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Abstract In this paper, the differential cross section of
charmed mesons production (D;t, DY D* and D** and
D7) are computed as a function of transverse momentum
pr and the total cross sections. The hadronization mecha-
nism is considered via a fragmentation process of a ¢ heavy
quark to a light-heavy meson according to Suzuki’s model.
The two-cutoff phase-space slicing method has been applied
to calculate the phase-space integral of two- and three-
body subprocess cross sections and fragmentation function
(FF) at next-to-leading order (NLO) accuracy. By using
Monte Carlo (MC) techniques, we try to properly estimate
the ratio of neutral to charged D-meson production Ry /4
and the strangeness-suppression factor y;. Our numerical
results show that the NLO corrections of the FF have signif-
icant effect on D-mesons production and enhance the cross
section ratio at NLO respect to leading order (LO) about
50%. A comparison indicates that our cross section results
are in agreement (within uncertainties) with available data
from ATLAS and ALICE and theoretical predictions of the
fixed-order next-to-leading-logarithm (FONLL) approach
and NLO parton-shower MC simulation (MC@NLO) in
high-energy proton—proton (pp) collisions at »/s = 7TeV.

1 Introduction

The charmed mesons are the ground states of the ¢, g (which
g can be the light quarks of u, d and s). They are abun-
dantly produced in high-energy colliders. The D* and D°
pseudoscalar (P) mesons are binding systems of ¢d and cii
with spin 0, respectively, and the D** and D* are their cor-
responding vector (V) states with spin 1. Carrying a heavy
flavor with a light quark, they make the unique heavy mesons
in the standard model. Thus, the study of them has attracted
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particular attention of experimenters and theoreticians, par-
ticularly, ever since observation of the first charm quark in
1976 and subsequent detection of the D mesons [1].

Experimentally, charmed mesons production has been
widely measured in pp collisions at \/s = 7TeV in the
hadronization of charm and bottom quarks in jets [2] and
in bottom hadron decays [3] by the ATLAS collaboration,
the ALICE collaboration [4,5] and the LHCb collaboration
[6]. Also, the CDF collaboration [7] at the Tevatron col-
lider has measured the open-charm production in proton—
antiproton (pp) collisions at /s = 1.96T eV . Furthermore,
the D mesons production has been measured in ep inter-
actions at the HERA collider by the ZEUS [8] and H1 [9]
collaborations, and in ¢ "¢ annihilation, at the Z° resonance
by different collaborations [10-18].

Almost all these data have been compared with differ-
ent theoretical predictions, including the fixed-order next-to-
leading-logarithm (FONLL) approach in Refs. [19,20], the
general-mass variable-flavor-number scheme (GM-VENS)
[21,22] calculations, and the NLO quantum chromodynamic
(NLO QCD) calculations matched with an MC@NLO sim-
ulation [23]. The cross section of D mesons based on the
k; factorization approach has been published in the LO and
NLO accuracies at LHC energy and compared to experimen-
tal results [24].

In the high- p7 region, the main mechanism for producing
a hadron is parton fragmentation. The theoretical predictions
of the heavy hadron production cross section, in this region,
are based on the factorization approach [19,20]. In this way,
the cross section of hadron production is computed as a con-
volution of three terms: the partonic hard scattering cross
section (&), the parton distribution functions (PDFs) of the
incoming protons, and the FF, DLo (z), that give the probabil-
ity for the splitting of a parton with high transverse momen-
tum into the desired hadron plus other partons. In fact, the fac-
torization theorem allows us to separate the short-distance,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09723-3&domain=pdf
mailto:dadfar@phys.usb.ac.ir

949 Page 2 of 10

Eur. Phys. J. C (2021) 81:949

high-energy parton production, and the long-distance frag-
mentation process. Thus, it provides necessary tools to derive
a cross section of hadron production in a systematic manner.
The short-distance part is computed through a perturbative
calculation [25], and the PDFs and the FFs can be parame-
terized based on experimental data. The PDFs of the proton
are prevalently parameterized by different predictions such
as MSTW [26] and MMHT [27].

The typical formula of a differential cross section for pro-
ducing a hadron 4 in the collision of hadrons of A and B can
be factorized at LO in «; as:

1 (4ray)?

dot0 = Z
2XAXBS v w(ap)w(ag

)faA/A(anM)

X fugyp (68, DO (2, ¥ (@, p)dxadxpdzdly,
(1

where the ¥ functions have been calculated by Ellis and
Sexton in Ref. [28], and A and B are the incoming hadrons.

InEq.(1), p = {pa, ps. p1, p2}andd = {aa, ap, a, az}
denote the four vectors and flavor indices of partons, respec-
tively, s = (pa + pg)?* and w(a) are the number of spins
and colors for particle a, x4 and xp are momentum frac-
tions, z is the energy fraction of the produced hadron, and
Jaa/a(xa, w) and fu,/p(xp, u) are the PDFs.

Different theoretical models have been proposed for the
mechanism of heavy-light meson production via a fragmenta-
tion process at LO and NLO accuracies. Each model contains
different parameters which can be effective in the theoretical
results of the FF. The LO FF of a heavy quark to light-heavy
meson was first calculated by Peterson et al. [29]. The func-
tion obtained in Peterson’s model is proportional to AE =2,
where A E is the difference between the final state energy and
initial heavy quark energy. Collins and Spillers [30] evaluated
the FF at a typical value of (k7). In their model, the probabil-
ity of the transition is related to the hadronic structure func-
tion. In Bratten’s model, the PQCD fragmentation function
was calculated from the general gauge-invariant definition
by integrating over the invariant mass s of the fragmenting
quark. The FF of Suzuki’s model [31] is calculated in Feyn-
man gauge by neglecting Fermi motion, integrating over the
transverse momentum of final parton and averaging over the
spin of the initial heavy quark states and sum over the spin of
the final states. In Ref. [32], the FF is calculated at LO accu-
racy for producing a free on-shell Q Q state Dg_,j according
initial conditions of Suzuki’s model by considering different
spin states of the initial quark.

The experimental observations indicate that the heavy
quark fragmentation into the D mesons is not well modeled
in theoretical calculations. In order to achieve a better the-
oretical estimation of the charmed mesons production cross
section, here we consider the FF at the NLO accuracy in the
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factorization approach as well as 6 and the PDFs at NLO
accuracy.

The FFs of a heavy quark into a light-heavy meson [33]
and heavy quarkonia [34] have been computed at NLO
accuracy by adopting the assumptions of Suzuki’s model at
LO accuracy [31]. The NLO corrections have been applied
on the right side of the fragmentation process c(p2) —
cq (k) + g(k3) in which g can be light quarks (u, d, s). In
this process, p» = (i/s1, 0, /51, p2r) is the four momen-
tum of the fragmenting parton, k = z(,/s1, 0, /51, 0) is the
four momentum of the final meson and k3 = ((1 — z —
x)4/51,0, (1 — z — x)\/s1, k3r) is the four momentum of
the outcoming quark. In the real corrections, a gluon with
the four momentum k = (x4/s1, 0, x/s1, 0) is added on the
right side of this process so that it carries momentum fraction
x of the initial parton’s momentum, and this fraction is zero
in the rest of the NLO corrections. The conservation of four
energy—momentum yields to the relation py = k + k3 + k,
so in the rest frame of the Qg binding state (the same as Ref.
[31]), the minimum squared energy of the fragmenting quark
. . m2+M>+k3,
is obtained as s = ‘72(2—_2), where m, and m g are the
mass of the light quark and the heavy quark, respectively,
and M =mgy +my.

The FF is obtained for this process at the NLO accuracy
as:

DNLO(Z) :/|M50ft|2dF3SOff+/|MHard|2dF§1ard

+/ |MVirtual|2d1-2’ (2)

where | M |? is the squared amplitude, and dI'; and dI'; are
the three-body and two-body phase spaces of the final states
in the real and virtual corrections. The phase-space slicing
technique with two cutoffs [35], collinear and soft cutoff
8. and dy, respectively, has been applied for calculating the
phase-space integral and the cancellation of soft and collinear
singularities. The dimensional regularization is adopted to
regularize the infrared (IR) and ultraviolet (UV) divergences,
and it is done in d = 4 — 2¢ dimensional space-time. The
final-state hard collinear and soft singularities appearing in
the FF are canceled with the addition of the LO diagrams to
the renormalized one-loop real and virtual diagrams. More
details of the NLO calculations by using dimensional regu-
larization technique and two slicing method have been com-
pletely explained in Refs. [33-36].

After cancellation of all the divergences, the total FF for
this process at the NLO accuracy is obtained as follows:

DNEO (7, jug)

_ Cras@mg) pro [
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— | 8 — 244,
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o4 (3a)>(2v2 x mg)? <ln (ﬂ) + ﬂlnasﬂ

B2 1+8
64C2a2(2m,)
Fﬂﬁz q DLO(Z)
x (23ﬂ+18(1 —BHIn (ﬂy n“—% 3)
1+ 8 o |’

where DLO can be referred to the FF at LO for vector,
V, and pseudoscalar, P, states [33,34]. Suzuki’s FFs for
pseudoscalar and vector state are respectively Df,o and
D\L,O =2Dr + Dy as:

DLO (. N' (4 ay)? [2+a Cl4a  a(l+2a)
PO= 0 (l+a z (d-20+a
2 2
rz rz
- 4
<1+a>(1—z>} +<1—z)2>’ @
Do) = N’(47Tozx)2(_a+l _ za+r) ]2
HO= e \L 2 d-o@+D
2r(l —a)
_— 5
(l—z)z(l+a)2)’ )
_ N'@mey)? (T a T 1
Dr(z) = “HQ (_l_l—z] +r[1+7(1_z)2]).

(6)

In the above equations, N’ is a normalization constant, a =

m (K2 . ) )
ﬁ,r = m3—2;and,3 =./1 —(4amQ)/S2 where s =my +

M? is the mass invariant for producing ¢ + Qg according to
the kinematic of Ref. [33], and o = m g +2m is the initial
scale of factorization. F(z), H(z) and t1o = —2k; - p; are
the functions of z as:

z(@*+z-1)+rz

1
_ 1 7
= e ne-n @
2 2
H(z)=[1—(1+a) _a “}, ®)
z 1—1z
l+a (A+4+7r)z
tlzzszQ[l— - +a—+lj|' 9)

All terms of order and the soft and collinear cutoffs ,5, and
8., are neglectable. The final function DV (z, o) depends
on z and a factorization scale . Since the FF generally
contains terms like ln(/JL2 / mZQ), in order to correctly take
into account the possible large logarithmic terms, it should be
evolved from (i to a higher and arbitrary scale i ¢ by using
the Dokshitzer—Gribov—Lipatov—Altarelli—Parisi (DGLAP)
evolution equations [37,38].

Here, we would like to derive the cross section at NLO
accuracy for pseudoscalar and vector D mesons production
in the 15 wave state at a center of mass energy /s = 7TeV
via the fragmentation process of a heavy ¢ quark. By doing

this, we indicate the importance of the NLO corrections of FF
in the production cross section of these light-heavy mesons.

In the remainder of the present paper, in Sect. 2, we briefly
present the calculation of the production cross section using
the factorization approach and two slicing method. In Sect. 3,
the numerical evaluation of the cross section is performed for
vector and pseudoscalar states of D mesons produced via the
fragmentation process of the ¢ quark at NLO accuracy. In this
section, our numerical results are presented and compared
with experimental data and theoretical predictions in the low-
and high-transverse-momentum pr region.

2 Inclusive production cross section at NLO

The calculations of the production cross section of hadrons
are typically performed with a combination of analytical and
numerical integration techniques. In the course of the NLO
calculations, UV singularities appear in loop integrals where
the momenta go to infinity. They are removed through the
renormalization tools. Soft or IR divergences often arise in
the calculations owing to the existence of a massless field,
such as a gluon in QCD theory. They appear in both loop and
phase-space integrals and are found in the low-energy region
where the integration momenta go to zero. The calculation
of these singularities should be made in such a way that no
information of observable physics quantities is lost in terms.
There are several techniques for handling the cancellations
of divergences in the higher-order corrections, such as MC
techniques. In this technique, the phase-space slicing method
can be served to perform NLL calculations. In this method,
two cutoff parameters are used to separate the phase-space
regions of the soft and collinear singularities from the non-
singular regions. This method would be useful for the transi-
tion from partonic to hadronic states and also study of a wide
variety of high-energy processes. On this basis, we use this
method as tools for calculation of the production cross section
of D mesons at pp collision. For the case of LO, the differ-
ential cross section is calculated through Eq. (1). This equa-
tion involves lowest order two-to-two subprocesses, ddr— 2,
which have two-body final states. In addition, the FF obtained
at the LO is served to calculate the do~© .. For the calculation
of the NLO case through factorization theorems, we should
consider the following procedure: as a first step, d6 should
be calculated at the NLO that is independent of the species
of the produced hadron so it can be applied in the pQCD
factorization formula to product a heavy quark (Q) or heavy
antiquark (Q). These calculations involve higher-order two-
to-three subprocesses, d6,—.3, which lead to both two- and
three-body final states. The calculation of the squared matrix
elements of subprocesses dd>—5 and dd,—,3 is performed
based on the VEGAS algorithms described in Refs. [39,40].
The dominant parton processes leading to the production of
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a heavy quark—antiquark pair in final states are:
4+3—>0+0, g+g— 0+0,
g§+eg—=>0+0+g g+g—>0+0+gq.

The subprocess cross section for n body processes at NLO
accuracy is written as:

. AL ANL
d6yyy = d6fF0 +d&)to, (10)
where do'E© contains virtual and real corrections:
~NLO _ j~Vir ~ Real
dO'Z*)n - dGZan + do'2~>ﬂ ’ (] 1)

and d 6 geq; involves the soft and collinear corrections of cross
section as:

dé_Real — das{)ft +d6'60”. (12)

Here, dogeq and doy;, can be precisely found by adapting
two- and three-body differential cross sections of Refs. [35,
36].

The second step is to apply the NLO FF calculated in
Ref. [33] to the total differential cross section. Thus, at NLO
accuracy, the general structure of calculation of the total dif-
ferential cross section is written as:

do = do™? +doflty oy +do g, (13)

NLO
A+B—i+h

doy't8 i\ ;4 denote the NLO cross sections of two- and
three-body cases, respectively. Our strategy in calculation of
the NLO cross section is regularization of the poles appear-
ing in the amplitude by employing the two cutoff phase-space
slicing method.

In the two-body process, i and j are the outcoming partons
where the j parton fragments into # hadron. The differential
cross section for the two-body process is factorized to the FF
as follows:

where dol© is the LO cross section, do and

doatB—ith = d6a+B—i+jDjn(2)dz, (14)
where the contribution of NLO corrections is written as:
doX iy = o0 +doCT = [GHO 4 6T
xDj_p(z)dzdl s, (15)

where G#© and G are the higher-order part and factor-
ization counterterm part, respectively, which are a function
of ¥* and ¥/°, and their structures are found in Ref. [36]. To
remove singularities appearing in do If‘V _fBO " i4n» We introduce
the mass factorization scale for fragmentation function as:

Dj_>h(Z, Mf) = D(Z)j—>h
( 1) o T —e) [4mu2\
+ - P
e)|2n T —2e) ,ﬂf.

1 d
x / D,-m(z/y)P;j(y);y, (16)

@ Springer

where (¢ is the final-state factorization scale, and Pijj ’s are
the regulated splitting functions which can be found in Ref.
[37]. By replacing Eq. (16) with D(z) in Eq. (14), two body
processes are obtained as follows:

doa+B—ith
A 1| o
=doA+B—i+j Djah(ziﬂf)‘f'g e
, Pu—o (4me2)’ /ID. @/rim |a
ra—2o \ w2 At RS VR R
(17

The two-to-three contribution to the inclusive cross section
for producing a hadron /& via fragmentation process can be
written as:

o
dog {8 it jun
1 (4may)’
= F fansa(xa) fag,5(xB)
2x4xpBS QAXQ% w(aa)w(ag) aa/ aB/B
xW(@, p)DVLO (z)dxsdxpdzdl;, (18)
where
arp? \° ra-—
:< ”“’) - (19)
2pa-pp) T'(1—2e)

The expressions for the three-body squared matrix elements
may be found in Ref. [28]. The above equation can be split
into three terms as

dO'A+B%i+j+h — dasoft + do_coll _{_dafim'te’ (20)

in which the three-body phase space,(pa + pp — pi +
Pj + pi), is divided into three parts, soft, collinear and non-
collinear, with two parameters &, and &s;. The phase-space
integration of the non-collinear region, which is free of sin-
gularities, is performed numerically, while in the soft and
collinear regions, the phase-space integrations are done ana-
lytically in D = 4 — 2¢ dimensions.
The soft terms are as follows:

. 1 '
403y bsiane = 35 / M P D} (@dT s g dz,
@

where ¢ is the usual flux factor which depends on the incident
particle masses m 4, m g and the partonic center of momen-
tum energy squared, s. Here, the k parton is considered as the
third particle. It should be noted that the condition p3 being

0
soft is defined by 65 > 2% where s = (pa + p3)2 and pg

is the energy of the soft parton. The square of soft amplitude
is obtained as follows:
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0
1/jnm ’

Z Pn - Pm
nmen i PnP3)(Pm - p3)

M = (e 0

(22)
3-2¢

dp3
dT3l50r: = Wdrz, (23)

where dI'; is the two-body phase-space differential of i and j
partons, and p3 is the gloun’s four momentum in the ps + pp
rest frame as:

p3 = pg (1, sin 0 sin 63, sin 61 cos 03, cos B1) ,
and

2—-2¢
dpy ™ = dp§ (PY) " sin'=2 01doy sin~* 626202z,

(24
where
2].[(1—26)/2 27.[(3—26)/21" (1 _ 6)
Q-2e = 1—2¢\ 22¢T (1 = 2 . (25)
I (-5) JT (1 —2¢)
Thus, we have:
4 CT—¢ 1
A3 lsost = [(m : p3> T(1 —2¢) 2(2n)2] ards,
(26)
1 4 € [hs/2 1-2¢
ds = — dapr? (P sin' %€ ¢
”(ZPA'PB) /o s (75) 1 :
xd6, sin~2%¢ 6,d65. 27

So the soft contribution is written as:

; o Pn - Pm
do’oft = L F do? / —dsS,
27 2 ") pu- P3Py Pm

n,m=A,B,i,j
(28)
where dcr,?ym is as follows:
1
do,,, = 2% Z Ypdla, (29)

where /0 is the square the color-connected Born amplitude,
and ¢ is the usual flux factor which depends on the partonic
energy squared s and the incident particle masses m4 and
mp. Integration over their soft region is defined by pg <
8s+/2p4 - pg/2. Therefore, the contribution of the soft cross
section is as follows:

soft
do’f;(-)l—B—>i+h+k
1 (4rray)? o :
= F
2XAXBS Z w(ap)w(ag) 27w faA/A(xA)faB/B(xB)

asap
AS AS
xW(a, p)DYLY (2) (?22 + Ag) dxadxpdzdls,

(30)

where Af’s (with i = 0, 1, 2) are in accordance with Egs.
(101-103) in Ref. [35].

The collinear singularities associated with the non-
fragmenting parton in the final state correspond to gluon or
quark emission. For the collinear region, the integral limit
is k) > 84/2pa - pp/2. The collinear contribution of the
differential cross section at NLO is written as follows:

1
coll ~ coll |2 .
do gy g ithin = *2(15 | M3 |p,-||pkD.Hh(Z)drﬂp,-llpde’

(3D
R 2 P (@m)f T —e)
PP T 2 m)32e p0p0T 2 T Ter? T(1 - 2€)
x [sjky(1 = y)] “ dyds;dly, (32)
where
IMSPM(A4+B — i+ j+ k)|§,j”pk
2
~ —|My(A+B — i+ )P
Sk
x(4mas) Pjjr (y, ) prs, (33)

where sjx >~ 2p; - p; and P;; are unregulated splitting func-
tions related to usual Altarelli—Parisi splitting kernels, which
are as follows

Pij(y, €) = Pij(y) +€P/;(y).

Here, the j’ parton splits into a j and k collinear pair. Now,
by inserting Eqs. (32,33) into Eq. (31) and integrating over
dsjx, we have:

(34)

i
do 4 B ivhri
o, I\ _ _ _
~ dO'A_,_B_)H_j/ﬁ]: <—Z> 80 Efy 6(1 — y) €

XPjin(y,€)Djp(x)8(xy — z)dydxdz. (35)

The limits of integration on y for the splitting functions Py,
and Pgg are 6; < y < 1 — &5, and for the splitting functions
Pgy and Pyg, are 0 < y < 1 — §;. It should be noted that
a method for evaluating the angular integral of the soft and
collinear differential cross section has been mentioned in Ref.
[35].

The structure of the finite three-body differential cross
section do /%€ is presented as:

finit
dop g ithik

= /dp ( Z Jaasa(x4) fap/B(xp)D(2)dz

x Y (IMlaa+ag — ai +aj + a0
n=A.B.i.j

—(soft term),, — (collinear term) n) , (36)

e=0
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where dp involves the momenta differential in four space-
time dimensions and some kinematic factors. After subtract-
ing the soft and collinear terms from the first term, the sin-
gularities are canceled, and the finite contribution is defined
as:

dU/{ftl?;iJrlwk

= Z dot9 [faA/A (XA, u2f> Sag/B (XB, M?c) Dj .y

A,B,i,j

x (z, M?)

+fan/a (XA» M?) /B (JCB, M2f> Djhp (z, M2f)

+faA/A (XA, ,U«%c) fuB/B (xB, u?) Djﬁh

x (z, ufa) ]dxAdedz, 37)

where 17 is the factorization scale, and f and D functions
are modified PDFs and FFs which are given as follows:

_ 1-8,8;; o d
j Z

. [y(l — y)8es
2

Pij = Pij(y)In } — Pi’j ). (39)
Ky

To obtain D, f should be replaced by D in the above equa-
tion. The integration on phase space contains the logarithms
in the soft cutoff §; and single poles ind = 4 —2¢. The final-
state differential cross section is dependent on the soft and
collinear cutoffs through the boundaries imposed on their
phase space (8 < d5). In the approximation where the
cutoffs are small, terms of order &5 can be neglected. The
mass singularities are factorized into the FF, and the remain-
ing collinear singularities are factorized and absorbed into
the PDFs f,, (x;) [41,42], so the final result is finite in a
d = 4 dimension. The sum of the soft, collinear and ultra-
violet renormalized terms is finite, and the final result for
physics observables are independent of the cutoffs. In the
course of calculations, the average over initial quark spin
and the sum over final spin states were performed. In order
to make the theoretical predictions for differential and total
cross section, the Mathematica FeynCalc package [43,44]
was used to carry out the color and Dirac traces, and the
Apart package [45] and the FIRE package [46] were used
to do partial fractions, and the master integrals were calcu-
lated using the LoopTools package [47]. There are Fortran
codes corresponding to [28,48] which calculate the one-loop
scalar integrals and the matrix elements of amplitude. Here,
we attempt to make more reliable predictions for the cross
section production of D mesons by using the NLO correc-
tions on the FF and compare them with the presently available
results.

@ Springer

3 The numerical results and conclusion

In this paper, we have computed the production cross section
o, and the differential cross section do/dpr, as a function of
pr, of charmed mesons (DO, D, Df " and vector mesons
D* and D*¥) via the fragmentation process at NLO accuracy
in a pQCD approach. The NLO FF calculations of ¢ — ¢q +
q, which g can be u, d and s, have been completely done
in our previews work in Refs. [33,34]. Actually, our present
results are complementary of previous work. In the course of
calculations, we adopted the two-loop formula of the running
strong coupling constant s as follows:

- B, 1n (ln ﬁ—i))
B21n (x—i)

where Bp = 11 —2/3ny and B; = (102 —38/3n) are
the one- and two-loop coefficients of the B function in
QCD, respectively. We obtain A”/=3 = 0.387GeV and
A=Y = 0.337GeV according to ag(mz) = 0.118 (with
mz = 91.187GeV) [49]. In calculations of the production
cross section of the hadron at NLO accuracy, the factoriza-
tion scale u ¢ should be larger than f1¢, so it is defined from

the order of pr as uy = /m2Q + p% 0 We set the renor-

malization scale, u,, to be u, = 2mg, which is the minimum
value of the invariant mass of the virtual gluon.

In numerical calculations of the cross section, the Vegas
program was used for integrating over the phase space [40],
and the PDFs were adopted from the MSTW predictions at
LO and NLO accuracies [26]. Here, the numerical results of
cross sections are presented and compared with the ALICE
and ATLAS data at energy scale /s = 7TeV. The ATLAS
experimental data have been reported in the range of trans-
verse momentums in a low- p7 region (3.5 < pr < 20GeV)
and high-pr region (20 < pr < 100GeV) [50], and the
ALICE experimental data have been presented in a region of
2 < pr < 20GeV. It must be stated that the range of pseu-
dorapidity for the ATLAS data is || < 2.1, and the range of
rapidity for the ALICE data is |y| < 0.5.

By using the mentioned parameters, the cross sections
of D mesons production were obtained numerically at LO
and NLO accuracies. In Fig. 1, the differential cross section
distributions of the Df mesons in ¢ quark fragmentation are
presented at LO and NLO accuracies.

The differential cross sections for DY and D* mesons are
shown in Fig. 2. The D mesons production threshold can-
not be lower than approximately 2GeV. Thus, in low pr
from 0 to 2 GeV, the do/d pr threshold increases and reaches
a maximum at pr = 2GeV and then decreases towards
pr = 100GeV [50]. The sharp fall-off of the differential
cross section distribution is expected in the framework of
our study. This distribution for vector meson D* is slightly

2 4
o () = )
oo ()

; (40)
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Fig. 1 The differential cross sections of mesons DY as a function of
pr compared to ALICE data
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Fig. 2 The differential cross sections of Dy and D* mesons as a func-
tion of pr in |y| < 0.5

larger than the one for pseudoscalar meson D° at both LO
and NLO accuracies, which may be due to their mass and
spin alignment.

In Fig. 3, our results for D** and D are compared with
ATLAS data at 3.5 < pr < 100GeV and |n| < 2.1. As it is
seen, by increasing the pr distribution, the cross section at
the NLO accuracy gets closer to the data than the calculations
in LO. Actually, the compatibility of NLO calculations with
the data is seen especially in 2 < pr < 8GeV for D** and
DT mesons. The transverse momentum distribution of the
D meson is shown in Fig. 4 at2 < pr < 20GeV and rapid-
ity |y| = 0.5 and compared with ALICE data and the KMR
model [51] for Peterson parameterization with ¢, = 0.02.
According to this figure, a comparison shows cross sections
at the NLO accuracy have good agreement with ALICE data
[4], and it also corresponds to the upper limit of KMR uncer-

e
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Fig. 3 The differential cross sections of D** (up) and D* (down)
mesons as a function of pr compared to ATLAS data (symbols)

tainties. In the bottom panel of Figs. 3 and 4, the ratios of
experimental data to our results at both LO and NLO are dis-
played as a function of pr. The ratio of our results at NLO
to ALICE data for D° and D;t mesons gets near to 1 approx-
imately at 2 < pr < 8GeV. These ratios indicate that our
results are in good agreement with the experimental data in
the low- pr region. For mesons DT and D**, the downward
trend of this ratio is also observed in the range of 8—40 GeV.
As can be seen in Figs. 1, 2, 3 and 4, by applying the NLO
corrections into the calculations, the differential cross section
increases for the all states.

In Table 1, we present our calculations of D and D*
mesons cross sections at both LO and NLO accuracies at
In] < 2.1 and at transverse momentums between 3.5 <
pr < 20GeV and 20 < pr < 100GeV. In Table 2, the
cross section values of DF, D* and D** are presented in
the low- pr region (3.5 < pr < 20GeV) and high- p7 region
(20 < pr < 100GeV). In this table, our calculations at LO
and NLO accuracies are compared with experimental data
from ATLAS and also with theoretical results from FNOLL
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Fig. 4 The differential cross section of D? compared with ALICE data
and the KMR model at 2 < pr < 20GeV

Table 1 The production cross sections of D? and D* mesons with
[n] < 2.1at3.5 < pr < 20GeV. The uncertainties in our results are
just due to the quark’s mass

3.5 < pr <20GeV oro(ub) onro(ub)
D 156+3 230
4 6
D* 18312 2757
20 < pr < 100 GeV GLo(nb) GNLO(nb)
33 48
DO 700133 10505
38 60
D* 83613 1254*%]

[19,20,52] and MC@NLO [23,53] predictions. Therefore, it
can be concluded that our results are comparable to these data
and predictions within their uncertainties. The uncertainties
in our results are just due to the mass of quarks.

At a specific collision energy, the mass of the light and
heavy quarks has a significant effect on not only the fragmen-
tation probabilities, but also the value of u and the PDFs and
subsequently the production cross section. Here, the effec-
tive mass of the heavy quark (c¢) and the light quarks (u, d, s)

and their uncertainties are considered as follows:

me=15%+0.1, m, =0.3%0.01,
mg = 0.32+£0.01, mg =0.48 £0.02.

It should be pointed out that the effective mass of a heavy
quark is set to nonzero in the partonic cross sections, the light
quarks are considered massless in the proton, and the nonzero
values of the effective mass of light quarks only enter through
the initial conditions of the FFs. Our numerical results in
Tables 1 and 2 show that the NLO QCD corrections increase
the lowest-order cross section by about 50% in a factorization
approach. Based on the obtained values in Tables 1 and 2,
the ratio of neutral to charged D mesons production at both
the LO and NLO accuracies can be calculated as:

o (DY) + o (D*)

~ 1.11 £0.1.
o (D*) + o (D**)

Ruja = 41
This result agrees with the measured R,/ valuein e™ p inter-
actions and the e~ e™ collider which are approximately unity.
It is consistent with isospin invariance, which implies that u
and d quarks are produced equally in charm fragmentation
[8].

At a certain energy, the production probability inversely
depends on quark mass, so a decrease in quark mass will
increase the production probability, and vice versa. Since the
s-quark is heavier than u- and d-quarks, the Df mesons Cross
section becomes smaller than the other D mesons. Accord-
ing to our results in Table 2, at high pr, the strangeness-
suppression factor of (.24 is obtained, which agrees with
measured data [50].

o (DY)
o (D*) + o (D**)Br(D** — DOxt)’

Vsjd = (42)
where Br(D** — D%z%) = 0.677 £ 0.005 [54] is the
branching fraction of the D** — D%zt decay.

In summary, we have derived the NLO cross section for a
fragmentation process of a ¢ quark to charmed mesons (D,
D, D*, D** and D¥) using a factorization approach. In this
paper, the phase-space integrals of two- and three-body sub-
process cross sections have been calculated at NLO accuracy

Table 2 The low-pr, 3.5 < pr < 20GeV, and high-p7, 20 < pr < 100GeV, cross sections of D** D* and DSi production with |n| < 2.1.

Our results are presented at LO and NLO accuracies

Range onLo (D) onLo (DY) onLo (DY)
Low pr (ub) High p7 (nb) Low pr (ub) High p7 (nb) Low pr (ub) High p7 (nb)
Resultsat NLO  229"° 1045123 188"¢ 874123 8213 36571
Results at LO 15213 68417 12513 584139 5745 25017
ATLAS 331£36 988100 328434 88897 160437 512104
125 123 105 103
FONLL 202115 7531153 174%¢) 61714, - -
+125 +460 +112 +390 +42 +175
MC@NLO 157113 980735 140131 8101300 58132 345t
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by applying the two-cutoff phase-space slicing method. After
applying the NLO subprocess cross section and the NLO FF,
we have presented the results of a hadronic production cross
section in pp collision at high and low transverse momenta.
Our results indicate a good overall agreement with the data,
and their discrepancy may be explained as an indication of
uncalculated QCD effects. It should be emphasized again that
we have considered only uncertainties due to the quark mass.
It should be noted that we have not followed the widespread
habit of estimating theory uncertainties by varying factoriza-
tion and renormalization scales by factors of 2 up and down.
Of course, there is also the option to extend the calculations
and present numerical results for these additional sources of
uncertainties.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: We have used the
LHC data for the D mesons cross section in this article.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

References

1. G. Goldhaber, Charmed mesons from e*e™ annihilation. In AIP
Conference Proceedings, vol. 67, no. 1 (American Institute of
Physics, 1981), pp. 223-256

2. ML.S. Alam, J. Ernst, V. Rojo, S. Bahinipati, N.J. Buchanan, K.
Chan, D.M. Gingrich et al., Measurement of D** meson produc-
tion in jets from pp collisions at /s = 7TeV with the ATLAS
detector. Phys. Rev. D Part. Fields Gravit. Cosmol. 85(5), 052005—
052005 (2012)

3. X.S. Anduaga, M.T. Dova, F.G. Monticelli, M.F. Tripiana, Mea-
surement of the b-hadron production cross section using decays
to D*T X final states in pp collisions at /s = 7TeV with the
ATLAS detector. Nuclear Phys. B 864 (2012)

4. B. Abelev,J. Adam, D. Adamova, A.M. Adare, M.M. Aggarwal, G.
Aglieri Rinella, A.G. Agocs et al., D‘j' meson production at central
rapidity in proton-proton collisions at sqrts = 7TeV . Phys. Lett.
B 718(2), 279-294 (2012)

5. B. Abelev, J. Adam, D. Adamova, A.M. Adare, M.M. Aggarwal,
G. Aglieri Rinella, A.G. Agocs et al., Measurement of charm pro-
duction at central rapidity in proton-proton collisions at sqrts =
2.76, extTeV . J. High Energy Phys. 2012(7), 1-27 (2012)

6. R. Aaij, C. Abellan Beteta, A. Adametz, B. Adeva, M. Adinolfi,
C. Adrover, A. Affolder et al., Prompt charm production in pp
collisions at s= 7TeV. Nucl. Phys. B 871(1), 1-20 (2013)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. D. Acosta, T. Affolder, M.H. Ahn, T. Akimoto, M.G. Albrow, D.

Ambrose, D. Amidei et al., Measurement of prompt charm meson
production cross sections in pp Collisions at sqrts = 1.96TeV.
Phys. Rev. Lett. 91(24), 241804 (2003)

. ZEUS collaboration, Measurement of D mesons production in deep

inelastic scattering at HERA. J. High Energy Phys. 2007(07), 074
(2007)

. H1 Collaboration, Inclusive production of D, DY, Dj and D*t

mesonsin deep inelastic scattering at HERA. Eur. Phys. J. C Part.
Fields 38, 447-459 (2005)

R. Barate, Study of charm production in Z decays. Eur. Phys. J. C
Part. Fields 16(4), 597-611 (2000)

P. Abreu, Determination of P(c — D**)and BR(c — [T) at LEP
1. Eur. Phys. J. C Part. Fields 12(2), 209-224 (2000)

G. Alexander, J. Allison, N. Altekamp, K. Ametewee, K.J. Ander-
son, S. Anderson, S. Arcelli et al., A study of charm hadron pro-
duction in Z° — ¢ and Z° — bb decays at LEPdecays at LEP,
Z. fiir Phys. C Part. Fields 72(1), 1-16 (1996)

D. Bortoletto, M. Goldberg, R. Holmes, N. Horwitz, A. Jawahery,
P. Lubrano, G.C. Moneti et al., Charm production in nonresonant
ete™ annihilations at sgrts = 10.55GeV. Phys. Rev. D 37(7),
1719 (1988)

D. Bortoletto, M. Goldberg, R. Holmes, N. Horwitz, A. Jawah-
ery, P. Lubrano, G.C. Moneti et al., Erratum: Charm production
in nonresonant et e~ annihilations at \/s = 10.55GeV (39, 1471,
1989-03-01 (Physical Review D)). Phys. Rev. D 39(5), 1471-1472
(1989)

R.A. Briere et al. (CLEO Collaboration), Phys. Rev. D 62, 072003
(2000)

M. Artuso, C. Boulahouache, S. Blusk, J. Butt, E. Dambasuren, O.
Dorjkhaidav, J. Haynes et al., Charm meson spectra in e ™ e~ anni-
hilation at 10.5GeV center of mass energy. Phys. Rev. D 70(11),
112001 (2004)

H. Albrecht, H. Ehrlichmann, T. Hamacher, G. Harder, A. Kriiger,
A. Nau, A. Nippe et al., Inclusive production of DY Dt and
D*(2010)" mesons inB decays and nonresonant e e~ annihila-
tion at 10.6GeV . Z. fiir Phys. C Part. Fields 52(3), 353-360 (1991)
H. Albrecht, H. Ehrlichmann, T. Hamacher, A. Kriiger, A. Nau, A.
Nippe, M. Reidenbach et al., Production of D} mesons in B decays
and determination of fp_ . Z. fiir Phys. C Part. Fields 54(1), 1-11
(1992)

M. Cacciari, M. Greco, P. Nason, The pr spectrum in heavy-flavour
hadroproduction. J. High Energy Phys. 1998(05), 007 (1998)

M. Cacciari, P. Nason, Charm cross sections for the Tevatron Run
II. J. High Energy Phys. 2003(09), 006 (2003)

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, Reconciling
open-charm production at the fermilab tevatron with QCD. Phys.
Rev. Lett. 96(1), 012001 (2006)

B.A.Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, Open charm
hadroproduction and the charm content of the proton. Phys. Rev.
D 79(9), 094009 (2009)

S. Frixione, P. Nason, B.R. Webber, Matching NLO QCD and par-
ton showers in heavy flavour production. J. High Energy Phys.
2003(08), 007 (2003)

R. Maciuta, A. Szczurek, Open charm production at the LHC: k;-
factorization approach. Phys. Rev. D 87(9), 094022 (2013)

G.T. Bodwin, E. Braaten, G. Peter Lepage, Rigorous QCD analy-
sis of inclusive annihilation and production of heavy quarkonium.
Phys. Rev. D 51(3), 1125 (1995)

A.D. Martin, W. James Stirling, R.S. Thorne, G. Watt, Parton dis-
tributions for the LHC. Eur. Phys. J. C 63(2), 189-285 (2009)
L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne, Par-
ton distributions in the LHC era. Eur. Phys. J. C 75, 204 (2015)
R.K.Ellis, J.C. Sexton, QCD radiative corrections to parton—parton
scattering. Nucl. Phys. B 269(2), 445-484 (1986)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

949  Page 10 of 10

Eur. Phys. J. C (2021) 81:949

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

C. Peterson, D. Schlatter, I. Schmitt, PM. Zerwas, Scaling viola-
tions in inclusive e~ e™ annihilation spectra. Phys. Rev. D 27(1),
105 (1983)

P.D.B. Collins, T.P. Spiller, The fragmentation of heavy quarks. J.
Phys. G Nucl. Phys. 11(12), 1289 (1985)

M. Suzuki, Spin property of heavy hadron in heavy-quark frag-
mentation: a simple model. Phys. Rev. D 33(3), 676 (1986)

R. Sepahvand, S. Dadfar, The role of spin in fragmentation pro-
duction j/v (1S5) and Y (1S). Nucl. Phys. A 848(1-2), 218-229
(2010)

R. Sepahvand, S. Dadfar, One loop corrections on fragmentation
function of 1§ wave charmed mesons. Nucl. Phys. A 960, 36-52
(2017)

R. Sepahvand, S. Dadfar, NLO corrections to c-and b-quark frag-
mentation into /2/v and y. Phys. Rev. D 95(3), 034012 (2017)
B.W. Harris, J.F. Owens, Two cutoff phase space slicing method.
Phys. Rev. D 65(9), 094032 (2002)

Z. Kunszt, D.E. Soper, Calculation of jet cross sections in hadron
collisions at order ozj;’. Phys. Rev. D 46(1), 192 (1992)

G. Altarelli, G. Parisi, Asymptotic freedom in parton language.
Nucl. Phys. B 126(2), 298-318 (1977)

G.R.Boroun, S. Zarrin, S. Dadfar, Laplace method for the evolution
of the fragmentation function of Bc mesons. Nucl. Phys. A 953,
21-31 (2016)

G. Peter. Lepage, VEGAS-An adaptive multi-dimensional integra-
tion program. No. CLNS-447 (1980)

G.P. Lepage, A new algorithm for adaptive multidimensional inte-
gration. J. Comput. Phys. 27(2), 192-203 (1978)

J.C. Collins, D.E. Soper, S. George. Factorization for short distance
hadron—hadron scattering. Nuclear Phys. Sect. B 261(C), 104—142
(1985)

G.T. Bodwin, Factorization of the Drell-Yan cross section in per-
turbation theory. Phys. Rev. D 31(10), 2616 (1985)

R. Mertig, M. Bohm, A. Denner, Feyn Calc-Computer-algebraic
calculation of Feynman amplitudes. Comput. Phys. Commun.
64(3), 345-359 (1991)

V. Shtabovenko, R. Mertig, F. Orellana, New developments in
FeynCalc 9.0. Comput. Phys. Commun. 207, 432444 (2016)

@ Springer

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

F. Feng, Apart: A generalized MATHEMATICA Apart function.
Comput. Phys. Commun. 183(10), 2158-2164 (2012)

A.V. Smirnov, Algorithm FIRE-Feynman integral reduction. J.
High Energy Phys. 2008(10), 107 (2008)

T. Hahn, M. Perez-Victoria, Automated one-loop calculations in
four and D dimensions. Comput. Phys. Commun. 118(2-3), 153—
165 (1999)

R.K. Ellis, G. Zanderighi, Scalar one-loop integrals for QCD. J.
High Energy Phys. 2008(02), 002 (2008)

C. Patrignani, K. Agashe, G. Aielli, C. Amsler, M. Antonelli, D.M.
Asner, H. Baer et al., Rev. Part. Phys. (2016)

G. Aad, B. Abbott, J. Abdallah, R. Aben, M. Abolins, O.S.
AbouZeid, H. Abramowicz et al., Measurement of D**, D¥ and
DSi meson production cross sections in pp collisions at /s =
7TeV with the ATLAS detector. Nucl. Phys. B 907, 717-763
(2016)

M.A. Kimber, A.D. Martin, M.G. Ryskin, Unintegrated parton dis-
tributions. Phys. Rev. D 63(11), 114027 (2001)

G. Aad, C. Ay, U. Blumenschein, O. Brandt, J. Erdmann, D. Evan-
gelakou, J. Grosse-Knetter et al., Charged-particle multiplicities
in ppinteractions measured with the ATLAS detector at the LHC.
New J. Phys. 13 (2011)

G. Corcella, 1.G. Knowles, G. Marchesini, S. Moretti, K. Oda-
giri, P. Richardson, M.H. Seymour, B.R. Webber, HERWIG 6: an
event generator for hadron emission reactions with interfering glu-
ons (including supersymmetric processes). J. High Energy Phys.
2001(01), 010 (2001)

K.A. Olive, K. Agashe, C. Amsler, M. Antonelli, J.-F. Arguin, D.M.
Asner, H. Baer et al., Review of particle physics. Chin. Phys. C
38(9), 090001 (2014)



	Cross section of D-mesons production via the c-quark fragmentation process at next-to-leading order accuracy in pp collisions at the 7TeV LHC
	Abstract 
	1 Introduction
	2 Inclusive production cross section at NLO
	3 The numerical results and conclusion
	References




