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The Big Question: Nature of matter at highest temperature and density
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PHYSICAL REVIEW VOLUME 92,

NUMBER 2 OCTOBER 15, 1953

Multiple Production of Pions in Nucleon-Nucleon Collisions at Cosmotron Energies*

E. FErMt
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received July 3, 1953)

The statistical theory of multiple pion production is applied in some detail to the discussion of nucleon-
nucleon collisions for primary energies of 1.75 Bev and 2.2 Bev. Probabilities are given for single and multiple
productions of pions and nucleons with different charges.

HE availability of high-energy nucleons from the
Brookhaven cosmotron makes it now possible to
compare the results of the statistical theory' of multiple
pion production with experiment.? In Table I of A, a
tentative estimate of the relative probabilities that in
a nucleon-nucleon collision various numbers z of pions
are emitted together with two nucleons was given.
According to formula (22) of A, these probabilities for
for bombarding energies of a few Bev should be pro-
portional to
251 l"
(w—2)*
w I
wla w is the total energy of the two colliding
the center-of-mass system including their
. The nucleon rest energy is taken as unit
A number of crude simplifying approxima-
been introduced in A in deriving the pre-
wila. One of them was to neglect the effects
rent possible charges of the nucleons and of
Ve propose to improve the earlier results by
tion of this factor. This will be done for low
production up to a maximum number of
In doing this we shall make use of the con-
[ isotopic spin as a limitation to the possible
nsitions.
lamental hypothesis of the statistical calcu-
gh-energy nuclear events is that in a colli-
~75, all possible final states are formed with a
proportional to the statistical weight of the
o In listing all the possible final states, how-
~should exclude all those that cannot be
reached from the ground state because of conservation
theorems. In addition to the classical conservation
theorems of energy, momentum, and angular momen-

TasLE I. Number of states of isotopic spin 1 and 0
for a system of two nucleons and » pions.

”n 0 1 3
Pa 1 2 B 9
gn 1 1 2 4

* Research supported by a joint program of the U. S. Office of
Naval Research and the U. S. Atomic Energy Commission.

! E. Fermi, Progr. Theoret Phys. (Japan) 5, 570 (1950), quoted
as A; Phys. Rev. 81, 683 (1951).

2 Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. (to
be published).

tum, one should include in the present discussion also
the conservation of isotopic spin and, of course, of
charge. To be sure, the conservation of isotopic spin is
not exact. It is believed, however, that only weak
transitions are possible between states of different
isotopic spin. Therefore, the statistical equilibrium
postulated in A will normally not have time to be
established except for states of equal isotopic spin.

In a collision of two nucleons, the initial state may
have either isotopic spin 7'=1 or 7’=0. In computing
the final states, only those with isotopic spin 1 or 0
shall have to be counted. For each final state character-
ized, for example, by the momenta of its particles,
there are a number of different charge possibilities.
Let p, be the number of such possibilities for states of
isotopic spin 1 with the given total charge, and ¢, the
similar number for isotopic spin 0. In Table I, we list
the numbers p, and ¢, for states of two nucleons and #
pions.

For example, in the collision of two high-energy
protons, the isotopic spin of the initial state is 7=1. A
final state will be formed abundantly only when its
isotopic spin is also 1 and we may assume that the
probability of its formation will be proportional to f.(w)
given by Eq. (1). In computing the relative probabilities
for the formation of # pions, we shall take into account,
however, that there are p. states of isotopic spin 1.
Therefore, the probabilities to form » pions will be
proportional to p.f. and be given by

Po=pufa/2 Pnfn (2)

If the two colliding nucleons are a neutron and a
proton, the initial state is a mixture of 50 percent
isotopic spin 1 and 50 percent isotopic spin 0. If the
initial state has T=1, the probability to form # pions
will again be given by Eq. (2). For T=0, the prob-
ability will be given by a similar expression with p,.

replaced by ¢=:
Qn=qnfn/Zann- (3)

The resultant probability will be, therefore, the arith-
metic average of Egs. (2) and (3).

In discussing the comparison of these figures with
experiment, it is important to give not only the number
of pions that accompany the two nucleons in the final
state, but also their charges. In order to do this, we
must subdivide the numbers p, and ¢, of states with #
pions into numbers of states corresponding to the
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Statistical particle
production from a
thermal system
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of dense, hot system

SUPPLEMENTO AL VOLUME III, SERIE X N. 1, 1956
DEL NUOVO CIMENTO 1° Semestre

Hydrodynamic Theory of Multiple Production of Particles.

S. Z. BELEN'KJI and L. D. LANDAU

Institute of Physical Problems of the Academy of Sciences of the USSR - Moscow
Institute of Physics of the Academy of Sciences of the USSR - Moscow

CoNTENTS. — 1. Introduction. —~ 2. Termodynamic relationships in the
break-up. - 8. Total number of particles. - 4. Energy and angular
distribution of particles. - 5. Collisions of particles of different masses.

1. - Introduetion.

It is known experimentally that in the collision of very f
large number of new particles is created (nuclear events). FErRM]
the idea of using thermodynamic methods in investigating the
high-energy collision. The basic postulates of his theory are

1) When two very fast nucleons collide the energy, in the
system, is released in a very small volume V. As the nucles
very great and the volume small, the energy distribution will b¢
statistical laws. This permits to examine the collision of high-¢
without using any particular theory of nuclear interaction.

2) The volume V in which the energy is released is deterr
mensions of the nucleon meson cloud, whose radius is of tHe e
where x is the pion (m-meson) mass. But since the nucleons move at high
velocity, the meson cloud surrounding them undergoes Lorentz contraction
in the direction of the nucleon’s motion. Thus, the volume will be of the
order of magnitude

(1) V=

in ( h )“ 2 Me?

e

where M is the nucleons mass, and E’ is the total energy of the two colliding
nucleons in the center of mass system.

drodynamic evolution
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Underlying degrees of freedom of strong interaction
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HIGH ENERGY INELASTIC e-p SCATTERING AT 6% AND 10°

E. D. Bloom, D, H. Coward, H. DeStaebler,

J. Drees, G. Miller, L. W, Mo, and R. E. Taylor

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

and 1990 Nobel Prize to
PhOtOn Jerry Friedman (MIT), Henry

M. Breidenbach, J. I. Friedman, Kenda” (MIT)’
G. C. Hartmann,** and H. W. Kendall RIChard T&)’IOI" (SLAC)

Department of Physics and Laboratory for Nuclear Science)r
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

ABSTRACT

Cross sections for inelastic scattering of electrons from hydrogen
were measured for incident energies from 7 to 17 GeV at scattering

angles of 6° to 10° covering a range of squared four-momentum trans-
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Jerome 1. Friedman “Henry W. Kendall”

.

Proton

fers up to 7.4 (GeV/c)z. For low center-of-mass energies of the final
hadronic system the cross section shows prominent resonances at low
momentum transfer and diminishes markedly at higher momentum

transfer. For high excitations the cross section shows only a weak

momentum transfer dependence.

(Submitted to Phys. Rev. Letters)
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Now at Xerox Corp., Rochester, New York.

TWork supported in part through funds provided by the Atomic Energy Commis~
sion under Contract No. AT(30-1)2098.




Hadrons are composite particles

Baryon Meson
e.g. proton e.g. pion
«
Quantum Chromodynamics theory (early 1970’s)
» QFT like QED
» Point-like fermions (Quarks) Gluon
» Massless bosons (Gluons)
Quarks and gluons carry ‘Color’ charge
«

Colored particles can not propagate through the vacuum: Confinement



VoLuME 34, NUMBER 21 PHYSICAL REVIEW LETTERS 26 May 1975

bers of these bands are also plotted, Compari-
son of experiment with theory suggests that the
2.87-MeV state is likely the 3° member of the 1~
band and that the new member of the 2.97-MeV
doublet is likely the 4™ member of the 2” band,
The comparison also suggests that either the
3.59- or 3.68-MeV state is the 4* member of the
1* band, with perhaps a slight preference for the
3.59-MeV level,

Clearly, one or both members of the 4,20-MeV
doublet have high spin. In any case, one member
must have J"=4" or =5%, Thus a state here is a
candidate for identification as the 4 member of
the 17 band or the 5° member of the 2” band, or
the 5* member of the 1* band or the 6* or 7*
member of the 2* band. If one member is 47,
the other is probably 5%, 6*, or 7*, while if one
is 57, the other is probably either 4~, 4* 5* or
6%, It is thus very likely that one of the members
of this doublet is a 6* state,

The 4,.51-MeV state appears to be a good candi-
date for the 4 member of the 1° band, or the 6*
member of the g.s. band. One of the members of
the 4,6-MeV doublet may be the 5 member of
the 2° band, or the 5* member of the 1* band, or
the 7* member of the g.s, band., If the 7* state is
not contained in the 4,20-MeV doublet, then one
of the 4,6-MeV states is the only other good can-
didate below 5 MeV. However, if the two 4.6~
MeV states have comparable spins, then neither
need be larger than 3, The 4,73- and 4,76-MeV
states are candidates for either the 4 member
of the 1° band, or the 5* member of the 1* band,

or the 6* member of the g.s. band. If one of the
4,9-MeV states has low spin, the other might be
the 5* member of the 1* band. Clearly, the 4
decays of these levels must be studied in order
to pin down their spins. But the present reaction
provides a powerful tool for determining which
states may have high spin,

tWork supported by the National Science Foundation,

*Present address: Center for Nuclear Studies, Univ-
ersity of Texas, Austin, Tex. 78712,
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Superdense Matter: Neutrons or Asymptotically Free Quarks?

J. C, Collins and M, J. Perry
Department of Applied Mathematics and Theoretical Physics, University of Cambridge,
Cambvidge CB3 9EW, England
(Received 6 January 1975)

We note the following: The quark model implies that superdense matter (found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
quarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly.
An asymptotically free gauge theory allows realistic calculations taking full account of

strong interactions.

There are several astrophysical and cosmologi-
cal situations where one needs the equation of
state for matter of densities greater than 10'° g
em™: in particular, the center of a neutron

star, the early phases of the big-bang universe,?®
and black-hole explosions.? However, such den-
sities might at first sight appear to be outside

the range of normal physics, so that nothing can

1353

Deconfined quarks as
DOFs of superdense
matter
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QUARK-GLUON PLASMA AND HADRONIC PRODUCTION

OF LEPTONS, PHOTONS AND PSIONS

E.V. SHURYAK
Institute of Nuclear Physics, Novosibirsk, USSR

Received 16 March 1978

QCD calculations of the production rate in a quark-gluon plasma and account of the space-time picture of hadronic
collisions lead to estimates of the dilepton mass spectrum, p distributions of e*, u*, 4, n*, production cross sections of

charm and psions.

Hadronic reactions, taking place at small and large
distances, are treated on quite different theoretical
grounds. While the former are well described by the
parton model based on asymptotic freedom of QCD,
the latter are still discussed in more phenomenological
way. I should like to argue in this paper, that a very
important intermediate region exists, namely reactions

taking place far from the collision point and not
obeying the parton model, but at the same time treat-
able by perturbative QCD methods. This region corre-
sponds to production of particles with mass M or trans-
verse momentum p, such that 1 GeV <M, p, <€+/s
(£4-5 GeV at ISR energies).

The best known example is dilepton production
(u*u~, e*e™), in which deviations from the Drell -Yan
model [1] for dilepton mass M < S GeV reach a factor
101 ~102. Bjorken and Weisberg [2] proposed a qua-
litative explanation for it: such pairs are produced at
later stages of the collision, when antiquarks are more
numerous and can interact repeatedly. Much earlier,
Feinberg [3] ascribed them to the charge-current
fluctuations in the hydrodynamical model [4] and
also stressed the importance of the space—time aspect
of the problem.

We assume that in hadronic collisions after some
time a local |7)] thermal equilibrium is established in
the sense that all properties are determined by a single
parameter, the temperature 7', depending on time and
coordinates. The schematic space--time picture of the
collisions is shown in fig. 1. We are interested in the

150

final state interaction region, limited by two lines:

T(x, t) = T;, the initial temperature at which the thermo-
dynamical description becomes reasonable, and 7T(x, 1)
=T; ~m,, where the system breaks into secondaries
[4,7]. The medium is assumed to be the quark—gluon

Fig. 1. The space--time picture of hadronic collisions, proceed-
ing through the following stages: (1) structure function for-
mation; (2) hard collisions; (3) final state interaction; (4) free
secondaries.

Space-time structure of
Quark-Gluon Plasma



The Evolving QCD Phase Transition MoLeran 2008
t ~ 1980
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Cnucal Density -2 Barvons/Frm” (T=0)

Plasma

Can we observed this phase transition
In experiment and study its nature?
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MIT Heavy lon Event Display: Pb+Pb 2.76 TeV

Heavy lon Group @ MIT

Yen-Jie Lee, Andre S. Yoon and Wit Busza Time = -10.0 fm/c
|5
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Statistical model of particle production

Becattini et al (2004)

Pb+Pb V s = 2760 GeV

dN/dy (data)

Relative yields of hadrons consistent with
T=155.0+3.7 MeV global thermal equiliorium at T ~160MeV

y.=1.0720.05
°=15.2/8 dof

3
10
dN/dy (model)

Residuals

|7



The Evolving QCD Phase Transition MoLeran 2008
t~ 1980

. — Np— : ’ : 5 ) MY (o L Il
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Plasma

Cntucal Density 1/2-2 Barvons/Fm™ (T=0)




The Evolving QCD Phase Transition MoLeran 2008
t~ 1980

Quark Gluon Critical Temperature 150 - 200 MeV (u g
Plasma Critical Densitv 1/72-2 Barvons/Fm® ( T=0)
L 4

RHIC, LHC

!‘B
t ~ 1900 t ~ 2000

- Quark Gluon Quark Gluon
= Plasma

iy " Plasma
-

. Color

5
\ Superconductor
Hadron Gas Hadron Gas

R ug

Nature of phase transition? — Nature of matter above T¢"?
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First Heavy lon Collider

RHIC
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First Au beams in 2000
Top energy Vsnn = 0.2TeV
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Wit Busza presents first physics results at RHIC
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First collisions:
June 12, 2000
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First surprise at RHIC

HIJING (dN, /dn, b<3fm)
HIJING+ZPC+ART (b=0)
RQMD (b=3fm)

UrQMD (b<3fm)
VNI+UrQMD (b<1fm)
HSD, VNI+HSD (b<2fm)
NEXUS (b<2fm)

DPM (Pb+Pb)

b G
%+ + + + + 200 GeV #¢¢¢¢¢¢¢¢§5130Gev

¢ O W Au + Au vs centrality
® d + Au vs centrality <><><><><><><X3{> 19.6 GeV

A p +pinelastic UA5
A p +p NSD UA5

DPMJET (Pb+Pb, 3%)
SFM (5%)

LEXUS (5%)
EKRT saturation (b=0)
Hydro+UrQMD (b=0)

Fireball (~5%) i | 200 GeV
McLV (dN/dn, b=0) |

500 1000

N,/ Centrality dependence much

Multiplicity much lower than weaker than expected
expected iIn most models

Particles are not produced
iIndependently: Parton saturation
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Two early discoveries

PHENIX PRL (2001)
STAR PRL (2001)

Au+Au \/SNN= 130 GeV
central 0-10%
« (h"+h)/2
0

e X

Pb+Pb(Au) CERN-SPS

H |deal hydrodynamics a+a CERN-ISR

'

Strong azimuthal anisotropy in
particle production (“Elliptic Flow”)
reaching limit obtained in ideal
hydrodynamics

Suppression of high-pr particle
production vs pp: Jet Quenching

Gunther Roland International Workshop XLIV on Gross Properties of Nuclei and Nuclear Excitations Hirschegg Jan 22 2016



Pressure driven hydrodynamic expansion
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Initial nuclear overlap defines direction Final state momentum distribution
(anisotropic pressure gradients) reflects initial overlap geometry

=lydrodynamic expansion translates initial configuration space
anisotropy into final state momentum distribution
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“Something more like a liquid”

1931-2006
AMERICAN INSTITUTE ©F PHYSICS

75 Years of Service

PNYSICSINEWSuUpuate
The AIP Bulletin of Physi

Article Tools Number 757 #1, December 7, 2005 by Phil Schewe and Ben Stein
28 Enlarge text

'%'\ Shrink text

The Top Physics Stories for 2005

At the Relativistic Heavy Ion Collider (RHIC) on Long Island, the four large
subscribe detector groups agreed, for the first time, on a consensus interpretation of
E-mall alert several year’s worth of high-energy ion collisions: the fireball made in these
RSS feed Lit3) collisions -- a sort of stand-in for the primordial universe only a few
Save and Share microseconds after the big bang -- was not a gas of weakly irjter'acgirg
QE? Digg this quarks and gluons as earlier expected, but something more like a liquid of
— Del.lclo.us strongly interacting quarks and gluons (PNU 728).

“...the fireball made in these [heavy-ion]
collisions...was not a gas of weakly interacting
quarks and gluons as earlier expected, but
something more like a liquid...”

based on Whitepapers by BRAHMS, PHENIX,
PHOBOS and STAR collaborations at RHIC
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Discovery of Mach cones? SHENIX, STAR (2005
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A new look at nuclear collisions

PHOBOS QM ‘05

Participant Eccentricity
Standard Eccentricity

Nucleus 1

Nucleus 1 Nucleus 2

Nucleus 2

Participant
Participant Regio
Region
Initial geometry given by overlap of Initial geometry determined by
smooth nuclear density distributions positions of individual colliding

nucleons (participants)
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2nd Heavy lon Collider: LHC
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Jet O, pt: 205.1 GeV

»

ve/Ne ( N/L)

imboalance

Jet 1, pt: 70.0 GeV

ATLAS PRL (2010)
Jet energy loss in QGP
leads to dijet momentum



Demise of Mach cones...

Elliptic flow(v)

Add v,2 and v32

' I

Triangular flow (v3;) from
fluctuating initial condition  2.particle correlation function
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...precise determination of QGP transport coefficient

no__ 1
(__f‘_____"_”__'_"_(_‘}__).__) Gale, Jeon Schenke Phys.Rev. C85 (2012) 024901
ideal hydro

Vp 20-30% —
Vq 20-30%

v, 20-30%

VS 20"300/0 -
PHENIX v,
PHENIX v,
PHENIX v,

Gale et al, Phys.Rev.Lett. 110 (2013)

ALICE data v.{2}, pt>0.2 GeV
n/s=0.2

Kinetic theory
= Jattice QCD
-- AdS/CFT limit

= Vviscous hydro
+ flow data

Higher order Fourier components
constrain initial geometry and

transport coefficient #/s
simultaneously 20 30 40 50

LN N2

e oo M e

centrality percentile

Gale, Jeon, Schenke 35
Int.J.Mod.Phys. A28 (2013) 1340011
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QGP vs other fluids in nature

Shear viscosity to

entropy ratio, #/s 10 @) [
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Fermi Gas
MIT cold atom group

Calculation from
Annals Phys.326:770-796,2011

\ 4

Electron fluid P Bayesian Analysis on Data (Duke)
in Graphene 10" PRC94 (2016) no.2, 024907

PRL103,025301 (2019)

5-dimensional
Black hole spacetime

Quark-gluon 4-dimensional
plasma spacetime
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How does QGP work?

AX = 1fm
Ap = 200MeV

“Perfect Liquid”

AdS/CFT low viscosity goo

How does long-wavelength behavior
emerge from asymptotically free
interaction at high T7

AX « 1fm
Ap >> 1GeV

“Free quarks and gluons”

pQCD kinetic plasma




¥ US Nuclear Physics
.| Long range plan

There are two central goals of measurements planned

at RHIC, as it completes its scientific mission, and at the

LHC: (1) Probe the inner workings of QGP by resolving
Iits properties at shorter and shorter length scales. The

LONG RANGE PLAN
for NUCLEAR SCIENCE

complementarity of the two facilities is essential to this
goal, as is a state-of-the-art jet detector at RHIC, called
sPHENIX. (2) Map the phase diagram of QCD with
experiments planned at RHIC.

c.f. 2014 Hot QCD White Paper (arXiv:1502.02730)
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LHC and RHIC timeline

LHC pO, OO, pPb HL-LHC
PbPb 1.8 nb-1 PbPb 7 nb-1 PbPb 7 nb-!

Run 2 Long shutdown 2 Run 3 LS 3
Sl s 1 Uipgieele CMS Phase 2 Upgrade

/ “State-of-the-Art Jet Detector at RHIC” .

Hadronic
\ Calorimeter

.~ Electromagnetic
Calorimeter

Run 23-25
pp, pAU, AuAu 20 nb- 2




QGP Diagnosis toolkit

pﬂ
—— Jet structure
p vary momentum/
W/ angular scale of .
prObe < Jets
CE[E D Mesons
o e Quarkonium spectroscopy
vary size of probe w Diets (P
Y(3s) Y(2s) Y(1s) B | essrements e (o
+ and x+hadron - o
> correlations 20+ Jets (p2)
add low p+ reach Bouble b-Tag (py )
gc:harm T
‘ Parton energy loss 10 ol O 10
vary mass/momentum of probe

u,d,s
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Use RHIC and LHC to study QGP properties vs temperature

T-dependence of QGP structure, as
reflected e.g. In transport coefficients
can reveal new physics

Bayesian Analysis: Bayes' rule and Posterior
Posterior « L(Exp|p, Model) x Prior(p)

ALICE Pb+Pb 0-10%
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Bayesian inference key approach
for extracting temperature
dependence

Data from two energy regimes, RHIC & LHC, essential to constrain T dependence

Close collaboration of experiments and theory required



Golden channel for studying QGP structure:
CMS Experiment at LHC, CERN VeCtorbOSOn T Jet

.| Data recorded: Tue Nov 20 09:06:26 2018 EST
\| Run/Event: 326961 / 317807617

ohoton

|et
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Pioneering measurements at LHC

Photon + Jet PRL cover (2017) /0 boson + Jet

C M S _ii-fﬁ';llg' sy = 5.02 TeV PbPb 404 ub™”, pp 27.4 pb™

| _]]f{{{] T [ITIIIII]II: i
anti-k; etR=03  Cent. 0 - 10% CMS ® PbPb, 0-30 %

p > 30 GeVic, ™| < 1.6, In"| < 1.44 b
| <4.44, p; > 60 GeV/c, ¢jy i + E:J p$ > 60 GeV/c
B

0 Smeared pp

e

anti-k; jet R =0.3 -
;y:‘ > 30 GeV/c
E:j M < 1.6 -

V4
A(Djz > 87t

llAl ................... llllllllllllAlll
0O 02 04 06 038 1 1.2 14 16 1.8

PRL 119 (2017) 082301 et Z
addl Xiz = pJT /P2

PLB 785 (2018) 14
PLB 718 (2013) 773

Energy loss (transport of energy out of jet cone)
changes jet/photon (Z° momentum balance
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QGP “Rutherford scattering”

AQ ~ ' \Sy = 5.02 TeV
cMS
O. 4 Preliminary
[=] PbPb
>.
Z%‘ o 0.3H=]pp (smeared)
5 |8 0 - 30%
.. 0.2F40 < p_Yr < 50 GeV/c ¥
A | ) ’
i - 99900030088".

0 05 1 1.5 2 25

PLB 785 (2018) 14
/ S PLB 718 (2013) 773

Jy
Distribution similar with QGP
(PbPb) and without (pp)

Does scattering in QGP
deflect jet relative to the
phO’[On? 49



Jet broadening: Better at RHIC (lower energy)!

LHC projection

— Pb-Pb s, =5.02 TeV ( 0-10% )
o =0.163 = 0.001 (stat)
—— pp ¥s=5.02 TeV

o = 0.204 + 0.005 (stat)

T —Agp
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ALICE Upgrade simulation
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RHIC projection
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At comparable jet energies, much smaller
contribution from ISR/FSR at RHIC, as well
as smaller smearing from UE fluctuations




New opportunity: Exotica (use QGP as tool)

X(3872): Observed by BELLE (2003) COF  PRL 98, 132002 (2007

_ LHCb PRL 110, 222001 (2013)
Quantum number determined by CDF and LHCb data: JPC=1++
internal structure is still under debate

p*-5** molecule

Charmonium Tetraquark (4q) EPJA47 (2011) 101
[4q = lcc molecule
~ 0.3 fm

as large as 5 fm

PLB 590 209-215 (2004) PRD 71 (2005) 014028 PRD71 (2005) 014028
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CMS Preliminary 1.7 nb”" (2018 PbPb 5.02 TeV) 1.7 nb™ (2018 PbPb 5.02 TeV)

Inclusive 15<p_<50 GeVic - = CMS Preliminary op (7 TeV, CMS)

- : y| < 1.2
X( 8722 yl<1.6 " PbPb (5.02 TeV, CMS) Inclusive

- o =
ent. 0-90% - =— |y| < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)
+ - m Prompt ly| <0.75

e Prompt
O  Nonprompt

SN

=

'_|_|_|_|_J_|LL.|_|

o

III
3.65 3.7 3./5 38 385 39

Myunr (GEV/CY)

First eV|d.enc.e for X(SE.;?Z) = h - Indication of enhancement In
production in heavy ion Jing Wang +

collisions Yon-Jie Lee X(3872)/y(2S) ratio in PbPb







LHC Run 4
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LHC Run 4: Phase 2 upgrades

Wider coverage, better precision, higher rate, and ...

Table 1: Main features of CMS detector at present and Phase 2 upgrades.

CMS present CMS Phase-2

Inner Tracker In| < 2.4, In| < 4,
100x 150 pm? pixel size 50x50 pm? pixel size

Calorimeter Low-granularity High-granularity end-
cap with silicon sensors
Muon detector 7] 2.4 | 2.8

L1 trigger bandwidth 30 kHz for PbPb, 750 kHz (pass through
100 kHz for pp and pPb all PbPb events)

Tlme-of-ﬂlght N/A MTD for charged hadron
for Particle ID PID over || < 3.0
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MIP Timing Detector

o 10°

Time resolution: 30 — 40 ps for run 4

CMS Phase-2 Simulation

F 0-100%, lyl<1 Models: 0-80% PbPb 5 TeV
5F e MTD — Catania Coal. only

— Catania Coal. + Frag.
. ono MTD

ALICE Run 2, lyl<0.5

ao pp 7 TeV
O pPb5 TeV

Participation and potential leadership i st
of DOE-NP groups in ETL ki O<lyi<t

Particle identification improves S/B for many
existing measurements (HF, Exotica)
and opens new opportunities
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