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Phenomenology

To a physicist:  
• Experiment (momenta and IDs of  tracks) 
                                        ➜     Evolution of  𝝴, P, v, 𝞀… 
• Can be heuristic or semi-quantitative 

From Wikipedia:
There are several assumptions behind phenomenology that help explain its foundations:
1.Phenomenologists reject the concept of objective research. They prefer grouping assumptions through a 

process called phenomenological epoché.
2.They believe that analyzing daily human behavior can provide one with a greater understanding of nature.
3.They assert that persons should be explored. This is because persons can be understood through the unique 

ways they reflect the society they live in.
4.Phenomenologists prefer to gather "capta", or conscious experience, rather than traditional data.
5.They consider phenomenology to be oriented toward discovery, and therefore they research using 

methods that are far less restrictive than in other sciences.

As a philosophical movement:



Facilities

AGS(11A GeV), SPS(160A GeV), RHIC(100A+100A GeV), LHC(1.4A+1.4A TeV)

ALICE(LHC)



Facility Operating Equiv. pp c.o.m. 
Energy Temperature

AGS at BNL 1990s ≲ 6 GeV ≲ 160 MeV

SPS at CERN 1990s — ≲ 20 GeV ≲ 200 MeV

RHIC at BNL 2000 — ≲ 200 GeV ≲ 300 MeV

LHC at CERN 2010 — ≲ 15 TeV ≲ 400 MeV

SPS: Briefly visits QGP 
RHIC and LHC: Well into QGP



ASIDE: 3 kinds of rapidity

1. “y”, the rapidity, is a measure of  velocity along beam axis 
— rapidities add, just like Newtonian velocities 

2. “𝜂”, the pseudo-rapidity is approximation to “y”  
— depends on 𝛉, angle relative to beam axis 
— for massless particles y = 𝜂 

3. “𝜂s” Is the spatial rapidity 
— measure of  position along z axis (Bjorken coordinates)



ASIDE: 3 kinds of rapidity
Consider v along z axis
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Rapidity defined as:
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RHIC beams: ± 5.4 units of  y 
LHC beams: ± 9.5 units of  y

u↵ = (�, �v) = (cosh y, sinh y)

u↵
B = (�B , �BvB) = (cosh yB , sinh yB)

u0↵ = (u0�B + uz�BvB , uz�B + u0�BvB)

= (cosh y cosh yB + sinh y sinh yB , sinh y cosh yB , sinh yB cosh y) = (cosh(y + yB), sinh(y + yB))
<latexit sha1_base64="CN5JxPgkedezqkULP9yXNDWK2YI="></latexit>



Experiments measure mid-rapidity
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STAR/ALICE measure best for -1 < 𝜂 < 1

STAR



1. Pre-equilibrium, 𝜏 ≲ 0.5 fm/c 
— no good quasi-particles, off-shell 
— flux tubes or classical Yang-Mills field 
— parametric 
     

2. Hydrodynamics (T≳160 MeV, 1 ≲ 𝜏 ≲ 5 fm/c) 
— QGP 

3. Hadron simulation (T≲160 MeV) 
 — hadrons struggle to maintain chemical/kinetic equilibrium 

4. Superimposed on 1 - 3: 
— Femtoscopic correlations, jets, heavy-flavor dynamics 
— correlations…

3 Modeling Stages



Pre-equilibrium
Two kinds of  energy deposition: 
1. Partonic Scattering 
2. Fields
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Energy increases over time (negative pressure) 
 
 
QCD similar, but with 8 interacting fields (color-glass condensate)

T00 =
E2

2
, Txx = Tyy =

E2

2
, Tzz = �E2

2
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Hydrodynamics and the QGP
1. Justified because of  strong interaction and 

nearly all light quasi-particles 

2. Eq. of  state can come from lattice 

3. Must account for viscosity

@t⇡ij = � 1
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+ · · ·
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Israel-Stewart equations (several variants) 
 
 
Arbitrary initial anisotropy of  SE tensor 
Parameters are viscosity and relaxation times



Why is hydro valid?
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Hydro is based on: 
  a) energy-momentum conservation 
  b) profiles are smooth on scale of  system 
  c) Tij is not too far from equilibrium 
  d) different species don’t flow differently

Should work for QGP 
  a) Israel-Stewart is flexible 
  b) dominated by light degrees of  freedom 
       — not true for hadron gas



Two-dimensional reduction of hydro
“Translational” invariance along beam axis 
Small boosts along beam axis don’t change physics  
Bjorken coordinates

c-c

vz = z/t

⌧ = t
p
1� v2z =

p
t2 � z2

⌘s = tanh�1(z/t)
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t,z ➜ 𝜏,𝜂s 

𝝴(𝜏) —  Nothing depends on 𝜂s, no longitudinal acceleration 
Hydro becomes effectively 2-D 
Doesn’t apply for lower RHIC energies
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Collective Flow

1. Hallmark of  hydrodynamic behavior 

2. Reduced by viscosity 

3. Radial, elliptic, etc



Radial flow

Non-relativistically,
*
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Spectra hotter for protons 
 than pions 
More pressure — more flow
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Elliptic Flow

v2 ⌘ hcos 2�i

3

algorithm agrees with the results from Ref. [19] for cen-
tral collisions, when dropping the extra terms in Eq. (2).
Also, our code passes the fluctuation test from Ref. [16],
shown in Fig. 1. We thus have some confidence that our
numerical algorithm solves Eq. (2) correctly.

When solving the set of equations (2), we set the ratio
η/s to be constant throughout the evolution of the sys-
tem, since modeling any space-time dependence would
necessarily introduce more unknown parameters. There-
fore, results on η/s quoted below should be considered
as mean values over the entire system evolution.

To make contact with experiment, the hydrodynamic
variables are translated into particle spectra via the
Cooper-Frye freeze-out mechanism [20] (adapted to VH
[8, 16], see also [17]). For simplicity, we use a single
freeze-out temperature Tf but include the effect of res-
onance decays with masses up to 2 GeV on the spectra
[21, 22]. The normalization of the initial energy den-
sity and Tf are chosen such that the experimental data
on total multiplicity and mean transverse momentum
< pT > as a function of total number of participants
NPart =

∫

d2x⊥nPart(x⊥,b) are reasonably reproduced
by our model (see Fig. 2). We choose to fit to kaons
rather than pions because the former are influenced less
by Bose enhancement effects, which we have ignored [19].
Note that for simplicity our model does not include a
finite baryon chemical potential, prohibiting us to dis-
tinguish particles from anti-particles. As a consequence,
results for protons cannot be expected to match exper-
imental data. Starting from ideal hydrodynamics with
a freeze-out temperature Tf = 150 MeV, we have found
that reasonable fits to dN/dy and < pT > for VH can
be accomplished by keeping Tf fixed and reducing the
initial entropy density by 75 η/s percent to correct for
the viscous entropy production [19].

In Fig. 3 we compare our hydrodynamic model with
the above fit parameters to experimental data on the in-
tegrated and minimum bias elliptic flow v2, respectively.
Shown are results for ideal hydrodynamics and VH for
the initial condition ϵ ∼ nColl at an initial time τ0 = 1
fm/c. The results hardly change when assuming instead
s ∼ nPart as initial condition (see also [14]) or varying τ0

by a factor of two. Interestingly, we also find that chang-
ing τΠ hardly affects the results shown. Note that this
depends on the presence of the terms in the last line of
Eq. (2): if these terms are dropped, increasing τΠ tends
to further suppress v2 in line with the trend found in [19].

For the above initial conditions, we have noted that
there is also hardly any effect from the vorticity term.
This can be understood as follows: noting that for uη = 0
the only non-trivial vorticity is ωxy, which vanishes ini-
tially because of ux = uy = 0 and forming the com-
bination ∇xDuy − ∇yDux we find –up to third order
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FIG. 3: PHOBOS [24] data on pT integrated v2 and STAR
[25] data on minimum bias v2, for charged particles in Au+Au
collisions at

√
s = 200 GeV, compared to our hydrodynamic

model for various viscosity ratios η/s. Error bars for PHO-
BOS data show 90% confidence level systematic errors while
for STAR only statistical errors are shown.

corrections–

Dωxy + ωxy

[

∇µuµ +
Dp

ϵ + p
−

Duτ

uτ

]

= O(Π3). (3)

This is the relativistic generalization of the vorticity
equation, well known in atmospheric sciences [26]. Start-
ing from ωxy = 0, Eq. (3) implies a very slow buildup of
vorticity, explaining the tiny overall effect of the vorticity
term in Eq. (2). Note that upon dropping the assumption
uη = 0, this term can become important [27].

From Fig. 3 it can be seen that the effect from viscos-
ity on the elliptic flow is strong, in line with estimates
from Ref. [17]. Data on integrated v2 is fairly well re-
produced by a viscosity of η/s ∼ 0.08 and – within sys-
tematic errors – seems to be consistent with η/s ∼ 0.16.

P.Romatshke & U.Romtschke, PRL 2007

Suggests low viscosity (close to uncertainty limit) 
P.Danielewicz and M.Gyulassy, PRD(1985)



Higher Moments of 
Flow

vn ⌘ hcos(n�)i
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Reflects on lumpiness of 
initial conditions

v3

MUSIC vs PHENIX



Femtoscopic Correlations

Source Rout

Rside

f(~p,~r, t)
<latexit sha1_base64="hWL9cHBVHMWTa0g6aFTe1d7mjyA="></latexit>

Fix p,t

P2(pa,pb) = P1(pa)P1(pb) +
1

(2⇡~)6

Z
d3rad

3rb f(p̄, ra, t)f(p̄, rb, t)
�
|�(q, ra � rb)|2 � 1

 

C(pa,pb) =
P2(pa,pb)

P1(pa)P1(pb)
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Low pressure: Rout >> Rside and Rlong is large 
High pressure: Rout ~ Rside and Rlong is small



★STAR

Femtoscopic Correlations
2

FIG. 1: (color online) Gaussian radii reflecting spatial sizes
of outgoing phase space distributions in three directions:
Rout, Rside and Rlong. Data from the STAR collaboration
(red stars) are poorly fit by a model with a first-order
phase transition, no pre-thermal flow, and no viscosity
(solid black squares). Correcting for all those deficiencies,
and using a more appropriate treatment of the relative
wave function in Eq. (1) brings calculations close to the
data (filled black circles). The sequential effects of includ-
ing prethermal acceleration (open blue squares), using a
more realistic equation of state (open green diamonds),
and adding viscosity (open cyan triangles) all make sub-
stantial improvements to fitting the data. An improved
relative wave function yielded modest improvements (com-
pare open cyan triangles to filled black circles).

cascade code. The cascade microscopically simulates
the final stages of the collision and breakup where lo-
cal kinetic equilibrium is lost and hydrodynamics is
unjustified. The times and positions of last collisions
for particles of a specific k were used to calculate the
source function, from which correlation functions were
generated via Eq. (1). These were then fit to corre-
lations from Gaussian sources to extract radii, which
are also displayed in Fig. 1.

As a benchmark, the first calculation (filled squares
in Fig. 1) was parameterized similarly to previous hy-
drodynamic calculations, and failed in a similar man-
ner. Transverse expansion was delayed until 1 fm/c

after the initial collision. A strong first-order phase
transition, which is inconsistent with lattice gauge
theory, was employed, and the viscosities were set to
zero. Additionally, an over-simplified relative wave
function, neglecting Coulomb and strong interactions
between the pions, was used to generate correlation
functions. Since the source functions are not truly
Gaussian, this can lead to different Gaussian radii.
This benchmark calculation overstates the Rout/Rside

ratio by ∼ 40% and overstates Rlong by ∼ 25%.

The second calculation (open squares in Fig. 1) ac-
counts for prethermal acceleration by beginning the
expansion 0.1 fm/c after the initial collision, roughly
the amount of time required for the Lorentz contracted
nuclei to traverse one another. The importance of
pre-thermalized acceleration has been emphasized in
several studies during the last few years [10, 15, 16].
As was shown in Ref. [17], flow during the first 1
fm/c is approximately universal for any system with
a traceless energy tensor, including partonic and field
based pictures, independent of thermalization. Since
the transverse expansion starts earlier, the longitudi-
nal size is smaller at breakup, more in line with data.
The Rout/Rside ratios also drop, moving modestly to-
ward the data.

The second improvement to be considered is to use
a stiffer equation of state. Early studies used an equa-
tion of state with a first order phase transition with
a large latent heat [4, 5, 6]. Such soft equations of
state have constant temperature and pressure for en-
ergy densities between ϵh and ϵh + L, where ϵh is the
maximum density of the hadronic phase. Here, ϵh

corresponds to a hadronic gas with a temperature of
Tc = 170 MeV, and L is the latent heat. In con-
trast, lattice QCD now suggests a crossover transition
where the pressure rises continuously with energy den-
sity. There indeed exists a soft region, but the speed
of sound, c2

s = dP/dϵ, never falls below 0.1 and the
width of the soft region is somewhat lower than the
latent heat L assumed in the previous studies. The
benchmark calculation, displayed in the upper panel,
assumed a first order transition with a latent heat
L = 1.6 GeV/fm3 with a lower bound to the mixed
phase at ϵh ≈ 500 MeV/fm3. This is not only inconsis-
tent with lattice calculations, but is also inconsistent
with femtoscopic analyses of data at lower energies.
For heavy ion collisions at the upper AGS and for the
lower SPS beam energies, maximum energy densities
were in the neighborhood of ϵh + L. For a first order
phase transition the pressure P stays fixed through-
out the mixed phase, and these conditions would have
minimal values of P/ϵ with minimal explosivity re-
sulting in perhaps dramatically large lifetimes, well
exceeding 20 fm/c. The long duration of the emis-
sion would lead to extended values of the outward
dimensions of the phase-space cloud [18, 19]. This
was not observed. The third calculation (open dia-

S.P. PRL 2009

• Stiffer EoS 
  (blue to green)



Six dimensions C(pa,pb) analyzed
• Rout/long/side as functions of  pt,y,𝞅 
• Directions of  ellipse 
• non-Gaussian details of  source 
• Source sizes for pions, kaons, protons, Lambdas 
• Relative offset for different species, e.g. 𝝿p, Kp, K𝝿 
  — At low energy, correlations with d,t,𝝰,Li,C…

All consistent with large collective flow!
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Correlations from Charge Conservation — 
Balance Functions

B(pb|pa) =
P+�(pa, pb)� P++(pa, pb)

2P+(pa)
+

P�+(pa, pb)� P��(pa, pb)

2P�(pa)
<latexit sha1_base64="SbtKB7eDMC3a6bcDO0lk7p4tI14="></latexit>

• Integrates to unity 
• Early production broader BFs 
• Larger diffusion broader BFs 
• Can be indexed on species  
  — strangeness/baryons made early, 
       electric charge made late 
  — Narrow 𝝿𝝿 BFs, broad pp and KK BFs



Charge balance functions 
verify chemistry
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FIG. 3. Left panels (a-c): Balance functions calculated from
20 points drawn randomly from the original parameter space
(prior). Center panels (d-f): Same as the left, but with points
taken randomly from the MCMC trace (posterior). Right-side
panels (g-i): Best calculation using lattice values for �/s.

compared to the data and shown in Fig. 3. The cal-
culations appear quite successful in reproducing the ex-
perimental balance functions. In contrast 20 points were
randomly drawn from the prior distribution and the re-
sulting balance functions, also shown in Fig. 3, signifi-
cantly di↵er from the experimental results. After fixing
�uu and �ss to lattice values, a best fit is found with
�(QGP) = 1 and �(had) = 0.2. These balance functions
are also shown in Fig. 3. The spread of the posterior
balance functions illustrates how strongly balance func-

tions are being constrained. The large spreads of the
K+K� and pp̄ prior balance functions shows that they
provide the bulk of the resolving power, whereas the pion
balance functions provide less insight. Even though the
lattice values for � do not lead to the very best fit, they
still provide a reasonable description of the data.

In summary, charge balance functions from calcu-
lations described in [3] were compared to preliminary
STAR results. The comparison led to a determination
of the quark chemistry which is within 20% of what is
would be expected for an equilibrated gas according to
lattice gauge theory. The analysis also provides valida-
tion of the two-wave nature of quark production in rel-
ativistic heavy ion collisions. Given the schematic na-
ture of the model, one could not have expected to reach
quantitative conclusions better than the 20% level. This
study should serve as motivation for both improved and
more detailed microscopic modeling, and for additional
data, both at RHIC and at the LHC. Like femtoscopic
two-particle correlations, charge balance correlations in-
trinsically carry six dimensions of information, and the
comparison of balance functions for di↵erent species pro-
vide even richer and more constraining insight. Incom-
ing data from STAR, ALICE, CMS and ATLAS should
greatly improve our understanding of the chemical and
di↵usive properties of super-hadronic matter created in
heavy ion collisions.
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STAR

𝝿𝝿 narrower than KK 
KK narrower than pp

Matches expectations  
if  susceptibility/chemistry 
equilibrated

S.P., W.McCormack and C.Ratti, PRC 2015
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Lattice Budapest/Wuppertal (C.Ratti)

Cab(t, r1, r2) = h�⇢a(t, r1)�⇢b(t, r2)i
@tCab +r1 · (v1Cab) +r2 · (v2Cab)

�Dr2
1Cab �Dr2

2Cab = Sab(t, r1)�(r1 � r2)

Sab(t, r) = �s
D

Dt

�ab(t, r)
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IV. Phenomenology
Susceptibility

Charge-balance correlations 
Early production of  charge 

➜ broader correlation

★STAR

S.P. and C.Plumberg, PRC(2019)

MADAI



Phenomenology — Diffusivity
Strangeness made early 
∴ kaon separation determined by diffusivity

𝚫𝞅

K+

K-

★

K+K- Balance Function

Increasing D

Similar work already done for charm, Bernhard & Bass



Electromagnetic Signals 
Penetrating Probes

• Photon has ~90% chance of  traversing fireball 
• Direct photons 
  — Must subtract contribution from meson decays (𝝿0) 

• Dileptons 
  — Function of  invariant mass



Direct photon challenge
• Large yield and large anisotropy 

is observed at PHENIX—> 
challenge to theoretical models:

Large yield -> Early emission

Large v2 -> Late emission

• In order to understand this, 
PHENIX has measure data in:

Large systems:  Au+Au 200, 
62, 39 GeV and Cu+Cu at 
200 GeV

Small systems: p+p, p+Au,    
d+Au (MB) at 200 GeV

4

PRC94, 064901 (2016)

Puzzling: 
• Yield seems high 
• High flow 
• From hadronization?

Direct Photons  
(not from hadron decays)



Dileptons

yields and the expected yields from a range of hadronic decays, heavy-flavor decays, and Drell-
Yan production, provided an important verification of the analysis methods. More recently, the
STAR experiment significantly improved its p+p data sample by about 700 million events with
a fully installed TOF, e↵ectively doubling its dielectron acceptance.
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Figure 3. (Color online) Dielectron invariant mass spectra for Au+Au collisions atp
sNN =200 GeV for di↵erent centrality selections (left panel) and the ratio of data to cocktail

(right panel). The systematical uncertainties are indicated by boxes.

The left panel of Fig. 3 presents for Au+Au collisions at
p
sNN=200 GeV the centrality

dependence of the invariant mass spectra in the STAR acceptance (|yee| < 1.0, |⌘e| < 1, and
pT > 0.2 GeV/c). The measured yields are compared to a cocktail simulation of expected yields
where the hadronic decays include the leptonic decay channels of the !, �, and J/ vector
mesons, as well as the Dalitz decays of the ⇡0, ⌘, ⌘0 mesons [13]. The input distributions to the
simulations are based on Tsallis Blast-Wave function fits to the invariant yields of the measured
mesons [12]. These functions serve as the input distributions for the Geant detector simulation
using the full STAR detector geometry. The ⇢ meson contributions have not been included in
the cocktails as it may be sensitive to in-medium modifications which are expected to a↵ect this
meson’s spectral line shape [16]. In the intermediate mass range, the cc̄ cross section is based
on Pythia simulations scaled by the number of nucleon-nucleon collisions [17]. The cocktail
simulations are observed to overestimate the data in central collisions. This can indicate a
modification of the charm contribution. However, the observed discrepancy is still consistent
within the experimental uncertainties.

In the right panels of Fig. 3, the ratios of the data to cocktail yields have been depicted
for di↵erent centrality selections. A clear enhancement in the low mass range can be observed.
As the charm contributions scale with the number of binary collisions, the total cocktail yield
increases with centrality, and only little centrality dependence can be observed in the ratio plots.
On the other hand, as can be seen in Fig. 4, a comparison of the dilepton yield dN/dMee in
the range of 150 < Mee < 750 MeV/c2 scaled to the number of participants, Npart, appears
to indicate an increase of the low-mass-range enhancement with increasing centrality. Such an

Excess at 500 MeV 
Meson masses 
Hadronization? Shifted 𝞀? 

𝞀 peak not 5x pp!! 
Doesn’t  exist in QGP



Beam Energy Scan at RHIC: 
2019-2021

• Energies from 7.7 GeV up (to 200) 
• Less T, significantly more 𝞀B  
• Search for phase transition 
  — correlations and fluctuations 

• Difficult to model: 
  — 3D 
  — Larger corona 
  — EoS depends on baryon density 
  — Hadron simulation needs mean fields 
  — Stopping 4-dimensional 
  — Phase separation/critical phenomena dynamics difficult



Modeling Phase Dynamics

• Need gradient terms and thermal noise to 
  a) generate critical correlations 
  b) generate surface energies 
  c) finite-size droplets

Ideas from: 
Stephanov (hydro+), 
Steinheimer, Young, 
Kapusta, S.P.,… 
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Open questions & puzzles
(soft physics)

How is flow generated in small systems? 
Why so many direct photons? (hadronization?) 
What is the source of  soft dileptons? 
Can we infer EoS for B≠0?  (beam energy scan) 
Can we model signals of  critical point or phase separation?  
— if  so, could signals be observable?

Jets and heavy flavor: Coming soon to a theatre near you


