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Physics	
  of	
  Heavy	
  Ion	
  Collisions	
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  baseline	
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•  Hadrons	
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Outstanding	
  Ques<ons	
  in	
  Heavy	
  Ion	
  	
  Physics	
  
LHC	
  ~	
  RHIC!	
  

•  Parton	
  dE/dx	
  &	
  QGP	
  
proper<es	
  
(NSAC	
  DM10,	
  12)	
  
–  Radia<on	
  &	
  collisional	
  dE/dX	
  	
  

•  Light	
  vs	
  heavy	
  quarks	
  	
  
–  CNM	
  effects	
  

•  QGP	
  color	
  screening	
  &	
  heavy	
  
quarkonia	
  “mel<ng”	
  
(NSAC	
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–  Color	
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The	
  first	
  unambiguous	
  determina9on	
  of	
  quark	
  dE/dx	
  with	
  DY	
  at	
  E906!	
  



Outstanding Questions in Heavy Ion Physics 
Jet Quenching and QGP Properties 

•  Various parton energy loss mechanisms  

–  Radiative energy loss 
•  e.g. DGLV, BDMPS, AMY … 

–  Collisional energy loss  

6	



RAA ~ !QGP (x) ![
dE
dx
(q̂)]!dx"

< q̂ >=
kT
2

L
!
µ 2

!
= 2 ~ 20GeV 2 fm

Theoretical quenching  factor 
- much model dependent! 

2/20/12	
   Ming	
  Liu	
  @E906	
  Collab.	
  Mtg.	
  



7	



Determine and Calibrate dE/dx with DY in p+A 

/dE dx!

q, g	

 q

q

µ+

µ!

q+ q! !*! µ+ +µ" (Drell-Yan Process)	



•  Known initial state nuclear 
parton density;  

•  Minimal final-state 
interactions of the detected 
particles. 

•  E906: No shadowing 
correction at moderate Xt 

Energy loss reduces xb and xF in 
nuclei versus proton (xF = xb-xt)	



DY	



euterium	



d 2!
dxtdxb

!
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Fermi-motion regions, and different parameters are assigned to the three functions in
each NPDF. Schienbein et al.’s analysis used a functional form of polynomials of x
combined with exponential functions [5]. Used data sets are similar; however, the EPS
[4] included some of the RHIC data and Schienbein et al. [5] also used NuTeV neutrino
data. There are other works by Kulagin and Petti (KP) [6] and Frankfurt, Guzey, and
Strikman (FGS) [7]. The KP method is to determine off-shell structure functions of the
nucleon by calculating other nuclear modifications in conventional models with binding,
Fermi motion, and multiple scattering. The FGS method is mainly intended to describe
the small-x shadowing part by the multiple scattering.

FIGURE 1. Nuclear modifications in lead [4].

Nuclear modifications of the PDFs are
determined by !2 analyses of world data
on the structure-function F2 ratios FA2 /F

A′
2 ,

Drell-Yan cross-section ratios " pA
DY /"

pA′
DY ,

RHIC dA data, and neutrino-DIS structure
functions. Typical results are shown in Fig.
1 for nuclear modifications of the lead nu-
cleus at Q2=1.69 and 100 GeV2. Three dif-
ferent parametrizations are shown together
with uncertainty bands. Although the three
groups used different parametrizations for
the x dependence and slightly different data
sets, the determined distributions roughly agree with each other within the uncertainty
bands. There are large uncertainties in the antiquark distributions at medium and large
x and in the gluon distribution at whole x. They should be determined by future experi-
mental measurements.
The studies of nuclear modifications could affect the NuTeV anomaly on the weak-

mixing angle. The NuTeV anomaly has been a long-standing issue that the mixing angle
measured by the NuTeV neutrino DIS, sin2 #W = 0.2277±0.0013(stat)±0.0009(syst),
is different from other measurements, sin2 #W = 0.2227±0.0004 [8]. In extracting the
mixing angle from neutrino DIS, there is a Paschos-Wolfenstein (PW) relation for the
isoscalar nucleon. There are various corrections to use it for the iron target in the NuTeV
experiment:

"$A
NC−"$̄A

NC
"$A
CC −"$̄A

CC
=
1
2
−sin2 #W +(Z #= N)+(wuv #= wdv)+(u

p #= dn)+(s #= s̄)+(c #= c̄) , (3)

where "$A
CC and "

$A
NC are charged-current (CC) and neutral-current (NC) cross sections,

respectively, in neutrino-nucleus DIS. The parentheses (· · ·) indicate various corrections
to the PW relation. The obvious non-isoscalar correction (Z #= N) is taken into account
in the NuTeV analysis, so that it should not be the origin of the anomaly.
First, since the NuTeV target is the iron nucleus, the anomaly could come from

nuclear modification difference between uv and dv. In particular, baryon-number and
charge conservations indicate that the modifications should be different between uv
and dv [9]. However, the current data are not enough to probe such a small effect
by a global NPDF analysis [9]. According to Cloët, Bentz, and Thomas, the nuclear
modification is larger for u quark than the one for d due to vector mean field which is
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Quark	
  Energy	
  Loss	
  in	
  Cold	
  Nuclear	
  Medium	
  
Drell-­‐Yan	
  @E866	
  
(PRL	
  86	
  (2001)	
  4483)	
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  GeV	
  

7<M<8	
  GeV	
  

-­‐	
  Drell-­‐Yan	
  Suppression	
  	
  ~20%	
  in	
  p+W	
  

-­‐ 	
  <dE/dx>	
  strongly	
  depends	
  on	
  
shadowing	
  correc<on	
  

-­‐ 	
  xt	
  ~	
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E906 Acceptance and Dimuon Mass Distributions 

Acceptance xt	



xb	



6

MJ/ψ ≤ Q ≤ MΥ kinematic range. A secondary goal
of E906 is to precisely determine cold nuclear matter
energy loss. Its low center of mass energy per nucleon
pair

√
sNN = 15 GeV allows a selection of the dilepton

mass which practically eliminates shadowing effects. In
contract, nuclear stopping is expected to be even more
important at these energies.

Next, let us review again the prerequisites for the de-
termination of the stopping power of cold nuclear matter
and its radiation length X0. First, one needs to iden-
tify the part of phase space where shadowing effects are
minimal (we are interested specifically in the Drell-Yan
process). Second, experimental measurements must es-
tablish a statistically significant suppression of the dilep-
ton production cross section in p+A reactions RDY

pA < 1
at large xF . Third, one has to confirm an approximately
linear dependence of RDY

pA on the nuclear size A1/3. Note

that the A1/3 dependence of the∆Erad. is correlated with
a linear dependence on the parton energy. This will allow
for a proper extraction of X0.

Our numerical results, relevant to the E906 program,
are presented in Figure 4. We have chosen to consider
dσDY /dxF dQ2 versus Feynman xF for Q = 4.5 GeV,
and have carried out simulations for deuterium, carbon,
iron, and tungsten targets. In order to obtain the ratio
defined in Eq. (17), we have normalized the nuclear cross
sections to that of a D target which minimizes any trivial
isospin dependence. In all cases, the effects of shadow-
ing, which are shown with dashed lines in Figure 4, are
negligible. On the other hand, energy loss effects, repre-
sented by solid lines for three different radiation lengths
X0 = 30 fm, 50 fm and 160 fm, can clearly be detected,
especially for large values of xF . We have also included
in Figure 4 simulated experimental data which shows the
anticipated E906 statistical precision forRDY

WD [43]. With
careful selection of the heavy nuclear targets, such as Fe
and W, and the lepton pair kinematics, the two com-
peting pictures for the physics that underlays the sup-
pression of dilepton production in p+A reactions can be
definitively confirmed or refuted. As seen in Figure 4,
the radiation length of cold nuclear matter for quarks
can likely be constrained with ∼ 20% accuracy.

The bottom right panel in Figure 4 shows the atten-
uation of the Drell-Yan cross section at a fixed value of
xF = 0.9 versus the linear size ∼ A1/3 of the target nu-
cleus. Our results reflect the fact that initial-state energy
loss of quarks and gluons prior to a large Q2 scatter-
ing depends approximately linearly on the path length
through strongly interacting matter. This is in contrast
to final-state energy loss where quadratic path-length de-
pendence [2–4] would suggest A2/3 scaling of the attenu-
ation of the lepton pair production rate. E906 measure-
ments will also help clarify this open question.

0.6

0.8

1

1.2

Ra
tio

 (A
/D

)

X0 ~ 160 fm
X0 ~ 50 fm
X0 ~ 30 fm

0.2 0.4 0.6 0.8 1xF

0.2 0.4 0.6 0.8xF

0.4
0.6
0.8
1

1.2

Ra
tio

 (A
/D

)

EKS shadowing parameterization
Initial-state energy loss calculations

2 3 4 5 6
A1/3

0.4
0.6
0.8
1

1.2

σ(
A)

/σ
(D

)

A = C

A = Fe

 A = W

Q = 4.5 GeV

C Al Fe W

xF = 0.9

Anticipated E906 statistcal acuracy

FIG. 4: Next-to-leading order theoretical predictions for the
Drell-Yan dimuon cross section attenuation σ(p+A)/σ(p+D)
at Fermilab’s E906. As with Figure 3, the curves include shad-
owing effects (dashed line) or initial-state energy loss (solid
lines), respectively. We have considered three different radia-
tion lengths X0 of quarks in large nuclei, ranging from 30 fm
to 160 fm. The lower right panel highlights the difference be-
tween the two physics scenarios at large xF as a function of
A1/3.

V. SUMMARY AND CONCLUSIONS

One of the most pressing current questions in the the-
ory and phenomenology of heavy ion reactions at high
energies is related to the stopping power of cold nu-
clear matter for energetic quarks and gluons. Plenti-
ful experimental evidence and theoretical justification
exist for the significance of initial-state energy loss ef-
fects [8, 9, 12, 13, 15–17, 19]. It is, therefore, unfortu-
nate that attempts to precisely determine their strength
have so far been inconclusive. These earlier studies em-
ployed a functional form for the energy loss that might
have been better-suited to describe final-state scattering
processes in the QGP, and yielded large uncertainties for
−dE/dx [16, 24, 25, 28]. Little is known quantitatively
for the interactions of partons and hadrons in cold nu-
clear matter beyond the interaction lengths, or mean free
paths, for selected few species, such as protons or al-
pha particles. Only recently have developments in the
theory of quark and gluon propagation in cold nuclear
matter suggested that initial-state energy loss in QCD
retains certain characteristics of induced electromagnetic
bremsstrahlung [12]. Thus, it can be described in terms
of a radiation length X0. A real opportunity exists today
to determine this shortest radiation length in nature.

To this end, we have embarked on a program to de-
veloped the theoretical tools that can both motivate
and facilitate the upcoming E906 experimental p+A pro-
gram. To ensure that the baseline differential Drell-Yan
cross sections in elementary nucleon-nucleon reactions
are reliably estimated, we opted for a next-to-leading or-
der accuracy of the perturbative QCD calculation. The
new simulation tool was validated against Fermilab’s

EKS shadowing	
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Fermi-motion regions, and different parameters are assigned to the three functions in
each NPDF. Schienbein et al.’s analysis used a functional form of polynomials of x
combined with exponential functions [5]. Used data sets are similar; however, the EPS
[4] included some of the RHIC data and Schienbein et al. [5] also used NuTeV neutrino
data. There are other works by Kulagin and Petti (KP) [6] and Frankfurt, Guzey, and
Strikman (FGS) [7]. The KP method is to determine off-shell structure functions of the
nucleon by calculating other nuclear modifications in conventional models with binding,
Fermi motion, and multiple scattering. The FGS method is mainly intended to describe
the small-x shadowing part by the multiple scattering.

FIGURE 1. Nuclear modifications in lead [4].

Nuclear modifications of the PDFs are
determined by !2 analyses of world data
on the structure-function F2 ratios FA2 /F

A′
2 ,

Drell-Yan cross-section ratios " pA
DY /"

pA′
DY ,

RHIC dA data, and neutrino-DIS structure
functions. Typical results are shown in Fig.
1 for nuclear modifications of the lead nu-
cleus at Q2=1.69 and 100 GeV2. Three dif-
ferent parametrizations are shown together
with uncertainty bands. Although the three
groups used different parametrizations for
the x dependence and slightly different data
sets, the determined distributions roughly agree with each other within the uncertainty
bands. There are large uncertainties in the antiquark distributions at medium and large
x and in the gluon distribution at whole x. They should be determined by future experi-
mental measurements.
The studies of nuclear modifications could affect the NuTeV anomaly on the weak-

mixing angle. The NuTeV anomaly has been a long-standing issue that the mixing angle
measured by the NuTeV neutrino DIS, sin2 #W = 0.2277±0.0013(stat)±0.0009(syst),
is different from other measurements, sin2 #W = 0.2227±0.0004 [8]. In extracting the
mixing angle from neutrino DIS, there is a Paschos-Wolfenstein (PW) relation for the
isoscalar nucleon. There are various corrections to use it for the iron target in the NuTeV
experiment:

"$A
NC−"$̄A

NC
"$A
CC −"$̄A

CC
=
1
2
−sin2 #W +(Z #= N)+(wuv #= wdv)+(u

p #= dn)+(s #= s̄)+(c #= c̄) , (3)

where "$A
CC and "

$A
NC are charged-current (CC) and neutral-current (NC) cross sections,

respectively, in neutrino-nucleus DIS. The parentheses (· · ·) indicate various corrections
to the PW relation. The obvious non-isoscalar correction (Z #= N) is taken into account
in the NuTeV analysis, so that it should not be the origin of the anomaly.
First, since the NuTeV target is the iron nucleus, the anomaly could come from

nuclear modification difference between uv and dv. In particular, baryon-number and
charge conservations indicate that the modifications should be different between uv
and dv [9]. However, the current data are not enough to probe such a small effect
by a global NPDF analysis [9]. According to Cloët, Bentz, and Thomas, the nuclear
modification is larger for u quark than the one for d due to vector mean field which is
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Experimental	
  Sensi<vity	
  to	
  Quark	
  Energy	
  Loss	
  

•  Shortest	
  radia<on	
  length	
  in	
  nature	
  X0	
  	
  
=	
  1	
  	
  x	
  10-­‐13	
  m	
  

•  Clearly	
  dis<nguish	
  between	
  leading	
  
models	
  for	
  L	
  dependence	
  of	
  E-­‐loss	
  

•  Benchmark	
  dE/dx	
  models	
  
	
  
	
  
	
  

Quark energy loss only I. Vitev et al 

! 

"
dE
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=
E
X0
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E906	
  2012	
  Run:	
  Expected	
  Sta<s<cs	
  
•  Run	
  plan:	
  4~5	
  weeks	
  of	
  physics	
  run	
  

–  p+A	
  and	
  p+d	
  ?	
  
–  p+H	
  and	
  p+d?	
  

•  Beam	
  condi<ons	
  
–  2.5	
  x	
  10^11/	
  sec	
  for	
  4	
  sec	
  per	
  minute	
  
–  E906	
  efficiency	
  50%	
  
–  If	
  lower	
  field	
  for	
  J/Psi,	
  expect	
  higher	
  

rate	
  in	
  detectors,	
  need	
  to	
  reduce	
  
beam	
  intensity	
  to	
  1x10^11/sec	
  	
  

•  Protons	
  on	
  targets	
  
–  (1x10^11)	
  x	
  (4	
  sec)	
  x	
  (4	
  weeks	
  x	
  7	
  x	
  24	
  

x	
  60	
  minutes)	
  x	
  50%	
  
	
  	
  	
  	
  	
  =	
  1x10^11	
  x	
  1.6x10^5	
  x	
  0.5	
  	
  
	
  	
  	
  	
  	
  =	
  0.8	
  x	
  10^16	
  	
  	
  	
  

•  Effec<ve	
  Target	
  thickness	
  
–  Target:	
  ~10%	
  interac<on	
  length	
  	
  
–  0.8	
  x	
  10^15	
  p+(p/n)	
  collisions	
  	
  	
  

N = L!! =10%!0.8!1016 = 0.8!1015

! NN " 40mb

s =15.1GeV
L = 0.8#1015 / 40mb = 20 fb$1
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Expected	
  Detector	
  Performance	
  
•  Reasonable	
  J/Psi	
  and	
  Drell-­‐Yan	
  

separa<on	
  	
  
–  Drell-­‐Yan:	
  M>4GeV	
  

•  Improved	
  tracking	
  to	
  separate	
  
tracks	
  from	
  target	
  and	
  beam	
  dump	
  

E906 Bend 
Plane View	



Muon ID	



μ

120 GeV	


protons	



Drift	


Chambers	



2/20/12	
   Ming	
  Liu	
  @E906	
  Collab.	
  Mtg.	
   14	
  

Rec’d	
  primary	
  vtx	
  
from	
  Kun	
  Liu	
  !"#$%#&'()"*+,'#-"./01&2+3"2'#'.4%(

5%#63+4(+27'(*+
!  84("9.1(4(-+%$+.:"+2'#'&"."#3+.%+4&2#%;"+2"#$%#&'()"++
!  <+74-:.9="4-:.">?+$'3."#+.#')6+"@.#'2%7'.%#+=4.:%1.+A"'(.B+
!  C"#."@+D4..4(-+134(-+E'-#'(-"+&17.4274"#+.%+4&2#%;"+.'#-"./>1&2+

3"2'#'.4%(+'(>+#"3%71.4%(

F'34)+4>"'+G$%#+34(-7"+.#')6H*++
•  IJ2%.:"343+."3.+=4.:+.:"+%$++KL+%$+.'#-"./

>1&2+'331&2.4%(3+
•  M%##").+.:"+3.'."+2'#'&"."#+'(>+3=4&+.%+

.:"+2%4(.+=4.:+)7%3"3.+'22#%'):+
!"#$%&'%(%)&*+',-.- /012'%(%)&*+'3.4-

N>"(.4D4">+'3+.'#-". <3+>1&2 <3+.'#-". <3+>1&2
O%+)1. PQRGSTUH BLVGBVUH WVTGTXWUH PPPTGTQUH

YKL+Z+S LPWGLPUH RVGWXRUH PLGQXRUH [[TPGBPUH

YKL+Z+VQ VBPGVBUH LSGLXBUH LLGQX[UH VWRQGLBUH

,'#-".
01&2

\'-"(.'*+O%+YKL+)1.+
F71"*+++++++++,4-:.+YKL+)1.

!"#$%#&'()"*+,'#-"./01&2+3"2'#'.4%(

5%#63+4(+27'(*+
!  84("9.1(4(-+%$+.:"+2'#'&"."#3+.%+4&2#%;"+2"#$%#&'()"++
!  <+74-:.9="4-:.">?+$'3."#+.#')6+"@.#'2%7'.%#+=4.:%1.+A"'(.B+
!  C"#."@+D4..4(-+134(-+E'-#'(-"+&17.4274"#+.%+4&2#%;"+.'#-"./>1&2+

3"2'#'.4%(+'(>+#"3%71.4%(

F'34)+4>"'+G$%#+34(-7"+.#')6H*++
•  IJ2%.:"343+."3.+=4.:+.:"+%$++KL+%$+.'#-"./

>1&2+'331&2.4%(3+
•  M%##").+.:"+3.'."+2'#'&"."#+'(>+3=4&+.%+

.:"+2%4(.+=4.:+)7%3"3.+'22#%'):+
!"#$%&'%(%)&*+',-.- /012'%(%)&*+'3.4-

N>"(.4D4">+'3+.'#-". <3+>1&2 <3+.'#-". <3+>1&2
O%+)1. PQRGSTUH BLVGBVUH WVTGTXWUH PPPTGTQUH

YKL+Z+S LPWGLPUH RVGWXRUH PLGQXRUH [[TPGBPUH

YKL+Z+VQ VBPGVBUH LSGLXBUH LLGQX[UH VWRQGLBUH

,'#-".
01&2

\'-"(.'*+O%+YKL+)1.+
F71"*+++++++++,4-:.+YKL+)1.



DY	
  Produc<on	
  p+p	
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  K	
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•  DY	
  cross	
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  M	
  >4	
  	
  GeV	
  
	
  	
  	
  	
  @120	
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  (PYTHIA	
  LO)	
  

•  1	
  f	
  +	
  xar	
  -­‐>	
  gamma*/Z0,	
  	
  	
  
–  Sigma	
  =	
  5.442D-­‐08	
  mb,	
  M	
  >	
  4GeV	
  

•  K	
  =	
  2.5,	
  	
  
–  sigma	
  =	
  2.5	
  x	
  5.5	
  x	
  10^-­‐8mb	
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  =	
  20	
  x^-­‐1	
  *	
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  2.8	
  x	
  10	
  ^6	
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  events	
  -­‐>	
  11,808	
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  Drell-­‐Yan	
  Dimuon	
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Black:	
  generated	
  
Red:	
  detected	
  	
  

E906	
  Efficiencies:	
  
DY	
  (M>4)	
  =	
  	
  6.4%	
  
	
  
DY-­‐>	
  dimuons	
  
	
  N	
  =	
  410K	
  x	
  6.4%	
  	
  
	
  	
  	
  	
  	
  =	
  26000	
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Drell-­‐Yan	
  Summary	
  

•  Prefer	
  W	
  target	
  
–  20~30%	
  suppression	
  	
  	
  
–  but	
  Fe	
  is	
  OK,	
  smaller	
  effect	
  

•  p+d	
  and	
  p+W	
  
–  50%	
  split	
  in	
  beams	
  	
  

•  DY:	
  Dimuon_mass	
  >	
  4GeV	
  	
  

6

MJ/ψ ≤ Q ≤ MΥ kinematic range. A secondary goal
of E906 is to precisely determine cold nuclear matter
energy loss. Its low center of mass energy per nucleon
pair

√
sNN = 15 GeV allows a selection of the dilepton

mass which practically eliminates shadowing effects. In
contract, nuclear stopping is expected to be even more
important at these energies.

Next, let us review again the prerequisites for the de-
termination of the stopping power of cold nuclear matter
and its radiation length X0. First, one needs to iden-
tify the part of phase space where shadowing effects are
minimal (we are interested specifically in the Drell-Yan
process). Second, experimental measurements must es-
tablish a statistically significant suppression of the dilep-
ton production cross section in p+A reactions RDY

pA < 1
at large xF . Third, one has to confirm an approximately
linear dependence of RDY

pA on the nuclear size A1/3. Note

that the A1/3 dependence of the∆Erad. is correlated with
a linear dependence on the parton energy. This will allow
for a proper extraction of X0.

Our numerical results, relevant to the E906 program,
are presented in Figure 4. We have chosen to consider
dσDY /dxF dQ2 versus Feynman xF for Q = 4.5 GeV,
and have carried out simulations for deuterium, carbon,
iron, and tungsten targets. In order to obtain the ratio
defined in Eq. (17), we have normalized the nuclear cross
sections to that of a D target which minimizes any trivial
isospin dependence. In all cases, the effects of shadow-
ing, which are shown with dashed lines in Figure 4, are
negligible. On the other hand, energy loss effects, repre-
sented by solid lines for three different radiation lengths
X0 = 30 fm, 50 fm and 160 fm, can clearly be detected,
especially for large values of xF . We have also included
in Figure 4 simulated experimental data which shows the
anticipated E906 statistical precision forRDY

WD [43]. With
careful selection of the heavy nuclear targets, such as Fe
and W, and the lepton pair kinematics, the two com-
peting pictures for the physics that underlays the sup-
pression of dilepton production in p+A reactions can be
definitively confirmed or refuted. As seen in Figure 4,
the radiation length of cold nuclear matter for quarks
can likely be constrained with ∼ 20% accuracy.

The bottom right panel in Figure 4 shows the atten-
uation of the Drell-Yan cross section at a fixed value of
xF = 0.9 versus the linear size ∼ A1/3 of the target nu-
cleus. Our results reflect the fact that initial-state energy
loss of quarks and gluons prior to a large Q2 scatter-
ing depends approximately linearly on the path length
through strongly interacting matter. This is in contrast
to final-state energy loss where quadratic path-length de-
pendence [2–4] would suggest A2/3 scaling of the attenu-
ation of the lepton pair production rate. E906 measure-
ments will also help clarify this open question.
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FIG. 4: Next-to-leading order theoretical predictions for the
Drell-Yan dimuon cross section attenuation σ(p+A)/σ(p+D)
at Fermilab’s E906. As with Figure 3, the curves include shad-
owing effects (dashed line) or initial-state energy loss (solid
lines), respectively. We have considered three different radia-
tion lengths X0 of quarks in large nuclei, ranging from 30 fm
to 160 fm. The lower right panel highlights the difference be-
tween the two physics scenarios at large xF as a function of
A1/3.

V. SUMMARY AND CONCLUSIONS

One of the most pressing current questions in the the-
ory and phenomenology of heavy ion reactions at high
energies is related to the stopping power of cold nu-
clear matter for energetic quarks and gluons. Plenti-
ful experimental evidence and theoretical justification
exist for the significance of initial-state energy loss ef-
fects [8, 9, 12, 13, 15–17, 19]. It is, therefore, unfortu-
nate that attempts to precisely determine their strength
have so far been inconclusive. These earlier studies em-
ployed a functional form for the energy loss that might
have been better-suited to describe final-state scattering
processes in the QGP, and yielded large uncertainties for
−dE/dx [16, 24, 25, 28]. Little is known quantitatively
for the interactions of partons and hadrons in cold nu-
clear matter beyond the interaction lengths, or mean free
paths, for selected few species, such as protons or al-
pha particles. Only recently have developments in the
theory of quark and gluon propagation in cold nuclear
matter suggested that initial-state energy loss in QCD
retains certain characteristics of induced electromagnetic
bremsstrahlung [12]. Thus, it can be described in terms
of a radiation length X0. A real opportunity exists today
to determine this shortest radiation length in nature.

To this end, we have embarked on a program to de-
veloped the theoretical tools that can both motivate
and facilitate the upcoming E906 experimental p+A pro-
gram. To ensure that the baseline differential Drell-Yan
cross sections in elementary nucleon-nucleon reactions
are reliably estimated, we opted for a next-to-leading or-
der accuracy of the perturbative QCD calculation. The
new simulation tool was validated against Fermilab’s

EKS shadowing	
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CNM effects appear to provide a large fraction of the observed 
suppression 
•  So difficult to conclude much w/o a thorough (fundamental) 
understanding of CNM and an informed extrapolation to A+A from d+A	
  

QGP	
  Physics:	
  Quarkonia	
  Suppression	
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  Importance	
  of	
  CNM	
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MJL & Vogt began these model comparisons years ago; continuing now with 
Colorado, FSU working with these in more quantitative and informative ways 



J/Psi	
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  p+p	
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  cross	
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–  Data:	
  ~	
  50	
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E906	
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  Dimuon	
  Acceptance	
  	
  

Black:	
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Red:	
  detected	
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With Boer-Mulders function h1
┴:  

ν(π-Wàµ+µ-X)~ [valence h1
┴(π)]  * [valence h1

┴(p)] 

ν(pdàµ+µ-X)~ [valence h1
┴(p)] * [sea h1

┴(p)]  

Azimuthal	
  cos2Φ	
  Distribu<on	
  in	
  π+W	
  and	
  p+d	
  Drell-­‐Yan	
  
E866 Collab., Lingyan Zhu et al.,                    

   PRL 99 (2007) 082301; PRL 102 (2009) 182001	
  

Sea-quark BM functions are much smaller than valence quarks 

Smallνis	
 observed	
 
for	
 p+d	
 D-Y	
 

M.	
  Liu	
  @GHP2011	
  

J.C.	
  Peng	
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E906 Sensitivity to Quark Energy Loss 

•  For radiation lengths  X0  = 1  x 10-13 cm 
can achieve sensitivity ~ 20%     

  
 
 
 
 

•  Clearly distinguish between leading 
models for L dependence of E-loss (5σ) 

 

 

  

Simulated Quark energy loss only 

1/3 (or )A LE!" ! !

2/3 2(or )E A L!" ! !

from Vitev	
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Process	
  Dependence	
  of	
  Parton	
  Energy	
  Loss	
  

•  E-loss in three cases  

Academic case  
(probably inapplicable)  ‏

Initial-state E loss: 
DY process  

Final-state E loss: 
SDIS, QGP  
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