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The world experimental data on cross section and kinematic distribution in p + p and p + A collisions at
/5 = 6.8-7000 GeV are systematically examined. The /s dependence of the inclusive cross section, rapidity,
and transverse momentum distributions are studied phenomenologically. We explore empirical formulas to obtain
the total cross section, rapidity, and transverse momentum ( p7 ) distribution. This is crucial for the interpretation of
A + A J /v results at the BNL Relativistic Heavy Ion Collider when the p + p reference data are not available. In
addition, the cross section at midrapidity and transverse momentum distributions in p + p collisions at /s = 39

and 62.4 GeV are evaluated.
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I. INTRODUCTION

Lattice QCD predicts that, under conditions of extremely
high temperatures and energy densities, a phase transition
or crossover from hadronic matter to a new form of matter,
known as quark gluon plasma (QGP) [1], will occur. The BNL
Relativistic Heavy Ion Collider (RHIC) was built to search for
the QGP and to study its properties in laboratory through
high-energy heavy-ion collisions [2-5]. Many observables
have been proposed to probe the QGP created in heavy-ion
collisions. Among them, the J/i suppression caused by
the color-charge screening in QGP is one of most important
signatures [6].

Over the past 20 years, J/¢¥ production in hot and
dense medium has been a topic attracting growing interest.
Suppression of J /¢ production has been observed in various
experimental measurements [7-10]. A similar suppression
pattern and magnitude of J/i¢ was observed at the CERN
Super Proton Synchrotron (SPS) and RHIC despite more
than one order of magnitude difference of collision energy.
Furthermore, the J /v is suppressed more in forward rapidity
than that in midrapidity at RHIC 200 GeV Au + Au collisions
[11] and comparable J/¢ nuclear modifications have been
observed by the PHENIX Collaboration at forward rapidity
from ,/syy =39 to 200 GeV in Au+-Au collisions [12].
These experimental observations suggest that, in addition to
color screening, there exist other effects contributing to the
modification of J /¢ production. Cold nuclear matter (CNM)
effects, the combined contribution of finite J/v¢ formation
time and finite space-time extent of QGP and recombination
from uncorrelated ¢ and ¢ in the medium may account
for these contributions [13]. Among these contributions, the
regeneration of J/¢ from the recombination of c¢¢ plays an
important role to explain the similar suppressions at SPS and
RHIC. As the collision energy increases, the regeneration of
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J /¥ from the larger charm quark density would also increase
which partly compensates for the additional suppression from
color screening. The regeneration also expects a stronger
suppression at forward rapidity at RHIC where the charm
quark density is lower than that at midrapidity. At LHC,
the J/v is less suppressed in both midrapidity and forward
rapidity than that at RHIC [14,15], which may indicate that the
regeneration contribution is dominant in the J /¢ production at
CERN Large Hadron Collider (LHC) energies. Measurements
of J /v in different collision energies at the Solenoidal Tracker
at RHIC (STAR) can give us indications on the balance of these
mechanisms for J /¢ production and medium properties.

To qualify the medium effects on the modification of
J /¢ production, the knowledge of J/v cross section and
kinematics in a p + p collision is crucial to offer a reference.
The hard interactions in p + p collisions which create charm
quark pairs are well calculated by perturbative QCD (pQCD).
However, the subsequent soft process to form J /¢ hadron
cannot be described within the framework of pQCD, which
make it difficult to determine the cross section and kinematics
of J /iy precisely by model calculations. During RHIC year
2010, STAR has collected abundant events of Au -+ Au
collisions at ./syy = 39 and 62.4 GeV, while the reference
data in p + p collisions is not on the schedule of the RHIC
run plan. There are several measurements from fixed target
p + A experiments [16-18] and Intersecting Storage Ring
(ISR) collider experiments [19,20] at midrapidity near these
two energy points. However, the p shapes from [19] and [20]
at63 GeV are inconsistent with each other and the cross section
measurements at 39 GeV [16—-18] are comparable to (or even
larger than) that at 63 GeV [19,20]. Therefore, as what we did
in Ref. [21], we study the world-wide data to obtain the J /vy
reference at these collision energies.

In this article, we report an interpolation of the pr-
integrated and differential inclusive J/y cross section in
p + p collisions at midrapidity to /s = 39 and 62.4 GeV.
We establish a strategy to estimate the inclusive J/y cross
section and kinematics at certain energy points, which makes
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FIG. 1. Measurements of « defined in Eq. (1) as a function of xp
by various experiments in different collision energies [22-26]. The
solid curve represents the parametrization of Eq. (2) discussed in the
text.

the calculation of the J/vy nuclear modification factors for
any colliding system and energy at RHIC possible. The
extrapolation is done in three steps:

(i) Energy interpolation of the existing total J /v cross
section measurements.
(i1) Energy evolution of the rapidity distribution.
(iii) How transverse momentum distribution changes with
energy.

II. AVAILABLE EXPERIMENTAL RESULTS TREATMENT

The measurements of J/i¢ hadroproduction have been
performed for about 40 years. In such a long period, different
experimental techniques have been utilized and different input
information was available at the time of the measurements.
Therefore, a comparison of different experimental results on
an equal footing needs an update of the published values on
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several common assumptions and aspects. For example, the
branching ratio of J/vy — ete™ (or u* ™) have changed
with time; the assumed functional forms for the xr and pr
shapes, which can be used to infer the total J /¢ production, are
different in different measurements; and the treatment of the
nuclear effects are not homogeneous. In this section, we update
all the results with the current best knowledge of branching
ratios, kinematics and nuclear effects.
The cross section for J/v on a nuclear target is often
characterized by a power law:
of/’é;/ = 0’;7/1:/1/ x A?,

ey

A . .
where o7 Jy 1s the corresponding proton-nucleus cross section

for a target of atomic mass number A, o Jp /1:2 is the J/¢
proton-nucleon cross section, and « is the parameter which
characterizes the nuclear dependence.

The dependences of o on xr measured by NA3 [22], NASO

[23], E772 [24], E886 [25], and HERA-B [26] are shown in
Fig. 1, where x is defined as x = 2p,/+/s(p, is longitudinal
momentum, along the beam direction.). No significant energy
dependence of « as a function of xp is observed within
uncertainties, thus we assume it is independent of the cms
energy (/s). The results of J /¢y« atxz > 0 can be represented
for convenience by simple parametrization shown as solid line
in Fig. 1:
e )
where a = 0.950 +0.003, » = 1.38 £ 0.05, and ¢ = 1.81 £
0.09. The J/y cross section in proton nucleon collisions
is extracted from nuclear target experiments using Eq. (1),
wherein the parameter « are interpolated from the data shown
in Fig. 1 with Eq. (2). Some of the experimental measurements
are only quoted for a limited phase-space. To obtain the total
cross sections, the functional forms of xz and pr spectrum
shapes [26] utilized for extrapolation are

a(xp) =a xe
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FIG. 2. Distributions of (a) Edo/dpy and (b) Edo/dxr in p + C collisions at /s = 20.6 GeV measured by E331 collaboration [32]. The

solid lines are fit curves with the functional forms described in the text.
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respectively, where a, b, c, d, e, and f are free parameters.
As illustrated in Fig. 2, these two functional forms describe
the xr and pr spectra very well. All the measurements are
updated with the latest branching fractions (5.961 + 0.032%
for J/y — pnt+p”, 5971 £0.032% for J/¢y — et +
e”) [27]. The treated results on J/¢¥ cross sections [16—
18,22,23,28-39,41-44,48] are listed in Table 1. They show a
good overall consistency, even though some of them contradict
with each other. For example, the two measurements (E331
[32] and E444 [33]) at 20.6 GeV deviate from each other
by roughly 20; the E705 measurement [34] at 23.8 GeV is
higher than the UA6 [35] one at 24.3 GeV by more than 20.
There are no reports on global systematic uncertainties in these
experiments which could cover the differences.

III. RESULTS

The energy evolution of the total inclusive J /v production
cross section in proton induced interactions is shown in
Fig. 3. The first approach is to use the predicted shape in
the color evaporation model (CEM) at next to leading order
(NLO) [45] to describe the energy dependence of the J /¢
cross section. The central CT10 parton density set [46] and
{m,up/m,ug/m} = {1.27 (GeV),2.10,1.60} set is utilized in
the predicted shape, where m is the charm quark mass, @ r is
the factorization scale, g is the renormalization scale. The
fit is defined such that the normalization of the NLO CEM
calculation is left as a free parameter («): ¢ = o X ocgm. The

TABLE 1. Updated total (0,,y) production cross sections in
proton-induced interactions.

Experiment Reaction /5 (GeV) 0y (nb/nucleon)
CERN-PS [28] p+A 6.8 0.732+0.13
WA39 [29] p+p 8.7 2.35+1.18
IHEP [30] p+Be 11.5 21.63 +£5.64
E331 [31] p+Be 16.8 85.154+21.30
NA3 [22] p+Pt 16.8 95.0£17.0
NA3 [22] p+Pt 19.4 122.6 £21
NA3 [22] p+p 19.4 120 +£22
E331 [32] p+C 20.6 278 £32.8
E444 [33] p+C 20.6 176.5+23.3
E705 [34] p+Li 23.8 271.51+£29.84
UAG6 [35] p+p 24.3 17142 +£22.21
E288 [36] p+Be 27.4 294.12+73.53
E595 [37] p+ Fe 27.4 264 4+ 56
NA38/51 [38,39] p+A 29.1 229.5+344
NAS50 [23] p+A 29.1 250.7 £37.6
E672/706 [18] pBe 31.6 343.07£75.12
E771 [16] p+Si 38.8 359.1+34.2
E789 [17] p+Au 38.8 415.04 £ 100
ISR [48] p+p 52 716 4303
PHENIX [41] p+p 200 3032 + 288
CDF [42] p+p 1960 22560 + 3384
ALICE [43] p+p 2760 29912.6 £5384.3
ALICE [44] p+rp 7000 54449.4 £+ 8494

PHYSICAL REVIEW C 93, 024919 (2016)

-
o
”
T

-t
o
N
T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ TTTTT

[N T

-
(=}
>

-
o
w

cross section (nb)

= experimental data

—
o

10-1 |
10 102 10° 10*
Vs (GeV)

FIG. 3. Energy dependence of inclusive J/¢¥ production cross
section [16-18,22,23,28-39,41-44,48]. The dashed line is the fit from
CEM shape [45]. The solid line is a function fit of Eq. (5) as discuss
in the text.

second approach is to use a functional form to describe the
cross section energy evolution:

Fs) =ax yb x e, (5)

J5
myy A )
are free parameters. As shown in Fig. 3, both approaches

can describe the energy evolution trend of the J/y cross
section. The x2/NDF for CEM and Eq. (5) fit are 92.9/22
and 52.6/19, respectively. The large x> mainly comes from
three experimental points which contradict with the common
trend (E331 and E444 measurements at 20.6 GeV, E705
measurement at 23.8 GeV). If we exclude these three data
points and refit the results, the x>/NDF for CEM and Eq. (5) fit
are41.6/19 and 15.5/16, respectively. The values extrapolated
(without the three experimental points which deviate from the
common trend most) for the J /v cross sections at /s = 39
and 62.4 GeV, utilizing the Eq. (5) and the NLO CEM based
fit are listed in Table II. The result from NLO CEM based fit
has been adopted as default set, the difference between these
two fits has been quoted as systematic uncertainty.

The knowledge of the rapidity dependence of J/y pro-
duction at different cms energies is crucial to obtain a
reference for the measurements at midrapidity from RHIC.
Based on a universal energy scaling behavior in the rapidity

where ymax = In( ) is the beam rapidity; a, b, ¢, and d

TABLE II. Extrapolated values of the J/y production cross
section at /s = 39 and 62.4 GeV. The difference between CEM
and function fit has been taken as the systematic uncertainties of the
extrapolation.

Fit Cross section (nb/nucleon)

s =39 GeV s = 62.4 GeV
NLO CEM 416%16 924+36
Eq. (5) 407£19 828439

evaluated results 4161619 924436196
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FIG. 4. Normalized J /¢ production cross section as a function
of y/Ymax. The solid line and the dashed line are the function fit of
Egs. (6) and (7), respectively. The difference between these two fits
has been considered as systematic errors.

(y= % In %) distribution obtained at different cms energies,

we explore approaches to the extrapolation of the rapidity
distribution. As shown in Fig. 4, the y-differential cross
sections at different cms energies have been normalized by
the total cross section oy, and the normalized values are
plotted verse y/Ymax, Where ymax has been previously defined.
Despite more than one order of magnitude difference of
collision energy, the treated RHIC [41] and LHC [43,44,47]
experimental distributions fall into a universal trend, which
allows us to perform global fits to all the experimental results
with suitable functions. Two functional forms are chosen to
describe the normalized do/dy:

1 dU _ l(,“/}'max )2

L P S ©6)
o d(y/Ymax)

1 do c

1=y /ymax

_ 1+y/ymax )2
_ — 26‘ d(In( ) , (7)
o d(y/Ymax) 1 — (y/Ymax)

where a, b, ¢, and d are free parameters. Both of them
can describe the global distribution very well [x2/NDF =
10.1/27 for Eq. (6), x*>/NDF = 11.2/27 for Eq. (7)]. The fit
of Eq. (6) has been taken as a default set. The difference
between these two fits has been considered as systematic
uncertainties. With the extrapolated J /v cross sections and
rapidity distributions, the predicted J/y cross section times
branching ratio at /s = 39 and 62.4 GeV at midrapidity are
Br(ete )do/dy|y<1.0 = 8.97 £ 0.59 and 17.64 £ 2.12 nb,
respectively. The uncertainties are the quadratic sum of
statistical and systematic uncertainties from both total cross
section and rapidity distribution estimations. These values are
consistent with the estimations from CEM model (8.7 + 4.5
nb for 39 GeV, 17.4 £ 8.0 for 62.4 GeV).

The energy evolution of J /v transverse momentum distri-
bution is also studied via available experimental measurements
from /s = 10-7000 GeV [18,19,22,32,34,36,41,42,44,49].
We used light target data (p [22], Be [18,36], Li [34], and
C [32]) to minimize cold nuclear matter effects. In order to

PHYSICAL REVIEW C 93, 024919 (2016)

- —— =
o3 10 Aamodt 2011 _
D 'z_ E v Khachatryan 2011 3
S P = Acosta 2005 .
o|T 1 E * Adare mid 2012 E
T8 E o Adare forward 2012 o
10 Gribushin 2000 -
E o Snyder 1976 E
B Branson 1977 ]
2

107 ¢ Badier 1980 E
10° -
10-4 ? E

1 0-5 |
0 2 4 6 8
Zr

FIG. 5. J/y zr distributions for available experimental results
from /s = 10to 7000 GeV. The solid line is a function fit as discussed
in the text. The experimental data are from ALICE (Aamodt 2011:
[44]), CMS (Khachatryan 2011: [49]), CDF (Acosta 2005: [42]),
PHENIX (Adare mid 2012: [41] and Adare forward 2012: [41]),
E672 & E706(Gribushin 2000: [18]), E288 (Snyder 1976: [36]), E331
(Branson 1977: [32]), and NA3 (Badier 1980: [22]) experiments.

compare the different experimental measurements at different
energies and rapidity domains, as shown in Fig. 5, the
transverse momentum distributions are normalized by their
pr-integrated cross sections and plotted versus the z7 variable,
which is defined as zr = pr/(pr). The treated distributions
follow a universal trend despite of the different cms energies
and rapidity domains. We can describe the global distributions
very well by the following function:

1 d% 1
=a X =
do/dy zrdzrdy (1+b223)
wherea = 2b*(n — 1),b = ['(3/2)I'(n — 3/2)/ T'(n — 1), and

n is the only free parameter. From the fit, we obtain n =
3.94 4+ 0.03 with x2/NDF = 105.9/151.
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FIG. 6. J/v (pr) at midrapidity as a function of cms energy from
/s = 10 to 7000 GeV. The solid line is a fit of Eq. (9) to the data as
discussed in the text.
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With the universal shape and (pr) information at certain
energy and rapidity domain (we focus on midrapidity) we can
extrapolate the transverse momentum distribution at any cms
energy. Thus the next step is to evaluate the energy evolution
of (pr). The (pr) at midrapidity as a function of cms energy
from world-wide experiments [18,19,22,32,36,40-42,44,48] is
shown in Fig. 6. Again, only part of the world-wide fixed-target
data (with p, Be, Li, and C, respectively) are used to reduce
the cold nuclear matter effects. The (pr) versus energy can be
fitted by the function form:

f(s)=p+qins, ©))

where p, g are free parameters. The fit parameters are
p =0.0023 +£0.0182, ¢ = 0.329 +0.031 with x2/NDF =
41.1/15. The estimated (pr) from the fit function at
/s =39 and 62.4 GeV are 1.21 £0.04 and 1.36 £ 0.04
GeV/c, respectively. With these inputs, the transverse momen-
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TABLE III. The interpolations of cross section and p7 distribu-
tion at /s = 39 and 62.4 GeV.

Rapidity range Cross section (nb/nucleon)
ly| < o0 /5 =39 GeV s = 62.4 GeV
ly| <1 416 + 18 924 + 103
301 +20 592 + 71

Parameters of Eq. (8) pr distribution

/s =39 GeV Vs = 62.4 GeV
n 3.94 +£0.03 3.94 £0.03
(pr) 1.21 £ 0.04 1.36 £ 0.04

tum distribution at these two cms energies can be completely
determined.

Lastly, one needs to determine the portion of the total
cross section at midrapidity. There are rare rapidity distri-
bution measurements in p + A collisions at /s < 200 GeV.
Therefore, the universal energy scaling parameters of rapidity
distributions are determined by the measurements at /s >
200 GeV. Its validity at low-energy (<200 GeV) range still
needs to be further investigated, but we do have various xp
distribution measurements of J /v in fixed-target experiments
[16-18,30,32-34,37,50]. Together with the « verse xp curve
in Fig. 1 and the transverse momentum distributions obtained
using the strategy described above, we can evaluate the rapidity
distributions via the xy distributions measurements in the
fix-target experiments to check the validity of the rapidity
interpolation method. The ratios of J /v o |y|<1.0 tO O, Wwhich
are calculated utilizing the evaluated rapidity distributions in
fix-target experiments, versus cms energy are shown in Fig. 7.
The two sets of open points plotted in the figure are obtained
as follows:

(i) Parametrize the universal éﬁ Versus Y/ Ymax
trend in Fig. 4 by Egs. (6) and (7), respectively.

(i1) Extract the rapidity distribution (é‘;—‘y’ versus y)
utilizing the parametrizations of Egs. (6) and (7),

respectively.

(E 10 E L 3
g L (b) ]
g s S (s = 62 GeV ]
2 g s 3
> - 7
T - i
L _g." = ]
O Fan1| ]
§10¢
102 | E
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FIG. 8. The expected J /v differential cross section versus pr at midrapidity (|y| < 1) for (a) 39 and (b) 62 GeV, respectively. The dashed

lines represent for the uncertainties from interpolation.
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(iii) Calculate the ratios of J/¥ oly<10 (0 Ol
according the rapidity distributions at certain
energies.

In this figure, we can see that our extrapolation strategy also
works at low cms-energy range.

Finally, the interpolations of the pr-integrated and dif-
ferential inclusive J/v cross section in p + p collisions at
midrapidity could be accomplished as follows:

(1) The total cross section of J /i at certain energy could
be extracted through the curves shown in Fig. 3.

(2) The shape of the rapidity distribution at certain energy
could be derived from the universal trend depicted in
Fig. 4. The cross section at midrapidity can be evaluated
in conjunction with the total cross section.

(3) The pr distribution at certain energy in midrapidity
could be obtained via the parametrization of Eq. (8)
illustrated in Fig. 5 with (pr) extracted from Fig. 6.
Together with the cross section at midrapidity, the pr
differential cross section at midrapidity is done.

The interpolations at /s = 39 and 62.4 GeV are listed in
Table III and shown in Fig. 8.
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IV. SUMMARY

We study the world-wide data of J /v production and kine-
matics at /s = 6.8-7000 GeV. We have developed a strategy
to interpolate the J /i cross section, rapidity distribution,
and transverse momentum distribution at any cms energy in
/s = 6.8-7000 GeV. The rapidity and transverse momentum
distributions measured in different energies have a universal
energy scaling behavior. With this strategy, we predicted that
the J/y cross section times branching ratio at /s = 39
and 62.4 GeV in midrapidity are Br(e*e™)do/dy|y <10 =
8.97 £ 0.59, 17.64 £ 2.12 nb, respectively.
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