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Collisions of deformed uranium nuclei provide a unique opportunity to study the spatial de-
pendence of charmonium in-medium effects. By selecting the orientations of the colliding nuclei,
different path lengths through the nuclear medium could be selected within the same experimental
environment. In addition, higher energy densities can be achieved in U+U collisions relative to
Au+Au collisions. In this paper, we investigate the prospects for charmonium studies with U4+U
collisions. We discuss the effects of shadowing and nuclear absorption on the J/v yield. We intro-
duce a new observable which could help distinguish between different types of J/v interactions in
hot and dense matter.

I. INTRODUCTION

Collisions of deformed nuclei, such as 233U, are an interesting alternative to those of more spherical 7 Au nuclei
at RHIC because changes in the nuclear orientation allow wider variations in energy density within the same system
[1-4]. Previously, studies of U+U collisions were discussed in the context of elliptic flow. The quantity vs /e, where vy
is the elliptic flow parameter and ¢ is the initial spatial eccentricity, provides valuable information about the matter
created in heavy-ion collisions [5]. In a dilute system, vo/€ scales like 1/S) dNe,/dy, where dNy,/dy is the charged
particle density and S is the transverse area of the overlap zone. In central Au+Au collisions at /s, = 200 GeV
va/€e reaches the limit predicted by ideal hydrodynamics for strongly-interacting matter [6] which can be interpreted
as a signature of quark-gluon plasma (QGP) formation. It was argued that U+U interactions could provide higher
densities and a larger spatial eccentricity, testing whether vy /e saturates, as predicted by ideal hydrodynamics, or
increases further with dN.,/dy [1, 4, 7).

Charmonium production is another key observable for studying the properties of the hot and dense matter created
in relativistic heavy-ion collisions. Some time ago J/¢ suppression was proposed as a signal of QGP formation [8].
The suppression is expected to arise from color screening of the binding potential in a QGP, similar to Debye screening
in a classical electromagnetic plasma. The magnitude of the suppression depends on the charmonium binding energy
and the energy density of the medium, related to the temperature. Therefore, studies of J/1 production, particularly
at low transverse momenta, reveal the thermodynamic properties of the medium.

The suppression of J/1 production has been studied in detail at the CERN SPS and at RHIC. The NA50 and
NA60 experiments at the CERN SPS, /5 = 17.3 GeV, observed strong .J/¢ suppression as a function of collision
centrality [9-11]. Results from the PHENIX collaboration at RHIC show that the J/1 suppression in midrapidity
Au+Au collisions at /5, = 200 GeV is similar to that observed at SPS energies [12] even though the energy
densities and temperatures reached at RHIC are much higher than those at the SPS. Moreover, the forward rapidity
J/1¢ suppression at RHIC is stronger than at midrapidity. Such a pattern suggests that either additional processes
compensate for the effects of color screening or the suppression has different origins at the two energies.

There are several processes which may affect charmonium production in nucleus-nucleus collisions. For comprehen-
sive reviews of different aspects of quarkonium in-medium interactions, see Refs. [13, 14]. Here we briefly summarize
a few relevant features, some of which we address in more detail later.

Suppression by cold nuclear matter (CNM) effects such as parton shadowing and absorption by nuclear matter are
very important, although not yet established with satisfactory precision [15]. For example, parameterizations of gluon
shadowing differ significantly between models [16]. At RHIC energies, CNM effects are studied in d+Au collisions.
Changing the shadowing parametrization can significantly affect the magnitude of the absorption cross section required
to match the measured nuclear modification factor Rqay. In addition, feed-down from radiative or hadronic decays
account for 40-50% of the observed 1S quarkonium states (J/¢ and T). The higher mass quarkonium states have
very different radii and formation times and should thus also have different absorption cross sections. While the
experimentally measured 1)’ absorption cross section is significantly larger than the J/v at fixed-target energies, the
difference decreases with increasing /s, [17, 18]. The energy and A dependence of x. absorption is unknown [19].
The absorption of higher bottomonium states is also not known.
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If color screening dominates the J/v in-medium interaction, the characteristic pattern of sequential charmonium
“melting” should be observed. The binding energies of higher mass charmonium states, " and x., are smaller than the
J/1¥. Therefore these states dissociate at lower energy densities compared to J/1 so that, at higher T their feed-down
would no longer contribute to the measured J/v¢ yield. The remaining, direct J/v production would be suppressed
at larger energy densities. This process would result in a step-like dependence of the J/v survival probability as a
function of energy density [20]. A similar sequential melting would apply to bottomonium.

Suppression due to interactions with comoving partonic and hadronic matter has also been postulated. The A
dependence of comover dissociation is similar to that of nuclear absorption [21, 22]. The effects are generally assumed
to be small although they strongly depend on the model [21, 23, 24].

J/v¢ production may be also enhanced by statistical coalescence in QGP. In this case, the J/¢ yield, N, I g

stat »
proportional to the square of the number of charm quarks in the system, N., so that Ns‘iéff o N2. The charm yield
is expected to be proportional to the number of binary NN collisions, Nyin, i.e. Nz & Npin. The ¢é production
rate is not expected to be modified in the QGP. If the density of charm quarks is high enough, then secondary J/v
production by coalescence of uncorrelated ¢ and ¢ quarks at hadronization can occur [25, 26].

Combinations of the above effects have previously been used to describe the J/1 data. Despite different assumptions
about the initial state of the system, models including cold matter effects together with different combinations of color
screening, comover absorption, coalescence give quantitatively similar results at RHIC [27]. It is expected that U4+U
collisions could provide additional means for distinguishing between these effects.

By selecting particular orientations of U+U collisions, different path lengths through nuclear matter, resulting in
different effective nuclear absorption cross sections and available energy densities, could be studied. Interactions with
the long axes of U nuclei aligned along the beam (“Tip+Tip” or “T'T” configurations) give the highest energy densities
as well as the longest path, L, through the matter. In contrast, L is shortest in the configuration where the short axes
of the U nuclei are aligned along the beam axis (“Side+Side” or “SS” configurations). Different orientations of U4+U
interactions could study nuclear absorption with reduced uncertainties due to shadowing, as we will show. In general,
U+U interactions provide an additional check on models which describe the Au+Au data because some effects, such
as shadowing, should be similar in U+U and Au+Au interactions.

We investigate the feasibility of complementing Au+Au collisions with U+U studies of charmonium production and
suppression to distinguish between scenarios of J/v¢ in-medium interactions. We also discuss CNM effects in U4+U
collisions.

II. COMPUTATIONAL FRAMEWORK

Here, we discuss two types of cold nuclear matter effects: nuclear absorption and shadowing. Shadowing, the
modification of the parton densities in nuclei relative to free protons, is an initial-state effect. Nuclear absorption, the
breakup of the charmonium state as it traverses nuclear matter, is a final-state process. We neglect interactions with
hadronic comovers.

We employ the computational framework for studies of cold nuclear matter effects described in Ref. [28]. The nuclear
parton densities, fiA(ajl, u?, .y, z), factorize into the nucleon density in the nucleus, pa(x,y,2), independent of the
kinematics; the nucleon parton density, f(z1, u?), independent of A4; and a shadowing ratio, R;(A,x1, u?, z,y, z) that
parameterizes the modifications of the nucleon parton densities in the nucleus so that

fiA(xlvﬂzvxﬂyaZ) = pA(x,yvZ)Ri(Aathanayvz)fip(xlvlLQ) . (1)

The effect of shadowing is stronger in central collisions while, at asymptotic distances, shadowing disappears. Aver-
aging over impact parameter, the minimum bias result measured in nuclear deep-inelastic scattering is regained. We
use the EPS09 shadowing parametrization [16] and assume that the impact parameter dependence of shadowing is
proportional to the local nuclear density [29] and exhibits a relatively sharp transition region around b ~ 2R 4, see
Fig. 1. If one assumes instead that the impact parameter dependence is proportional to the path length L, R; exhibits
a weaker transition region [30]. At RHIC energies quarkonium production is dominated by gluon fusion. Therefore,
shadowing generally refers to gluon shadowing in this context. We employed the Woods-Saxon density distribution
for deformed nuclei [3] to describe py(z,y, 2),

pu(,y,2) = po(1 +exp[(r — Re)/a]) ™" (2)
Re = Ro(1 4 B2Ya0 + BaYao) (3)
where R¢ is the total effective radius, Yoy and Yy are Legendre polynomials, dependent on cosf, and r =

V22 + 92 + 22. The deformation parameters are 82 = 0.28 and £, = 0.093 with Ry = 6.81 fm and a = 0.54 fm. In
the SS orientation, cosf = 0 and Rc = Rs = 6.41 fm while in the TT orientation, cosf® = 1 and Rc = Rt = 8.56 fm.



To implement nuclear absorption on quarkonium production, the production cross section is weighted by the survival
probability, Saps,

(o)
Sabs(b—5,2') = exp {—/ dz"pa(b— 58, 2")oans(2" — z')} (4)

’

where § = (z,y), 2’ is the longitudinal production point and z” is the point at which the state is absorbed. The
nucleon absorption cross section, o,ps, typically depends on the spatial location at which the state is produced and
how far it travels through the medium.

III. COLD NUCLEAR MATTER EFFECTS IN U+4+U COLLISIONS

In this section, we investigate whether it is possible to separate the CNM effects of shadowing and absorption in
U+U collisions. Nuclear absorption depends on the nuclear path length L. Therefore, it is expected to be considerably
different in the TT and SS orientations of U+4U collisions. Since L also depends on the impact parameter, b, the
effective magnitude of nuclear absorption also changes with b. The dependence of the effect of shadowing in the
TT and SS orientations is expected be less significant. Moreover, if the difference between collisions in the TT
and SS orientations does not depend (or depends only weakly) on the strength of the shadowing, then the ratio of
quarkonium production in TT and SS orientations would be effectively independent of the shadowing parametrization.
This would greatly simplify the extraction of absorption effects because the systematic error due to shadowing would
be significantly reduced.

We first investigate shadowing and nuclear absorption separate and then compare the combined intensity of CNM
effects in U+4U collisions. In order to estimate the strength of each effect, we compare results in the TT and SS
orientations where the difference between the two cases should be most apparent. We assume that it will be possible
to select these configurations with an efficiency appropriate for charmonium studies.
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Figure 1: Left: The shadowing R, in TT (lines) and SS (symbols) orientations of U+U collisions for various choices of (Ry) (see
text for details). Right: The ratio of charmonium survival probability, Sshad, in TT and SS oreintations for the same values of

(Ryg).

We begin with an investigation of the charmonium survival probability in U4+U collisions for shadowing alone,
Sshad- The left-hand side of Fig. 1 shows the shadowing ratio, R4, as a function of b in TT and SS configurations
of U+U collisions at midrapidity. Note that R, < 1 represents shadowing, R, > 1 antishadowing, and R, = 1 no
shadowing. The results are shown for several cases where the magnitude of the shadowing is characterized by mean
magnitude in a single nucleus, (R,).

The shape of R, (b) resembles the Woods-Saxon density distribution with a transition from stronger shadowing at
b ~ 0 to free nucleon behavior at b — oco. The transition is centered around b ~ 2R, the impact parameter where
the effect of shadowing is half the b = 0 value. Note that Rc = Rr, the length of the long axis, in TT configurations
and Rc = Rg in SS configurations.

The ratio of Sghaq in the two configurations is shown on the right-hand side of Fig. 1 for the same values of (R,).
Away from the transition region, the ratio is relatively constant and close to unity with a maximum 10% difference
only for very strong shadowing. Thus, for moderate shadowing, the ratio in central collisions is insensitive to R, so
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Figure 2: Left: The J/1 nuclear absorption survival probability, Sabs, in TT (solid) and SS (dashed) orientations of U+U
collisions for o,ps = 3 and 5 mb. Right: The ratio of results in TT and SS configurations for o.ps = 3 (solid) and 5 (dashed)
mb.

that nuclear absorption is the only relevant CNM effect in central collisions. The largest change in the ratio is at
~ (Rt + Rs)/2. Since fA(x1,u?, z,vy,z) is proportional to the nuclear density distribution, see Eq. (1), the shape of
Sshad (b) directly reflects the spatial orientations of the U nuclei.

We now discuss the impact parameter dependence of the survival probability for nuclear absorption. The left-hand
side of Fig. 2 shows S,ps as a function of b for U+U collisions in the TT and SS configurations assuming o,s = 3 and
5 mb. These two values of 0,15 bracket the range obtained by the RHIC experiments. The results reported recently
by PHENIX [31] are relatively well described by the EPS09 shadowing parameterization with o,ps = 4 mb. While a
similar trend as a function of b is observed relative to Fig. 1, the difference between TT and SS orientations is larger
for absorption. The larger effect is due to the exponential factor in S,ps, proportional to the path length, in addition
to the overall dependence on the density in the calculation of the total J/v¢ yield. Thus the angular orientation of
the colliding nuclei affects absorption more strongly than shadowing. The exponential dependence on density in Syps
also broadens the transition region around b ~ 2R¢.

The ratio of survival probabilities for the two orientations is shown on the right-hand side of Fig. 2 for o,ps = 3
and 5 mb. The ratio shows a ~ 20% difference relative to the maximum 10% value for shadowing alone. It also varies
more slowly with impact parameter, as seen by comparing the right-hand sides of Figs. 1 and 2.

Figure 3 shows the ratios of the total J/¢ survival probability in the TT and SS configurations due to cold nuclear
matter effects, S,y = SabsSshad, as a function of impact parameter (left-hand side). In central collisions, b < 5 fm,
the magnitude of (STT/SSS)JW is most sensitive to o,ps while at larger impact parameters, b > 10 fm, (STT/SSS)J/w
is dominated by shadowing. In order to study the shape of (STT/SSS)J/w as a function of b, on the right-hand side of
Fig. 3 we divide these curves by their value at b = 0, showing the evolution of (STT/SSS)_]/d) with b relative to central
collisions. The ratio is approximately unity for b < 5 fm. At higher impact parameters, the ratios begin to exhibit a
more significant b dependence, primarily due to shadowing.

If the TT and SS orientations could be effectively selected in an experiment, these features could help differentiate
cold nuclear matter effects from color screening effects. However, the best case scenario would be to first attempt to
select the tip and side orientations of the uranium nuclei in d4+U collisions.

Even if the TT or SS configurations cannot be selected due to either technical difficulties or low efficiencies, U+U
collisions averaged over all orientations could be used for quarkonium studies. There are no significant experimental
difficulties and the nuclear path length L and charged track density are respectively 5-10% and 10-15% larger for the
same centrality class in Au+Au collisions [3]. The larger L increases the effective nuclear absorption. Figure 4 shows
the orientation-integrated S,ps as a function of impact parameter for Au+Au and U+4U collisions with o,,s = 3 and 5
mb. The difference between S5V and S,ﬁa‘;Au is largest ~ 5% at b ~ 11 — 12 fm and can be attributed to the difference
in radii, 6.81 fm for uranium and 6.38 fm for gold. The magnitude of the difference depends on o ps-

On the other hand, the relative difference in the shadowing effect is negligible. The expected Sghaq is shown in
Fig. 5 for d+Au and d+U collisions (left) as well as Au+Au and U+U collisions (right). Shadowing effects in U4+U
and Au+Au collisions at the same /5 are very similar at a given value of b. Thus the uncertainty due to shadowing
will cancel in the ratio of the J/v¢ yields in U+U and Au+Au collisions.

We now discuss the modification of T production in Au+Au and U+U collisions due to cold nuclear matter effects.
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for gans = 3 and 5 mb. Right: The same results normalized to the ratio at b = 0.
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Figure 5: The J/1 survival probability due to shadowing in d4+A and A + A collisions. The solid lines (filled circles) represent
results for Au (U) nuclei obtained with the central EPS09 shadowing parametrization while the dashed lines (open circles)
show the results with the upper and lower limits of the EPS09 uncertainty.



The nuclear absorption of T(15) seems to be significantly weaker than for J/¢ [28]. Moreover, antishadowing may
be expected at midrapidity rather than shadowing, supported by the experimental results at RHIC. The cross section
of T production in d+Au collisions is well described by the color evaporation model with antishadowing and no
nuclear absorption [32]. The expected Sshaq for Y is shown in Fig. 6 for d+Au and d+U collisions (left) as well as for
Au+Au and U+U collisions (right). The effect of shadowing is much smaller than for J/v. Instead, antishadowing
at midrapidity may increase the T rate by as much as 20-30%. Moreover, antishadowing effects in U4+U and Au+Au
collisions at the same /s, are very similar, as is the case for the J/v.
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Figure 6: The Y survival probability due to shadowing in d+A and A + A collisions. The solid lines (filled circles) represent
results for Au (U) nuclei obtained with the central EPS09 shadowing parametrization while the dashed lines (open circles)
show the results with the upper and lower limits of the EPS09 uncertainty.

IV. ENERGY DENSITY AND TEMPERATURE IN U+4+U COLLISIONS

We now investigate what energy densities and temperatures are accessible in U+U collisions. The charged track
density is expected to increase in U4+U interactions compared to Au+Au. Therefore, the U+U temperature should
be higher in the deconfined phase. Employing U+U collisions could extend the range of temperatures accessible at
RHIC and test the sequential melting hypothesis of charmonium and bottomonium states. Suppression of Y(1.5)
beyond CNM effects would constitute direct proof of color screening since secondary Y production by coalescence
from a QGP is negligible at RHIC. Comover absorption is also insignificant. Recent STAR results show that the
T(1S5) is not strongly suppressed in central Au+Au collisions [33]. Below, we investigate whether the temperature of
the matter produced in U+U collisions could be high enough to expect “melting” of the T(1S5) state in addition to
J /1) suppression.

We use the Bjorken formula [34] to estimate the energy density available in U4U collisions. The Bjorken energy
density in a one-dimensional longitudinally expanding system can be calculated using

1 dE7
_ 5
B 7S, dy (5)
where 7 is the formation time of the medium, S, is the transverse area overlap of the colliding nuclei, and dE7/dy
is the transverse energy density. We estimate dEr/dy from PHENIX data [35],

dETr _ ﬂdNCh (6)
dy =y Ny dn

where Er/Noy, = (dE7r/dn)/(dNa/dn) is the average transverse energy density per charged track and Cj_,, =
1.2540.05 is a scale factor converting dEr/dn|,=o to dEr /dy|,=o. In Au+Au collisions at /5, = 200 GeV Er /N,
is constant over a broad range of event centralities (0-60%). We assume that (E1/Nech)auau I8 @ good approximation
of (Er/Nen)uu-

The most important ingredient is the overlap area S, calculated in the Glauber framework. It depends strongly
on the definition used in calculations. For example, the values of S| published by PHENIX [35] and STAR [36]



are a factor of five larger than results calculated for U4+U and Au+Au collisions in Refs. [2, 3]. When the relative
differences between the energy densities of U+U and Au+Au collisions are considered, this discrepancy is unimportant
as long as a consistent definition is used. However it is important when the absolute value of ep is calculated. In this
paper, we consider the case where S, is defined as the transverse area of the overlap zone weighted by the number
of participants [2, 3]. This definition gives the effective “hot” transverse area of the overlap zone but neglects areas
with low participant density, a rather small effect.

Figure 7 shows an example of the participant density profile for U4+U collisions at b = 0 in the TT and SS
configurations as well as averaged over configurations calculated in the Glauber framework in Ref. [3]. Much higher
density is observed in TT compared to SS configurations as well as orientation averaged U+U collisions since the
average is dominated by SS configurations [37]. Note also the narrower radius of the TT profile in Fig. 7.
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Figure 7: Participant density profile for TT, SS and U+U collisions averaged over configurations for b = 0. The circles are for
eye guidance and are common for all plots [3, 37].

We use the results of Ref. [3] to estimate the increase in energy density in U4U relative to Au+Au collisions.
We estimate first eg averaged over U+U configurations. Figure 8 shows the ratio of product eg7 for Au+Au and
U+U collisions averaged over orientation. We see that eg is 15 — 20% larger in U+U collisions relative to Au+Au
collisions. Moreover, TT collisions could provide up to a 30% increase in the charged track density, 1/S, dN.y,/dn, over
orientation-averaged U+U collisions at the same value of b, as shown on the left-hand side of Fig. Since 1/5 dNg, /dn
is proportional to eg, TT collisions will increase eg7 by 20-30% in central and semi-centra 9.1 (b < 8 fm) U+U, as
shown on the right-hand side of Fig. 9.
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Figure 8: The ratio of Bjorken energy densities in U+U and Au+Au collisions as a function of centrality. The shaded boxes

show the systematic uncertainties on dN3V /dy and dNé%“A“ /dy added in quadrature. The statistical uncertainties are negligible
3]

In our case, the relevant formation time, 7, is the time required to develop the qaurkonia wave function. The
lower limit on the charmonium formation time is the time required for color neutralization of the cc pair, 7y =~
(2m.Aqcp)Y/? ~ 0.25 fm for low pr J/1 [38]. The formation time of the J/1, however, may be somewhat longer. In
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Figure 9: Left: The average charged track density per unit of pseudorapidity n in U+U collisions in TT and SS orientations as
well as orientation-averaged collisions as a function of impact parameter. Right: The ratios of energy densities in T'T and SS
orientations relative to that of orientation-averaged collisions as a function of b. In both cases, the statistical uncertainties are
less than the size of the symbols.

Ref. [14], the formation time for low pr quarkonia is estimated to be the inverse of the binding energies, 7 ~ 1/Epind,

where F,g is the binding energy of quarkonium. With El;]i/nﬁ =0.64 GeV and EL | = 1.1 GeV [39], the formation
times for the J/¢ and T(15) are 75/, ~ 0.3 fm and 7y = 0.18 fm respectively. We used two values of 7 in our studies:
7 = 0.25 fm to evaluate the maximum temperature relevant to J/1 suppression due to color screening (the lower limit
on the J/1 formation time) and 7 = 1.0 fm, a rather conservative estimate of the time needed for the system to reach
local thermal equilibrium.

We estimate the maximum energy density in b = 0 U+4U collisions with TT orientations. In this case,
1/S1dNen/dyly—o ~ 43.9 fm~2 while 1/S| dNep, /dyly—o =~ 31.5 fm~?2 in orientation-averaged Au+Au collisions [40]. A
proposed experimental method for selecting T'T orientations gives 1/S| dNepn/dy|y—o =~ 40 fm~?2 although an effective
trigger has yet to be developed [40].

In order to convert energy density to temperature and estimate T/T,, we use lattice QCD results for €(7T') from
Ref. [41] with T, ~ 185 MeV. We find, that, for 7 = 0.25 fm, the temperature exceeds 2.7, in both U4+U and
Au+Au central collisions. However, for 7 = 1.0 fm, the temperature is below 27, in Au+Au collisions while it could
reach 27T, in central U+U collisions averaged over orientations and may exceed 27, in TT orientations, see Table 1.
Consequently, selecting T'T configurations in U+U collisions would extend the range of temperatures accessible at
RHIC to test the hypothesis of sequential quarkonium melting. The temperature in U4+U TT collisions would thus
be high enough to determine whether the Y(15) dissociates at T ~ 2T, [42].

Table I: The accessible temperature for 7 = 1 fm in the 5% most central Au+Au and U+4U collisions averaged over spatial
configurations, ideal T'T U+U collisions and those which may be selected experimentally, TT (exp), as described in Ref. [40].

System T [MeV] T/T.
Au+Au (0-5%) 3517%, 1.90
U+U (0-5%) 36677, 1.98
U+U (TT, exp) 376 2.03
U+U (TT, ideal) 385 2.08

V. RY%.: A NEW OBSERVABLE FOR J/y) STUDIES

As shown in Sec. III, the strength of gluon shadowing is one of the largest uncertainties in the determination of
cold nuclear matter effects on J/¢ production. The effects of shadowing are almost identical for Au+Au and U4+U
collisions averaged over impact parameter. Thus the relative uncertainty can be reduced by studying J/1 production

in U+U and Au+Au collisions within the same centrality class. As outlined in Sec. I, the J/v yield, N;{Qf, produced by
statistical recombination is proportional to the number of charm quarks in the system: Ns‘ié/;é} x N, 62, and N & Npin,



the number of binary nucleon-nucleon collisions. We define the relative nuclear modification factor R{V,  as

puu NG /dy (N ®
AR ANy \ NG )

(7)

the ratio of J/1 yields scaled by the number of binary NN collisions, N7, in Au+Au and U+U collisions respectively.

If the J/4’s are produced by coalescence and suppression is indepedent of nuclear absorption and energy density, then

RAu+Au 1.
The ratio R{V,, has an advantage over Rcp, the ratio of the J/1 yield in more central bins relative to that in the
most peripheral bin, because R{Y,  does not depend on shadowing. As we have seen, shadowing can vary significantly

between central and perlpheral colhs1ons

With the large data samples taken by STAR and PHENIX in 2009 and 2010 (and even larger data sets expected
for RHIC II), the precision of the J/v¢ yields will be driven by systematic rather than statistical uncertainties. The
dominant systematic error (£10%) in pp interactions is the estimate of the integrated luminosity [43] which does not
cancel between d+Au and Au+Au measurements, as seen in Ref. [31] where the systematic error on Rga, is much
larger than that on Rop. In the case of RXEAU, systematic uncertainties would mostly cancel when Au+Au and U+U
data are taken by the same detector.

These features of R{U,  make it useful for testing models of J/1) production and in-medium interactions as described
in Sec. I. The dependence of nuclear absorption on b is rather small, ~ 8%, but can be detected if large data sets are
collected. Furthermore R{Y,  (y) will provide an additional test of models which reproduce Rayuau(y).

VI. SUMMARY

We have investigated cold nuclear matter effects on charmonium production in U+U collisions. Such collisions
provide an interesting opportunity to study J/1 in-medium interactions since model-dependent uncertainties can be
significantly reduced. We propose a new observable, R{U,  which is free from some of the uncertainties associated
with Rauau and Rop. The experimental techniques for quarkonium measurements at RHIC are well established; there
are abundant Au+Au data; and U+U collisions are planned at RHIC in the near future. Therefore, our proposed
observable RYY, = represents an additional, important handle on J/1 in-medium interactions. Moreover, the energy
density achievable in U+U relative to Au+Au collisions is up to &~ 20% larger, extending the range of energy densities
available for testing quarkonium suppression due to color screening.

Furthermore, U+U collisions would be also useful for cold nuclear matter studies at lower energies, as part of a RHIC
low energy scan. Nuclear absorption is expected to be larger at lower energies [44] while there may be antishadowing
of the nuclear gluon distribution rather than shadowing. Therefore cold nuclear matter effects could be tested more
directly by lower energy U+U collisions.
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