
PHENIX heavy quarkonia results from Cu+Au 
and U+U

Anthony D Frawley
Florida State University

On behalf of the PHENIX collaboration

30th Winter Workshop on Nuclear Dynamics
Galveston, April 7-12, 2014

 

Tuesday, April 8, 14



2

Heavy quark production in nuclear collisions 

Like jets, heavy quarks are an attractive probe of the matter formed 
in heavy ion collisions because they are produced in hard 
processes that occur only during the nuclear crossing.

Distributions in A+A collisions differ from those in p+p due to:

•  Modification of the observed distributions due to interactions 
with the hot final state medium – medium effects 

•  Modification of the production cross section in a nuclear 
target – cold nuclear matter (CNM) effects

- Both occur in A+A collisions.
- Both are expected to be strong functions of rapidity

- CNM effects can be isolated using p+A collisions and corrected 
for when interpreting data from A+A collisions
- maybe ......
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Hot medium effects

Compilation (from Suzuki et al., 
Nucl. Phys. A 897 (2013) 28) of 
temperature ranges in which heavy 
quarkonia states become unbound 
in various model calculations.
PHENIX thermal photon data 
suggest a peak temperature in the 
range 300 - 600 MeV for central Au
+Au collisions at 200 GeV. This is 
1.8-3.5 Tc, shown as yellow hatched 
region.
The loosely bound states are 
expected to be fully unbound at 
RHIC peak temperature, but the J/ψ 
and Υ(1S) may not be. 
Seeing the yields modified in A+A 
collisions would directly 
demonstrate deconfinement.
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Hot medium effects - dynamics

Models of hot matter produced in heavy ion collisions must include 
dynamical effects.

In addition to dynamic destruction of charmonia as their binding 
energy decrease, there is also formation of charmonia at 
hadronization due to:

• Recombination of charm pairs that became unbound in the medium 
but remained correlated

• Coalescence of charm pairs that were created in different hard 
scatterings.

The latter was predicted to be large
at LHC energies (large charm 
production).

Zhao and Rapp, Nucl.Phys. A859 (2011) 114
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Cold nuclear matter effects

Proposed CNM effects on heavy quark production at high energy include:
• Modified gluon densities - shadowing

• Parameterized in nuclear modified parton distribution functions 
(nPDF’s) such as EPS09

• Gluon saturation - Color Glass Condensate (CGC)
• Parton energy loss in cold nuclear matter
• Nuclear transverse momentum broadening

Additionally, for heavy quarkonia:
• Breakup of the bound state precursor by collisions with nucleons during 

the nuclear crossing 
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History of charmonium measurements in A+A

There is now a long history of studying charmonium in A+A collisions. 

√sNN 

(GeV)
Species Rapidity Experiment

17.3 Pb+Pb, In+In 0 < y < 1 NA50,NA60

19.4 S+U 0 < y < 1 NA38

64, 39 Au+Au -2.2 < y < -1.2 
1.2 < y < 2.2

PHENIX

193 U+U 2.2 < |y| < 1.2 PHENIX

200 Au+Au, Cu+Cu 2.2 < |y| < 1.2 
|y| < 0.5

PHENIX

200 Cu+Au -2.2 < y < -1.2 
1.2 < y < 2.2

PHENIX

2760 Pb+Pb |η| < 0.9, 2.5 < |η| <4 ALICE
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But direct comparison of the RAA values for different energies 
and rapidities has not been very instructive

Direct comparison of RAA 
values for energies from 
17.3 GeV to 200 GeV, at 
a range of rapidities.

The admixture of hot and 
cold nuclear matter 
effects varies strongly 
with energy and rapidity.

No obvious pattern with 
energy.
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Can cold nuclear matter effects be isolated?

There are two possible problems with parameterizing CNM effects on hard 
probes in p+A collisions and correcting the modification in A+A collisions:

1. It assumes that CNM effects and hot medium effects can be factorized. 
• In that case the CNM effects modify only the initial population of hard 

probes, changing the input sample to be modified by hot matter effects
• But there are models in which they do not factorize
• This is still an open question (I think)

2. It assumes that there are no hot matter effects in p+A collisions.
• There is now good evidence for collective effects in p+A collisions
• Looks like hydrodynamic expansion of a small hot spot
• What matters for our purposes here is whether there is any effect of this 

on hard probes!
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Hot matter effects in 
(p,d)+A collisions?

CMS, S. Chatrchyan et al., Phys. Lett. B724, 213 
(2013), [arXiv:1305.0609 [nucl-ex]]. 

ATLAS, G. Aad et al., Phys. Lett. B725, 60 (2013), 
[arXiv:1303.2084 [hep-ex]]. 

ALICE, B. Abelev et al., Phys. Lett. B719, 29 
(2013), [arXiv:1212.2001]. 

PHENIX, A. Adare et al., Phys. Rev. Lett. (2013), 
[arXiv:1303.1794 [nucl- ex]]. 

Substantial long range correlations in p+Pb and d+Au collisions, scales 
with multiplicity for CM energies differing by up to x25.  

Consistent with effects seen in Au+Au and Pb+Pb - which have been 
attributed to hydrodynamic effects. 

Well described by hydrodynamic calculations, although Glasma effects 
might explain it. Raises a possibility that we have hot matter effects in d+Au 
collisions that might affect our hard probe yields - return to this later.

Tuesday, April 8, 14



10

Review of some A+A data

Focus on comparing:
• Different rapidities at similar energies
• Different energies at similar rapidities.
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PHENIX charmonium detection
Dielectron measurements at midrapidity and dimuon measurements 
at forward/backward rapidity cover most of the kinematic region of 
interest at 200 GeV.

D, B  e±

J/ψ  e+e-

-0.35 < y < 0.35
Δ Φ = π

D, B  µ±

J/ψ  µ+µ-

-2.2 < y < -1.2
1.2<y<2.4
Δ Φ = 2π
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PHENIX J/ψ in Au+Au collisions - rapidity dependence at 200 GeV

The suppression is stronger at 
forward/backward rapidity than at 
midrapidity.

The energy density, reflected in 
the particle multiplicity, is larger at 
midrapidity.

So the suppression does not 
increase with increasing energy 
density.

Possible reasons:
• CNM effects 
• Coalescence
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PHENIX J/ψ in Au+Au collisions - energy dependence at 
forward rapidity 

The suppression is a little weaker 
perhaps at 62.4 GeV, and a little 
weaker still at 39 GeV.
So at fixed rapidity the 
suppression does increase slightly 
with increased energy density.

But the the observed RAA is 
predicted to be due to almost 
compensating destruction and 
regeneration (CNM corrected).
Zhao and Rapp, PRC 82, 064905 (2010)

PHENIX, PRC 86, 064901 (2012)
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Compared with 2.76 TeV ALICE data - forward rapidity

The ALICE J/ψ results show that at 
LHC energies the suppression is much 
reduced (compare blue and red for 
forward rapidity).

This is due to a much smaller RAA at 
low pT at RHIC energy. Combined with 
large v2 at LHC, but not at RHIC, this 
suggests that coalescence is important 
at LHC.

200 GeV Au+Au seems to be close to a 
minimum of RAA at low pT for the J/ψ. Similar situation at y=0
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U+U collisions
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16Why study J/ψ in U+U collisions?

The energy density in U+U is expected to be larger than that in Au+Au by 
15-20% (Kikola, Odyniec, Vogt, Phys.Rev. C84 (2011) 054907 ). 
This should lead to stronger suppression due to color screening.

The number of binary collisions is larger, which should lead to increased 
charm production by statistical coalescence.

These two effects will go in
opposite directions

Gluon shadowing is expected
to be similar for U+U, Au+Au

NJ/ 
stat / N2

c
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PHENIX J/ψ in U+U collisions - forward rapidity

The suppression seems to be a little weaker in U+U than in Au+Au at the 
same collision energy and rapidity. 

• Larger coalescence component wins?
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Cold nuclear matter effects

What kind of handle do we have on cold nuclear matter 
effects?
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Different collision energy and rapidity → different CNM effects

JHEP 0902:014 (2009)

Direct comparison of RAA 
data at different energies and 
different rapidities is not 
conclusive - CNM effects are 
known to vary strongly.

-1.2>y>-2.20.5>y>-0.52.2>y>1.2
39
62
200

Approximate PHENIX x coverage
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Systematic studies of effective breakup from 
shadowing corrected data are instructive

Method: fit effective σabs to shadowing corrected data.

Effective σabs extracted for 17.3 to 200 GeV collisions:
• Lourenco et al., JHEP02, 014 (2009).
• Arnaldi et al. (NA60), Nucl. Phys. A 830, 345C (2009). 
• McGlinchey et al., Phys.Rev. C87 (2013) 054910.

Caveats:
• All use central EKS98 or EPS09 - ie. nPDF uncertainties 

ignored.
• Effective σabs and shadowing only are considered.
• Breakup makes no sense on certain time scales (the effective 
σabs presumably covers up some other physics then).

Provides shadowing corrected effective absorption cross sections 
that can be systematically compared as a function of kinematics.
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Modification versus nuclear crossing time scale

J/ψ breakup by collisions with nucleons makes sense only on time 
scales larger than the charm pair formation time. 

Can we throw some light on reaction mechanisms by looking at J/ψ 
modification versus nuclear crossing time τ for the world’s σabs 
data?

τ varies with collision energy and very strongly with rapidity!

Large range!
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Modification vs time scale - PHENIX backward 
rapidity data

Scaling behavior at large τ consistent with a model of a color 
neutral charm pair expanding inside the nucleus (Arleo et al., 
Phys. Rev. C 61 (2000) 054906) fitted to shadowing corrected data 
(McGlinchey et al., Phys.Rev. C87 (2013) 054910). 

Nice fit to large τ data.

The behavior for
τ < 0.05 fm/c is clearly 
due to other physics.

Makes sense: for 
τ < 0.05 fm/c there
is no physical meson 
before the charm pair 
leaves the target.
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J/ψ modification at forward rapidity in p(d)+Au

Models of parton radiative energy loss (Arleo et al., JHEP 1305 
(2013) 155; Sharma and Vitev, Phys.Rev. C87 (2013) 044905) and 
absorption (Kopeliovich et al., Nucl.Phys. A864 (2011) 203; 
Ferriero et al., Few Body Syst. 53 (2012) 27).

These seem to describe J/ψ data over a broad CM energy range.

Arleo et al. JHEP 1305 (2013) 155
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J/ψ modification at forward rapidity in p(d)+Au

Gluon saturation model (Kharzeev et al., Nucl.Phys. A924 (2014) 
47).

Many models work well at 
forward rapidity!

Too many?
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Sanity check: J/ψ vs HF lepton modification in d+Au 
Comparison of pT dependence of J/ψ 
modification with that for open HF leptons 
is instructive.

Caveat: Different kinematics!

The J/ψ suppression at backward rapidity
is much stronger than for HF. 
•  Implies J/ψ is suppressed beyond the 
underlying HF production.

At forward rapidity they are similar.
•  Implies J/ψ suppressed at forward rapidity 
because the underlying HF is suppressed.

Consistent with 
• Breakup at backward rapidity
• A process like energy loss of a colored 
dipole in CNM at forward rapidity.
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Do hot matter effects modify J/ψ RΑΑ in d+Au?

Hot matter effects in d+Au and p+A collisions should destroy the 
scaling at large τ between the PHENIX and lower energy data.

Scaling seems to hold - argues that hot matter effects are ⋜ the 
uncertainties on the σabs extracted from inclusive J/ψ data.

But inclusive J/ψ data are
not very sensitive to the 
suppression of the weakly
bound psi’ (only ~10% 
feed down).

Perhaps the ψ’ might 
show an effect?
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Cu+Au collisions
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Cu+Au collisions

In Cu+Au collisions we expect to have:

• Hot matter effects that are 
• Strong (Npart up to ~ 200).
• Asymmetric in rapidity (Npart(Cu) < Npart(Au)).

• CNM effects at backward rapidity from gluon modification and long 
time scale dynamical processes (breakup by nucleon collisions).

• CNM effects at forward rapidity from gluon modification and short 
time scale dynamical processes (e.g. energy loss in CNM).
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Cu+Au - J/ψ invariant mass distributions
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Cu+Au collisions - Au+Au
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Add Cu+Au collisions - backward rapidity

arXiv:1404:1873
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Add Cu+Au collisions - forward rapidity

arXiv:1404:1873
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Cu+Au collisions - ratio forward/backward
Taking the ratio of forward/backward RAA values cancels some systematics. 

For non-peripheral events the forward rapidity suppression is larger by ~ 
20%.

The calculation is a simple 
model - uses EPS09 nPDF 
and a 4 mb effective 
absorption cross section at 
all rapidities.

• Not realistic!
• Reflects only the 

difference in shadowing.
• Shows shadowing effect 

is comparable with data, 
has the correct sign.

Increased suppression due to color screening would increase the ratio.

arXiv:1404:1873
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Conclusions
J/ψ suppression seems to be strongest at around 200 GeV. But the 
observed suppression involves both hot and cold matter effects - 
both rapidity dependent.
 

CNM effects at forward and backward rapidities reflect very 
different mechanisms, correspond to different nuclear crossing time 
scales for the charmonium precursor state.

U+U J/ψ suppression seems to be slightly less than Au+Au at the 
same rapidity.

Cu+Au shows significantly stronger suppression in the Cu-going 
direction, consistent with the direction and magnitude expected 
from differences in EPS09 shadowing between Cu and Au.
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