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Physics Issues for heavy-quark production in nuclei - Shadowing

• Shadowing of gluons → depletion of the small x gluons
• Very low momentum fraction partons have large size, overlap with neighbors, and 
fuse- thus enhancing higher population at higher momenta at the expense of lower 
momenta
• Or, coherent scattering resulting in destructive interference for coherence lengths 
longer than the typical intra-nucleon distance
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Eskola, Kolhinen, Vogt hep-ph/0104124

PHENIX µ
PHENIX e

E866 (mid-rapidity)
NA50

Q = 2 GeV5 GeV

10 GeV

Gerland, Frankfurt, Strikman,
Stocker & Greiner (hep-ph/9812322)



Nuclear effects of Quarkonium production
p + A at s1/2 = 38.8 GeV
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E772 data
Strong xF - dependence

Nuclear effects scale with xF, not x2

(should be checked at RHIC/LHC energies)

σ(p+A) = Aασ(p+N)



Nuclear effects of open-charm production
p + A → D + x   at s1/2 = 38.8 GeV

E789 open-aperture, silicon vertex + dihadron detection
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h+h- mass spectrum  
(after vertex cut)

D0 → K- π+

No nuclear effect for D 
production (at xF ~ 0)

Need to extend the measurements to large xF region 4



Comparison between the J/Ψ and Ψ’
nuclear effects

p + A → J/Ψ or Ψ’ at s1/2 = 38.8 GeV

α(xF) is largely the same for J/Ψ
and Ψ’ (except at xF ~ 0 region)

‘Universal’ behavior for α(pT) (similar 
for J/Ψ, Ψ’;   weak s1/2 dependence)
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Systematics of PT Broadening

Or flat?
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E866 - J/Ψ Nuclear dependence - even for Deuterium/Hydrogen

A = 1.2

A = 2

Preliminary

A = 1.35

A = 2

Preliminary

Nuclear dependence in deuterium seems to follow the systematics of larger nuclei, 
but with an effective A smaller than two.

From fits to E866/NuSea
p + Be, Fe, W data: )011.06.1()( 2

TTT ppAp ++∗=α
)034.052.1()( 2

FFF xxAx −−∗=α
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South Muon Arm North Muon Arm

Both PHENIX Muon 
Arms Operational in -
2002-2003 d-Au Run

1.2 < |η| < 2.4        
∆Φ = 2π
µ pmin ~ 2 GeV/c
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PHENIX pp (√s = 200 GeV) Results

J/Ψ seen in both central and muon arms. 
Resolutions in agreement with expectations. 

Run-2: hep-ex/307019
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√s Scaling

●Phenomenological fit for average pT; p = 0.531, q= 0.188 
●Cross-section well described by Color Evaporation Model.
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Radiographs of active area for 
South arm in run-II. (Three 
stations with 3 or 2 gaps each)

Sta-1

Sta-2

Sta-3

Vast improvement for present 
(run-III) after extensive repairs to 
electronics and HV during 
shutdown
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2003

Newly installed 
North Arm is   
working well

Gap-1

Sta-1

Sta-2

Sta-3

Gap-2 Gap-3

Gap-1 Gap-2 Gap-3



PHENIX J/Ψ’s in d-Au 
collisions!

12

South Muon Arm

North Muon Arm

North Muon Arm

NJ/Ψ = 644± 29 
σM = 180 MeV

σM = 150 MeV
NJ/Ψ = 842 ± 32 B
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J/Ψ → e+e-

in d-Au 
collisions

The peak looks 
healthy and  
width is close to 
the ideal result.
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PHENIX Centrality selected raw dimuon
mass distributions in d-Au
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Most central0-20%

Not corrected for efficiency and acceptance

NORTH ARM

0-20%

SOUTH ARM

60-88%

Signal to background and fitting of all 
contributions are currently under study

NJ/Ψ = 305±19 NJ/Ψ = 298±19

0-20%
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B

kg
d

su
bt

ra
ct

ed
R

aw
 C

ou
nt

s

Dimuon mass (GeV/c2)

B
kg

d
su

bt
ra

ct
ed

R
aw

 C
ou

nt
s

B
kg

d
su

bt
ra

ct
ed

R
aw

 C
ou

nt
s

Dimuon mass (GeV/c2)

Bk
gd

su
bt

ra
ct

ed
R

aw
 C

ou
nt

s

NJ/Ψ = 126±13NJ/Ψ = 66 ± 10 

60-88%



Confirming J/Ψ’s with new muon analysis code
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EKS

FGS
Kopeliovich

Klein and Vogt, Phys.Rev.Lett. 91 (2003) 142301 (nucl-th/0305046)



Centrality dependence for J/Ψ’s
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Two parameterizations of nuclear 
shadowing effect 

Theory Curves 
Klein and Vogt, nucl-th/0305046

Impact parameter dependence of shadowing: 
a function of the local density of the 
Au nucleus

Use Glauber Monte Carlo to 
determine <Ncoll> in impact 
parameter range from theory.

Theory points w/ relative statistical errors from fits to J/Ψ signal in d+Au collisions at 200GeV.

Theory points from Klein and Vogt, nucl-th/0305046

Eskola et al.

Frankfurt, Guzey, and 
Strikman (FGS)

NO SHADOWING



µ+µ- trigger efficiency problem

Low efficiency & associated substantial 
systematic uncertainty (worst in pp South arm):

• deep roads – 7/8 hits in 4 gaps (one horiz
& one vert in each gap)
• shallow roads – 3/4 hits in 2 gaps
• pp dimuon trigger is deep*shallow roads

• very sensitive to plane efficiency, e.g.
• εplane = 90% → εµµ = 64%

= 80% → εµµ = 27%
= 70% → εµµ = 11%

• but two methods give different εplane, especially 
for 1st gap
→ ~15% systematic uncertainty in R(dAu/pp)!!
• hard work by Nagle, Kelly & Colorado group  
and Hiroki to resolve discrepancy & get this 
systematic/efficiency under control – getting 
very close…

Caused by large beam 
backgrounds (non-
vertex) – i.e. lack of 
shielding from beam 
behind muon
identifiers in beam 
tunnel
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Vogt, hep-ph/9907317

Dependence of J/Ψ
absorption on xF
• weak in Ramona 
Vogt’s calculations
• but depends on balance 
between color-octet and 
singlet production

1 mb

7 mb

1 mb & 1 mb

3 mb & 19 mb

5 mb

20 mb

octet + singlet
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Kopeliovich, Tarasov, Hufner
Nucl.Phys. A696 (2001) 669-714
(hep-ph/0104256)

E866 data

+ dE/dx

Model:
• absorption
• Dynamic calculation of 
shadowing with color-dipole 
and of energy loss
• Also gluon anti-shadowing 
from Eskola

cc

absorption

+gluon shadowing

E866 J/Ψ suppression 
at large xF primarily 
from gluon 
shadowing and initial-
state gluon energy 
loss
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Gluon shadowing will 
affect both positive and 
negative rapidity in 
Au-Au collisions

Kopeliovich et al.
hep-ph/0104256



The reconstructed Z-vertex distribution for the J/ψ from B decays 
(solid line) and the prompt J/ψ (dashed line).

The pt distribution of muons that decay within 1cm of 
the collision vertex.

A schematic cut-away mechanical drawing of the proposed 
vertex detector  (from Hytec). 

PHENIX Silicon Vertex Upgrade

Physics Highlights:
• gluon shadowing & spin in 
the nucleon
• J/Ψ suppression & contrast 
to open-charm
• beauty
• heavy-quark energy loss
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Backup Slides
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2 Muon Trackers = 2 Muon Trackers = 
2x3 stations2x3 stations

2 Muon Identifiers 2 Muon Identifiers 
= 2x5 planes= 2x5 planes

South Arm: South Arm: 
Began operations
in 2001-2002 run.

North Arm:North Arm:
Installed in 2002. 

Acceptance : 1.2 < |η| < 2.4        
∆Φ = 2π
Muon minimum momentum ~ 2 GeV/c

MagnetMagnet
Muon IdentifiersMuon Identifiers

MuonMuon
12.512.5°°

3535°° 3535°°

10.510.5°°

TrackingTracking
StationsStations

PHENIX Muon Arms



Silicon Vertex Tracker in PHENIX

1.2<|η|<2.4|η|<1.2

Pixel barrels (50 µm x 425 µm)
Strip barrels (80 µm x 3 cm)
Pixel disks (50 µm x 2 mm)

Strawman design under investigation
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~1.0% X0 per layer
barrel resolution  < 50 µm 
forward resolution < 150 µm
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PHENIX: Run History

Run      Year         Species    s1/2 [GeV ]    ∫Ldt Ntot

01 2000          Au-Au         130          1 µb-1 10M 

02 2001/2002    Au-Au         200        24 µb-1 170M  

p-p 200          0.15 pb-1 3.7G   

03 2002/2003       d-Au         200         2.74 nb-1 5.5G

p-p 200          0.35 pb-1       6.6G   

20
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J/Ψ and Υ Polarization

E866/NuSea

)cos1(cos/ 2 ϑλϑσ += Add

•NRQCD based predictions (color 
octet model) necessary to explain 
CDF charm cross sections
•E866 J/Ψ measurement not in 
agreement with NRQCD based 
predictions [Beneke & Rothstein, 
PRD 54, 2005 (1996)] which give
0.31 < λ < 0.63
•J/Ψ complicated by feed-down 
(~40%) from higher mass states.

However Υ(2S+3S), which 
should not suffer from feed-
down, have maximal 
polarization consistent with 
the Octet model!

E866/NuSea – PRL 86, 2529 (2001).

)cos1(cos/ 2 ϑαϑσ += Add

DY Υ2S+3S

Y1S
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Feeding of J/Ψ’s from Decay of Higher Mass Resonances

E705 @ 300 GeV/c, PRL 
70, 383 (1993)

• Large fraction of J/Ψ’s are not 
produced directly

Proton Pion

χ,1,2 → J/Ψ 30% 37%

Ψ΄ → J/Ψ 5.5% 7.6%

• Nuclear dependence of parent 
resonance, e.g. χC is probably different 
than that of the J/Ψ
• e.g. in proton production ~30% of J/Ψ’s

will have effectively stronger absorption 
because they were actually more 
strongly absorbed (larger size) χC’s while 
in the nucleus

Meson M(GeV) R(Fm)
BE

(MeV)
J/Ψ 3.1 .45 ~640

Ψ΄ 3.7 .88 ~52

χC 3.5 .70

28



29

NA38/NA50 AA Results• Absorption only in cold nuclear 
matter of colliding nuclei 
cannot explain the data.

M.C. Abreu et al.,
Phys. Lett. B450, 456.

A. Capella, D. Sousa, 
nucl-th/0303055

• QGP-based models can explain 
the data.

• Absorption only in cold nuclear 
matter of colliding nuclei can 
also explain the data.



J/Ψ absorption, effect on Impact parameter dependence?

Simple calculation 
from Lars Gerland
• 40% reduction for 
central collisions?
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• J/Ψ and Ψ’ similar at large xF where they 
both correspond to a      traversing the 
nucleus
• but Ψ’ absorbed more strongly than J/Ψ
near mid-rapidity (xF ~ 0) where the 
resonances are beginning to be hadronized 
in nucleus
• open charm not suppressed (at xF ~ 0)

cc

800 GeV p-A (FNAL)
PRL 84, 3256 (2000)

Hadronized
J/Ψ?

cc

open charm: no A-dep
at mid-rapidityFNAL E866/NuSea
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Nuclear Dependence of charm in E866
ασσ ANA ∗=
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