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BES Motivation = CEP 

•  Limited	
  theoreDcal	
  guidance,	
  need	
  data	
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Baryon Chemical Potential µB (GeV) 

LQCD	
  EoS	
  and	
  
behavior	
  of	
  chiral	
  
suscepDbility	
  

Chiral	
  
effecDve	
  
models	
  

?	
  



PHENIX Data and Measurements 

•  QM12	
  
– π0	
  suppression	
  

•  PRL.109.152301	
  
–  J/psi	
  

•  PRC.86.064901	
  
– Flow,	
  FluctuaDons	
  

•  This	
  talk	
  
– MulDplicity	
  
– HBT	
  Radii	
  
– FluctuaDons	
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RHIC Run Year Species Energy Ldt
Run-1 2000 Au+Au 130 GeV 1 µb-1
Run-2 2001-2 Au+Au 200 GeV 24 µb-1
Run-2 Au+Au 19 GeV 0.4 µb-1

p+p 200 Gev 150 nb-1
Run-3 2002/3 d+Au 200 GeV 2.74 nb-1

p+p 200 GeV 0.35 nb-1
Run-4 2003/4 Au+Au 200 GeV 241 µb-1

Au+Au 62.4 GeV 9 µb-1
Run-5 2005 Cu+Cu 200 GeV 3 nb-1

Cu+Cu 62.4 GeV 0.19 nb-1
Cu+Cu 22.4 GeV 2.7 µb-1

Run-6 2006 p+p 200 GeV 10.7 pb-1
p+p 62.4 GeV 100 nb-1

Run-7 2007 Au+Au 200 GeV 813 µb-1
Run-8 2007/2008 d+Au 200 GeV 80 nb-1

p+p 200 GeV 5.2 pb-1
Au+Au 9.2 GeV

Run-9 2009 p+p 200 GeV 16 pb-1
p+p 500 GeV 14 pb-1

Run-10 2010 Au+Au 200 GeV 1.3 nb-1
Au+Au 62.4 GeV 100 µb-1
Au+Au 39 GeV 40 µb-1
Au+Au 7.7 GeV 260 mb-1

Run-11 2011 p+p 500 GeV 27 pb-1
Au+Au 200 GeV 915 µb-1
Au+Au 27 GeV 5.2 µb-1
Au+Au 19.6 GeV 13.7 M events

Run-12 2012 p+p 200 GeV 9.2 pb-1
p+p 510 GeV 30 pb-1
U+U 193 GeV 171 µb-1
Cu+Au 200 GeV 4.96 nb-1

Run-13 2013 p+p 510 GeV 156 pb-1
Run-14 2014 Au+Au 15 GeV 44.2 µb-1

Au+Au 200 GeV >1.5 nb-1



Multiplicity (quark) scaling 
10.1103/PhysRevC.89.044905	
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ParDcipant	
  quark	
  scaling	
  works	
  well	
  √sNN=	
  62-­‐200	
  GeV	
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Nucleon Scaling 
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ParDcipant	
  nucleon	
  scaling	
  works	
  well	
  √sNN	
  <=	
  27	
  GeV	
  
ImplicaDons	
  for	
  CEP	
  and	
  associated	
  signatures?	
  

see	
  poster	
  B-­‐10	
  by	
  Jeff	
  Mitchel	
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Typical 
Relations

R
long

  gives information about the life time

R
side

  gives information about the expansion radius

Rout  gives added information about the emission duration  

HBT BES Results 

2014-­‐05-­‐20	
   R.	
  Soltz	
  for	
  PHENIX	
  -­‐	
  Quark	
  Ma<er	
  2014	
   6	
  

0 0.05 0.1 0.15

) 
o
u
t

 (
q

2
C

1

1.2

1.4 39 GeV Au+Au
0-10%

0 0.050.10.15

) 
si

d
e

 (
q

2
C

1

1.2

1.4

0 0.05 0.1 0.15

) 
lo

n
g

 (
q

2
C

1

1.2

1.4

1

1.2

1.4 62 GeV Au+Au
0-10%

> = 0.53 GeV/cT<k

1

1.2

1.4

q (GeV/c)
0.05 0.1 0.15

1

1.2

1.4

1

1.2

1.4 200 GeV Au+Au
0-10%

1

1.2

1.4

0.05 0.1 0.15

1

1.2

1.4

1

1.2

1.4 200 GeV Cu+Cu
0-10%

1

1.2

1.4

0.05 0.1 0.15

1

1.2

1.4

�� ����
����������	

see	
  poster	
  I-­‐02	
  by	
  Alex	
  Mwai	
  

-  3D	
  Gaussian	
  fits	
  
-  Bertsch-­‐Pra<	
  coord.	
  
-  LCMS	
  (p1z+p2z=0)	
  
-  Coulomb	
  Corrected	
  



Ye Olde HBT formulae 
•  Formerly	
  used	
  to	
  understand	
  dynamics	
  
	
  	
  	
  	
  	
  before	
  era	
  of	
  mulD-­‐stage	
  models,	
  assumpDons	
  too	
  restricDve	
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R2side =
R2geo

1+ mT

T
βT
2

Rout
2 =

R2geo

1+ mT

T
βT
2
+βT

2 (Δτ )2

Rlong
2 ≈ τ 2

T
mT

K2

K1

Chapman,	
  Sco<o,	
  Heinz,	
  PRL.74.4400	
  (95)	
  

Makhlin,	
  Sinyukov,	
  ZPC.39.69	
  (88)	
   (R2out-­‐R2side)	
  sensiDve	
  to	
  emission	
  duraDon	
  

Ri = a+
b
mT

empirical	
  
fit	
  just	
  as	
  
effecDve	
  

AnDcipate	
  extended	
  emission	
  duraDon	
  with	
  1st	
  order	
  transiDon	
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mT scaling 

•  PHENIX	
  and	
  STAR	
  
consistent	
  
arxiv:1403.4972	
  	
  

•  all	
  radii	
  linear	
  
–  Ri=a+b/√mT	
  

•  Used	
  to	
  interpolate	
  to	
  
common	
  mT	
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Rlong	
   Rout	
   Rside	
  



Geometric Scaling 
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All	
  radii	
  linear	
  in	
  R,	
  all	
  slopes	
  linear	
  in	
  1/√mT	
  

For	
  0-­‐5%	
  central	
  R	
  =	
  σx/√2	
  =	
  σy/√2	
  	
  

1
R
2 =

1
σ x
2 +

1
σ y
2



HBT radii vs. √sNN 
•  PHENIX,STAR,ALICE	
  data	
  
•  mT=0.26	
  GeV	
  interpolaDons	
  
•  Rlong	
  decreasing	
  with	
  √sNN	
  
•  Rout,Rlong	
  curvature	
  differ	
  
from	
  Rside	
  

•  construct	
  raDos	
  and	
  
differences	
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Measures of emission duration 

•  Non-­‐monotonicity	
  in	
  Rout/Rside	
  
•  Subtract	
  √2R	
  to	
  (over)	
  esDmate	
  expansion	
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Emission duration and expansion/lifetime 

•  Non-­‐monotonicity	
  magnified	
  with	
  (Rout)2	
  –	
  (Rside)2	
  	
  
•  Rside/Rlong	
  indicaDve	
  of	
  expansion/lifeDme	
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Fluctuations in (s)PHENIX 
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•  SensiDve	
  to	
  correlaDon	
  length,	
  ξ	
  	
  	
  	
  	
  	
  	
  	
  	
  [LQCD] 
Variance :   σ 2 = <(ΔN)2> ~ ξ2     [x(2)/x(1)] 
Skewness:  Sσ = <(ΔN)3>/σ2 ~ ξ5.5                      [x(3)/x(2)] 
Kurtosis:  Kσ 2 = <(ΔN)4>/σ2-3σ 2~ ξ9             [x(4)/x(2)] 
•  Quark	
  susc.,	
  x,	
  LQCD	
  calculate	
  directly	
  (μ=0)	
  

–  for	
  	
  μ>0,	
  higher	
  order	
  terms	
  needed	
  

•  sPHENIX	
  in	
  2019	
  (Dming	
  is	
  of	
  the	
  essence)	
  
	
  strong	
  interest	
  in	
  BES-­‐2	
  physics	
  
	
  large	
  acceptance	
  detectors:	
  VTX,	
  Si,	
  TPC	
  



BES2 sPHENIX (wishful) projections 
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  Whitepaper	
  

PRL.105.022302	
  



Summary Conclusions 
•  Nucleon	
  Scaling	
  below	
  27	
  GeV	
  

–  implicaDons	
  for	
  other	
  CEP	
  signatures	
  ?!	
  

•  Non-­‐monotonic	
  behavior	
  in	
  Rout:Rside	
  raDos	
  and	
  
differences,	
  	
  Rside:Rlong	
  (expansion/lifeDme)	
  
–  if	
  locaDon	
  at	
  sovest	
  EoS,	
  peak	
  height	
  holds	
  key	
  to	
  
transiDon	
  order	
  	
  

– consider	
  change	
  to	
  nucleon	
  dominated	
  freeze-­‐out	
  	
  
– mulD-­‐stage	
  modeling	
  needed	
  for	
  HBT	
  

•  sPHENIX	
  has	
  strong	
  interest	
  in	
  BES-­‐2	
  physics	
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Backup 

•  Starts	
  here.	
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STAR Results 
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HBT radii vs. √sNN 
•  STAR	
  arxiv:1403.4972	
  
•  evidence	
  for	
  1st	
  order	
  behavior	
  
not	
  readily	
  apparent	
  

•  construct	
  raDos	
  and	
  differences	
  
•  interpolate	
  to	
  common	
  mT	
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mT = 0.19 GeV 

�� ����
����������	

2014-­‐05-­‐20	
   R.	
  Soltz	
  for	
  PHENIX	
  -­‐	
  Quark	
  Ma<er	
  2014	
   19	
  



mT = 0.19 GeV 
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mT = 0.33 GeV 
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mT = 0.33 GeV 
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Net Charge Distributions 

•  Correlation length related to moments of conserved quantities including net charge 
•  Correlation length should diverge at the critical point in the phase diagram  

Net-­‐charge	
  (ΔNq	
  =	
  N+	
  -­‐	
  N-­‐	
  )	
   Net-­‐charge	
  (ΔNq	
  =	
  N+	
  -­‐	
  N-­‐	
  )	
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Net Charge Moments  
They scale as correlation length	
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√sNN Dependence of Net Charge Fluctuations 
• 	
  Neither K nor S vary with 
centrality at 7.7, 39, 62.4 and 
200 GeV  
•  Kurtosis vs energy is flat 
within errors 
•  Skewness tracks UrQMD 
prediction 
•  Analysis of data sets from √s 
= 19.6, 27 GeV still to be 
completed 
	
  
	
  
	
  

UrQMD	
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