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Abstract

The latest PHENIX measurements of J/y yields in d+Au collisions at +/s,, = 200 GeV are presented as well as
the nuclear modification factor Ry, and Rcp. The results span a wide rapidity range (-2.2 < y < 2.4) and are compared
with several theoretical models. The data is also compared to several simple models of the geometric dependence of
the nuclear modification. It is found that the forward rapidity data favor a stronger suppression than one that is linear
or exponential in the density-weighted longitudinal thickness.
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1. Introduction

J/ys offer a unique probe of cold nuclear matter (CNM) effects in heavy ion collisions. As gluon-gluon fusion
is the dominant J/¢ production process at the Relativistic Heavy Ion Collider (RHIC), J/ys can offer insight into
gluon shadowing and anti-shadowing, as well as gluon saturation at low x. Additionally, it is possible in heavy
ion collisions to separate events by impact parameter, which offers information on the geometric dependence of the
nuclear modification. Finally, it is also important to understand CNM effects on J/¢ production in order to use J/ys
as a probe of the quark-gluon plasma.

PHENIX has recently published new results for J/y production in d+Au and p+p collisions at /sy, = 200
GeV/nucleon using data from the 2006 and 2008 RHIC Runs [1]]. The d+Au data recorded in 2008 have ~30-50
times the J/y yield of the previous results using the 2003 d+Au dataset [2] and offer a much better constraint on the
level of CNM effects. Additionally, the newer data provide better differential information through finer binning.

The PHENIX experiment measures J/y production through two decay channels: di-electrons at mid-rapidity and
di-muons at forward and backward rapidities. The Central Arm detectors cover a rapidity range of [y| < 0.35, while
the Muon Arm detectors cover —2.2 < y < —1.2 and 1.2 < y < 2.4. Additionally, PHENIX measures the collision
z position and centrality using the Beam-Beam Counters (BBCs) located at 3.0 < || < 3.9. For an overview of the
PHENIX detector systems, see [3]].

The J/y invariant yields from +/s,, = 200 GeV d+Au and p+p data are shown as functions of rapidity in Figure
The d+Au points are scaled by 1/Ngo, where Ngoj is the average number of binary collisions, and the deviation
from N,y -scaling can already be seen, as well as the additional suppression at forward rapidity (the deuteron-going
direction).
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Figure 1: J/y invariant yields as a function of rapidity from [1]. The blue points represent the 2008 d+Au data divided by Nco1, while the red
points correspond to the combined p+p datasets of 2006 and 2008. Error bars represent the statistical and uncorrelated systematic uncertainties,
while the boxes represent the point-to-point correlated systematics.
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Figure 2: J/y Rgau (0-100%) as a function of rapidity. Solid red curves represent the central EPS09 nuclear-modified PDF and o7, = 4 mb, while
the dashed curves use the nPDFs of the set that give maximum variation. The green dashed curves is a calculation using gluon saturation at low x
and enhancement from double gluon exchange [4].
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Figure 3: Nuclear modification of the gluon PDF from EPS09 [3] at 0% = 9 GeV?2.

2. Nuclear Modification

The nuclear modification factor Rya, is formed by taking the ratio of d+Au to p+p yields, scaled by 1/No:

1 dNgiau/dy

Roau = ——
. Ncoll de+p/dy

ey
Rgya, for all centralities (0-100%) is shown in Figure[2] As can be seen in the Figure, there is substantial suppression
at forward and mid-rapidities, as well as moderate suppression at backward rapidity. Also plotted in the figure are the
predictions constructed from two different models.

The red curves use the EPS09 nuclear-modified set of parton distribution functions (PDFs) [3], as well as a break-
up cross section (07,) of 4 mb for the dissociation of ¢¢ pairs in the outgoing nuclei. Because J/iy production at RHIC
is dominated by gluon-gluon fusion, the modified gluon PDF (see Figure[3) is used to calculate the modification of J/y
production in d+Au collisions. The solid red curve in Figure 2] represents the central EPS09 nPDF, while the dashed
lines represent the nPDFs from the same set that give the largest variation in the rapidity regions this measurement is
sensitive to. These curves have reasonable agreement with the data, with the best agreement somewhere between the
default nPDF and the nPDF that gives the least suppression at forward rapidity.

The green dashed curve of Figure [2|is a calculation incorporating gluon saturation at small parton x in the gold
nucleus, as well as enhancement from double gluon exchange with the nucleus [4]. As can be seen, this calculation
agrees quite well at forward rapidity, but deviates quickly as the kinematics shift to mid-rapidity.

3. Geometric Dependence of Nuclear Modification

The EPS09 nPDFs do not include any geometric dependence to the PDF modification, and hence are unable to
provide calculations as functions of impact parameter or centrality without additional input. Because of this, d+Au
measurements versus centrality offer a valuable insight into the geometric dependence of nuclear PDF modification.
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Figure 4: Top: Ryay Vs. rapidity for 60-88% centralities. Middle: Rgqay vs. rapidity for 0-20% centralities.
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and 60-88% centralities. All panels include the three model calculations described in the text.

Bottom: Rcp vs. rapidity using 0-20%
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Figure 5: rr distributions for the four centrality classes, renormalized to have the same peak height. Also shown is the integrated longitudinal
density as a function of r using a Wood-Saxon nuclear density distribution.

The centrality of a d+Au collisions is calculated by assuming that the charge deposited in the BBC in the gold-
going direction monotonically increases with the mean number of participant nucleons (Npa) in the collision. There-
fore, by dividing the BBC charge distribution into percentile bins of events, the events are divided into groups of
different (Npar)-

Finally, using a Glauber Monte Carlo [6] to throw an Ny, event-by-event and comparing to the actual distribution
from data, it is possible to calculate other average quantities for each centrality bin, such as the mean impact parameter
(b) or number of binary nucleon-nucleon collisions (Ncoj)-

Ryau in the most peripheral (60-88%) and most central (0-20%) bins are shown in Figure [d] versus rapidity. As
can be seen, the suppression at backward rapidity is very similar between the two bins, while that at mid- and forward
rapidity are more severe, particularly at forward rapidity.

In addition to Rgay, the ratio can be taken between the most central and peripheral bins, Rcp = Rgau(0 —
20%)/Raau(60 — 88%). Rcp has the advantage of canceling much of the point-to-point correlated systematics of
the numerator and denominator. This can be seen in the lower panel of Figure ] and emphasizes the increase in
suppression at forward rapidities (the deuteron-going direction) in central collisions.

Because the EPS09 nPDFs have no centrality dependence, this must be added retroactively with some assumption
on the geometric dependence. In [7], it is assumed that there is a linear dependence on the integrated longitudinal
density, and this is the calculation used for the red curves in Figure[d] based on the same EPS09 nPDF set and 07, = 4
mb as the previous Figure. This gives good agreement for the most central case, but not as good for the peripheral
case or Rcp. While o, could be reduced to improve the agreement at forward rapidity in peripheral events, this would
simultaneously reduce the agreement for central collisions. In fact it is impossible for the EPS09 nPDFs and o, that
is constant with rapidity to describe the data across the full range of centralities and rapidities.

Also shown in Figure [4]is the same gluon saturation calculation as shown previously, again as the green dashed
lines. In this case the calculation was provided as a function of Ny in several rapidity bins, which was then mapped
to the PHENIX centrality classes. Again, this calculation does quite well at forward rapidity, but deviates quickly
from the data as it goes to y = 0. For Rcp, however, the deviations at mid-rapidity cancel out and the curve matches
the data over the calculation’s rapidity range.

Using the Glauber simulation it is possible to generate the r, distribution for each centrality class, where r; is the
transverse position of the incident nucleon in each binary N-N collision. These distributions are shown in Figure [5]
This is more direct than using the d+Au impact parameter which, due to the size of the deuteron, can have a wide
variety of N-N collision positions for a given b. It is therefore preferable to fold model calculations with the r;
distribution (or equivalent) than with the (b) or (N, ) distributions in order to compare to model calculations with a
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Figure 6: Rcp vs. Rgau(0-100%) for both data and three simple models of the geometric dependence of the modification.

geometric dependence.

As an example of performing such a comparison, note that the impact parameter in p+A collisions is very similar
to ;. In [8] a calculation is performed by treating the c¢ pre-hadronic state as coherently interacting with the nucleus,
as opposed to using a break-up cross section, and the CNM suppression of J/is as a function of impact parameter is
calculated for p+A collisions. Treating b as r; in d+Au collisions, it is trivial to fold Rys with the 7, distributions for
the PHENIX centrality classes and produce Rya, vs. centrality. These are shown as the blue curves in Figure [? ]. As
can be seen, this result is very similar to the calculations using EPS09 and o7, = 4 mb.

Further calculations can be performed by assuming that the position-dependent nuclear modification M(r;) is
dependent on the integrated longitudinal density of the nucleus:

Mm=ifamm> @
Lo

as was done in [7]. In [1] several simple functional forms with a single free parameter a are used, including an
exponential, linear, or quadratic dependence on A. To calculate Rya, for any centrality bin, the modification M(r;) is
folded with the r; distribution (f;(7;)) for that bin i:

&M@=fMﬁmem 3)

To extract the actual geometric dependence of the data more directly, a plot may be constructed that uses Rga,(0-
100%) as the x-axis to represent the overall level of modification (averaged over the entire nucleus), and Rcp(0-20%)
as the y-axis to get the relative difference in the suppression between central and peripheral collisions. So for a fixed
average modification (x-value), a steeper centrality dependence will tend to shift the y-value down (assuming the
modification is a suppression).

Now the Ry, and Rcp may be calculated using the functional forms above. As the parameter a is varied, we map
out a single curve in the Rcp-Ryay plane. This can also be thought of as a plot of the parametric equations {x(a), y(a)}.
So each simple dependence on A(r;) gives us a different, single curve in the Rcp-Ryay plane, which can be compared
to the data. This is plotted Figure[6] As would be expected, all cases converge to (1,1) when the parameter a goes to
Zero.

The data points each represent a rapidity bin, and the ellipses represent the one-standard-deviation contours of
the point-to-point correlated and global systematic uncertainties, which are mostly uncorrelated between Rcp and
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Ryau(0-100%). As can be seen, the backward and mid-rapidity data are unable to separate the difference cases, but the
forward rapidity data favors a dependence on A(r;) stronger than either linear, exponential, or quadratic.

It should be noted that should multiple effects be combined with more than one free parameter, the curves need
not necessarily converge at (1,1). For example, in such a situation it is possible to have no modification on average
(Rgau=1), but have an enhancement in peripheral collisions that cancels with suppression in central collisions when
averaging, but leads to Rcp # 1.

4. Conclusion

The latest PHENIX d+Au data has been presented and compared to several model calculations for cold nuclear
matter effects. As has been noted, folding model calculations with the r; distribution for a given centrality class is a
more accurate way to map to the PHENIX centrality definitions than by folding with some already-averaged quantity
such as (Ncon1)-

Additionally, the geometric dependence of the nuclear modification was directly explored by combining both
Raau(0-100%) and Rcp measurements. Comparing these to simple functional forms for the geometric dependence, it
was found that the forward rapidity data require a stronger suppression than one which is linear or exponential with
the density-weighted nuclear thickness.

One possible CNM effect that is not explored here is initial-state parton energy loss, i.e. energy loss of the incoming
gluon passing through the gold nucleus before the hard scattering. It is possible that such an effect could enhance the
suppression seen at forward rapidity in the data. Previously this has been studied with Drell-Yan measurements at
lower CMS energies, see e.g. [9, [10, [11]]. For several calculations involving this effect for J/iy production in d+Au
collisions, see [12].

MGW acknowledges funding from the Division of Nuclear Physics of the U.S. Department of Energy under Grant
No. DE-FG02-00ER41152.
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