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History of the Universe

Quark-Gluon ' Protons& Low-mass
Plasma Neutrons Nuclei
1013K, 10-6s 1012K, 10-4s 109K, 3 min

Neutral Heavy
Atoms Formation Elements
4000K, 105y 109y >109y




A Mini-Bang in the lab

We need a small system so that it can be accelerated
to ultrarelativistic speed (99.9% c)

That system (i.e. a chunk of matter and not just a single
particle) must follow simple rules of thermodynamics
and form a new state of matter in a particular phase

We can use heavy ions (e.g. Pb). They are finy (~10'4
m) but have a finite volume that can be exposed to
pressure and femperature

We will try to force matter, through a phase transition, to a
new state of matter called "Quark Gluon Plasma”
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When and how did the transition happen in the
early Universee




Collins and Perry (1975)

Term “quark soup” was originally proposed by
Collins and Perry and comes from cosmology...




VoLUME 34, NUMRER 21 PHYSICAL REVIEW LETTERS 26 May 1975

Superdense Matter: Neutrons or Asymﬁtotically Free Quarks?

J. C. Colling and M. J. Perry
Department of Applied Mathematics and Theovetical Physics, University of Cambyidge,
Cambyridge CB3 SEW, Englund
(Received 6 January 1873)

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 univerge) coagists 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.

We first give arguments leading to this idea. It
is commonly believed thal hadrons consist of
quarks® ™7 despite the apparent nonexistence of
free quarks.® There are two main reasons for
this belief. First, a quark model explains®® many u

properties of the hadron spectrum, and of strong-

interaction decays. Secondly we have Bjorken A neutron has a radius!® of about 0.5-1 fm, and
s 7 = . N 1

gcaling’ in the deep ineclastic scattering of leptons so has a density of about 8 x 1014 g cm 3, whereas

by nucleons. Basically, this indicates that had-
y d the central density of a neutron star™? can be as

rons consist of pointlike objects (partons) which 16 o -
interact weakly with each other when close to- much as 10*-10"" g cm°. In this case, one must

gether, Analysis of the data indicates that par- expect the hadrons to overlap, and their individu-
tons are the fractionally charged spin-; Gell- ality to be confused. Therefore, we suggest that
Mann-Zweig quarks. Since free quarks are not matter at such high densities is a quark goup.

observed,® it is assumed that they are permanent-

ly bound in hadrons® by 2 mechanism as yet un-
known, but much speculated on.



A soup “rich” of information

QCD equation state

Partonic energy loss

Core of dense stars



Phase fransifion in early Universe:

when the Universe cools below 150-200 MeV,
i.e. 10~ seconds from the Big Bang

« Before simply nof enough “space” available for hadrons

« Color screening and high quark density forbid hadronic

scale
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QCD phase transition

Electroweak phase fransition
(bariogenesis, ...)

Inflation

GUT phase fransition
(monopoles, cosmic strings, ...)

\_

/ Cosmological phase transitions \

~175 MeV

~150 GeV

~101°GeV

(primordial densisty fluctuations, primordial magnetic fields, ...)

~10'¢GeV

/




The Transition 2

Simplest confined matter: ideal pion gas N=3 2>

-B
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At the critical temperatfure a strong increase in the degrees
of freedom appears:
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Gluons, quarks

Not an ideal gas close to T~ =2 residual interactions
At the phase fransition dp/de decreases rapidly by
latent heat of deconfinement
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The Transition

(- a

LHC plasma hotter, denser, longer lived

16 LF Karsch, et al. Nucl. Phys. B605 ' ' 4, _
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Phase Diagram of QCD Matter

see: Alford, Rajagopal, Reddy, Wilczek
Phys. Rev. D64 (2001) 074017

T o3
[

S Yo & quark-gluon plasma

@ Tri-critical point ?

| 0 0 o

'c’)e

T_~170 MeV

color
hadron gas superconductor

@
—
>
wied
©
-
)
Q.
=
@
=

nucleon gas

“" ;C el

baryon density




Where can the QGP be produced ¢

Neutron Stars




1954-2004

Atgthe LHC it can happen

‘-/




CERN iIn Numbers
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Main lon-lon
Colliders in the
history:
AGS +fs~ 5GeV
SPS s~ 17GeV
RHIC /s~ 200 GeV

LHC /s~ 5500 GeV

1232  superconducting dipoles at 9T

500 superconducting quadrupoles at 250 T/m LHC

4100  superconducting correction magnets Total cost 9 GEuro
4x10° tons of material at 1.9 K
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Collision time ~ 10225

Approach Collision Particle Shower

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:29:42

Fill : 1444

Run : 137124

Event : 0x00000000271EC693




Worldwide LHC Computing Grid (wWLCG)

Balloon
X (30 Km)
WLCG is a worldwide 1
collaborative effort on ! CD stack with
an unprecedented scale 1 year LHC data!

in terms of storage and (~ 2€Km)
CPU requirements, as

well as the software
project’s size

——
Concorde
(15 Km)
GRID computing developed
to solve problem of data storage
and analysis
LHC data volume per year:
Mt. Blanc

10-15 Petabytes (4.8 Kmy,




A Single Event

Properties of average events instead of average event properties

v, =0.070566 |
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Anti-Nuclel
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Charge particle multiplicity

dNcn/dn = 15844 (stat)+76 (sys) 5% most central Pb+Pb at 2.76 TeV
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° Eskola et al. [12)
' e Bozeketal [13)
. Sark| etal [14
* Other J*™e i PRL 105, 252301 (2010)
P umanic [15]
0 ey - :t T @ AA(05%)ALICE NSD ALICE
i % A pp
dN,/dn 810 = AA(-5%)NA50 o pp NSD CMS
< [ A AA(05%)BRAHMS * pp NSD CDF
W [ * AAG5%)PHENIX ¢ pp NSD UA5 oc 0415
o 8 [ AA(0-5%)STAR % pp NSD UA1
E B v AA(0-6%)PHOBOS x pp NSD STAR
. . S T AA
Growth with s faster in AA than pp S s
‘ oo . y Q I~
(Vs dependent ‘nuclear amplification’) 2 L
2
o




Testing the HI ‘Standard Model’

Elliptic Flow: one of the most anficipated answers from LHC

= experimental observation: particles are distributed with azimuthally
anisotropy around the scattering plane

= Are we sure Hydro interpretation is correct ¢

Initial state spatial Final state cos(2A®P) modulation
an isotropy == momentum ==  in particle distributions
isotropy

Normalized Counts

0.4 * * * . * -
0 0.5 1 1.5 2 25 3
¢Iab-lpplane (rad)

Elliptic Flow v, as interpreted by Hydrodynamics
Pressure gradient converts
spatial anisotropy — momentum anisotropy
— particle yield anisotropy




Testing the HI ‘Standard Model’

Hydro seems to work very well for first fime at RHIC

* LHC prediction: modest rise (Depending on EoS, viscosity, speed of sound, dN_,./dh, ..)
( ‘better than ideal is impossible” )

experimental trend & scaling predicts large increase of flow

(‘RHIC = Hydro is just a chance coincidence’)

LHC ?

w
S—
N B L [ L I LI l LI L l L I L l L
s 0.25 HYDRO limits
= 0.2~ .
®) » : :
E B a BNL Press release, April 18, 2005:
0.15 = Data = ideal Hydro
o - 1 | "Perfect" Liquid
GJ : : New state of matter more remarkable than predicted —
C_U 0 1 - » e — raising many new questions
Al B — /A=11.8 GeV,EE77 4
8 B . —@— E_/A=40 GeV, NAZ9 B
N—" E —@—E_ /A=158 GeV, NA4S 1
0.05 = m
B é —afp 5, =120 GeV, STAR 3
- f e \[5,,, =200 GeV, STAR Pralim. | -
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0 5 10 15 20 25 30 35
(1/S) dN_, /dy



= many more tests of Hydro and the HI-SM to come....

Testing the HI ‘Standard Model’
® Hydro passed the first fest |
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CERN Press release, November 26, 2010:

‘confirms that the much hotter plasma
produced at the LHC behaves as a
very low viscosity liquid (a perfect fluid)..’

-

o

5 10 15 20 25 30
(1/S) dN_, /dy

Disclaimer: very rough guesstimate, assuming geometry not to change between RHIC and LHC

35




First Elliptic Flow Measurement at LHC

v,{4}

®v, as function of p;

= practically no change
with energy |

& extends towards
larger centrality/higher p, ¢

®v, infegrated over pf
= 30% increase from RHIC

= <p;> increases with Vs
& pQCD powerlaw tail 2

= Hydro predicts increased
‘radial flow’

& very characteristic
P; and mass dependence;
to be confirmed !

PRL 105, 252301 (2010)
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Quenching as seen by p; spectra

®Suppression of high p; particles ( ~
= Minimum R, , ~
= Rising with p; |
= accuracy limited by pp reference

leading jet

fragments)

1.5 -2 xsmaller than at RHIC
(ambiguous at RHIC 1)

Raa(pr) =

(1/NAdy dszf [dndpr
(Neo) (1/NZ7) d>NEY | dndpr

g T 1 I T I T T 1 T T T I
10° Ry =1 for (ve hard QCD 1processes
% % I I I I | I I I I | I I I I | I I I I - O 5/0 Ff 2 75
S F Pb-Pb \[Sy: = 2.76 TeV in absence of nuc e “f‘nodlflcatlons
2 10 @ 70 -80%
i._ 10° —— scaled pp reference
> / * 0-5%
= 10 : o 70-80%
%ﬁ 10; Data driven Interpolation
= 1 900 GeV & 7 TeV
S} 1ofs / or using NLO for change in shape
i 102 S 7 TeV * NLO (2.76 TeV)/NLO(7 TeV)
< E 3
104 =
“1@D
0 1
10'?;5 ié 0.9 TeV * NLO (2.76 TeV)/NLO(0.9 TeV)
1[]‘3_""|""|""|"" 0'1_111|||||||11|||||||_|
0 3 10 15 20 0 5 10 15 2C
p. (GeVic) P, (GeV/c)




Global observables summary

Energy density > 50 GeV/fm3 \

Freeze-out volume ~300 fm3
Time scale until decoupling 10 fim/c

Elliptic flow as expected from hydro-dynamical
calculations

Initial state saturation effects smaller than expected




Can a Black Ho

be produced at

the LHC?¢

"It's black, and it looks like a hole. I'd say it's a Black Hole.”




At CM energies above Planck scale, black holes can
be produced in particle collisions

Naively, the xsection for a BH production is:
o =naR; with R; the Schwarzschild radius

The production depends on which fraction of available
parton energy goes into forming the black hole
(trapped behind horizon)

Energy needed s~ My>=10" GeV Yo Way,

Impact parameter < Rs (i.e. particles
passing within distance smaller than
the event horizon)




Black Holes evolution and decay

Mini black holes produced at LHC would be light and tiny
compared to cosmic black holes (~TeV versus ~3 Solar masses)
This means they would be extiremely hot (T~100 GeV) and
evaporate almost instantaneously, mainly via Hawking radiation

Typical decay signature:
~6 ptc for each decay emitted spherically
75% quarks and gluons
10% charged leptons r AW 3 b .
5% neutrinos | e
5% of photons or W/Z boson
new ptc around 100 GeV

BH event
simulated by CMS



LHC as a Black Hole Factory

Spectrum of BH produced at the LHC w/ subsequent decay into final states tfagged with
an electron or a photon [Dimopoulos, G. Landsberg, PRL 87, 161602 (2001)]

100 fb-1

dN/AM,; X 500 GeV

1 I | | | | | | | """" } | MP|= 7|Te\/|'-“;- =

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Mgy, GeV

For Planck scale up to ~ 5 TeV, clean and large samples of BH’ s at the LHC



SUSY

SM extension: each boson(fermion) gets a fermion(boson) “superpartner” which

differs only in spin
Standard particles SUSY particles

Gauginos mix to form
charginos and neutralinos

' Quarks ‘ Leptons . Force particles Squarks \_) Sleptons o SUSY force
particles

Dark Matter candidates

Some advantages:

« Offers dark-matter candidate Hﬂ £q0 H:t
« Offers possibility of force unification My H. <

Higgsinos

Popular SUSY model: mSUGRA (Minimal Supergravity)

» SUSY broken via gravitational interactions
« Assuming masss unification at GUT scale reduces vast parameter space to just 5




(Strength)-!

60
50
40
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20
10

Supersymmetric S.M.

Standard Model

A

1 102 1012 104 10! 1018
E (GeV)

=



(Strength)-!

Supersymmetric S.M.

E (GeV)

Standard Model + SUSY
| gravity
] —
-
| | | | .
1 102 1012 1014 106 1018



SUSY at the LHC

(or I, t+1-) _ _
h (or Z) q High P jet
[mass difference is large]

The p; of jets and leptons
depend on the sparticle
masses which are given by

Colored particles are models

produced and they
decay finally into the
weakly interacting stable
particle R-parity conserving

High P jet ¢ h (or Z) (or FF, t+1-)

The signal : jets + leptons + missing E;



Simulated event for SUSY

Et = 330 GV

20 Gev
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Conclusions

Alice and the LHC are operating wonderfully
showing a highly hot, dense and opaque
medium has been generated

A new and unique era for the exploration of the QCD phase
diagram just started. The connections with other branches of

physics are incredibly high and intriguing

WE'VE SHOWN THAT THE RECENT UNEXPLAINED
BEHAVIOR 1S DIFFERENT THAN THE
PREVIOUS UNEXPLAINED BEHAVIOR.

J = E

©1994 Tom Swanson

Stay runed, hew and xciﬁng resulrs
will come soon!



