Possible Resolution
to the Direct Photon Puzzle

Kobayashi-Maskawa Institute

KM i for the Origin of Particles and the Universe
g M 2 Department of Physics, Nagoya University
K MBI

Kobayashi-Maskawa Institute
for the Origin of Particles and the Universe

H-lab (Quark-Hadron Theory Group)
Chiho NONAKA

In collaboration with
Kazunori ITAKURA (KEK) and Hirotsugu FUJII (Tokyo U.)

May 10, 2017 @KMI topics



What is the QGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— High temperature and/or high density

4 pressure heat quark-gluon plasma
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What is the QGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— Early Universe
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What is the QGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— Relativistic Heavy lon Collisions : Little Bang

Relativistic Heavy-Ion Collisions icle

Kinetic
made by Chun Shen freeze-out

T Hadronization
Initial energy -
density

collision ¥
overlap zone

free streaming

collision evolution
t~0fm/c t~1fm/c t ~ 10 fm/c T ~ 101 fm/c

e Heinz

Hadron Phase

Color Super Conductor

A >
1 C. NONAKA Neutron star "




What is the sQGP?

Quark-Gluon Plasma
* Quarks and gluons at extreme conditions

— Relativistic Heavy lon Collisions

2000: Relativistic Heavy lon Collider
Success of relativistic hydrodynamic model
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Heavy lon Collisions
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Heavy lon Collisions@QM2017

STAR@RHIC
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Statistical Model
p+p,
d+Au,He+Au
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb
7.7,11.5, 19.8, 27, 39 200 2760

Experimental data W) Location on the QCD Phase diagram
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Heavy lon Collisions and QCD phase diagram

PP,
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Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb
7.7,11.5,19.8, 27, 39 200 2760
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PP,

d+Au,He+Au
Au+Au(Beam Energy Scan) U+U, Au+Au, Pb+Pb
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QGP Production?

[Experimental dat%

Theory, Model
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QGP Bulk Property

* Development of hydrodynamic model

What we want to understand

[Experimental dat%

collisions thermalization  hydro hadronization  freezeout " V
.\:“.. .\‘.::.‘
» ¢ vt oo
...S .\o.‘..
Theory
Initial conditions Hydrodynamics Final state interactions
Fluctuations: QGP bulk property Hadron based event
Glauber, KLN, EoS: lattice QCD generator
IP-Glasma... Shear and bulk
viscosities
Our developing dynamical model
TRENTO Hydrodynamics UrQMD

Kl : Okamoto
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Direct Photon Puzzle

Dlrect photon = Inclusive photon — decay photon from hadrons
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_— The results are smaller than experimental data at RHIC and LHC
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Direct Photon Puzzle

Dlrect photon = Inclusive photon — decay photon from hadrons
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The state-of-the-art hydrodynamic model
+ photon production processes except decay photons
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Photon Production in HIC

’ Photon emission at Pratt
hadronization Campbell

Free streaming]
hadrons

(Hadron Gas |

Quark Gluon Plasma|

Pre-equilibrium phase

Strong field — Glasma?
Z Initial hard scattering

Campbell@QM2017
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under discussion
The contribution may
not be so small.



Radiative Recombination
with Itakura and Fujii
e+ p > H + vy

* A fundamental process in plasma physics and astrophysics

* Photon emission is necessary to compensate energy
difference between initial (continuum) state and final
(bound) state =) “free-bound” transition

Examples: =~ . Similar processes in
* glowdischarge
ination” in the

nuclear reaction in the sun
pp chain
D+p—>3He + vy
3He + *He > ’Be + v, etc
CNO cycle
p+ PC>1BN+y
p+ BC2>¥N+ vy, etc




Radiative Recombination in QGP

Possible resolution to the direct photon puzzle
* FLOW: Photon emission at hadronization process
— Photon’s flow is as strong as hadrons’ flow.

* YEILD: A photon is produced from pairing of hadrons

— Radiative recombination brings enhancement of photon yield.

Radiative Recombination in QGP
* Non perturbative process

: . uark
* Not possible to use the inverse § !
process
* Not equilibrium process
antiqua meson

—>Recombination Model
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Recombination

Fries, Mueller, CN and Bass, PRC68(2003)
* A hadronization model i
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— Baryon/Meson rations
— Nuclear modification factors
— Quark number scaling in elliptic flow
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Caveat: Braking of quark number scaling is

KM i observed at LHC.
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Recombination

Fries, Mueller, CN and Bass, PRC68(2003)
* A hadronization model , ——————————

ReCo
“°'
OOO O
0

fragmenting parton:

O 910 pp,=2p,z<1 ;

quarks hadron 510-4 r %, ;

)

Ex. Duke % 10° recombining ﬁ

The recombination process occurs at \5106 partons: < !
moderate P T 107 | PatPPy Frag.

. 2 3 4 5 6 7 8 9 10

One of successful models o (GeV)

— Baryon/Meson rations
— Nuclear Modification factors
— Quark number scaling in elliptic flow

* Entropy and energy conservation
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ReCo with Photon Emission

i v Photons are
Reson'ance;jl € 4 quark emitted from
s;c\ate |shpr;) uce decay of the
t rougb.t € resonance
recombination , 1‘ meson particle.
model. antiquark

Resonance like state
ReCo model Resonance decay

dN,. \ dn, (M.,P)
&
d’pP )\ 7 dk,

/ =z~]j dM, p(M.) j d’

Spectral function of resonance state
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Centrality Dependence @RHIC

‘centrali‘ty depe‘ndence‘@RHIC‘

meson b=3.0 fm
meson/5 b=5.5 fm
meson/25 b=7.5 fm
meson/100 b=9.0 fm
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Transverse flow
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Hadronization temperature
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Photon’s P; Spectra @ RHIC
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* P;spectra photon from 2 to 5 GeV show good agreement with experimental
data.

am° Photon’s effective temperature decreases with increasing M.
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Photon’s Elliptic Flow @ RHIC
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* Photon’s v, is as large as meson’s v,.
* Small momentum difference is consistent with scaling (TV/T7=1.06)
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KM i

|.]>II C. NONAKA Violation of quark number scaling appears in high P; region



Photon’s P; Spectra and v, @LHC
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Summary

* High-energy heavy ion collisions at RHIC and LHC
— Experimental data and the QCD phase diagram
— Development of hydrodynamic model

* We propose a possible resolution to the photon puzzle

— Radiative recombination %

— Large yield and v, of y quak

— Energy conservation in the >1‘\
recombination model antiquark meson

Resonance like state
 Working in progress
— Include other resonance-like states
— Effects of baryon
— Check the violation of quark number scaling
— Dileptons

i
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ReCo model Resonance decay



