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Bayesian Parameter Determination
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GOAL: Determine Likelihood
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GOAL: Determine Likelihood
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Sample likelihood with MCMC

Hamiltonian Monte Carlo
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CHALLENGES

1. Expensive Model

2. Heterogenous Data

3. Expressing Uncertainties:
— “systematic” model error (missing physics)
— competing models (jet physics)
— correlated errors (especially for theory)

(m) ) — 2
L(a?)wexp{—z(ya (2;2 Yo }

a

\ L(Z) ~ exp {_; N WI(@) — ya) Do (g™ (F) — yb)}

ab



Distilling Heterogenous Data

1.Experiments reduce PBs to 100s of plots

2.Choose which data to analyze
Does physics factorize?

3.Reduce each plot to a few values, ya
(use principle components)

4.Calculate global principal components, z,

5.Resolving power of RHIC/LHC
data reduced to =10 numbers!



@ | | Data Distillation

Spectral information encapsulated
by two numbers, dN/dy & {pv

“model spectra from
m,p spectral SHAPES | 30 random points in

dN/pt

o parameter prior

pions

protons

-, | 714 pion spectra:
<« With 573<(pt)»< 575 MeV

| 44 proton spectra:
with 1150<{ppp< 1152 MeV
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Correlated Uncertainties

1. Distill plots to small number of principal components*

2. Implement error matrix

3. “Nuisance” parameters
dN  dN™
dp  dp

e PIA

*applied here



Y(x)

Expensive Models
00 02 04 06 08 1.0

MCMC may need to repeat
model millions of times
— intractable

Gaussian Process Emulator

- Reproduces training points

- Assumes localized Gaussian
covariance

- Must be trained,

i.e. find “hyper parameters”
- Other methods also work



Results & Interpretation

MADAI Collaboration
Models and Data Analysis Initiative

To address these issues: (active 2010-2017)
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Ist MADAI Collaboration Meeting, SANDIA 2010



RHIC/LHC Global Analysis

S.Pratt, E.Sangaline, P.Sorensen and H.Wang, PRL 114 (2015) 202301

Parametric Initial State & Viscous RHIC Au+Au (100+100 GeV)

Hydro & Hadron Cascade LHC Pb+Pb
14 Parameters (All for hydro) 30 Observables
« 5 for Initial Conditions at RHIC °T,K,p Spectra
« 5 for Initial Conditions at LHC {pv, Yields
* 2 for Viscosity *Interferometric Source Sizes
e 2 for Eq. of State *v2 Weighted by pt

N\

Likelihood



Initial State Parameters
(energy, WN vs. cgc, saturation, collective flow, SE tensor anisotropy)

fW wn T+ (1 — fwn)ecgm
TA—~22 ] exp (—oeTB)} + (A < B)

sat

{1 — exp (—0sat Tmax) }

Osat

5 parameters for RHIC, 5 for LHC



Equation of State and Viscosity

cs(€) = c5(en)

2 parameters for EoS, 2 for n/s



14x14
Posterior Likelihood

S.P., E.Sangaline, P.Sorensen & H.Wang, PRL 2015
RHIC Au+Au and LHC Pb+Pb Data
14 parameters, include Eq. of State
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Sample
Spectra from
Prior and
Posterior

©
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-
o

dN/(2rpdpidy) [(GeVic)?]

100 |- -
o :
' -
0.1 [ . .(al)Pl.on.Sl R R SRR .(dl)Pl.on.Sl R T T
0.4 0.8 1.2 1.6 2 04 0.8 1.2 1.6 2
pt (GeV/c) pt (GeV/c)




Sample HBT
from Prior and
Posterior

= |
L »§J L vy

500
pt (MeV/c)

750 250




Sample v2 from
Prior and
Posterior

v2, 20-30% cent

0.3




Eqg. of State

cs(€) = ¢ (en) -
+ (1 —c (Eh)> KXoz + o
3 M) Xoz+ a2+ X2
Xo = X'Re,(€)V12,
r =Ine/ep

\\soﬁer




cs° (speed of sound squared)

o
W

o
(V)

o
—

(MADAI Collab.)

Constraining Eq. of Stat
LN LR B R L

e with RHIC/LHC Data
———

|
Lattice: Hot QCD / BW

upper/lower ranges (arXiv:1467.638
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n/s = (1/5)o
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What should you expect for n/s at T=165 MeV?

e ADS/CFT: 0.08
e Perturbative QCD: > 0.5 (0= 3 mb)
 Hadron Gas: =~ 0.2 (o= 30 mb)



Extracted n/s at T=165
MeV consistent with
expectations for
hadron gas!

Does not rise strongly
in QGP
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RESOLVING POWER OF OBSERVABLES

How does changing ya,exp Or 0aalter (X)) or ((0xi0x;>)?

9 0 (mod)
5y P) (i) NOT 5, Y

We need

From covariances form MCMC trace + linear algebra....

E.Sangaline and S.P, arXiv 2015



RESOLVING POWER OF OBSERVABLES

W wL)
3 (icp) (i) = ((x:(0aL) /L)) — ((x4))({(OaL)/L))
Ya
= ((07; (0 L)/ L))

—Y - H(6x;6yp))  (for Gaussian)

dxi = x; — ((22)), 0o = Yo — YLP)

0
do,

can find similar relation for ((0x;0z;)) E.Sangaline and S.P, PRC 2016
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What determines EoS?

 Lots of observables
 Femtoscopic radii are important

What determines viscosity?

e Both v2 and multiplicities
e T-dependence comes from LHC v2

Validated collective wisdom of field



CONCLUSIONS

¢ Robust, emulation works splendidly
¢ Scales well to more parameters & more data

¢ Eq. of State and Viscosity can be extracted from
data

¢ Eqg. of State consistent with lattice gauge theory

¢ Extends to other observables:
diffusivity, jets, Eq. of state for us+0

¢ Heavy-lon Physics can be a Quantitative Science!!!!



Bayesian for Heavy-lon Physics
Challenges Going Forward

. Faithful representation of uncertainty
— needs discussion

. RHIC Beam Energy Scan
— 3 D, more energies, include fluctuations

— 1000s x more numerically expensive
. Compare/Combine/Choose competing models



