for the b — Q,,,. FF.

Our results are also compared with our previous ones
(solid lines) [21], obtained through a direct fragmentation.

[ T T T T T
25f kr=05 > .
.
—mm s dg=1 ]
200 T k=2 ]
[~~~ kp = / \ ]
cA! 1 N
=] 1.5f /’,’ 4
;{ [
E o
1.0 \ B
0sfF / 1
r , RN
[ S N\
0.0' 1 1 1 1 " ~
0.0 02 0.4 0.6 038 1.0

FIG.2. The D2““’) FF considering four different values for the
average (ransverse momentum, i.e., (k%) = (0.5)%,12,22, and
32 GeV2.
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r — T T T T T L L L A — |
25k Direct fragmentation 1
Th === Diquark model 1
5
g 15 ]
7 L )
i\ [ ]
E I ]
1O b
0.5f ]

0.0t e e e =
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3. The D¥““?)_FF at the initial scale yy = m, + 2m, as a
function of z in the quark-diquark model (dashed line) compared
with the one calculated through direct fragmentation (solid
line) [21].

T T T T T T T T T T T T

25 V Direct fragmentation A
B Diquark model 1
20t ]
ER ]
S 15F b
7 [ ]
=2 [ ]
o [ ]
= o1of ]
05 ]

0.0k ~

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 4. Asin Fig. 3, but for the b — Q,,,. FF. Here, the initial
scale of FF is g = m. + 2my,,.

In [21], independent of diquark model, to extract the triply
heavy baryon FFs we applied the Suzuki model considering
all lowest-order Feynman diagrams contributing to the
direct fragmentation of a heavy quark Q into a triply heavy
baryon €9,0,0,-

As is seen from Figs. 3 and 4, there are good consist-
encies between both results, and this proves the possibility
of employing the idea of heavy flavor diquarks in this
situation. The advantage of diquark approach is to cast the
heavy baryon FF into a brief expression (14), unlike the
result obtained in the direct fragmentation approach which
was lengthy and inappropriate from experimental point
of view.

IV. HEAVY QUARK FF IN A TWO-STEP
FRAGMENTATION

In this section, we introduce a completely different
approach to obtain a brief expression for the heavy quark
FFs: two-step fragmentation or indirect fragmentation.

PHYSICAL REVIEW D 96, 114021 (2017)

In this approach, one can analyze the two stage fragmen-
tation of a heavy quark into a scalar diquark followed by
the fragmentation of such a scalar diquark into a triply
heavy baryon. The physical principle behind this idea is
the unification of any two quarks to form a colored quasi-
bound state of diquark and the splitting of the formed
diquark into the outgoing baryon. This approach is so
convenient to extend our previous result [21] to the next-to-
leading order in a,. The present work is a first attempt to
consider the NLO QCD corrections to the fragmentation of
a heavy quark into a three heavy flavor baryon.

In the following, we describe our strategy to obtain the
FFs at NLO by working in the framework of diquark
model. In the two-step fragmentation approach, the frag-
mentation of a heavy quark Q into a heavy baryon Q
factorizes into the short- and long-distance contributions.
According to this approach, two quarks are approximated
as a single particle (pointlike diquark D) which can be
produced directly in the hard interaction of quarks and
gluons at short distances. Therefore, the formation of a
diquark can be described in the pQCD theory. In the
following, the resultant diquark D fragments into a baryon
Q in a nonperturbative manner. Actually, attaching a quark
to a fast moving heavy diquark D for baryon production
decelerates the heavy diquark in the fragmentation process
only slightly. Motivated by kinematical considerations and
the QCD factorization theorem [51] and also regarding the
work of [5], the baryon FF is expressed as

pg(em) = [ C03()80). 9

z

Such a two stage process for production of a triply heavy
baryon, where a heavy diquark D intermediates the initial
heavy quark and the final state baryon, would be interesting
in the LHC and future colliders.

As was mentioned, in our new approach the fragmenta-
tion process is treated in two steps, namely formation of a
heavy diquark and subsequent fragmentation of a diquark
into a heavy baryon. On the one hand, the formation of a
colored heavy diquark system is occurred in a hard process
which is calculable in pQCD and on the other hand, the
fragmentation process of a heavy diquark into a baryon is
treated nonperturbatively. The second stage splitting is
called a soft fragmentation where a small value of trans-
verse momentum is involved. At lowest order perturbative
QCD, a diquark in a baryon interacts like an antiquark in a
meson [47]. Therefore, the nonperturbative soft fragmen-
tation of a colored diquark D into a baryon Q, i.e. D in
(16), is identical to the fragmentation of an antiquark Q
into a meson with the constituents QQ” [2,37]. This is a
situation where a successful phenomenological model such
as the Peterson model [52] is valuable to be used for des-
cribing this soft splitting process. According to the Peterson
model, which is based on the standard quantum-mechanical

114021-6



NLO QCD CORRECTIONS TO TRIPLY HEAVY BARYON ...

parton-model, it is postulated that the dominant part of the
fragmentation amplitude of a fast moving heavy antiquark
Q into a heavy meson M(QQ") is determined by the
value of the energy transfer (the energy denominator):
AE = Ey + Egr — Ep, where E 4 refers to the energy of
produced meson. In this model, the FF of a heavy quark
(antiquark) is described by

N 1 ep |72
Dg’l(z)zz[l—g—l_QZ] , (17)

where ey = mp/(mg 4+ my)* and N is the normalization
constant which is fixed by summing over all hadrons
containing Q, i.e., > fD/Q\’l (z)dz =1 [52].

In (16), the first stage fragmentation including the
formation of a colored heavy diquark through the splitting
of an initial heavy quark, i.e., Dg, is occurred in a hard
subprocess which is calculable in perturbative QCD. In the
next section, we will calculate this contribution at the LO
and NLO pQCD so by their convolution with the Peterson
model, according to the convolution relation (16), we will
present our predictions for the heavy baryon FFs. It should
be noted that, to obtain a full NLO QCD correction the
nonperturbative fragmentation D — Q should be also
computed at NLO. Since this part of process is related
to a soft splitting then must be evaluated phenomenologi-
cally in higher orders. For phenomenological determination
of a soft fragmentation one needs to have experimental
data. In this work we approximately use the analytical
model of Peterson for describing the soft splitting of a
diquark into the Q-baryon which is well known as a
successful phenomenological model at LO.

A. Heavy baryon FF at NLO

In [50], using the Suzuki model we calculated the
perturbative QCD FF for a heavy quark to fragment into
a S-wave heavy meson at NLO. As an example, we studied
the LO and NLO FFs for a charm quark to split into the
S-wave D°/D*-mesons and compared our analytic results
with experimental data from BELLE [53] and CLEO [54].
We found that the NLO corrections change the theoretical
results at lowest-order and make good agreement with
experimental data. We also compared our analytical results
with a well-known phenomenological model (Bowler
model [55]) extracted in [56]. There was also good
consistency between both results.

In order for next usage, here, we briefly review the
perturbative FF formalism to calculate the fragmentation of
a heavy quark Q into a heavy colorless meson M(Qg) at
lowest-order of perturbative QCD. Here, we also neglect the
relative motion of the constituent quarks Q and g, therefore
we assume, for simplicity, that the Q and g are emitted
collinearly with each other and they move along the 3-axes
(fragmentation axes). By this assumption, a meson is replaced
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by its collinear constituents. This unrealistic assumption will
be improved later, see subsection IV B. In the Suzuki model,
to obtain the Dg‘ (z, u)-FF in the lowest order perturbative
regime we consider the fragmentation of a heavy quark Q into
a heavy meson M (Qg) through emission of a gluon by the
heavy quark, which splits into a heavy quark pair gg. The
gluon must have enough energy, at least twice the q-quark
mass, since the heavy quark pair produced are considered to
be on their mass shell at the first stage. The strong coupling
constant at the scale u = mg + my is small enough so it
justifies the validity of the perturbative approach.

In the Suzuki model, the Dg‘(z,,u)—FF is obtained by
performing the phase space integration over the squared
scattering amplitude of the fragmentation process, see
Eq. (6). As before, to compute the hard scattering amplitude
Ty related to the hard process Q — M(Qg) + q, we
consider the currents produced by the quark pair ¢g and
the initial heavy quark Q. If one labels the four-momenta as
o(p') = O(p)g(k) + q(k'), the currents read

7 o< gila(p)ru(p’))e~p=r)x,
o gy[a(K )yt (k)] e i),

(18)

where, g,y” is due to the coupling of a gluon to a quark.
At the lowest order perturbation theory, the hard scatter-
ing amplitude 7 is written as

(19)

where g = k + k' is the four-momentum of intermediate
gluon. This leads to the hard scattering amplitude as

Ty = = —BWIamOCE (o] p)yan(p'),

2¢*Dy\/2popokok),

(20)

where, pu =mgy+m; is the renormalization scale of
strong coupling constant, Cr =4/3 is the color factor
and Dy = pg + ki, + ko — p{, is the energy denominator.

As in (7), the amplitude for production of a heavy meson
is obtained by the convolution of short-distance amplitude
Ty and the long-distance distribution amplitude @ .
Adopting the Lepage-Brodsky’s approach we apply the
distribution amplitude presented in (8) where the wave
function of bound state is approximated by a delta function.
With this approximation, we are assuming that the con-
tribution of each constituent quark from the energy of
meson M (Qgq) is proportional to its mass, i.e. x; = my/M
and x, = my/M.

In the Suzuki model, the heavy quark FF in the splitting
process Q(p') = M(P) + (k') is defined as

114021-7
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2 = T |2 2 - -
DM(z, uy) = d3Pd3k’|¢53 Pk —p).
o' (2. Ho) Z/ 525 (P+K—-p)
(21)

where, s, is the spin of fragmenting heavy quark and the
average/sum goes over the spin of initial/final state particles.
Considering Egs. (7) and (8), one has T \(p,k, k', p') =
FinTu(p kK, p' x; = m;/M)/(2v/3) where the hard
scattering amplitude Ty is defined in (20). The short-
distance coefficient T is calculated perturbatively from
quark-gluon subprocesses and is expanded as a power series
of a, at the energy scale y or higher.
Putting all together, one finds the heavy quark FF as

8 BPEK

M _
Dy (Z,Mo)—g(f/vtﬂasmmeCF)z/m
x{mZ(p-p')+(p-k)(p'-K)+(p-K)(k-p')
—my(k-K)=2m2m3 P+ —p)).  (22)
|
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Finally, to obtain an explicit form of the heavy quark FF we
perform the phase space integrations as follows

(M? —mg —mg +2p'" - K')*
(23)

/d31'353(f>+1? -p) 2
PoPoD§

and, as in (13), instead of integrating over transverse
momentum we replace the integration variable by its
average value, i.e.,

/ PRz 1) = kg (z. (1)), (24)

Putting all in (22) and by considering the dot product
of four-momenta, we obtain the LO FF of a heavy
quark as

Dy (z.49) = % {4mqm3sz + 8Mmpz(1 - z) + 4:;—% (BM*(1 — 2)* + 22 (k7)) + 32M*mP(z — 1)
+ 8Mm,m}z — ZZ‘Z? (M?(1 —2)> + 22(k})) — 8Mmy % (M? + 22(k3)) + 4m, mo (3M? + 22(k%))
+ :;Zi ([M? + (k)P + 2 (k3) [M? (32 = 2) + tM?(z = 2)])}, (25)
where,
F(z. (k7)) = [(z = )(M? = zmpy) — 2(mg + z(k3))]* x [22(k7) + (M(z = 1) = zm,)*]2. (26)

In the above relation, the coefficient N is proportional to
(rmomgCrayf i/ v/6)? but is related to the normalization
condition [22,43].

Now, considering the convolution (16) and by having the
Peterson model (17) for the D%—FF, and Eq. (25) for the
DS—FF, we are in a situation to present our predictions
for the heavy baryon FFs at LO. As before, we set
(k%) =1 GeV?. In Figs. 5 and 6, we showed our theoretical
predictions for the fragmentations of ¢ — Q.., and b —
Q. at the lowest order of pQCD in two-step fragmenta-
tion (dashed lines) and compared them with the results
obtained through the direct fragmentation approach (solid
lines) [21]. As is seen, there are good consistencies between
both results.

In [50], using the direct fragmentation approach in the
pQCD regime we computed the Dg‘ -FF at NLO, and showed
that the theoretical results are in good agreement with the
experimental data when the one-loop QCD corrections are
involved. Now, considering the convolution relation (16)

|
and by having the NLO Dg-FF (ED/é/t—FF) from [50], it is
possible to obtain the triply heavy baryon FF at NLO.
Note that, we still use the Peterson model (17) for the
nonperturbative part of the fragmentation process, i.e. the
fragmentation of heavy diquark into the observed baryon.
In other words, we use the Peterson model (17) for the D%—FF.

In Figs. 7 and 8, using the indirect fragmentation approach
(or two-step fragmentation approach) we showed our theo-
retical predictions for the D?“”— and Df””” -FFs at the NLO
(solid lines) and they are compared with the LO ones (dashed
lines). As is seen, the NLO contributions are considerable and
change the results obtained at LO, too much. The peak
positions of the FFs are shifted towards higher-z values and
the maximum value of FFs increases, significantly.

B. The effect of bound state wave function

Our calculations for the FFs are based on the Suzuki
model where the heavy quark FFs are evaluated by
considering some convenient Feynman diagrams for the
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FIG. 5. The DX“Y_FF as a function of z in the two-step
fragmentation (dashed line) compared with the one calculated
through the direct fragmentation (solid line) [21].
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FIG. 6. As in Fig. 5, but for the Dfu’bc)—FF at the initial scale

Ho = M =+ 2my,.
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FIG.7. TheFFof ¢ — Q... at LO (dashed line) and NLO (solid
line) in the indirect fragmentation. The initial scale is set as
Ho = 3m..
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FIG. 8. As in Fig. 7, but for the FF of b — Q. The initial

scale is set as ug = 3my,.

parton level of the process, and the wave function of bound
state which contains the nonperturbative dynamic of the
bound state. In the previous discussions, ignoring the Fermi
motion of constituents we estimated the meson/baryon
wave function to a delta function form, see Eq. (8). This
assumption was also applied in all previous works, see for
example Refs. [22-29]. According to this assumption, the
constituents are let to fly together in parallel within the
bound state. In fact, by this estimation the heavy baryon is
replaced by collinear constituents.

In (8), the long-distance distribution amplitude @,
refers to the probability amplitude for a Qg-pair to evolve
into a particular heavy state and contains the nonpertur-
bative dynamic of the bound state. The distribution
amplitude ®,, is related to the valence wave function
W, as [46]

1 . . .
D (x;, w?) = m/‘s(h_l + kyo)d?k 1 dk

X W (x;, k1 )O(R, < w?), (27)

where ©(x) is the Heaviside step function, k ; stands for
the transverse momentum of constituents and the momen-
tum fractions x; = p,/P, and x, = ky/P, are defined as
before. In the case of heavy bound states, we assume that
the constituents are sufficiently nonrelativistic so that the
gluon emission can be neglected. The constituent dis-
tributions might be controlled by a simple two-body
wave function as [45]

\/1287[[93("’11 -+ mz)

2 2 2 2
2 212 _ Mtk omytk
xpxs[M 3 ) ]

¥y (xiv %J_i> = ) (28)

where b and M are the binding energy and the mass of
two-body bound state, respectively. Both in the equal-
mass case m; =m, and in the unequal-mass case
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my < m,, it can be shown that the above equation is the
solution of the Schrodinger equation with a Coulomb
potential, which is the nonrelativistic limit of the Bethe-
Salpeter equation with the QCD kernel, see [45].

Putting (28) in (27) and by working in the infinite
momentum frame we integrate over k 1i(0< k3%, £ ), s0
it yields

1 (1287b3M):

Dy = ,
M7 202a)3 x1 (1= x))M? = (1 = x,)m? — x;m?

(29)

where the constraint x, + x; = 1 is imposed. After sim-
plifying, one has

_Jfm 1
(DM(xin2>*2\/§M(xl_%)2’ (30)

where f 4 = /6b°/(zM) is the meson decay constant.
As is seen, Eq. (30) grows rapidly at x; = m; /M. In this
regard, in all previous works authors have estimated the
distribution amplitude (30) by a delta function (8). In fact,
by this choice, authors have assumed that the contribution
of each constituent from the meson energy is proportional
to its mass so that this assumption makes the calculations
so simple.

To incorporate more realistic aspect of the nonperturba-
tive dynamic of the bound state into the baryon FFs, we
apply the distribution amplitude (30). We start with Eq. (7)
and write the probability amplitude T ,, as

Sm dx,

Ty = —=Ty(P.x, =1-x;). (31
M 2\/§M (xl_ﬁq)z H( 2 1) ( )

In conclusion, considering Eqgs. (21) and (31), the initial
scale meson FF reads

dx dx,
D} (z.p0) =R2/ - {/ &
© (x1—51)? (X2 —5%)?

/d31‘3d3k7Lﬂ”LW
X _
Py pok D%q4

53(1‘3+k7—p7)}, (32)

where L is the leptonic tensor which is calculated
perturbatively from quark-gluon subprocesses. Here,
R = (mymof )/ (4V/6x>M) but is related to the normali-
zation condition as before. The integrations over the phase
space are as in Eqgs. (23) and (24).

Note that, in the presence of more realistic form of the
meson wave function the NLO QCD calculations would be
so complicated. Due to the lengthy expression obtained
from (32), we just present our numerical results.

Now, considering the convolution (16) and by having the
Peterson model (17) for the D$-FF, and Eq. (32) for the
Dg—FF, we can present our predictions for the heavy baryon

PHYSICAL REVIEW D 96, 114021 (2017)
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FIG.9. The D’ _FF at LO, once considering a delta function

form (8) for the meson wave function (dashed line) and once
again with a nonrelativistic form (30) for the wave function
(solid line).

FFs. Applying the numerical inputs as before, in Fig. 9 the
effect of meson wave function on the Q... -FF in splitting of
a c-quark is shown at the lowest-order of perturbative QCD.
In this calculation, the product of leptonic tensors L**L,,
in (32) is as in (22). Here, this effect is studied once by
considering the nonrelativistic wave function (30) for the
meson bound state (solid line) and once again by consid-
ering a delta function form (8) for the meson wave function
(dashed line). In Fig. 10, we studied the effect of wave
function on the D*“““)_FF at the LO (dot-dashes) and NLO
(dots) QCD approximations. For the NLO calculations, the
product of leptonic tensors L*'L,,, (32) is given in [50]. For

a more quantitative comparison, we have also presented our
results at LO (dashed line) and NLO (solid line) when a
delta function form is used for the bound state wave

T T T T T T T T T

" R |
30 p-o--- NLO + Nonrelativistic form 1
F-—"—" LO + Nonrelativistic form , < ]
251 NLO + Delta form 1
————— LO + Deltaform- 7 v/ ' 1
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_20F P AN ]
3 [ s N . ]
ol L \
To1sk 7 N ]
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=~ [ /oy ) N ]
Lo s . \ \\ N b
L S ‘ NN 4
: /// N
, AN ]
0.5 s s
F // N Y
P SN W
0.0 Ll v 0 0 0 1]
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 10. The FF of ¢ — Q... considering both the NLO
corrections and the effect of meson wave function (dotted line).
For a quantitative comparison, we also plotted the D?(ccc)—FF at
LO (dashed line) and NLO (solid line) in the presence of delta
function form for the meson wave function. The effect of meson
wave function is studied at LO (dot-dashes), too.
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function. As is seen, the changes due to considering the
nonrelativistic wave function are less than the NLO
corrections, as is expected. Note that, unlike the effect
of nonrelativistic meson wave function the NLO correc-
tions shift the peak position of the FFs towards higher
values of z.

V. SUMMARY AND CONCLUSION

The study of heavy baryons is a subject of interest for
particle physicists, because they provide particular infor-
mation for the strong interactions, hadron structures, and
weak decays of heavy baryons. In our previous work [21],
we analyzed the direct fragmentation of triply heavy
baryons in the fully perturbative QCD regime to the
lowest-order in «. Here, in the first step, we applied the
pQCD approach considering the quark-diquark model and
calculated the heavy baryon FFs at LO and then compared
them with the ones extracted through the direct fragmen-
tation [21]. Good agreement occurred between both results
ensures the correctness of the idea of diquark in this
situation. Actually, the quark-diquark model is used to
obtain a brief and feasible expression for the FFs from
experimental point of view. In the following, considering
the diquark model we studied the FF of heavy baryons in a
two-step fragmentation approach (indirect approach) and

PHYSICAL REVIEW D 96, 114021 (2017)

then compared them with the ones obtained in a direct
fragmentation approach. We also found good consistency
between both approaches. Relying on the indirect
approach, and by having the meson FF at NLO [50] we
calculated, for the first time, the heavy baryon FF up to
next-to-leading order of QCD coupling constant and
showed that the NLO corrections change the results,
considerably. To extract our results, following the
Lepage-Brodsky’s approach [48], we applied a Dirac-delta
function for the bound state wave function as was applied in
all previous works. This choice corresponds to neglecting
the relative motion of the constituent quarks. The under-
lying link between hadronic phenomena in QCD at long-
and short-distances is the hadronic wave function. In fact,
the nonperturbative aspect of the hadroproduction proc-
esses is emerged in the bound state of the hadron which is
described by the wave function @ ,,. We also applied, for
the first time, a typical nonrelativistic wave function which
includes more realistic aspect of nonperturbative dynamics
of bound state and is completely different from the delta
function form, used in all previous works. We found that,
taking this effect into account leads to a changed result
which is considerable. As a final result, we considered both
the NLO QCD corrections and the effect of nonrelativistic
wave function and showed that these effects are significant.

[1] J. dos Anjos, G. Herrera, J. Magnin, and F.R. A. Simao,
Production and polarization of Lambda(c)+ and the charm
of the proton, Phys. Rev. D 56, 394 (1997).

[2] A.D. Adamov and G.R. Goldstein, Fragmentation func-
tions for baryons in a quark—diquark model, Phys. Rev. D
56, 7381 (1997).

[3] B. Aubert et al. (BABAR Collaboration), Observation of a
Charmed Baryon Decaying to DOp at a Mass Near
2.94—GeV/cz, Phys. Rev. Lett. 98, 012001 (2007); A.
Bravar er al. (E704 Collaboration), Spin Transfer in In-
clusive LambdaO Production by Transversely Polarized
Protons at 200-GeV /c, Phys. Rev. Lett. 78, 4003 (1997);
D. Buskulic et al. (ALEPH Collaboration), Measurement of
Lambda polarization from Z decays, Phys. Lett. B 374, 319
(1996).

[4] T. Kuhr (CDF and DO Collaborations), Heavy flavor
baryons at the Tevatron, arXiv:1109.1944.

[5] A.F. Falk, M.E. Luke, M.J. Savage, and M. B. Wise,
Heavy quark fragmentation to baryons containing two
heavy quarks, Phys. Rev. D 49, 555 (1994).

[6] M. Mattson et al. (SELEX Collaboration), First Observation
of the Doubly Charmed Baryon E/., Phys. Rev. Lett. 89,
112001 (2002).

[7]1 J. Engelfried (SELEX Collaboration), The experimental
discovery of double-charm baryons, Nucl. Phys. A752,
121 (2005).

[8] A. Ocherashvili et al. (SELEX Collaboration), Confirma-
tion of the double charm baryon E(.(3520) via its decay to
pDTK~, Phys. Lett. B 628, 18 (2005).

[9] N. Brambilla, A. Vairo, and T. Rosch, Effective field theory
Lagrangians for baryons with two and three heavy quarks,
Phys. Rev. D 72, 034021 (2005).

[10] T. W. Chiu and T. H. Hsieh, Baryon masses in lattice QCD
with exact chiral symmetry, Nucl. Phys. A755, 471 (2005).

[11] P. Hasenfratz, R.R. Horgan, J. Kuti, and J. M. Richard,
Heavy baryon spectroscopy in the QCD bag model, Phys.
Lett. 94B, 401 (1980).

[12] X. H. Guo, K. W. Wei, and X. H. Wu, Some mass relations
for mesons and baryons in Regge phenomenology, Phys.
Rev. D 78, 056005 (2008).

[13] F.J. Llanes-Estrada, O. I. Pavlova, and R. Williams, A first
estimate of triply heavy baryon masses from the pNRQCD
perturbative static potential, Eur. Phys. J. C 72. 2019 (2012).

[14] S. Meinel, Excited-state spectroscopy of triply-bottom
baryons from lattice QCD, Phys. Rev. D 85, 114510 (2012).

[15] J. D. Bjorken, Is the ccc a new deal for baryon spectros-
copy?, AIP Conf. Proc. 132, 390 (1985).

[16] J.D. Bjorken, Preprint Report No. FERMILAB-Conf-85/
69.

[17] S.P. Baranov and V. L. Slad, Production of triply charmed
Q... baryons in e™ ¢~ annihilation, Yad. Fiz. 67, 829 (2004)
[Phys. At. Nucl. 67, 808 (2004)].

114021-11


https://doi.org/10.1103/PhysRevD.56.394
https://doi.org/10.1103/PhysRevD.56.7381
https://doi.org/10.1103/PhysRevD.56.7381
https://doi.org/10.1103/PhysRevLett.98.012001
https://doi.org/10.1103/PhysRevLett.78.4003
https://doi.org/10.1016/0370-2693(96)00300-0
https://doi.org/10.1016/0370-2693(96)00300-0
http://arXiv.org/abs/1109.1944
https://doi.org/10.1103/PhysRevD.49.555
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1016/j.nuclphysa.2005.02.031
https://doi.org/10.1016/j.nuclphysa.2005.02.031
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1103/PhysRevD.72.034021
https://doi.org/10.1016/j.nuclphysa.2005.03.090
https://doi.org/10.1016/0370-2693(80)90906-5
https://doi.org/10.1016/0370-2693(80)90906-5
https://doi.org/10.1103/PhysRevD.78.056005
https://doi.org/10.1103/PhysRevD.78.056005
https://doi.org/10.1140/epjc/s10052-012-2019-9
https://doi.org/10.1103/PhysRevD.85.114510
https://doi.org/10.1063/1.35379
https://doi.org/10.1134/1.1707141

S. MOHAMMAD MOOSAVI NEJAD

[18] V. A. Saleev, Q... production via fragmentation at LHC,
Mod. Phys. Lett. A 14, 2615 (1999).

[19] Y. Q. Chen and S. Z. Wu, Production of triply heavy baryons
at LHC, J. High Energy Phys. 08 (2011) 144 Erratum, J.
High Energy Phys. 09 (2011) 89.

[20] E. Braaten and T. C. Yuan, Gluon Fragmentation into Heavy
Quarkonium, Phys. Rev. Lett. 71, 1673 (1993).

[21] S. M. Moosavi Nejad and M. Delpasand, Polarized heavy
baryon production in quark-diquark model considering two
different scenarios, Eur. Phys. J. A 53, 174 (2017).

[22] M. Suzuki, Spin property of heavy hadron in heavy quark
fragmentation: A simple model, Phys. Rev. D 33, 676
(1986).

[23] T. Osati and M. Movlanaei, Diquark fragmentation con-
tribution in A, production, Int. J. Theor. Phys. 56, 1429
(2017).

[24] M. A. Gomshi Nobary, Heavy baryon production in the
quark diquark model, J. Phys. G 27, 21 (2001).

[25] M. A. Gomshi Nobary, Heavy quark fragmentation func-
tions, J. Phys. G 20, 65 (1994).

[26] M. A. Gomshi Nobary, Fragmentation production of Q...
and €, baryons, Phys. Lett. B 5§59, 239 (2003); Erratum,
Phys. Lett. B 598, 294 (2004).

[27] M. A. Gomshi Nobary, T. Osati, and Z. Bahadori, ©,,. and
Q.. baryon production in scalar bc diquark fragmentation,
Nucl. Phys. A821, 210 (2009).

[28] M. A. Gomshi Nobary, B. Nikoobakht, and J. Naji, Pro-
duction of Q. and Q.. baryons in quark diquark model,
Nucl. Phys. A789, 243 (2007).

[29] S.M. M. Nejad and A. Armat, Heavy quark perturbative
QCD fragmentation functions in the presence of hadron
mass, Eur. Phys. J. Plus 128, 121 (2013).

[30] C.H. Chang and Y. Q. Chen, The B(c) and anti-B(c) mesons
accessible to experiments through Z0 bosons decay, Phys.
Lett. B 284, 127 (1992).

[31] E. Braaten, K. m. Cheung, and T. C. Yuan, Z0 decay into
charmonium via charm quark fragmentation, Phys. Rev. D
48, 4230 (1993).

[32] M. Gell-Mann, A schematic model of baryons and mesons,
Phys. Lett. 8, 214 (1964).

[33] K. Nagata, A. Hosaka, and L. J. Abu-Raddad, The mass of
the nucleon in a chiral quark-diquark model, Phys. Rev. C
72, 035208 (2005); Erratum, Phys. Rev. C 73, 049903
(20006).

[34] 1. C. Cloet, W. Bentz, and A. W. Thomas, Nucleon quark
distributions in a covariant quark-diquark model, Phys. Lett.
B 621, 246 (2005).

[35] C. Gutierrez and M. De Sanctis, A study of a relativistic
quark-diquark model for the nucleon, Eur. Phys. J. A 50,
169 (2014).

[36] E. Santopinto and J. Ferretti, Strange and nonstrange baryon
spectra in the relativistic interacting quark-diquark model
with a Giirsey and Radicati-inspired exchange interaction,
Phys. Rev. C 92, 025202 (2015).

[37] A.P. Martynenko and V. A. Saleev, Heavy quark fragmen-
tation into baryons in a quark—diquark model, Phys. Lett. B
385, 297 (1996).

PHYSICAL REVIEW D 96, 114021 (2017)

[38] V.N. Gribov and L. N. Lipatov, Deep inelastic e p scattering
in perturbation theory, Sov. J. Nucl. Phys. 15, 438 (1972);
G. Altarelli and G. Parisi, Asymptotic freedom in parton
language, Nucl. Phys. B126, 298 (1977); Zh. Eksp. Teor.
Fiz. 73, 1216 (1977) [Sov. Phys. JETP 46, 641 (1977)].

[39] S. M. Moosavi Nejad, M. Soleymaninia, and A. Maktoubian,
Proton fragmentation functions considering finite-mass cor-
rections, Eur. Phys. J. A 52, 316 (2016).

[40] M. Soleymaninia, A.N. Khorramian, S.M. Moosavi
Nejad, and F. Arbabifar, Determination of pion and kaon
fragmentation functions including spin asymmetries data in
a global analysis, Phys. Rev. D 88, 054019 (2013); Publish-
er’s Note, Phys. Rev. D 89, 039901 (2014).

[41] J. D. Bjorken, Properties of hadron distributions in reactions
containing very heavy quarks, Phys. Rev. D 17, 171 (1978).

[42] M. Suzuki, Fragmentation of hadrons from heavy quark
partons, Phys. Lett. B 71, 139 (1977).

[43] F. Amiri and C. R. Ji, Perturbative quantum chromodynamic
prediction for the heavy quark fragmentation function,
Phys. Lett. B 195, 593 (1987).

[44] P. Kroll, M. Schurmann, and W. Schweiger, Electromag-
netic form-factors of the nucleon in the few GeV region,
Z. Phys. A 338, 339 (1991).

[45] S.J. Brodsky and C.R. Ji, Exclusive Production of Higher
Generation Hadrons and Form-factor Zeros in Quantum
Chromodynamics, Phys. Rev. Lett. 55, 2257 (1985).

[46] F. Amiri, B. C. Harms, and C. R. Ji, Exclusive heavy meson
production in Z° decay, Phys. Rev. D 32, 2982 (1985).

[47] M. Anselmino and E. Predazzi, Diquarks, Rev. Mod. Phys.
65 (1993) 1199.

[48] G.P. Lepage and S.J. Brodsky, Exclusive processes in
perturbative quantum chromodynamics, Phys. Rev. D 22,
2157 (1980).

[49] K. A. Olive et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 38, 090001 (2014).

[50] S.M. Moosavi Nejad and P. Sartipi Yarahmadi, Heavy
quark fragmentation functions at next-to-leading perturba-
tive QCD, Eur. Phys. J. A 52, 315 (2016).

[51] J.C. Collins, Finite-mass effects on inclusive B meson
hadroproduction, Phys. Rev. D 58, 094002 (1998).

[52] C. Peterson, D. Schlatter, I. Schmitt, and P. M. Zerwas,
Scaling violations in inclusive e™ e~ annihilation spectra,
Phys. Rev. D 27, 105 (1983).

[53] R. Seuster et al. (Belle Collaboration), Charm hadrons from
fragmentation and B decays in e ¢~ annihilation at /s =
10.6-GeV, Phys. Rev. D 73, 032002 (2006).

[54] M. Artuso et al. (CLEO Collaboration), Charm meson
spectra in e'e” annihilation at 10.5-GeV c.m.e., Phys.
Rev. D 70, 112001 (2004).

[55] M. G. Bowler, e™ e~ production of heavy quarks in the
string model, Z. Phys. C 11, 169 (1981).

[56] T. Kneesch, B. A. Kniehl, G. Kramer, and I. Schienbein,
Charmed-meson fragmentation functions with finite-mass
corrections, Nucl. Phys. B799, 34 (2008).

114021-12


https://doi.org/10.1142/S0217732399002741
https://doi.org/10.1007/JHEP08(2011)144
https://doi.org/10.1007/JHEP09(2011)089
https://doi.org/10.1007/JHEP09(2011)089
https://doi.org/10.1103/PhysRevLett.71.1673
https://doi.org/10.1140/epja/i2017-12364-8
https://doi.org/10.1103/PhysRevD.33.676
https://doi.org/10.1103/PhysRevD.33.676
https://doi.org/10.1007/s10773-017-3283-0
https://doi.org/10.1007/s10773-017-3283-0
https://doi.org/10.1088/0954-3899/27/1/302
https://doi.org/10.1088/0954-3899/20/1/008
https://doi.org/10.1016/S0370-2693(03)00343-5
https://doi.org/10.1016/j.physletb.2002.12.001
https://doi.org/10.1016/j.nuclphysa.2009.02.007
https://doi.org/10.1016/j.nuclphysa.2007.02.008
https://doi.org/10.1140/epjp/i2013-13121-2
https://doi.org/10.1016/0370-2693(92)91937-5
https://doi.org/10.1016/0370-2693(92)91937-5
https://doi.org/10.1103/PhysRevD.48.4230
https://doi.org/10.1103/PhysRevD.48.4230
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevC.72.035208
https://doi.org/10.1103/PhysRevC.72.035208
https://doi.org/10.1103/PhysRevC.73.049903
https://doi.org/10.1103/PhysRevC.73.049903
https://doi.org/10.1016/j.physletb.2005.06.065
https://doi.org/10.1016/j.physletb.2005.06.065
https://doi.org/10.1140/epja/i2014-14169-7
https://doi.org/10.1140/epja/i2014-14169-7
https://doi.org/10.1103/PhysRevC.92.025202
https://doi.org/10.1016/0370-2693(96)00848-9
https://doi.org/10.1016/0370-2693(96)00848-9
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1140/epja/i2016-16316-6
https://doi.org/10.1103/PhysRevD.88.054019
https://doi.org/10.1103/PhysRevD.89.039901
https://doi.org/10.1103/PhysRevD.17.171
https://doi.org/10.1016/0370-2693(77)90761-4
https://doi.org/10.1016/0370-2693(87)91579-6
https://doi.org/10.1007/BF01288198
https://doi.org/10.1103/PhysRevLett.55.2257
https://doi.org/10.1103/PhysRevD.32.2982
https://doi.org/10.1103/RevModPhys.65.1199
https://doi.org/10.1103/RevModPhys.65.1199
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1140/epja/i2016-16315-7
https://doi.org/10.1103/PhysRevD.58.094002
https://doi.org/10.1103/PhysRevD.27.105
https://doi.org/10.1103/PhysRevD.73.032002
https://doi.org/10.1103/PhysRevD.70.112001
https://doi.org/10.1103/PhysRevD.70.112001
https://doi.org/10.1007/BF01574001
https://doi.org/10.1016/j.nuclphysb.2008.02.015

