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“Some Topics of Relativistic Heavy lon Physics and
Quark Gluon String Model”

Content:

1. Introduction to High Energy Heavy lon Collisions

- Quantum Chromodynamics and signatures of QGP phase transition
— Applications of particle intensive interferometry in relativistic heavy-ion collisions
- Strangeness production in hh-, hA- and A+A-collisions

- Hard probes:Jet Quenching, Nuclear Shadowing, High-pt particles

- Electromagnetic signals: Photon and Dilepton Production
- Heavy quark production and J/{ suppression

- Collective effects: anisotropic flow, shock waves

- Cosmological aspects of QGP formation from Big Bang to Neutron Stars



Lecture:

1) Introduction to Relativistic Heavy lon Collisions

2) Glauber Model of relativistic heavy lon collisions

3) Space Time Picture of Relativistic Heavy lon collisions
in Gribov-Regge picture
folk.uio.no/larissa/nuclphys/HotQuarks2006.pdf

4) Quark Gluon String model
folk.uio.no/larissa/nuclphys/Kaidalov_ITEP_school.pdf
5) Particle Anisotropy in pp collisions coming from the
string with impact parameter
www.folk.uio.no/larissa/nuclphys/seminar-string.pdf



“Quark Gluon String Model and some topics of
Relativistic Heavy lon Physics ”

Content:

1. Introduction to High Energy Heavy lon Collisions
2. Nucleon-Nucleon Collisions and Quark Gluon String Model
- Particle production in Nucleon-Nucleon Collisions
- Baryon Energy Loss in Inelastic Collision
- Hard Processes in Nucleon-Nucleon collision
- Particle Production in a Strong Field
- Schwinger mechanism of particle production
- Production rates
3 . Classical String Models
- Yo-Yo and constituent string models of hadrons
- Lund model for Nucleon-Nucleon collisions
- Lund Model for Nucleus-Nucleus collisions
Special type of the string with impact parameter




“Quark Gluon String Model and some topics of
Relativistic Heavy lon Physics ”
by Larissa Bravina (University of Oslo, Norway)

Content

1. Introduction to High Energy Heavy lon Collisions
2. Nucleon-Nucleon Collisions and Quark Gluon String Model
3 . Classical String Models
4. Nucleus-Nucleus Collisions
- Multiple Collisions and Nuclear Stopping
- Glauber Model of Nucleus-Nucleus Collision
Quark Gluon String Model for Nucleus Nucleus Collisions

Conclusions




. Are there undiscovered principles of &
nature: New symmetries, new physical
laws?
. How can we solve the mystery of dark
energy?
. Are there extra dimensions of space?
. Do all the forces become one? L
. Why are there so many kinds o artlclas/ N :
. What is dark matter?

How can we make it in the laboratoty?
. What are neutrinos telling us?
. How did the universe come to be?/.
. What happened to the antimatter?




All this can be explored in energetic collisions
of ultra-relativistic nucleons or nuclei.




Phase diagram

2 AGeV  (FOPI, TAPS, HADES)
10 AGeV (E896, E917, E910

30-160 AGeV (NA49, NA50, NA60, WA9S...)

7-200 GeV  (BRAHMS, PHENIX, PHOBOS, STAR)
2.76-5.1 TeV (ALICE, CMS, ATLAS)

30 AGeV  (CBM)
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Dynamic Regimes
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Chemical freezeout

(Quark recombinaiant .

Diagram by Peter Steinberg



High Ene ultra-relativistic) Heavy lon physics

High Energy physics |

e'e LEP | pp FNAL | AUAU RHIC,LHC

e-A DESY |
QED and pQCD l non-pQCD

~[POFsFF|—"

Heavy lon physics:

* nonperturbative QCD phenomena at high-temperature and high-energy
density.

+ addresses the properties of QCD vacuum relevant to the structure of the
early universe

+ the origin of particle masses, QCD phase transition

+ thanks to the Maldacena discovery of the duality between super gravity in
Anti de Sitter space and conformal field theory, heavy ion physics provides

a unique testbed for applied string physics.



High p; particle High p; particle

7

e*+e - jet +jet p+p->/6t+let Auk Au > stuff

+ jet + jet
measure these... here?!



Heavy lon Physics
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Coulomb charge

Local gage mvariance — two “identical” theories

Electroweak interaction QED

A

o=1137

distance from the bare charge
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Landau’s zero charge problem
—vacuum rearrangement ?

Strong interaction QCD

" q 2
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Q
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Heavy ion coll. - QGP problem

—vacuum rearrangement ?
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Phase transition in Heavy lon collisions
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HI - Center Of Mass Energy regimes
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thsics at the LHC: EE @ 14 TeV \

Skpsal sipmificance

Extra Dimen
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oLHC will explore directly the highly-motivated TeV-scale and say the final word
s mechanism and many TeV-scale New Physics predictions
*Also LHC will be a great machine for: QCD, B-physics, Heavy Ions, EW precision..

about the SM Higg
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mm Physics atthe LHC

4

' ;' ' uzel - s | Measure also low pt tracks
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Event shapes ‘ e Size: 16 x 26 meters
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- I LHC ready for heavy ions in 2008




ProEerties of the deconfined nuclear medium |

RHIC provided a lot of convincing evidences
that the deconfined Quark-Gluon Viedium
(plasma) was created.

It was created also at lower energies - more
aboout that later.

Where is the phase transition, location of the Critical End Point

Properties of deconfined medium:
— Equation of state
— Viscosity, fluidity
— Transport properties, interaction with jets (quenching)
— Initial condition - nuclear modification, saturation
— Baryo-chemical potential.




EVENTS /25 MeV

J-peak

QGP signatures...

WY-peak
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DUt ratner like these:;
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Jets as a medium probe
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G-Y Qin & B. Muller [PRL 106, (2011) 162302] _ — —_ Py
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Leading parton: e~
Transfer energy to medium by elastic collisio
Radiate gluons due to scattering in the medium

Inside and out side jet cone

Radiated gluons (vacuum & medium induced):
Transfer energy to medium by elastic collisions

Be kicked out of the jet cone by multiple scattering after emission

Different for b-quark, dead cone effect



How we see it?

< ' NN=2- 76 Te¥20t20% |
Z ATLAS |
PHYSICAL ?;. ¥ Pb+Pb 1
REVIEW ‘;_"'
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252

Date: 2010-11-12
Time: 04:11:44 CET AJ

DZent 041914046 — O 1

Published by th %E‘-)
American Physical Society Volume 105, Number 25
physics

Jets remain back-to-back




A+A

HI collision - Nuclear Modification

Factor Ry,

2 | T T

— " nuclear suppression’
| "soft ]

"Cronin" enhancement

no nuclear modif. |

"hard":

—
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iImpact
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What is N_,, and how to calculate it ?

Glauber Model
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I Impact parameter = distance of nuclear centers b

Ncoll, b=10fm Ncoll, b=3fm




O collision centrality

Glauber model

Npart Neon SCaling
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I Impact parameter = distance of nuclear centers b

>

xT

Ncoll, b=10fm Ncoll, b=3fm




| (1C =it alil!
Cannotdifectly measure the impact parameter!
peripheral
central

Zero-degree
Calorimeter

Paddle Counter

“Spectators”

“Participants N part = 2A o N S

“Spectators” >M ’

spectators studied with zero-degree calorimeters, and
participants via monotonic relationship with produced particles

pec




“Glauber” model of AA

3
O
2 1000" .
y - E 800! .v
Color Exchange: 8 -
1. Soft Hadron Production Z o %
2. Transverse Energy I
| | 40050, o
N | ParﬁciPapts "‘:;,..2‘— |
g o ¢ 2 4 & & 10 72 14 16 18
wounded nucleon model b (fm)
Participant = at least one inelastic collision

Binary collision = point like scattering, optical theorem NXxM, parton lumin.




1000 mb

= 100 fm?2 e
— 10 mb =
= 0.1 mb~! E |
01
o

- Nuclear density o5

'~ Nuclear radius

Woods-Saxon potential

R =
d =

(1.12 A3 —0.86 A~'/?) fm, || Parameterization or 6.5 fm
0.54 fm. Skin parameter



e Nucleus Parameters |

Electron Scattering Measurements

Nucleus |A R a W
2 12 247 0 0
o 16| 2608 0513 -0.051
o, (1 +wr?/ Rz) Al 271 307 0519 0
_ 0 s 32| 3458 061 0
p(r )= / ca 40 376 0586 -0.161
— NI s8| 4300| 0516 -0.1308
1+ CXp (r=R)/a cu 63 42| 05% 0
w 186| 651 0535 0
Au 197 638 0.535 0
Pb 208) 668 0546 0
238 668 06 0

P/ po

U
H. DeVries, C.W. De Jager, C. DeVries, 1987

0.5

R= rg A1/3

R=nuclear radius 6-7 fm

ro = nucleon radius 0.75 fm (use 1fm)



Thickness Function reflects the nuclear density integrated along beam axis

T,(s)= J:::dz n, (\/sz + zzj

The integral of the Thickness Function 1s

I ds’T,(s)= A

In the case of p+A collision the
Cross section:

° n‘(l‘) ['molg

0(b) = 0,T5(b)

Sharp sphere approx:
n,(r<R)=n,= A/V and n, (r>R)=0

34
T,(s)=2n,VR*> -5 =2
34 34
1O = e = 2giaT gt TOPAT

0 0




T,(b) =nucleon density per unit transverse area

collisions — O-NN
=7, unitarea

N

nucleons

0

coll

O O NM = I d’b T, (b)- Oyy =Opy T d’b T dV n(r)= Ao,
0 0 -0

T,0) =0.17 fm3 2R, = 2.2 nucleons fm2

O,a= O,, A for minimum bias

b
O,,=0,, sz'b T, ()
bl




For a given impact parameter l.):({'s) - (;A) , the Overlap Function 1s defined as a product of the
T (b)'s of the colliding nuclei A and B, integrated over the transverse area:

T, (b) = [d*s T, ()T, (s _b)

r
with b and g being perpendicular to beam direction z. The overlap function can also be calculated

directly from densities by four-dimensional integration:

r r T
Tp(b) = [d’s dz,dzy 1,(5.2,)n,(s —b.2,)
The integral over the ovelap function is
[db’T,,(b)= AB

Transverse plane integral

Sharp sphere approx:
_— é — n,(r<R)=n,= A/V 31‘11(113n A(@>R)=0
S~ - ToA(b=0) = ;A
0

1/3
where R=1r,A



| NICKNEesSS 1. D+ J\

b2 b2
o,.=0, | d®T,®) o =0, | d°b Ty (b)
2! bl

Total Geometric Cross Section is the xsection in A+B collisions when, at least, on inelastic

n+n collision occurs
g = [d*b[1- @]
For the Sharp Sphere and in the limit of infinite n+n Xsection Oy

g 5 /3
o,=n(R,+R,) = { 12”2} [AY+ BT ~394[ A" + B =540 fm® = 5.4 bam
: no,

dN"" _dN" 0, T d°b T,5(b)
dedy bl=b2 dedy ”(bZ. _bl.) bl




P(n,b):(AB) (1_ O'NNZ;A(b)) —n(O-NNZA(b))n
n)\

The two terms represents the contributions from the two colliding objects. The factor
repeatedly present in these formulas represents a probability for a nucleon to pass through
the nucleus without any collision:

(16)

_ ONN TA(b)] @
A

p(ncol =0) = [1

This probability is obtained using the binomial distribution of number of binary collisions.
A numerically similar result can be obtained using the simpler Poissonian

p(ncol = 0) = e~o~~ Ta(®), (17)

Since the maximum number of collisions is limited to A, the binomial formula seems more
appropriate though.

Probability of becoming participant is p(ncol > 0) =1 — p(0).




e Caloblating Nogr 8N Nogy |

* Number of participants - thickness function

N (b)= | d*T, G)1-]1-

. - -

+(A < B)

* Number of collisions - overlap function

N2 (b)= 0 | ST, GYT, (D)




Participants are nucleons which have encountered at least one binary collision. The mean
number of participants in pA and A+B collisions at an impact parameter b can be calculated
via

_ onn Ta(®)]? -
Npartpa(b) = {1—|1— " + Ta(b) onnN (13)
( - y B\
Npartap(h) = / ds Ty(3){1— [1- TN Tg(s =il 4 (14)
: - i : A
+ /d% T = |28 T2(3+ | Y (15)
\ 2 = /
Sharp sphere approx: 1400/ o ',.. :Eé:;gg-?‘oao G-SEE?:;% 40mb
n,(r<R)=n,= A/V and n,(r>R)=0 2o Saxon-Wood Npart
1000}
9 4/3 é'aoo' !
T a(b=0) = - A 3 ;
N, (0) = T,,(0)0n=1460 (Gy=40mb) 2001 TRl g
S . YT
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[ PHENIX preliminary *n i
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- Strong suppression (x5) in central Au+Au coll.

« No suppression in peripheral Au+Au coll.

-
TTT

lillll
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—
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1 2 3 “ 5 6 7

0

—
- O

* No suppression (Cronin enhancement) in control d+Au exp.

p;[GeVic]

Convincing evidence for the final state partonic interaction - emergence of sQGP




Just divide energy by volume, in some frame.

2R/y~ .13 fm

Boosted Frame

Rest Frame e = E/V = YM/(V/y) = £,
e=EN =MV, Yaric = 106
€ ~0.14 GeV/im3=¢, e~ 1570 GeV/fm3 (!1)

Yine = 2880

£~ 1.2 106 GeV/im? (1)

larm DAl CVOLIEEN =



Examine a box with total momentum zero.

e=0 e=2v%¢, ~ 3150 GeV/fim? €

Very high, but
very short-lived!



Count up energy in produced particles/matter.

Define produced as everything at
velocities/rapidities intermediate
between those of the original
Incoming nuclei.

3

dN/dy net-protons

.ASVI
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(=]
T

[ A AGS
(E802,E877,E917)

o
[T

AGS y

[ = SPS SPS y Two extremes:
_ (NA49) ”
- ® RHIC 33 i .
(BRAHMS) 1 % |y, Full transparency Bjorken
A A :
(£ ; '
et I ; -
73 RN Full stopping Landau
- i G ¢ '
O O )
" i | ' «:‘.‘: p - , !
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detector

hot hadron gas

quark-gluon plasma

‘partonic matter’

()
™
(1)
>

C
i)
b

| rapidity distribution
| multiplicities

transverse momenium specltri

HBT interferomety

momentum anisotropy

e access to the final state of the system when collective behavious ends (freeze-out)

e bulk matter probes measured with high precision
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| .A. .,A

asymptptic Bjorken solution
dN/dn
4

-

finite energy Bjorken solution
dN/dn

\"l .\‘
/ \
A\
1/ \ -~

v=z1 n:ﬂs n

spectra and correlation radii same in LCMS

approximate scaling solution
dN/dn

-~

= 3
~ .
N\
N\
o
-
-

v=zit n=m, n
specira and correlation radii same in LCMS
across finite rapidity interval ('plateau’)

non-boost-invariant expansion
dN/dn

v=zit n=1 s n
expansion preserves dM/d v ('3d hydro’)

spectra and correlation radii in LCMS depend
on dN/en

Conrtesv of T. Renk

v£2z/i n#n n

spectra and correlation radii in LCMS
depend on time evolution and on dN/dn

ariance ?

Define (longitudinal)
proper time, 1, and
space-time rapidity, n

T=At"-2
N, =1=3In()
that gives

t = Tcosh(n)
z = rsinh(7)

Exercise: show
that t is invariant
in longitudinal
Lorentz boosts




e BooStinvariantfiow

Boost invariant flow = flow of the matter appears the same in every
(longitudinal) frame boosted from z=0

For a start, neglect transverse expansion.
It will be shown that following expression does the job:

" = y(1,v) = 1(1,0,0,%) = (cosh(77).,0.0,sinh(77))

Hydrodynamical description of HI collisions
= conservation of energy and momentum

Conservation equations: 3/1Tﬂ "=
deal fluid: T = (e + P)u"u” — g""'P

(Simplified) Equation of State: P = P(€)

relates energy density € and pressure P



' B - - -

J.D. Bjorken, Phys. Rev. D 27 (1983) 140 With simplified flow presented
24 2 in previous page, conservation
\ o weehta equations boil down to:
//reguon of ’
/ interest
- g€ 4 £+l _ )
Ryl |2 1 <ol It r
P \\\ ~_ quonto e:n'erqmg i .
L B e o =0
B> o SR Two basic scenarios:
. ——receding Free streaming (FS): P=P(e)=0
- t--| e Relativistic ideal gas (IG 1o
-y gas (IG): p=pEe)=1¢
Solve to obtain:

F

L
s =a(2) ana |16 &7)=£ ()"




For fixed proper time 1, dz=35dt+5dn=0+7,cosh(7)dn

Estimate volume at z=n=0: dV =R;dz =R, 7,dn

dE AE AE

~

Energy density: €= 4y = Ay = AR27 AT}

Energy in the central rapidity region can be approximated:
AE = AE, = (m; )% Ay

where multiplicity dN/dy and average transverse mass
<mT> can be measured experimentally. Now boost
Invariance implies Ay=An and hence we obtain

c _mp) gn 1 ggmeaswed
Bjorken ~ aR3t, dy Aty dy




e Mihat about w2

Initial time 1, has two basic limits:

L : 2
Crossing time of the two nuclei: 7 2 7RA

Formationtime: 7, > T form

For many years this €5, .., formula was used with a nominal

Teom—1 -0 fm/c with no real justification, even when 1t manifestly
violated the crossing time limit for validity!
2R/y=5.3 fm/c for AGS Au+Au, 1.6 fm/c for SPS Pb+Pb.

In hydrodynamical models, it turns out that total multiplicity (related

Note: with entropy) essentially fixes the product T,€,- Later it turns out that
data (for v,) favours 1,<0.6 fm/c at RHIC. However, 1, and ¢, are

essentially free parameters in hydrodynamical models.




Generic quantum mechanics: a particle can’t be
considered formed in a frame faster than 71/ E

Translation: Tg = 1/mp~ 1/<mp>

(Final State)

dE (Te,)/dy dE./dn
(mp)= =
dN(Tg,,)/dy  dN/dn
PHENIX Data: (dE{/dn)/(dN°"/dn) ~ 0.85 GeV
Assuming 2/3 of particles are charged, this implies
<m;> ~ 0.85"2/3=0.57 GeV/(charged+neutral)
Teorm ~ N/ <mM>=0.2/0.57 = 0.35 fm/c
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RAA

Jet suppression

Phys. Rev. Lett. 114 (2015) 072302
I ' ' T T ' '

—_

0.5

T
| ATLAS anti-k; R =0.4 jets 2011 Pb+Pb data, 0.14 nb™ |

o Sy = 276 TeV 2013 pp data, 4.0 pb™' |
. == + _+ - -
=== = g '——I——’i
— @ [}
............... E%E S—— N =T [ ]}
lyl<2A1

12<lyl<2A1

40 60 100 200 400
p, 1GeV]

I d'N,,,/dvdp, ?)
(Ny)d*N,,, ldvdp, &

coll

RAA =

* 4 units of rapidity, 40-400 GeV

« Each color is a different
centrality selection

« Each panel is a different y
selection

e ~2X suppression in most central
events

 Little p; dependence in this
Kinematic range
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Jet suppression

arXiv:1504.04337

ATLAS
p+p, Pb+Pb

I T
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-

Illlllll

+ hadrons: 59.8<pT<94.8 GeV,n| <2
= jets: 63<p_<80 GeV, lyl <2
e jets: 126<pT<1 58 GeV, ly| <2

jets: 251<pT<316 GeV, ly| <2

IIII
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\S, |\ Sy = 2.76 TeV
L =4.2pb”
LF™ = 0.15 nb”

jets.
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Similar trend for charged particles and

Consistency with ATLAS fragmentation

enhancement at low z [pT] of ~25%
smaller enhancement at high z
about 10% suppression at
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RAA

Jet suppression
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different shape of initial jet spectrum
different q/g mixture at fixed p;

different path length seen by jets

[ 2011 Pb+Pb data, 0.14 nb™

ain R
anti-k,
[ 2013 pp data, 4.0 pb’! =
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RHIC V's = 200 mt° and h*+h- data

" 0-5% Central
PHENIX preliminary en

—
|

bt
n

ool T T

e Strong suppression (x5) in central Au+Au coll.

* No suppression in peripheral Au+Au coll.

dAu
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| ]

d+Au 200GeV = h'™+h0-20%/ N+N

e No suppression (Cronin enhancement) in control d+Au exp.
Convincing evidence for the final state partonic interaction - emergence of sQGP
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For Au+Au min bias directy R,, is simple

Eskola,Kolhinen,Ruuskanen Nucl.
Au+Au minimum bias at mid-rapidity Phys. B535(1998)351

2 AA 2
o oy [dprdyy ( Foalar) | galor) )
AA — 2 2 ~
AA d?otP [dpt dys AFyy(z7)  Agp(zr)
Direct Photon Au+Au\[s,,, = 200GeV, min. bias Eskola et al. NPA696 (2001) 729
—~~ 2F : ;
<E 1.85_ PHENIX 1.3 T | ||||?||U(|)I?|S| |I|T| PII:) |/| |?||||L|JOI:]S| IIII?”!'D T T 1T
& 16 P 12f LHC RHIC
SNM; 11_— A = 208 IR &
Qéﬂ e (8 el 19000:GeV . 77
- 10_ s 'f.,.,' ..‘
1E 15N = L Shadowm B
~ }m**i* 1 $ 209l - g“’
o 081 ¢ ¢ o WL Lo e
- - } o N - . B
& 06 e 0.8 -
530-4;— PH “ENIX 0.7 Fmr
0.2f : : ; 3
Em 0:,..1||,1...l...l...l.l.l...I...I--:I-H 06 _5|i|||||||_4i||||||||_3||'|||||||_'2||1|||1||_'1||'|||m 4
(0} 2 4 6 8 10 12 14 16 18 20 10 10 10 10 10 1
4 100x, * 1

Do the structure function ratios actually drop by ~20% from x=0.1 to x=0.2?
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Nuclear Geometry and Hydrodynamic

multiple :> larger pressure K o
scattering gradient in plane Reaction
Plane

less yield out
more in plane

Spatial asymmetry <y2> _ <x2>
eccentricity ¢ = TN T\ hydro K|
\V /H\X/ — hydro p
0 0 1 2 3 4
Mom. Asymmetry <p2> _ <p > P+ (GeV/c)
elliptic flow v, = — - 3
[ 2\ L 1,2\ d'N
\Px/T\P:/ o [1+2v,(p,;)cos2(p— @pp) + -..]
prdp,dydg
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What are the relevent DOF’s in
“Flow”

“Fine structure” of v2(pT) for Phys. Rev. Lett., 2007, 98, 162301
different mass particles. NI B L L B O B O
. (a) + (b)
“ ” : 0.3L e '+ (PHENIX) < p+p (PHENIX) i
In Ideal “hydro™ picture: I = K'+K (PHENIX) O A+X (STAR)
d,T* =0 — Work-energy theorem K5 (STAR) 0 Z#2 (STAR)
— [ VPV = AE, - | ﬁﬁ +
=m, —m, = AKE, 0'2__ d:%¢
o
i (17 \ |
Vo(pr)—> V,(KE;) oAl ol ]
' o )
:l{ho
on
SE
v2(KE;) universal for baryons ! %o | | | 3
v2(KE;) universal for mesons 00||III1IIII2IIII3HH40 1 2 3
p; (GeVic) KE, (GeV)

Do we have an even more universal scaling?
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QG medium fragmentation-quark

recombination

Why is the universal v,(KE;) different for meson and baryons?
Exited quark-gluon medium — huge phase-space densities — constituent Quark

Recombination / Coalescence

3 quarks

A quark
wro’ron ]

—_

/.
~
-

»
>

pt BV,

Phys.Rev.Lett.91:092301,2003

11-Jul-15

NS

)

[LX.]

Asymmetry parameter

—0.2 ol b by b Lo b b s b s bovaa Laaay
-0.2 -0 o] 0.1 02 03 04 05 06 07 08

Phys. Lett.,1996,B371,157-162
1 FERMILAB hep-ex/9601001

alxp) =

D (¢d)- D*(cd)

D + D"

Xr

ymeson ( pT) 7.y Quark ( Pr ,;uark ) Vlz?aryon ( pT) =3 Vguark ( Pr ,éuark )




The “Flow” Knows Quarks

Assumption:
a” bulk art_lcles are [TT T T[T T T T[T T T T[T T T | [TT T T[T T T T[T T T T [TTT]1
, ? - (a) o r*+m (PHENIX) < p+p (PHENIX) (b) |
coming from oal ® K*+K' (PHENIX) O A+A (STAR)
recombination of flowing ™ * KZ (STAR) 0 =+% (STAR) |
partons i T .
] |0.1
J i \ <
[
Vo(pr) = n v [ KE; | ' o8 | I°
2\Pr 1 zk n ) 0.05| i + 10.05
. [ )
3 __ |
I :%
. -
° 0
. -
Discoverv Of Universal Sca“ngl 0 [N T A A AN A A N AT AN AT AT T AN A B B B B B B N A A A A AN A N AN

0 0.5 1 15 2 0 0.5 1 1.5 2
p;/n, (GeVic) KE;/n, (GeV)

- flow parameters scaled by quark content n, resolves meson-baryon separation of final state

hadrons. Works for strange and even charm quarks.

. strongly suggests the early thermalization and quark degree of freedom.
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Jet shape evolution with trigger and assoc.

Y. = 1/NAdN*%d A

0.06[
0.04f

0.02f

Au+Au / p+p Vs = 200 GeV p_

C(a) 3-4 ®0.4-1 GeVic

——Au + Au 0-20%
o] —o—p+p
o] .

L (b) 34®1 2 GeVic |

4-5 ® 4-5 GeV/ec ]
X 10 .

p+p->jet+jet

" (g) - - T(h) ﬁ%’ 5-10 ® 5-10 GeV/c
xX2.5

0 2 4A¢ (rad)O 2 4
Per-trigger yield vs. A¢ for various trigger
and partner p; (p*; ® pB;), arranged by
increasing pair momentum (p#; + p&;)
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Tracks

Fluctuations

JHEP11(2013)183

v cosn(q)—d)n)

80F

T l T L)
Run 169927
Event 400484
0-5%

Pb-Pbys,,=2.76 TeV
p,>0.5 GeV

I Ll Ll L] l L]
ATLAS Preliminary

=1 T ' Ll Ll
| Run 169927

| Event 153906
— 0-5%

I Ll L] L] I Ll T
ATLAS Preliminary |

. Pb-Pb {s,,=2.76 TeV
) p,>0.5 GeV

Significant fluctuations, factor of ~2

Tracks
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-l T I L] T
Run 169927
[ Event 153938
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T L] L] l T T4
ATLAS Preliminary

Pb-POYs, <276 TeV |
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Cannot be explained by detector effects
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Flow becomes understood?

p,>0.5 GeV ATLAS 'Preliminary ]
Pb-Pbys,,=2.76 TeV
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2 particle correlations in Pb+Pb
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2 particle correlation

s vs. flow

C(A9)

1.02}

1.01}

0.99}

Residual
[x107*]
g © O

A

Long range structures (“ridge”) can be almost entirely described

by harmonics V1,1"\/,6,6(pa pa) — (pa)v (
n,n T T n T n

p;) +non — flow
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2PC in p+Pb

NS > 220

NS° > 220
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Boosting triangular flow

p+Pb/Au d+Au SHe+Au

oF W01 X

T I I I | I I I I | I I I I | I I I I I I I T I I I I I | I
005l O Vz 0-5% d+Au 200GeV pgl\/gmx 4 Clear measurements
- preliminary — i i
o v, 0-5% *He+Au 200GeV q of htarmonlcs in small
- | systems
0.20- m v,, 0-5% °He+Au 200GeV — y
015k 4 Magnitudes are similar
r l l 1 in different systems
0.10— ! —
0.05_— ?. . l ]
_I | | | | | | | | | | | | | | | | | | ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
P, (GeV/c)
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Jets in p+Pb

Overall jet
production scales
as expected
compared to p+p

But when
separated into
centrality
unexpected
behavior observed

Insight into x-
section fluctuations
in the nucleon?
Effect on centrality?
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CMS observes anomalous
enhancement in R g,

ATLAS measures similar
effect
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A puzzling plot.

1.8~ ALICE, charged particles

:_. p-Pb m =502TeV, NSD, | Tlcmsl <03

- = Pb-Pb \s.,, =276 TeV, 0-5% central, | n1<0.8
14 [ a Pb-Pb \[SN_ =276 TeV, 70-80% central, I n1<0.8

0I24681012

Lo Lo by
14 16 18 20

D (GeV/c

1

N

co

p+p 1 - baseline
p+Pb any ~10 1 0% effect
-
Pb+Pb peripheral 15 0.7 @) 30% effect
Pb+Pb central 1600 0.2 (.) 100% effect
Colloquium ~OsloU ™ May

7,2015

d°N,.,/dydp; (9
zz> d2Np+p/dyde

69



Summary

In heavy ion systems:
jet suppression
binary scaling demonstration
quarkonia suppression
open charm measurements
flow factorization
search of the critical point

In lighter systems
clear evidence of collective behavior
jet rates modification
not clear what happens to the initial state
many open issues with understanding geometry

High expectation to the upcoming run (end of this year)



Parton kinematics

do" D°
~ pp — K dx dx ( ) ) ) ) ( h— d) h/(.
d‘dz - x \b](u \u (, fJ(‘IJ L a C
ya pr abed iz,
Parton distributions in nucleon and nucleus ]
Modification of parton momentum e RIS
distributions of nucleons embedded in Foy/Fys do’, do ol
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Inematics: extending the reach why*

* Why is it interesting to extend
the reach from 10— ]

Q° =10 GeV)* to O° =100 GeV)* ? <
: D
- better separation of scales Qo
6
1/ Q << A,;nc’dium Q >> T’ Qs N§ 14

- better separation of hard probes
form soft background

q - - -
- access to O evolution in medium 10*

* Why is it interesting to extend

the reach from

2
Inx=-3 to Inx=-5 2 18

- higher initial density implies
longer lifetime, bigger spatial 0w

: : 10
extension, stronger medium effects

- access to small-x evolution
(how) are jets affected by it?




