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This talk based on recent papers:
Accounting for non-vanishing net-charge with unified 
balance functions, Phys.Rev.C 107 (2023) 1, 014902
Effects of Non-Vanishing Net Charge in Balance Functions,  
e-Print: 2211.10770 [hep-ph]
Work in progress
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Why/what are “unified” balance functions 
Sum-rule 
Studies with PYTHIA8

https://arxiv.org/abs/2211.10770
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Measuring QGP Properties!

• System dynamic 
• Fast (local) thermalization,  
• Isentropic expansion,  
• Two stage quark production

• Equation of state 
• Susceptibilities 

• Transport properties 
• Shear viscosity  
• Bulk viscosity 
• Compressibility 
• Quark diffusivity
• Heat capacity  
• Conductivity 
• Stopping  ̂q
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Hot QCD Matter

Anisotropic flow 
Transverse momentum correlations, G2

Multiplicity fluctuations

Temperature fluctuations; pT fluctuations
General balance functions

General balance functions

Net charge/baryon fluctuations 
General balance functions

Jet quenching

Relative species abundances
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(π, K, p) ⊗ (π, K, p)
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PID Balance Functions

Balance	function	Δφ	Projections	
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Hadron Chemistry & Balance Functions
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Probing QCD Matter w/ Balance Functions

QGP suscep*bili*es determine fluctua*ons and correla*ons ( , ) of charge, strangeness, 
and baryon number.
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Balance Functions
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 function of centrality ???

Fractional balance functions:
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Notation and Definitions

Labels  and : + or - or specific hadrons, etc, 

Densities:  ;       

 
 and   : numbers of particles of species   and pairs of species   and . 

Measurement acceptance ;   Phase Space Volume:     

Average yields….                  
 

Singles:    ;     

 
Pairs:           

                             

 

α β

ρα
1 ( ⃗p1) ≡

d3Nα
1

dy1dφ1dpT,1
ραβ

2 ( ⃗p1, ⃗p2) ≡
d6Nαβ

2

dy1dφ1dpT,1dy2dφ2dpT,2

Nα
1 Nαβ

2 α α β
Ω V = ∫Ω

dydφdpT

⟨Nα
1 ⟩ = ∫Ω

ρα
1 ( ⃗p)dydφdpT = Vρ̄1

⟨Nαβ
2 ⟩ = ⟨Nα

1 (Nβ
1 − δαβ)⟩

= ∫Ω
dy1dφ1dpT,1 ∫Ω

dy2dφ2dpT,2 ραβ
2 ( ⃗p1, ⃗p2)
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Revisit how to define and measure BFs CP, Gonzalez, Hanley, et al., PRC 107 (2023) 1, 014902
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Integral Balance Functions (I)

Consider:                     

These correlators measure  how many particles of type ) balance each 
``trigger" or “reference” particle  

CHARGE CONSERVATION: 
Creation of   must be accompanied by the production of    : 

In , full  acceptance, for charged particles, one expects (for 
vanishing net charge) 

                                      

I+− =
⟨N+−

2 ⟩
⟨N−

1 ⟩
−

⟨N−−
2 ⟩

⟨N−
1 ⟩

I−+ =
⟨N−+

2 ⟩
⟨N+

1 ⟩
−

⟨N++
2 ⟩

⟨N+
1 ⟩

α(ᾱ)
β̄(β)

+ −

4π pT > 0

I+− → 1 I−+ → 1
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How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

+ -
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Integral of Balance Functions (II)

If the number of (+,-) pair creations (i.e., sources) is   in an event, 
then the  total number of produced singles and pairs are  

  

 

 

 

 

 

.

Ns

N+
1 = Ns

N−
1 = Ns

N+−
2 = N2

s

N−+
2 = N2

s

N++
2 = Ns(Ns − 1)

N−−
2 = Ns(Ns − 1)
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How to define and measure BFs

I−+(4π) = I+−(4π) =
⟨N2

s ⟩
⟨Ns⟩

−
⟨N2

s − Ns⟩
⟨Ns⟩

= 1

As indeed expected!

CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902
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Integral of Balance Functions (II)

Assuming incoming net charge is: Q 
 

  

 

 

 

 

 

.

N+
1 = Ns + Q

N−
1 = Ns

N+−
2 = (Ns + Q)Ns

N+−
2 = (Ns + Q)Ns

N++
2 = (Ns + Q)(Ns + Q − 1)

N−−
2 = Ns(Ns − 1)
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How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

⟨Ns(Ns + Q)⟩
⟨Ns + Q⟩

−
⟨(Ns + Q)(Ns + Q − 1)⟩

⟨Ns + Q⟩

= 1 − Q

I−+(4π) =

I+−(4π) = ⟨(Ns + Q)Ns⟩
⟨Ns⟩

−
⟨Ns(Ns − 1)⟩

⟨Ns⟩

= 1 + Q

Integral dominated by the “incoming particles” 
not the collisions of interest…
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Integral of Balance Functions w/  Q ≠ 0
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How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

An easy fix… 

 

 

…where the added terms contribute . 

Also useful to define: 

 

… which is evidently independent of Q…

I+− ≡
⟨N+−

2 ⟩
⟨N−

1 ⟩
−

⟨N−−
2 ⟩

⟨N−
1 ⟩

− (⟨N+
1 ⟩ − ⟨N−

1 ⟩) → 1

I−+ ≡
⟨N−+

2 ⟩
⟨N+

1 ⟩
−

⟨N++
2 ⟩

⟨N+
1 ⟩

+ (⟨N+
1 ⟩ − ⟨N−

1 ⟩) → 1

∓Q

Is =
1
2 (I+− + I−+) → 1



C. Pruneau 
Wayne State University 
College of Liberal Arts & Sciences 
Department of Physics and Astronomy

General Balance Function:  

 

 pronounced  “given” … 

Conditional densities:    

Density of a species  at  given a particle of species  is emitted at . 

:  function of  only since  is  ``given” (i.e., a parameter), for particle , 
the reference, while particle  is the associate (the one that balances the charge of the 
trigger) 

Note:  is not a density— it can be negative in specific ranges of “y”

Bα|β̄(y1 |y2) = ρα|β̄
2 (y1 |y2) − ρᾱ|β̄

2 (y1 |y2) =
ραβ̄

2 (y1, y2)

ρβ̄
1(y2)

−
ρᾱβ̄

2 (y1, y2)

ρβ̄
1(y2)

α |β α β

ρα|β
2 (y1 |y2) =

ραβ
2 (y1, y2)
ρβ

1(y2)

α y1 β y2

Bα|β̄(y1 |y2) y1 y2 β
α

Bα|β̄(y1 |y2)

Differential BFs — “Pratt et al” - General BFs

10

How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902
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Let ;    

 

CHARGE CONSERVATION: 
Creation of   must be accompanied by the production of    : 

Integral of : 

               

In the  , full  acceptance limit yields. 

α = β = + ᾱ = β̄ = −

B+|−(y1 |y2) =
ρ+−

2 (y1, y2)
ρ−

1 (y2)
−

ρ−−
2 (y1, y2)
ρ−

1 (y2)

α = + ᾱ = −

B+|−(y1 |y2)

I+|−(y2 |Ω) ≡ ∫Ω
dy1B+|−(y1 |y2)

4π pT

Inclusive Charge BFs and their Integrals
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How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

+ -

lim
Ω→4π

I+|−(y2 |Ω) → 1
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Accepted BFs

B+|−(y1 |y2) =
ρ+−

2 (y1, y2)
ρ−

1 (y2)
−

ρ−−
2 (y1, y2)
ρ−

1 (y2)
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How to define and measure BFs

Acceptance: Ωy1

y2

Δy >
0

Δy ≡ y1 − y2

Δy =
0

Δy <
0

y

(y0, y0)

(y0, − y0)

(−y0, y0)

(−y0, − y0)

B(y1 |y2)

y0−y0

We must average across and (ideally) correct  for the acceptance.

Ī+−(y0) ≡ ∫
y0

−y0

dy2P−
1 (y2)I+|−(y2)    i.e., the probability of finding the -ve at .P−

1 (y2) =
1

⟨N−
1 ⟩(y0)

ρ−
1 (y2) y2

Ī+−(y0) =
1

⟨N−
1 ⟩ ∫

y0

−y0

dy2 ∫
y0

−y0

dy1 [ρ+−
2 (y1, y2) − ρ−−

2 (y1, y2)] =
⟨N+−

2 ⟩ − ⟨N−−
2 ⟩

⟨N−
1 ⟩

But these also depend on Q!
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“Bound” Balance Function

Associated particle functions:   

Unified” general balance functions:  

         

Bound balance functions 

 

 

For systems involving multiply charged particles, strangeness or baryon balance functions, one must 
use charge or baryon or strangeness densities instead of number densities.

Aα|β
2 (y1 |y2) =

Cαβ
2 (y1, y2)
ρβ

1(y2)
=

ραβ
2 (y1, y2)
ρβ

1(y2)
− ρα

1 (y1)

Bαβ̄(y1, y2 |Ω) =
1

⟨Nβ̄
1⟩ [Cαβ̄

2 (y1, y2) − Cᾱβ̄
2 (y1, y2)]

Bᾱβ(y1, y2 |Ω) =
1

⟨Nβ
1⟩ [Cᾱβ

2 (y1, y2) − Cαβ
2 (y1, y2)],
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How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

Bα|β̄(y1 |y2) = Aα|β̄
2 (y1 |y2) − Aᾱ|β̄

2 (y1 |y2)

Bᾱ|β(y1 |y2) = Aᾱ|β
2 (y1 |y2) − Aα|β

2 (y1 |y2)

Added 
piece

Differences of 2-cumulants
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Exploring BF measurements based on Simulations
• Using pp collisions at various  simulated 

w/ PYTHIA  
• Mostly MONASH tune but some others as 

well.  
• Why PYTHIA?

• Reproduces measured data. 
• Locally conserves  + quantum 

numbers. 
• Easy to use & fast. 

• Use a simulation frame work (CAP) 
• Multiple models & types of analysis tasks,  
• Automated sub-sample statistical 

uncertainty determination, closure tests, 
and more. 

• Compute BFs on grid.wayne.edu w/ CAP 
• Typically 20 jobs, 50 sub-jobs, >200,000 

events each — Total 200 millions
• Enables easy subsample analysis for 

statistical uncertainties. 

s

E, ⃗p

14

Examples based on PYTHIA CP, Gonzalez, Hanley, et al., 2211.10770 [hep-ph]

e-by-e:  Q = +2 
Average: density difference 

integrates to Q = +2

http://grid.wayne.edu
https://arxiv.org/abs/2211.10770
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General Balance Functions (no compensation for Q)
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Examples based on PYTHIA
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where y2 is the rapidity of the reference particle of species � (�̄) and y1 is the rapidity of the particle of species
↵̄ (↵) balancing the charge. Experimentally, as discussed in detail in Ref. [15], one must consider averages of
B↵|�̄(y1|y2) and of B↵̄�(y1|y2) over the rapidity y2 of the reference particle. This leads to bounded balance
functions computed according to

B↵�̄
Q=0(y1, y2|y0) =

1

hN �̄
1 i(y0)

h
⇢↵�̄2 (y1, y2)� ⇢↵̄�̄2 (y1, y2)

i
, (3)

B↵̄�
Q=0(y1, y2|y0) =

1

hN�
1 i(y0)

h
⇢↵̄�2 (y1, y2)� ⇢↵�2 (y1, y2)

i
, (4)

where hN �̄
1 i(y0) and hN�

1 i(y0) are respectively the event-ensemble averages of the yield of particles of species
�̄ and � in the acceptance |y| < y0, and the label Q = 0 indicates these expressions are computed assuming
the net-charge of the system is vanishing. We shall evidently also consider the arithmetic average

Bs ⌘ (B↵�̄ +B↵̄�)/2, (5)

which essentially corresponds to the original definition of Bass et al. [1]. However, it should be noted that
splitting the original BF definition into two independent functions B↵�̄ and B↵̄� provides the additional
advantage, nominally, of enabling independent investigations of the yield of a negative particles of type “↵”
at rapidity y↵ when a positive particle of type “�” is observed at rapidity y� , and conversely, the yield
of a positive particles of type “↵” at rapidity yalpha when a negative particle of type “�” is observed at
rapidity y� . Original BFs were not designed to be split into two pieces. The split functions considered in
this work thus provide new and distinct information that is potentially useful towards the understanding
of charged (as well as strange or charmed) particle production. It should be additionally noted that while
the functions B↵�̄ and B↵̄� may prove to be rather similar at ultra high beam energy, they are likely to
di↵er significantly in both magnitude and shape at low beam energy. Indeed, at high beam energy, particle
production is dominated by pair creation processes that yield ratios of anti-particles and particles converging
towards unity, but at low energy, ratios of anti-particle to particle yields significantly deviate from unity:
the functions B↵�̄ and B↵̄� shall then accordingly be also di↵erent and independently provide valuable
information about particle production.

Figure 2 presents balance functionsB�+(�y,�'), B+�(�y,�'), and their averageBs(�y,�') computed
with Eqs. (3, 4, 5) for pp collisions at

p
s = 13.0 TeV simulated with PYTHIA8. Calculations were carried

out using full azimuth, pT > 0, and �10 < y < 10 to examine the full range of particle correlations. First
observe that B�+(�y,�') and B+�(�y,�') both feature a “short-range” component extending roughly
in the range �5 < �y < 5 and “long-range” components extending all the way to �y ⇠ 2yb = ±19. Also
note that the short-range component of the BFs features an extended distribution in azimuth with a slight
excess (or peak) on the near-side of the correlation function, i.e., centered at �y = 0, �' = 0.

Figure 2. Balance functions (a) B�+, (b) B+�, and (c) Bs for charged particles with pT > 0 calculated using
Eqs. (3, 4, 5) for pp collisions at

p
s = 13 TeV simulated with PYTHIA8.

The �y dependencies of the short and long range components are easier to visualize in Fig. 3 that displays
projections of the BFs onto the rapidity �y axis. For illustrative purposes, this figure includes projections
of BFs of pp collisions at

p
s = 0.9, 2.76. 5.02, and 13 TeV as well as pp̄ collisions at

p
s = 13 TeV. The

short-range components B�+(�y,�') and B+�(�y,�') are of similar strength and shape for all energies
considered as well as for pp̄ collisions. However, projections of BFs onto �y also exhibit strong long-range

pp̄

pp̄

CP, Gonzalez, Hanley, et al, e-Print: 2211.10770 [hep-ph]

pp

pp
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↵̄ (↵) balancing the charge. Experimentally, as discussed in detail in Ref. [15], one must consider averages of
B↵|�̄(y1|y2) and of B↵̄�(y1|y2) over the rapidity y2 of the reference particle. This leads to bounded balance
functions computed according to
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1 i(y0) are respectively the event-ensemble averages of the yield of particles of species
�̄ and � in the acceptance |y| < y0, and the label Q = 0 indicates these expressions are computed assuming
the net-charge of the system is vanishing. We shall evidently also consider the arithmetic average

Bs ⌘ (B↵�̄ +B↵̄�)/2, (5)

which essentially corresponds to the original definition of Bass et al. [1]. However, it should be noted that
splitting the original BF definition into two independent functions B↵�̄ and B↵̄� provides the additional
advantage, nominally, of enabling independent investigations of the yield of a negative particles of type “↵”
at rapidity y↵ when a positive particle of type “�” is observed at rapidity y� , and conversely, the yield
of a positive particles of type “↵” at rapidity yalpha when a negative particle of type “�” is observed at
rapidity y� . Original BFs were not designed to be split into two pieces. The split functions considered in
this work thus provide new and distinct information that is potentially useful towards the understanding
of charged (as well as strange or charmed) particle production. It should be additionally noted that while
the functions B↵�̄ and B↵̄� may prove to be rather similar at ultra high beam energy, they are likely to
di↵er significantly in both magnitude and shape at low beam energy. Indeed, at high beam energy, particle
production is dominated by pair creation processes that yield ratios of anti-particles and particles converging
towards unity, but at low energy, ratios of anti-particle to particle yields significantly deviate from unity:
the functions B↵�̄ and B↵̄� shall then accordingly be also di↵erent and independently provide valuable
information about particle production.

Figure 2 presents balance functionsB�+(�y,�'), B+�(�y,�'), and their averageBs(�y,�') computed
with Eqs. (3, 4, 5) for pp collisions at

p
s = 13.0 TeV simulated with PYTHIA8. Calculations were carried

out using full azimuth, pT > 0, and �10 < y < 10 to examine the full range of particle correlations. First
observe that B�+(�y,�') and B+�(�y,�') both feature a “short-range” component extending roughly
in the range �5 < �y < 5 and “long-range” components extending all the way to �y ⇠ 2yb = ±19. Also
note that the short-range component of the BFs features an extended distribution in azimuth with a slight
excess (or peak) on the near-side of the correlation function, i.e., centered at �y = 0, �' = 0.

Figure 2. Balance functions (a) B�+, (b) B+�, and (c) Bs for charged particles with pT > 0 calculated using
Eqs. (3, 4, 5) for pp collisions at

p
s = 13 TeV simulated with PYTHIA8.

The �y dependencies of the short and long range components are easier to visualize in Fig. 3 that displays
projections of the BFs onto the rapidity �y axis. For illustrative purposes, this figure includes projections
of BFs of pp collisions at

p
s = 0.9, 2.76. 5.02, and 13 TeV as well as pp̄ collisions at

p
s = 13 TeV. The

short-range components B�+(�y,�') and B+�(�y,�') are of similar strength and shape for all energies
considered as well as for pp̄ collisions. However, projections of BFs onto �y also exhibit strong long-range

B−+ B+− Bs

B−+ B+− Bs

Huge over- and undershoots  — due to singles

“Pair” creation

https://arxiv.org/abs/2211.10770
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Cumulative Integrals of General Balance Functions
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Examples based on PYTHIA

B−+ B+− Bs

I → 1 − 2 = − 1

I → 1 + 2 = 3

I → 1

CP, Gonzalez, Hanley, et al, e-Print: 2211.10770 [hep-ph]

Only the integral of  properly converges to unity 
 and  do not and are not suitable as BFs 

Can this be fixed?

Bs

B−+ B+−

I±|∓(y2 |Ω) ≡ ∫Ω
dy1B

±|∓(y1 |y2)

https://arxiv.org/abs/2211.10770
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“Unified” Balance Functions 
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Examples based on PYTHIA

4

where y2 is the rapidity of the reference particle of species � (�̄) and y1 is the rapidity of the particle of species
↵̄ (↵) balancing the charge. Experimentally, as discussed in detail in Ref. [15], one must consider averages of
B↵|�̄(y1|y2) and of B↵̄�(y1|y2) over the rapidity y2 of the reference particle. This leads to bounded balance
functions computed according to
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i
, (3)

B↵̄�
Q=0(y1, y2|y0) =

1

hN�
1 i(y0)

h
⇢↵̄�2 (y1, y2)� ⇢↵�2 (y1, y2)

i
, (4)

where hN �̄
1 i(y0) and hN�

1 i(y0) are respectively the event-ensemble averages of the yield of particles of species
�̄ and � in the acceptance |y| < y0, and the label Q = 0 indicates these expressions are computed assuming
the net-charge of the system is vanishing. We shall evidently also consider the arithmetic average

Bs ⌘ (B↵�̄ +B↵̄�)/2, (5)

which essentially corresponds to the original definition of Bass et al. [1]. However, it should be noted that
splitting the original BF definition into two independent functions B↵�̄ and B↵̄� provides the additional
advantage, nominally, of enabling independent investigations of the yield of a negative particles of type “↵”
at rapidity y↵ when a positive particle of type “�” is observed at rapidity y� , and conversely, the yield
of a positive particles of type “↵” at rapidity yalpha when a negative particle of type “�” is observed at
rapidity y� . Original BFs were not designed to be split into two pieces. The split functions considered in
this work thus provide new and distinct information that is potentially useful towards the understanding
of charged (as well as strange or charmed) particle production. It should be additionally noted that while
the functions B↵�̄ and B↵̄� may prove to be rather similar at ultra high beam energy, they are likely to
di↵er significantly in both magnitude and shape at low beam energy. Indeed, at high beam energy, particle
production is dominated by pair creation processes that yield ratios of anti-particles and particles converging
towards unity, but at low energy, ratios of anti-particle to particle yields significantly deviate from unity:
the functions B↵�̄ and B↵̄� shall then accordingly be also di↵erent and independently provide valuable
information about particle production.

Figure 2 presents balance functionsB�+(�y,�'), B+�(�y,�'), and their averageBs(�y,�') computed
with Eqs. (3, 4, 5) for pp collisions at

p
s = 13.0 TeV simulated with PYTHIA8. Calculations were carried

out using full azimuth, pT > 0, and �10 < y < 10 to examine the full range of particle correlations. First
observe that B�+(�y,�') and B+�(�y,�') both feature a “short-range” component extending roughly
in the range �5 < �y < 5 and “long-range” components extending all the way to �y ⇠ 2yb = ±19. Also
note that the short-range component of the BFs features an extended distribution in azimuth with a slight
excess (or peak) on the near-side of the correlation function, i.e., centered at �y = 0, �' = 0.

Figure 2. Balance functions (a) B�+, (b) B+�, and (c) Bs for charged particles with pT > 0 calculated using
Eqs. (3, 4, 5) for pp collisions at

p
s = 13 TeV simulated with PYTHIA8.

The �y dependencies of the short and long range components are easier to visualize in Fig. 3 that displays
projections of the BFs onto the rapidity �y axis. For illustrative purposes, this figure includes projections
of BFs of pp collisions at

p
s = 0.9, 2.76. 5.02, and 13 TeV as well as pp̄ collisions at

p
s = 13 TeV. The

short-range components B�+(�y,�') and B+�(�y,�') are of similar strength and shape for all energies
considered as well as for pp̄ collisions. However, projections of BFs onto �y also exhibit strong long-range

7

and one easily verifies that Eqs. (7, 8) integrate to unity in the full acceptance limit, even in the presence
of non-vanishing net-charge. Note that the balance functions B↵|�̄(y1|y2) and B↵̄|�(y1|y2) are not positive
definite. Indeed, they may be negative or null across some portions of the acceptance. As such, neither

A↵|�
2 (y1|y2) nor B↵|�(y1|y2) can be considered true single particle densities. As already pointed out in

Ref. [15], it should be additionally noted that the shape and strength of A↵|�
2 (y1|y2) and thus B↵|�(y1|y2)

may depend strongly on y2. For instance, at rapidity y2 near the beam rapidity yb, one expects the particle
production to be largely dominated by the fragmentation of the beam components whereas at central rapidity
(y ⇡ 0 in collider mode), particle production is determined by large

p
s qq̄ or gg processes. The widths and

shapes of BFs are thus indeed expected to vary appreciably with the selected rapidity y2. Averaging over y2
in a finite measurement acceptance, one gets bounded balance functions valid for non-vanishing net-charge:

B↵�̄(y1, y2|y0) =
1

hN �̄
1 i

h
C↵�̄

2 (y1, y2)� C↵̄�̄
2 (y1, y2)

i
(9)

B↵̄�(y1, y2|y0) =
1

hN�
1 i

h
C↵̄�

2 (y1, y2)� C↵�
2 (y1, y2)

i
. (10)

These two functions, known as UBF, are applicable to same, ↵ = �, or mixed, ↵ 6= �, particle species, each
carrying a single unit of charge1.

Figure 6 displays B+�(y1, y2|y0) and B�+(y1, y2|y0), computed with Eqs. (9, 10) for ↵ = � = + and
↵̄ = �̄ = �, and their average, Bs, obtained for pp collisions at

p
s = 13 TeV simulated with PYTHIA8.

Projections of these UBFs and those obtained for pp collisions at
p
s = 0.90, 2.76, 5.02 TeV and pp̄

Figure 6. Unified balance functions (a) B�+, (b) B+�, and (c) Bs calculated using Eqs. (9, 10, 5) for pp collisions
at

p
s = 13 TeV simulated with PYTHIA8.

collisions at 13 TeV are shown in Figs. 7 and 8. One readily verifies, based on Fig. 6, and the longitudinal
projections shown in Fig. 7, that UBFs feature nearly vanishing long range components, in stark contrast to
GBFs computed with Eqs. (3, 4). One finds indeed that the UBFs are dominated by their central rapidity
peak and feature very small long range components beyond |y| > 4 or so. Note, in particular, that

Figure 7. Projections onto the �y axis of UBFs (a) B�+, (b) B+� and (c) Bs calculated using Eqs. (9, 10, 5) for
pp collisions at

p
s = 1, 2.76, 5.02 and 13 TeV, as well as pp̄ collisions at

p
s = 13.0 TeV simulated with PYTHIA8.

1 See [15] for a discussion BFs involving multi-unit charge carriers.

CP, Gonzalez, Hanley, et al, e-Print: 2211.10770 [hep-ph]

Finite long range 
correlations Information loss

“Pair” 
creationB−+ B+− Bs

https://arxiv.org/abs/2211.10770
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Integrals of Unified Balance Functions 
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Examples based on PYTHIA

Very long range 
correlations

ALICE ALICE 3

ALICE 3 should be able to measure these long 
ranges correlations

Very long range 
correlations

Integral OK but 
Information lost

Width of acceptance + BF determines the integral. 
Measured values of  by STAR/ALICE not a good 
measure of susceptibilities because they explicitly 
depend on the width of the acceptance. 

κ2

CP, Gonzalez, Hanley, et al, e-Print: 2211.10770 [hep-ph]

Integral OK

https://arxiv.org/abs/2211.10770
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Width  of Balance Functions  vs. s
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Examples based on PYTHIA CP, Gonzalez, Hanley, Basu, e-Print: 2211.10770 [hep-ph]

Modest narrowing vs. s

Bs

https://arxiv.org/abs/2211.10770
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Impact of Acceptance in rapidity & pT
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Examples based on PYTHIA

y, pT acceptance impact width & integral

CP, Gonzalez, Hanley, Basu, e-Print: 2211.10770 [hep-ph]

https://arxiv.org/abs/2211.10770
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Sum Rules
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How to define and measure BFs

“Unified” Balance Functions obey simple sum-rules

π±

C.P., Phys. Rev. C 100, 034905 (2019)

Charge Balance Functions 

B+|β̄(y1 |y2) = ∑
α

Bα|β̄(y1 |y2) B−|β(y1 |y2) = ∑
α

Bᾱ|β(y1 |y2)

,  span all particles (anti-) that balance the charge of particles  and α ᾱ β̄ β

CP, Gonzalez, Hanley, Basu, in progress

p, p̄

Λ̄0p

n̄p

p̄p

BaryonsBaryon Balance Functions 

BB|β̄(y1 |y2) = ∑
α

Bα|β̄(y1 |y2)

 indices: Baryon and Anti-baryon 
 span all baryons (anti-baryons)

B, B̄
α, ᾱ

BB̄|β(y1 |y2) = ∑̄
α

Bᾱ|β(y1 |y2)

1 ≡ IB̄p
4π = Ip̄p

4π + In̄p
4π + IΛ̄,p

4π + ⋯ = ∑̄
β

Ipβ̄
4π
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Charged Hadron UBFs: , K, pπ

Identified Particles: charged pions, kaons, protons 
Pairs : 

 : trigger (reference) 
 : associate

αβ
β
α

22

Examples based on PYTHIA

ππ Kπ pπ
πK KK pK

πp Kp pp
Findings: 

GBFs do not integrate to unity — violate sum rules

But UBFs DO satisfy sum-rules
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Light hadron UBFs:  , K, pπ
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Examples based on PYTHIA

ππ + Kπ
ππ + Kπ + pπ πK + KK + pK

πK + KK πp + Kp
πp + Kp + pp
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Fractional Integrals: Monash vs Ropes vs Shoving
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PYTHIA   TeV — s = 13 π, K, p

Kπ KK PK
0

0.5

1s I

Monash -  K

Ropes -  K

Shoving -  K

ππ πK πP
0

0.5

1s I

πMonash -  

πRopes -  

πShoving -  

Pπ KP PP
0

0.5

1s I

Monash -  P

Ropes -  P

Shoving -  P

Fractions w/ Shoving “identical” to MONASH 
Finite change observed w/ Ropes 

Relative fractions indeed dependent on production mechanisms! 
(Small effect in PYTHIA8)

4− 2− 0 2 4 yΔ

0

0.1

0.2

0.3

0.4s B

ππMonash - 

ππRopes - 

ππShoving - 

4− 2− 0 2 4 yΔ
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0.4s B

Monash - KK

Ropes - KK

Shoving - KK

4− 2− 0 2 4 yΔ

0

0.1

0.2

0.3

0.4s B

Monash - PP

Ropes - PP

Shoving - PP
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Baryon UBFs

• PYTHIA:  Disable weak decays of low mass states 
• Baryons included (and their anti-particles) 

• : proton 

• : neutron — only measurable in practice at >> 1 GeV/c 

• : “easy” to observe:  

• : hard to observe:   

• : hard to observe:   

• : hard to observe:  ;    

• : measurable from:  

• : hard to observe:  

• : measurable from: 

p
n
Λ0 Λ0 → p + π−

Σ− Σ− → n + π−

Σ0 Σ0 → Λ0 + γ
Σ+ Σ+ → p + π0 Σ0 → n + π+

Ξ− Ξ− → Λ0 + π−

Ξ0 Ξ0 → Λ0 + π0

Ω− Ω− → Λ0 + K−

25

Examples based on PYTHIA8
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UBFs — Baryons  — pp @  TeVs = 13
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Examples based on PYTHIA (MONASH)
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UBFs Integrals — Baryons  — pp @  TeVs = 13
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Examples based on PYTHIA (MONASH)

1−10 1 10  yΔ
0
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0Λp 0Λn 0Λ0Λ
0Λ+Σ 0Λ0Σ 0Λ-Σ
0Λ0Ξ 0Λ-Ξ 0Λ-Ω
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-Ω0Ξ -Ω-Ξ -Ω-Ω

1−10 1 10  yΔ
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1
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pp np p0Λ
p+Σ p0Σ p-Σ
p0Ξ p-Ξ p-Ω
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0

0.5

1
s I

0Σp 0Σn 0Σ0Λ
0Σ+Σ 0Σ0Σ 0Σ-Σ
0Σ0Ξ 0Σ-Ξ 0Σ-Ω
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+Σ+Σ +Σ0Σ +Σ-Σ
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-Ξ0Ξ -Ξ-Ξ -Ξ-Ω
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UBFs Integrals — Baryons  — pp @  TeVs = 13
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Examples based on PYTHIA (MONASH)
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Summary

• Must use UBFs instead of general balance functions 
• Properly accounts for a system’s net-charge, Q 
• UBF Integrals converge to unity in the full acceptance limit 
• Integrals and widths (shape) affected by acceptance  

• “Triggered” UBFs  
• Obey a simple sum-rule 
• Have fractional integrals that depend on the particles and their 

production mechanism(s) 
• Will depend on transport when measured in a narrow acceptance. 

• UBFs provide a tool to study long range quantum number conservation 
and transport. 

• UBFs provide additional and stringent constraints on particle 
production models. 

29

UBFs
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UBFs vs. Beam Energy: TeVs = 0.9, 13.0, 30.0

Examples based on PYTHIA (MONASH)

4− 2− 0 2 4 yΔ
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p0Λ=13.0 TeV; s
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-Ω=30.0 TeV;  s
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Fractional Integrals: Monash vs Ropes vs Shoving
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Examples based on PYTHIA
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