Studying nuclear matter under extreme conditions using supercomputing:
on Quark Gluon Plasma properties from large-scale Bayesian analysis
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High energy nuclear collisions & nuclear equation of state
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Evolution of the nuclear medium as seen through jets

LRl * 3 stages of heavy-ion collisions:

Relativistic heavy-ion collisions *  Pre-equilibrium stage: production of hard jets and onset
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e Last stage: Boltzmann transport/free-streaming

* Most of T*Y is described by hydrodynamics
and Boltzmann hadronic transport.
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Evolution of the nuclear medium as seen through jets

Ref.: Chun Shen
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and Boltzmann hadronic transport.

Jets take a small portion of system’s TH, i.e.
are a perturbative correction to hydro T#Y
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Evolution of the nuclear medium as seen through jets

Ref.: Chun Shen

3 stages of heavy-ion collisions:
Relativistic heavy-ion collisions *  Pre-equilibrium stage: production of hard jets and onset
kinetic = of hydrodynamics (i.e. hydrodynamization)

freeze-ou

Initial Hadronizatieg " B ‘. * Evolution of the nuclear fluid: viscous hydro

energy

: density >
T

* Last stage: Boltzmann transport/free-streaming
* Most of T*Y is described by hydrodynamics
and Boltzmann hadronic transport.

/

* Jets take a small portion of system’s THY, i.e.
are a perturbative correction to hydro T#Y

pre-equilibrium viscous hadronic
dynamics hydrodynamics transport free-streaming

t~1fm t~10fm t ~100fm t~10"fm * Jets probe the entire evolution history of the
QGP, sensitive to T (x*), u*(x*),n(T) ...

* To help simulate these different aspects of heavy-ion collisions, the JETSCAPE
(Jet Energy-loss Tomography with a Statistically and Computationally Advanced Program Envelope)
framework was established.



Overview of fluid dynamics

* Fluid dynamics is a set of conservation equations, i.e. 9,T*" = 0 and 61L]g’5’Q =0

e What does it mean to have a viscous fluid?
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Overview of fluid dynamics

* Fluid dynamics is a set of conservation equations, i.e. 9,T*" = 0 and ang,S,Q =0

e What does it mean to have a viscous fluid?

* Dissipation of sound waves

Wave propagation of
perturbations at speed of

sound ¢,
A
Pert (ckt—F D) =1 K
L X —k-X)——=—=
ert.x exp |i(c X) 35 2T
Y

Decay/Dissipation
of perturbations

* 711 introduces friction between fluid layers

* 7 shear viscosity
* s entropy density

v

* How big is 17 in the QGP? . B



Simulating soft the nuclear medium
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Viscous Fluid Dynamics for
Medium

Cooper-Frye
Sampling

e JETSCAPE Collaboration provides a software framework describes:
* Hydrodynamical simulations and Boltzamann transport simulations
* Jets Monte Carlo event generators inside the nuclear medium
* Provides a set of Bayesian tools to characterize the QGP, i.e. n(T), {(T), 4(T)

Store Full Event Record into

Disk
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Factorization at work: Leading order diagram

 Start by considering jets in the vacuum.

* The probability (or cross section) for
producing a jet is given by

h
do;

do

dt

~ fdxadbe(Xa)G(xb)l ]D(Z1)

dydpr,



Factorization at work: Leading order diagram

e Parton Distribution Function (PDF) G: Prob. of
finding a parton from the hardon

* a non-perturbative process, most easily
measured in e + p experiment

MSHT20NLO, Q? = 10 GeV?

1.2
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Factorization at work: Leading order diagram

e Parton Distribution Function (PDF) G: Prob. of
finding a parton from the hardon

* a non-perturbative process, most easily
measured in e + p experiment

AN

. . do
* Perturbative scatterlng process E generates

highly virtual (short-lived) particles that
produce a shower known as a jet.

doh 5
~ | dx,dx,G G ~||D
dydel f xa xb (xa) (xb) (Zl)
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Factorization at work: Leading order diagram

e Parton Distribution Function (PDF) G: Prob. of
finding a parton from the hardon

* a non-perturbative process, most easily
measured in e + p experiment

AN

. . do
* Perturbative scattermg process E generates

highly virtual (short-lived) particles that
produce a shower known as a jet.

* The showering and hadronization of quarks
and gluons is encapsulated in the

Fragmentation Function (FF) D: converts
- partons into hadrons
z; = — * non-perturbative process, most easily measured
P inet +e”

h
do;

do

~ fdxadbe(xa)G(xb) [dt]D(zl)

dydpr,



Monte Carlo jet shower simulation in vacuum

* Monte Carlo simulations (e.g., Pythia)
develop a shower at the quark/gluon level in
vacuum by adding multiple splits.

* In vacuum, the particles in a jet after
hadronization occupy a narrow cone.

15



Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet
after hadronization occupy a wider cone.

* The transport coefficient g is used to measure
(transverse) momentum broadening of
partons in the QGP.

y . * This transport coefficients is akin to the spatial
T—— Brownian diffusion coefficient.
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Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet
after hadronization occupy a wider cone.

* The transport coefficient g is used to measure
(transverse) momentum broadening of
partons in the QGP.

_ . * This transport coefficients is akin to the spatial
— Brownian diffusion coefficient.

e Other jet transport coefficients will be
discussed by Amit Kumar (DTP session, Today
at 5PM)

17



Modified splitting inside the QGP

* In the nuclear medium, the particles in a jet
after hadronization occupy a wider cone.

* The transport coefficient g is used to measure
(transverse) momentum broadening of
partons in the QGP.

N . * This transport coefficients is akin to the spatial
T—— Brownian diffusion coefficient.

e Other jet transport coefficients will be
discussed by Amit Kumar (DTP session, Today
at 5PM)

* Lukas Opitz poster #25 (DNP): hadronization in
a viscous medium.
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Comparisons w/ experimental data using Bayesian calibration

Observables Posterior : Grad
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Comparisons w/ experimental data using Bayesian calibration

Observables Posterior : Grad
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RHIC

20



Comparisons w/ experimental data using Bayesian calibration

Observables Posterior : Grad
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Comparisons w/ experimental data using Bayesian calibration
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Conclusion and Outlook

* Using hydrodynamics and Boltzmann transport, Bayesian constraints on the QGP
viscosities was obtained.

* Using the MAP parameters to simulate the QGP medium, constraints on momentum
diffusion coefficient g of jets in the QGP has been obtained through Bayesian model-to-
data comparisons.

e Future Bayesian analysis will simultaneously constrain jets and the QGP fluid, requiring:
e Optimized simulations to be developed that leverages existing accelerators (AVX in CPU, GPU, Al
accelerators and so on)

* Great possibilities for physicists, mathematicians, computer scientist to work together
and tackle numerically challenging problems and uncover deep insights abouts the QGP.
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Modelling specific bulk ({/s) and shear (n/s) viscosities

* Bulk and shear viscosities were parametrized using 4-parameter functions
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Modelling specific bulk ({/s) and shear (n/s) viscosities

* Bulk and shear viscosities were parametrized using 4-parameter functions
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An irreducible tensor decomposition of hydrodynamics
* In high-energy collisions (w/ negligible ug), what is flowing?... That can only be energy
density €
ut = (y, y,B_;) where

THVy = eyt
Uy = €eu ~1/2 >
Yy = (1 — ﬁz) and f = v/c. Using natural units from how on = ¢ = 1.

Landau’s flow definition

* Non-dissipative T(fw can only take the form:
Ty" = eufu — P(e)AHY = eutu’ — P(e)(gh’ — utuY)

* Including dissipation gives rise to dissipative corrections 6 T*" to T(fw, namely IT and T#V
TR =Ty 4+ 8TH =T} — 1AW + 'V = eutu” — (P + IDAHY + iV

where the viscous pressure are decomposed in terms of irreducible tensors, namely

radial deformations angular deformations

— _Lapvp 1 1

w/ n[f = 0 and u, 7" =0



A measure of anisotropic flow (vy,)

* Elliptic Flow
- - A nucleus-nucleus collision is typically not head on;
A z an almond-shape region of matter is created.
- To quantify this almond shape region, the centrality is
s = vy introduced, where 0-10% being the 10% most head-on
NG collisions, while 40-50% being semi-peripheral collisions
shown.

* To describe the angular (¢p) momentum distribution (in x-y plane, i.e. p,), use a Fourier
decomposition (i.e. flow coefficients) v,

dN 1 dN {4+ z (n) ’ [
= V,,COS(Nn = —~LO
dMdn,pydpdp  2m dMdn,p dp, " ? =28, p?

n

 Second Fourier coefficient: elliptic flow (v,) is the largest.
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