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Motivations: 
1. Investigate Evolution of Charge Content (u,d,s)  

Extract/confirm 𝛘ab(𝞽) 
2. Diffusion Constant for Light Quarks 
3. Background for CME Signal



CORRELATIONS & SUSCEPTIBILITIES
Cab(r1, r2) = h�⇢a(r1)�⇢b(r2)iZ

dr2 Cab(r1, r2) = 0, (finite system)
Z

dr2 Cab(r1, r2) = �ab(r1) =
1

⌦
h�Qa�Qbi, (equilibrium)
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Cab(r1, r2) ⇡ �ab(r1)�(r1 � r2) + C 0
ab(r1, r2)
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WE MODEL C’

GASES
�hadron
ab =

X

h

nhqhaqhb

�QGP
ab = (na + nā)�ab
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FROM C’ TO MEASUREMENT

At Hypersurface: @Nh

@qa
= ��1

ab qh,b
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h�⇢h(r1)�⇢h0(r2)i = C 0
ab(r1, r2)

@Nh

@qa

@Nh0

@qb
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If charge equilibrated amongst hadrons 

Defining Charge Balance Function:

p1, p2 refers to rapidity, azimuthal angle Qinv…

BpK(p2|p1) ⌘ �h[�np(p1)� �np̄(p1)] [�nK+(p1)� �nK�(p1)]i
np(p1) + np̄(p1)
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nh(p1) + nh̄(p1)
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FROM C’ TO MEASUREMENT  
CME “SIGNAL”

�p = hcos(✓1 + ✓2)io.s. � hcos(✓1 + ✓2)is.s.
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FROM TWO-SURGE BLAST-WAVE MODEL
Adjust Initial-State Chemistry (First Surge) 
Adjust 2 Widths of C’(Δη) 
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Adjust Initial-State Chemistry (First Surge) 
Adjust 2 Widths of C’(Δη) 

S.P., W.McCormack and C.Ratti, PRC 2015



MODEL C’
1. Base C’ on Hydro Evolution, OSU Hydro (boost-invariant) 

2. Generate MC Pairs of charge a and -b with probability: 
 
 
 
 
 
 
 
 
 
 

3. Also create initial pairs at 𝞽0 with probability 
 
 
Initial pairs already separated, 
gaussian parameter in spatial rapidity:   σ0

d4x @ · (u�ab)
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MODEL C’ THROUGH HYDRO
4. Model diffusion of charges, free stream + collisions 
 
 
     
D comes from lattice: Aarts et al, [hep-lat]1412.6411v2 

�coll. =
1

6D
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CONVERT C’ BALANCE FUNCTION
4. For each charge qa that passes through hyper surface 
 
 
    Probability of creating hadron of type h is: 
 
 
 
 
 

5. Only correlate particles (and their daughters) with those from 
    corresponding pair 

6. Model denominator of BF with usual Cooper-Frye, add contributions from 
    to numerator 

7. Convolute with STAR acceptance filter (provided by G.Westfall) 

d4x @ · (u�ab)
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NUMERICAL COST

Little noise, because you track correlated pairs 
• One hydro event 
• sample ~ 106 charge pairs, ~107 hadron pairs 
• ~ 5 minutes on laptop (not counting hydro) 
• BUT, much more computing when cascade added 



RESULTS  
(BINNED BY RAPIDITY)

Results depend on 
σ0, Tf, D

S.P. and C.Plumberg 
PRC 2018



RESULTS BINNED 
BY Φ1 AND ΔΦ

• More flow in-plane ➜ narrower BF 
• More particles in-plane ➜ ⟨Δφ⟩≠0 
• STAR preliminary results  

qualitatively similar 

hcos(�1 + �2)ios � h· · · iss
=hcos�1ihcos��ios

+ hcos�1 cos��ios � hcos�1ihcos��ios
� hsin�1 sin��ios � h· · · iss
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COMPARE TO STAR
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STAR Preliminary

Figure 6.28: The balance function for � = 0� (in-plane), � = 45�, and � = 90� (out-of-plane)
particles pairs (not corrected for event plane resolution). The 40-50% centrality bin is shown.

Here N+(�)(�) is the total number of positive(negative) particles that have an azimuthal

angle � with respect to the event plane and �+�(�,��) represents the total number of

pairs summed over all events where the first (positive) particle has an azimuthal angle �

with respect to event plane and the second (negative) particle has a relative azimuthal angle

�� with respect to the first particle. Similarly we can express �++(�,��), ��+(�,��)

and ���(�,��).

The data used in this analysis are from Au+Au collisions at
p
sNN = 200 , 62.4, 39,

11.5, and 7.7 GeV measured using the STAR detector. A transverse momentum cut of

0.2 < pt < 2.0 GeV/c was applied as well as a pseudorapidity cut of |⌘| < 1.0. The second

order event plane from TPC is used here and electrons are suppressed using the specific

energy loss inside the TPC.

Figure 6.28 shows � = 0� (in-plane), � = 45�, and � = 90� (out-of-plane) balance

107

• Qualitatively similar 
• BUT!  

STAR results ~25% narrower for all φ1



CONTRAST WITH 
CME

B(Δφ)

Δφφ1~0 
φ1~45 
φ1~90 



COMPARE TO  
STAR

Calculation: 
• only one centrality, so far 
•  ~ 10% above STAR 

STAR

STAR



OTHER 
CALCULATIONS 
VS. STAR

PION CASCADE: 
• initial local charge conservation 
• vary spatial anisotropy 
• vary cross section 
•  similar to STAR 
• includes momentum conservation 

(~explains both same/opposite sign
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related to charge cons.

related to momentum cons.

S.P., S.Schlichting and S.Gavin 
PRC 2011



OTHER 
CALCULATIONS 
VS. STAR

BLAST WAVE: 
• parameters: 

widths of B(Δφ) & B(Δy) 
Use Retiere/Lisa BW parameters 

S.Schlichting and S.P. 
PRC 2011
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ADD CASCADE

Can no longer isolate correlated particles ➜ NOISY

Divide C’ into 2 parts: 
1. Inter-pair correlations (exist at hyper-surface) 
    scatter particles (s-wave scattering), keep track of partners 
2. Correlations that build in cascade: generate uncorrelated particles,  
    then collide, decay, calculate correlations between all particles

(2) is NOISY!!



ADD CASCADE (PROGRESS REPORT)

Inter-Pair

From Cascade

Total



GOING  
FORWARD

• Finish Implementation of Cascade 
• Add effects of baryon annihilation 
• Evaluate many species and kinematics 
• Imaging: 

• Experiment 
 — STAR and ALICE:  
      Calculate BFs for multiple species, 
      bin by Δφ, Δy, Qinv and by 
      momentum/direction of first particle  
 — CMS/ALICE:  
      Use wide rapidity acceptance, investigate 
      spread of charges produced early 
      Correlate ⟨Δφ⟩ vs ⟨Δy⟩, determine D!! 
  — Small Systems: 
       Are quarks produced early?  
                     or at hadronization?  

Bhh0(�~p) ! Cab(�~r)
<latexit sha1_base64="0hY3lOWJOWw2cuKQ4OZ5IK7yIs4="></latexit><latexit sha1_base64="An821lUhdq30pZXD1HpKyTmudpg="></latexit><latexit sha1_base64="An821lUhdq30pZXD1HpKyTmudpg="></latexit><latexit sha1_base64="kSsB8SWGps8BZmrZ/4zgx/ls8dE="></latexit>
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H.Wang, PhD thesis


