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Heavy-ion collisions:
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® Behaviour of QCD at high energies/A = high partonic densities.
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Heavy-ion collisions:
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® Behaviour of QCD at high energies/A = high partonic densities.
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The yet unsolved questions:

® Particle production at

(dilute regime).

ONucIeus *+ Lpt+(A-Z)n.

large scales similar to pp

o Medlum behaves

%. very early like a low

viscosity liquid:
'macroscopic
'description.

® Medium is very opaque
,to colour.

[B. Cole]

Gluons from saturated nuclei = Glasma?

Reconfinement

® | ack of information
about small-x partons,
correlations and
transverse structure.

the dense regime.

® VWe do not understand

® How isotropised the
system becomes!

® Why is hydro
effective so fast, which
dynamics!?

® Why does this
happen in pp/pA!?

® What are the dynamical
mechanisms for such
opacity?! VWeak or strong
coupling?

® How to extract
accurately medium
parameters!?
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The yet unsolved questions:

'® Nucleus # Zp+(A-Z)n.
® Particle production at

large scales similar to pp
(dilute regime).

® Medium behaves
very early like a low
viscosity liquid:
'macroscopic
'description.

[B. Cole]

Gluons from saturated nuclei

-

Glasma?

g systems, seems to
g originate in the initial
stages of the collisions.

® | ack of information
about small-x partons,
correlations and
transverse structure.

® VWe do not understand
the dense regime.

® How isotropised the
system becomes!

® Why is hydro
effective so fast, which
dynamics!?

® Why does this

happen in pp/pA!?

® | will focus on the
physics that, observed
in both small (pp, pA)
and in large (AA)

® | will concentrate on
non-hydrodymanical
approaches, taking for
granted that
everybody knows
hydro...

'parameters!
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The context:

® Macroscopic techniques to describe nuclear matter and nuclear
collisions can be traced back to the first studies of nuclear structure.

® 60’s - Glauber model, Regge-Gribov theory: pre-QCD microscopic
approaches to hadronic and nuclear collisions, unified approach.

® Right after QCD proposal: Collins-Perry, Cabbibo-Parisi, Bear
Mountain proceedings,... deconfined matter could be created in heavy-
ion collisions, later called QGF, formed by free partons (gas).

® 2001|:azimuthal asymmetries as a signature of collective behaviour
describable by relativistic hydrodynamics, later found at RHIC with little
viscosity: perfect liquid in heavy-ion collisions, macroscopic description.
® 2008-2009: ridge discovered in AuA collisions at RHIC.

® 2010: ridge discovered in high multiplicity pp collisions at the LHC,
later in pPb, hydrodynamic description working.

® Note: that pp could be described like AA was predicted both from the
hydro and from the microscopic point of view (~2008).
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The context:

® Macroscopic techniques to describe nuclear matter and nuclear
collisions can be traced back to the first studies of nuclear structure.

From an old paradigm to a new one?

Old: QGP produced in AA, pp as reference (vacuum), pA to separate
(uninteresting) “cold nuclear matter” effects.

New: Smooth transition from pp to AA whose implications are still
under debate:

=*» QGP is formed in small systems?

=» Hydro-like collective behaviour, strangeness enhancement,...
are general features of high energy hadronic collisions!?

later in pPb, hydrodynamic description working.

® Note: that pp could be described like AA was predicted both from the
hydro and from the microscopic point of view (~2008).
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Collective
hadronisation

Collective

expansion
(hydro-like)

Final state
Interactions
(non-hydro)

Summary:

Observable or effect PbPb pPb (high mult.) | pp (high mult.) Refs.
Low pr spectra (“radial flow”) | yes yes yes [1-10]
Intermed. pr (“recombina- | yes yes yes [5, 6, 10—
tion™) 15]
Particle ratios GC level GC level except | GC level except | [8, 9, 16,
Q Q 17]
Statistical model ¥S€ =1, 10-30% | YS€ ~1,2040% | y° < 1,20-40% | [9, 18, 19]
HBT radii (R(kT)9 R(m)) Rout/ Rige ~ 1 Rout/ Rsige < 1 Rout/ Rsige <1 [20-28]
Azimuthal anisotropy (v,) Vi —V7 V1 — Vs V2, V3 [29-31]
(from two part. correlations) [32-
39, 39-43]
Characteristic mass depen- | vy —vs Vo, V3 12 [39, 42—
dence 48]
Directed flow (from spectators) | yes | no | no [49]
Charge dependent flow (CME, | yes yes not observed [50-54]
CMW)
Higher order cumulants U b8 LYZ! “b 68~ ]LYZ! “4~6~8~LYZ' [39, 55-64,
(mainly vo{n}, n > 4) +higher harmonics| +higher harmonics 64-69]
Weak 1 dependence yes yes not measured [41, 65, 67,
70-76]
Factorization breaking yes (n =2,3) yes (n=2,3) not measured [40,77,78]
Event-by-event v, distributions | n =2—4 not measured not measured [79, 80]
Event plane and v, correlations | yes yes yes [81-84]
Direct photons at low pr | yes | not measured | yes [85, 86]
Jet quenching yes not observed not observed [87-107]
Heavy flavor anisotropy yes yes [108] not measured [108-118]
Quarkonia Iy, Y] suppressed not measured [108, 118-
125, 125-
138]
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Ratio of yields to (t*+m)
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Collective hadronisation:
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® Smooth increase of strange

- particles with respect to pions from

pp to PbPb, when plotted as a
function of multiplicity.
® Baryon/meson enhancement at

intermediate pT, from pp to PbPb.
—

Non-perturbative fragmentation:
statistical, recombination,
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Collective expansion:

: . Azimuthal (¢) Anisotropic particle density
Spatial deformation oressure gradients

Pb+Pb,b=7fm
Z
/ - q A=

10
x (fm)

Z'_]c:)[ o]+ @OS[CP - ]+ @OS[Z(CP =1 )]"' @03[3@ -, )]"' 2

® Fourier coefficients now measured via n-particle correlations:
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ca(4) = (oo < it 0 (o + )

® Factorisation in ideal hydro,
broken by ebe fluctuations

(damped by viscosity).
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ALICE Preliminary

Collective
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Collective expansion:
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Collective expansion:

CMS pPb 8.16TeV
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® Charm “flow”

IS

used to extract the
diffusion coefficient of

heavy quarks in the
QGP is sizeable in

pPb.
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Direct photons:
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® Direct photon production in pp compatible with pQCD
expectations, though room for other origins (evident in PbPb).
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Final state effects:
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® The relative
suppression of
bottomonium states in
PbPb was interpreted
as due to Debye
screening in the plasma:
thermometer.

® The same effect has
been observed in pPb
to be smooth with
increasing hadronic
activity.
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The amazing hydro:

® Viscous hydro works in all three systems: pp to pPb to PbPb.

superSONIC for p+p, Vvs=5.02 TeV, 0-1% superSONIC for p+Pb, vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, vs=5.02 TeV, 0-5%
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FIG. 2. Elliptic (v2), triangular (vs) and quadrupolar (v4) flow coefficients from superSONIC simulations (bands) compared
to experimental data from ATLAS, CMS and ALICE (symbols) for p+p (left panel), p+Pb (center panel) and Pb+Pb (right
panel) collisions at /s = 5.02 TeV [58-62]. Simulation parameters used were Z = 0.08 and < = 0.01 for all systems. Note that
ATLAS results for vs, v4 are only available for /s = 13 TeV, while all simulation results are for /s = 5.02 TeV.
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Contents:

. Introduction.

2. Experimental findings.

3. Non-hydrodynamical approaches to collectivity.
4. Summary.

See the talk by Francgois Gelis.
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CGC:

® Several explanations for the ridge proposed in the CGC:

=» Assume that the final state carries the imprint of initial-state
correlations;
=» Use that the CGC wave function is rapidity invariant over Y« |/Xs (we

resum terms s In(1/x)= &Y~ coming from the |/x soft divergence).
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CGC:

® Several explanations for the ridge proposed in the CGC:

=» Assume that the final state carries the imprint of initial-state
correlations;
=» Use that the CGC wave function is rapidity invariant over Y« |/Xs (we

resum terms s In(1/x)= &Y~ coming from the |/x soft divergence).

® “Glasma graphs’:
succesful

phenomenology (Dusling-
Gelis-Jalilian-Marian-Lappi-
McLerran-Venugopalan,
Kovchegov-Werpteny).

"

akz) e [ at (k) )
! al(ly) [ al(kz) ! a(kz) at(k) [ af(ka) a(kz) )alk)
T | !
! | o | A
P i A @ | ek
|
i 1
Nig—k;) Nk
Np— k) T—
' M=k N
E Al 2
TYPE A TYPEAS
at(k,) | alks) ) alks T
| s al(l) [ af (k. ! alk) Talks atn [ ai ik i a(k,) )alks)
I | 1
i | 1 y

TYPE C3
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CGC:

® Several explanations for the ridge proposed in the CGC:
=» Assume that the final state carries the imprint of initial-state

correlations;
=» Use that the CGC wave function is rapidity invariant over Y« |/Xs (we

resum terms s In(1/x)= &Y~ coming from the |/x soft divergence).

® “Glasma graphs’: ® | ocal anisotropy
succesful of target fields
phenomenology (Dusling- (Kovner-Lublinsky,
Gelis-Jalilian-Marian-Lappi- ~ Dumitru-McLerran-
McLerran-Venugopalan, Skokov).

Kovchegov-Werpteny).
alk) (E) Nalk) g a(k:)

akz) e [ at (k) )
! al(ly) [ al(kz) ! a(kz) at(k) [ af(ka) a(kz) )alk)
T | !
i 1 " e
o | g |
P A @ | ek
) 1
! 1
Nig—k;) Nk
Np— k) T—
' M=k N
E Al 2
TYPE A TYPEAS
at(k,) alks) alk:
| s * * al(l) [ af (k. ! alk) Talks atn [ ai ik i a(k,) )alks)
i i [—S
| ! H

|
! | G
1
N(p—k) Nig— ki) - 3 1,
(k) (a=k) Nip—k) Nig-ki) Nt Na—t) E
TYPEC1 TYPE C2

TYPE C3
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CGC:

® Several explanations for the ridge proposed in the CGC:
=» Assume that the final state carries the imprint of initial-state

correlations;

=» Use that the CGC wave function is rapidity invariant over Y« |/Xs (we
resum terms s In(1/x)= XsY~I| coming from the |/x soft divergence).

® “Glasma graphs’: ® | ocal anisotropy
succesful of target fields
phenomenology (Dusling- (Kovner-Lublinsky,
Gelis-Jalilian-Marian-Lappi- ~ Dumitru-McLerran-
McLerran-Venugopalan, Skokov).

Kovchegov-Werpteny).

atik) [ al(ks) ‘a(kz)
! e | ! a ai(i) [ ai(ka) aks) alk)
T i o |
e ! p S—
| 1
|
Nig—ks)
N k)
TYPE A3
! “ (k) atk) [ o i a(k, al
1
' i y

a(k:) at(k) [ at(k)

E

TYPE C3
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® Spatial variation

of partonic density
(Levin-Rezaeian-

Gotsman).




An example: two quarks

® The two-particle inclusive cross section reads:

do 1

dptd?pdqgtd?q (27)6

(wlQSTat [dl ., (v".p)dY . (a",0)ds s (a7, q) das, (pT.p)] 2S5 Qf|v)
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An example: two quarks

® The two-particle inclusive cross section reads:

do 1

dptd?pdqgtd?q (27)6

WSt Qb [dl,., (o*,p)d} . (a7, q)ds,s; (a7, q) days, (P, p)] QS QF|v)

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian
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An example: two quarks

® The two-particle inclusive cross section reads:

do 1

dptd?pdqgtd?q (27)6

)51 Q1 [dl o, (0, 0) b, (a%, D) dp,0a(a*, @) da s (F, )] QSR 0)

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian

eikonal S-matrix
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An example: two quarks

® The two-particle inclusive cross section reads:

do 1 5
= 2 Y stat [dl,, (0™, p) 612,82(q+,q)(q+-.q) do,s, (P7,P)]

dptd?pdqt+d2q

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian

{d%, (KT, k), di5 (g%, q)} = (21)°0° 84,6, 0(KT — ¢7)6® (k — ¢) quark cre/anni. operator

eikonal S-matrix
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An example: two quarks

® The two-particle inclusive cross section reads:
valence state

L St b gt (b gt (ot 4 4 o
= e OO [dhe, 0*,p) dh (0 lp.) (0, 0) daos (07 2) ] f5)

do

dptd?pdqt+d2q

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian

{d%, (KT, k), di5 (g%, q)} = (21)°0° 84,6, 0(KT — ¢7)6® (k — ¢) quark cre/anni. operator

eikonal S-matrix
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An example: two quarks

® The two-particle inclusive cross section reads:
valence state

do 1 \

A

= 2 Y stat [dl,, (0™, p) 612,82(q+,q)(q+-.q) do,s, (P7,P)]

dptd?pdqt+d2q

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{d2 (kF k), dl5 (a7, q)} = (27)°89%66,6,0 (kT — ¢7)6®) (k — ¢) quark cre/anni. operator

® Dressed valence state of interest here from the LCH (1610.03453):

Ik d 1 ' P dktdp d2q PP
[v)P = virtual + _/( dad®p"d*p" dk™dp d=q" d=q

(2m)?
X [g’s,lsz(k+ D) (L+ q.,q;3) dlz(akﬂp')(l (ak™,p )dh( Bk, g )(I‘L‘)(ﬂ+ ")] [v)
| E 2 O
Pt k. kG b P k 1-+% bE
. K () , '/ —
%ﬁgw \%QQQQQ_J:
o N
k—p, (1=8k" k—p, (1=8k"
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An example: two quarks

® The two-particle inclusive cross section reads:
valence state

do 1 \

A

= 2 Y stat [dl,, (0™, p) 612,82(q+,q)(q+-.q) do,s, (P7,P)]

dptd?pdqt+d2q

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{d2 (kF k), dl5 (a7, q)} = (27)°89%66,6,0 (kT — ¢7)6®) (k — ¢) quark cre/anni. operator

® Dressed valence state of interest here from the LCH (1610.03453):

Ik d 1 ' P dktdp d2q PP
[v)P = virtual + _/( dad®p"d*p" dk™dp d=q" d=q

(2m)?
X [g8,182(A+ 7 a(L+ ', q; 8) dis (ak*,p') Y (ak™,p) dY (BET, ¢) diS (BRT, -')] |v)
e
| \ | 2 Q |
p Ch p ) 15_:2 p‘_ék
4 o a2k
> ‘QQ_QD_J:'/ Qslasg(l‘ Py 4, Q) _T'yo / (271')2 P (l‘) 8182(1‘ P, 4, Cl)
— \\-:’
k—p, (1=8k" k—p, (1=8k"
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An example: two quarks

® The two-particle inclusive cross section reads:
valence state

do ! ot (gt (oF o) dE (ot + + A
(ST QT [d], 4, (p .,p)dﬁ’sz(q ,q)(q q)da.s, (pT,p) ]! .

dptd?pdqt+d2q (27)6

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{2, (K*, k), diS(qF,q)} = (271)269%64,5,0(kT — ¢7)8®) (k — ¢) quark cre/anni. operator

® Dressed valence state of interest here from the LCH (1610.03453):

(1L+da de’ d?p’ dktdpB d?q’ d*q

lv)Y = virtual + —/ )
[gs o (K, 75 )] (H ¢.q;B) dif (ak*.p) i} (ak*,p') diT(Bk*,q) dfS (Bk™. —’)] )

® pg~|,so only den5|ty _enhanced contributions are taken i.e. NOT

Pk s
\)QQOQQQQJ \\)Q%QQQQJ:
- AN
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Glasma graphs for gluons (l):

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

al(ky)  al(ks) a(ks) a(ky) : gg;g;;;g,

M B N SN S B B S .
L4
A
4
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Glasma graphs for gluons (l):

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

al(ky)  al(ks)

a(kz)

a(k1)

- O . B B S S e
b)
L4
AN
L4

gluons

a

1503.07126,
1509.03223

L (k) af (p)] = (2m)%04467 6@ (k — p)

- 1 l/[ dn
a, (k) = -
( ) \/Y In<Y /2] 27

in the VWF

a(n, k)
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Glasma graphs for gluons (l):

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

al(ky)  al(ks)

a ( ]iTQ )

a(ky)

<_

/

gluons

a

1503.07 126,
1509.03223
LK), al? (p)] = (27) 20,06 (k — p
a b

dn

a, (k) = — a,(n, k
( ) \/Y In<Y/2| 2T ( ]

in the VWF

coherent rescattering on the target - S-matrix
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Glasma graphs for gluons (l):

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

al(ky)  al(ks) a(ks) a(ky) gluons Ta the WF 1503.07126,
| ; 1509.03223
¥ T ai (k). af? (p)] = (27)500876®) (k — p)
J :qmmﬁmmmn “ b
b ! i 1 dn
1 : T aa(k) = / o aa(”ﬁ k]
\W_Z’)/ \/Y In<Y /2] 27
q— R2
\\ 1/
N(p-k) |coherent rescattering on the target - S-matrix

k3K

jl
0 2

N(p—ki)N(qg — k2)

C/ <7;7’l/|&2@(k'1)a;£] (kz)ag(kl)aé<k2)|zn> [(SZk B klkll
k1,ko

p2
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Glasma graphs for gluons (l):

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

al(ky)  al(ks) a(ks) a(ky) gluons N the WF 1503.07126,
| ; 1509.03223
i T ai (k). af? ()] = (27)26.,07 5 (k - p)
, :'wmn'ﬂmmmmn “ b
P I P . 1 dn .
: | ===  Samk
\W—Z’)‘/ \/Y In<Y /2] 27
q — R2
\\ 1/
N(p-k) |coherent rescattering on the target - S-matrix

_ kaks
q2

N(p—ki)N(qg — k2)

C/ (in|ay(k1)a;£](kg)a];(kl)aé(kg)ﬁn} [5“8 _ klkl] 571
k1,ko

/ pg

D(ky, ko) = S2(N2 — 1)?

Kkt KoKy g* (k)P (ka) [ o
k2 k2 k2 k2 S(NZ —1)

[(5(2)(k1 — kp) + 6@ (ky + kz)] }
a* (k) = a(—k)
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Glasma graphs for gluons (ll):

® [t can be extended for quarks
giving Pauli blocking (1610.03020):
short range anticorrelation in the
near side ridge.

® [t contains information both on
the ‘source’ size 1/Qs (BE,
suppressed by the number of
sources), and on the size of the
distribution of ‘sources’ R (HBT).

E 0.05
()] q_) 0.04
o >~
o m— € 0.03
%) -U>':
- 8 0.02
8 8 0.01
Z & o

)

=
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i Gllasma'+ BFK'L

-®- 13 TeV (ATLAS acc.) 0.05
|.A. 7 TeV (CMS acc. x 3.6) 2 - 0.04
| Data ,{f.','.'..... | E
13 TeV ATLAS Prelim. > 0.03 T
| @ 7 TeVCMSx 3.6 §® + 0.02
A_,,.ca& 0.01 |
w...ﬁ--&“"‘ 1< p2%19 2 GeV
0 20 40 60 80 100 120 140
rec
Nen 1509.04410

0 L

----- irreducible
HBT

C(p,q) = dNdN — 1+ Cge(p,q) + Cust(p, q)
dp

S
S
~-
~——

" Glasma + BFKL
13 TeV (ATLAS acc.) -1
7 TeV (CMS acc. x 3.6) &
N ~ 125 @, .
ch AN, rec
\ Data: Nop>110

13 TeV ATLAS
Y 7 TeV CMS x 3.6
L N~ 100 @.,\ A, @ |
»\" - ..T?..
I \"‘2’:‘.‘;‘::.::::‘
0 1 2 : 3 4 5
asc,trg
p;>*" [GeV]



Glasma graphs for gluons (ll):

® [t can be extended for quarks
giving Pauli blocking (1610.03020):

short range anticorrelation in the |\ . irreducible
. . HBT

near side ridge.

e |t contains information both on dod

C(p,q) = gxgw =1+ Cee(p, ) + Chet(p, 9)
dp

the ‘source’ size 1/Qs (BE,
suppressed by the number of
sources), and on the size of the
distribution of ‘sources’ R (HBT).
® Limitations:
=¥ S-matrices for rescattering of partons with the target are
expanded in colour fields = low density approximation.

S
S
~-

=» Gaussian (MV) isotropic colour correlations taken =

correlations subleading in N¢, no odd harmonics, c2{4}>0.
(0% (k) pr (p))T = (2m)° N (k)5%°6 ) (k + p)
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Beyond glasma graphs (l):

® Density
corrections: . before evolution  1509.03499 after evolution
numeric and analytic o=} =
work (1612.07790; = *| £
1802.08166). g‘i ) é 01

- i

§§% 0.05 - 0.05

Qﬁ 5 6
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Beyond glasma graphs (l):

® Density

. . W : W x107°
CcO I’I’GCtIOﬂS. ; B 6 —3%-- Coherent multiple scattering
. . X =B X -4- Glasma graph e
numeric and analytic y_2 ¢ —y & e
= = . " = -~
g 3 3 : B B _ el
work (1612.07790; =TT E T P L2 .Y
- : E 3 O pmmnnee - - ES——
1802.08166). q 3 3‘%;: ) AN
DA y - 2 N 1706.06260
u g 34 : Cm v § ) 'Q ‘ 4] '\_\. o
i‘.:j; 7 N R
‘g 0.0 0.5 1.0 1.5 2.0
Q2 [GeV?]
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Beyond glasma graphs (l):

® Density
. . W : W x107°
CorreCtlons° S _ 6 —3%-- Coherent multiple scattering
. . X ; : X - -4- Glasma graph

numeric and analytic y NS S I S PRSTRERERE
work (1612.07790; st % _?

: 3 918 B B = e N R
1802.08166). ﬁ F o
. ) , : g T E B 2 v 1706.06260
ut gzﬂ, i v : " 4 \. .

1Nyl 3 oy, ‘ - T
N—4 ' ) I e i
g 0.0 0.5 1.0 1.5 2.0
: Q2 [GeV?]
® Anisotropic domains (1503.03897):
g2 a b 1 cab 2
E<Ez (bl)Ej (b2)) = mé 0ij Q5 A(b1 — ba)
7, a b 1 b 2 L. 1
number Of E(Ez (bl)E] (b2)>d — mé Qs A(bl - b2) 52_] 2./4 aiaj — §5z]
domains

’ 4} = pyd = 1 Al !
| <0 —> et = D=z (4~ s =19)
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Beyond glasma graphs (ll):

b, i %
S o]
%%iig :Z?}A + A S s@“’éﬁﬁf l”
n | P24 2 L s P 0
Tmm@a% %bs (66666( KW%?E&% b ﬁ WH% by
- N - - N\ - - N -
e i - o - |
. %R% . . (%b%\ . . c%bf{)} .
ey e v R vee e m@%
m%%%bg %%ﬁ b %?Eﬁ) by
- 0.08
® Three scatterings for 001] 1< <a ——
odd harmonics: higher 0.06 - .. Aow(2) |
. . . 0.05 - 5
orders in the projectile oot] LA ALy _
wave function " . g :
(1612.07790; 1802.08166). oot | & o B S
0.00 . I T | T
0 1 2 4 D 6
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Beyond glasma graphs (lll):
® Density corrections in the target calculated (1804.02910;
1805.07739):
=¥ Full two-gluon correlation, large N part of the three-gluon inclusive and of
the 4-gluon cumulant computed.
=¥ Factorisation of the target averages assumed: colour neutralisation at scale
|/Qs imply pair configurations.
=¥ Only the highest order target correlated provides the fully correlated piece:

quadrupole for two, sextuple for three, octupole for four.
=» All BE/HBT contributions, even BE from the target |/N. suppressed.

p2@)@  @r (=) M@ @)

I
I
I
- do — o2(4Ar etk1-(z1—21)+ik2-(22—22)
k1 E k1 d?kydm d2kadiy s (4m)° ./::1:‘:1::952 " o
@, i Bl [ A = s A = ) A (o — ) Az ) (6 (@) )6 () w2))
JIT1T2Y1Y2
+ 1 + ) .,
Lo x ([U(z1) = U(@0)] " [UHz) = Ut wn)] ™ [Uz2) = Ula)] * [UF(22) - U 22)] ™),
2 2
.'mmnrm'7fmn;rmfrm\z2 i z_gnmnununnmuu‘
l h 4
I
. ’ (Qz.y.2v))r = d(x,y)d(=,v) +d(z,v)d(z,y) + 75— d(. 2)d(y, ),
(v @U(y)) =66 ——— (U@ (y)]), =" ——d(,y). :
T (N2 —1)2 T N2 -1 1
(D(z,y)D(z,v))r = d(z,y)d(z,v) + v)d(y, z) + d(z, z)d(v, y)] .

Wz
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Beyond glasma graphs (lll):
® Density corrections in the target calculated (1804.02910;

1805.07739):
=¥ Full two-gluon correlation, large N part of the three-gluon inclusive and of

the 4-gluon cumulant computed.
=¥ Factorisation of the target averages assumed: colour neutralisation at scale

|/Qs imply pair configurations.
=¥ Only the highest order target correlated provides the fully correlated piece:

quadrupole for two, sextuple for three, octupole for four.
=» All BE/HBT contributions, even BE from the target |/N. suppressed.

P (22)@ Scaled (4.5)

22)p" (31)P™ (v2) ) |

- Ut()] ™)

k1=k2=1 GeV

k1=1.2 GeV, k2=1 GeV

d(zx,z)d(y,v),

L z) +d(z,z)d(v,y)] .
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Beyond glasma graphs (III)

® Density correl” . $.02910;
:' We can now substitute Eq. (61) into the sextupole contribution to the triple inclusive gluon production cross section .
I 80 5 . O 77 3 9) . "~ given by Eq. (40). The result reads f»
i do | d? d d? ’ ’ g . .
=* Full two-gluon ¢ PR P~ 0 0 Gt a0 In inclusive and of
x{[lx,l +Ix2+Ixa+Ixa+Ixs ] +0(—-) +0(2—12-) }, (62) b
the 4-gluon cumulaj A i
where
=» Factorisation of et
I /QS I m Ply Pal r CO ] Ix.a :p?(:zL:(t.!z]—I‘fé'):i‘:l(jp‘;, — g1 g1 — ks)p2 (ks — gu,q1 — k2) Lé(ky, g0 )L (ky, g2) L7 (k2, g2)L3 (K2, q1)

4+ p? (k2 + qo, ks — q2) 2 (ks — g3, q1 — k1) p?(gs — ka, —qu — k) L*(ky,qu )L k1, q2) L7 (k2, —q1) L (k2, —q2)

=» Only the hlghes et ) « ¥ correlated piece:

I'c s = B2 (ks — 2.2 — k2) (k2 — o ks — qa) p? (g1 — K, g3 — ka) L (K, qu)L* (ks q2) L7 (k2,q1)L7 (K2, q2)
X Lk("x:‘h]Lk(kL‘h)

quad ru pOIG fOI" tW + 12—y — 02,02 — B)2(ky + 01,3 — Ra)? (ks — @5, Ky — @0) L (e, —@a)L* (k. 00) 19 (g, —0 )12 (I, 02)

x L*(kg, qq)L* (s, qs). (65)

é Al I B E/ H BT con 'r;_ The terms Iy , and Iy 5 can again be defined by using the symmetry properties as ‘ ‘ P P ress ed ]

I = [T + (ks = k)] + [y + (k> —ka) (63)

Falisation at scale

Ixa= [ix||(1a2,2a3,3ﬂ11]+(k3a—k3]]+ [i;w,(la;-z,'zﬂs.aﬂuﬂk, ﬂfk,;], (66)
Ixs= [ix|,(1—>3,3—,-2,-2ﬂ-1]+(k3~, —kﬂ]] + [1‘;‘,(1 +3,332,251)+ (k -,-k,;]. (67)
as (:1: |
)@ o )
Scaled (4 5) The explicit expressions for the remaining two terms read

Iix 4y = B2 (k2 — g2, q1 — ko) (ks — qu.qs — k) p® (ks — g1, q2 — ko) L*(ky, qu)L* (k1 q1) L7 (k2,q2) 7 (k2,G2)
x L*(kq,qq)L*(ks,qs) + (kg — —ks)

+ 12 (ky — G2, Gs — ko) ¥ (ks — Ga. ky — 1) B2(qy — Ky, G2 — ko) L (ky, gy )L (R, qy) 17 (g, G2)L7 (K2, G2)
x L*(ks, qa)L* (K3, qs) + (ky — —ky)

+ 12k — Ga, Ky — @) 0P (ks — Ga, Q1 — Ke) B7(Gs — K, G2 — Ka) L¥(ky,q0)L*(ky, ) L7 (K2, G2 )17 (K2, @) Iz)pbl (yl)pbg (y2)>

x L*(k,qa)L*(ks,qz) + (ka — —ks) P
+p? (g — k1, g3 — ks) ¥ (ks — 1, g2 — ka) g (k2 — g2, ks — gs) L (K1, qu)L* k1, q1) 17 (K2, g2) L7 (K2, g2) Ut dby

x L*(ks,qa)L*(ks,qs) + (kx — —k1), (68) | — (‘y2)] T

I 5 = 820k — Ga. Qo — ko) 2 (ky — Gy, Gy — k) p? (kg — g3, @3 — Ka) L¥(ky, gy )L (ky,q2) 17 (K, g2 )L7 (k2,q3) 3

x L*(ks,qa)L*(ks, q1) + (ks — —ka) 3 -

+ (k2 — g2, g2 — ks)p® (e — ga, g3 + Jeu) p?(qu — k2, —ky — q1) L*(ky, —qu)L* (ks —ga) L (2, q2) L (K2, q1) 3 eV, k2=1 GeV
x L¥(ks,qa)L*(ks,q2) + (k1 — —ky) i

+ 1% (k2 + qu, by — @) p? (ks — g3, 93 — k) (g2 — ks, —k2 — @2) L*(ky,qu)L* (K1, g3) L7 (2, —g2) L7 (K2, —q1)
x LX(ks,qa)L*(k,q2) + (ks - —ka)

+ 12 (k2 + g3, ks — ga) p? (—ky — g1, q1 — k) pP(ks — g2,q2 — k2) L¥(ky, —qu)L*(ks, q2) L7 (k2,q2) 7 (k2, —qa)
x L¥(ks,qa)L*(ks,qi) + (k1 — —ky). (69)
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Other approaches: MPls

® Multiple (partonic) interactions were known to create rapidity
correlations since the 70’s (Capella et al., Levin et al.).

® They are present in most, if not all, AA MC models: DPMJET,
EPOS, HIJING,...
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® |[n modern pp MC

simulators (e.g.in PYTHIA,

1706.02166) MPIs + colour

reconnections produce

baryon/strangeness

enhancement.

® Other formulations:

string percolation (Pajares

et al.), colour ropes

(RQMD,AMPT), dipole

swing (in DIPSY), string

effect (Brodsky et al.),...
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® [n modern pp MC 1707.02075
simulators (e.g.in PYTHIA, I303 6326 ' ot ToF — Yo, ¥ ] [ o :wml
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pol n

K—V’\M:;’-‘“ B
- -

\ , \ ,
——t——

0 5 10 15 20

°
0

G (A+A)/(2xKD)
o (K+K)/(n+m)

IlI|llll|llIllIIIIIIIllllT'lIIIl]llllllllllllll 111

string percolation (Pajares &+
et al.), colour ropes 5
(RQMD,AMPT), dipole
swing (in DIPSY), string
effect (Brodsky et al.),...
N.Armesto, 03.07.2018 - IS in HICs - from small to large systems: 4. Non-hydro approaches. 23

1+

K*/K

R 0 (p+P /(7t +1)
. >
i
] [ ]
-~ i o]
] G§‘>
i e =
; e
r 1 [ ]
i ] >
L 4 ®
i ] *
- -4 _D_
Cloo b bonn B T b bl | [T |’||||||||||
A'lp ZUTA
=) =) =)
e © w © © w o n o
%) w O s w s OO
L _J + .
4 L ;‘; 1 .
| ) .
) + b i
+ ' o
T b ol ||||||qullmhulluuluu1m1hu1hu1hm

f]
o= Bbbibinbebeliolunls



Other approaches: MPls

® Multiple (partonic) interactions were known to create rapidity
correlations since the 70’s (Capella et al., Levin et al.).

® They are present in most, if not all, AA MC models: DPMJET,

EPOS, HIJING,...
® |[n modern pp MC

simulators (e.g.in PYTHIA,
1706.02166) MPIs + colour

reconnections produce
baryon/strangeness
enhancement.

® Other formulations:
string percolation (Pajares
et al.), colour ropes
(RQMD,AMPT), dipole
swing (in DIPSY), string
effect (Brodsky et al.),...
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Other approaches: MPls

~jwere known to create rapidity
fa et al, Levin et al.).

aII,AA MC models: DPMJET,

jNote multlple scattermg is
i contained in the CGC but,

usually, when we talk about
i MPls we refer to a collinear |
|framework where a knowledge |
' of multiple parton densities is |
{ required: hybrid model

enhancement. o mawery, o S e SRR L4 .
. o © PHENIXv, o ®PHENXv, g
® Other formulations: i v
1 1 1 o.oef— . o.osf— *
string percolation (Pajares - /"o oess0. gk o
et al.), colour ropes
(RQMD,AM PT), dipole T L k] mmwp 2[62‘3&] % o.z'é.'é'é.'é'é.'é"{"1'.'2"1'.'4'1'.'6'1'.'6");1'»['6'2{?'/;']

swing (in DIPSY), string
effect (Brodsky et al.),...
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The onset of collectivity:

® A most crucial question is when a collective behaviour appears i.e.
how small a system may be while still showing collective behaviour.

® Smaller than pp: eA/ep and e*e- (remember CR in WWV events).

e |707.02307:
one string /
two (0.5 fm
apart) in
AMPT,
azimuthal
asymmetries
led by

rescatterings,
as in pp/AA.
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how small a system may be while still showing collective behaviour.

® Smaller than pp: eA/ep and e*e- (remember CR in WWV events).

EO - 30 0215 T T I T L I T T T T I LI T I T T T T I T T L I T T l_ 2 : T T T T I T T T T I T T T T I T T T T I T T T T I T :
oAk 3 | AMPTe*+e — q+ g [One String] @ ] 0.06~ == Case 1: With Interactions (0 S
Lo3f- o 2 F ]
E [ p™ > 0.5 GeV/c; p® > 0.5 GeVic i c 0.04— —— Case 2: Without Interactions —
’ E E T T o = (Case1) _, (Case?) .
. o 8020 0.021— ] £ 0028 m——v;" 0y, =
o F - e Case 1: With Interactions 7 - 0 C -
> 0.4 : =
o / - = Case 2: Without Interactions T _o0of
one Strlng o 0.0205 - .E. I
- [ Case 1:c,=(370 +0.02)E-3 > -
t O 5 f -0.1= ase 2: ¢, = (3.80 + 0.02)E-3 —0.06
VV O ° I I l -0.21- 0.02 —0.08¢
. -0.1F
° 0.3 E
apart) In 0§||||||||||||||||||||||||||||||||||||||| 00195—._ __ _:.:iz
";‘5,4_0,3_0_2_0,10 01 02 03 04 Tl by v b b b b Ly TR v b b e T
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’ S — m Z
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- 3 i i a) ] - b)
:0_6_— o i AxPT thwo Strl(:)gsl ( i -g_ 026 :_ == Case 1: With Interactions (
o L Py >0.5GeV/c; p, " >0.5 GeVic - 5 " = Case 2: Without Interactions B
a.S I I “ I le rles - 0.0 7 £ C (Case1)  (Case2) .
- = — v - v
e  Case 1: With Interactions 8 02 2 2 —
- = Case2: Without Interactions o -
led by o] R :
>N

| Case 1:¢,=(123 £ 0.01)E-3
| Case2:c,=(3.30 + 0.01)E-3
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as in pp/AA. .
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A¢ Irad] p, [GeV/cl

N.Armesto, 03.07.2018 - IS in HICs - from small to large systems: 4. Non-hydro approaches. 24



The onset of collectivity:

® A most crucial question is when a collective behaviour appears i.e.
how small a system may be while still showing collective behaviour.

® Smaller than pp: eA/ep and e*e- (remember CR in WWV events).

©0.0225

e 1707.02307; o=

0.0215F

one string / o
two (0.5fm
apart) in -
AMPT, |
azimuthal
asymmetries

led by
rescatterings,

as in pp/AA.

—p% > 0.5 GeVic: p'™ > 0.5 GeVic
T T

F ¢, =(14.30 + 0.005)E-3
F ¢, =(7.70 £ 0.005)E-3

- AMPT [Two Strings] Vs =45GeV

30‘025l"l"l"l"l"l""""""'
=3 AMPT [Two Strings] Vs =30 GeV
0.024-pi > 0.5 GeVic; p:," > 0.5 GeVic

o

0.023

0.022-¢, = (18.00 + 0.008)E-3
¢, = (15.30 + 0.008)E-3

(b) 3

. L R

A¢ [rad] A¢ [rad]
Energy | Npartons |dNen/dn| % of Partons
(GeV) - (In| < 2)|w/ Nscatter >0

184 95 11.6 40.4%

91 75 11.2 40.3%

60 63 10.5 39.2%

45 55 9.7 38.7%

30 44 8.3 37.6%

10 19 6.5 24.6%

4.5 9 3.7 11.3%

||||||||||||||||||||||||||||||

*  Case 1: With Interactions (C)

5 Case 2: Without Interactions

¢» = (75.3 + 0.04)E-3
¢, = (96.3 + 0.04)E-3

|||||||||||||||||||||||||||||||
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The onset of collectivity:

® A most crucial question is when a collective behaviour appears i.e.
how small a system may be while still showing collective behaviour.

® Smaller than pp: eA/ep and e*e- (remember CR in WWV events).

one string /
two (0.5 fm
apart) in
AMPT,
azimuthal
asymmetries

led by
rescatterings,

as in pp/AA.

©0.0225

® 1707.02307; °wmwudicmiian ™ 2

- AMPT [Two Strings] Vs =45GeV

0.0215F

0021 ., = (14.30  0.005)E-3

F ¢, =(7.70 £ 0.005)E-3

lllllllllllllllllllllllllllll

0.022

024F-p% > 0.5 GeVic; p > 0.5 GeVic

T

F AMPT [Two Strings] Vs =30 GeV -

(b) -

C2
Cz

(18.00 + 0.008)E-3
(15.30 + 0.008)E-3

A¢ [rad]

||||||||||||||||||||||||||||||

*  Case 1: With Interactions

8 Case 2: Without Interactions

¢, =(75.3 + 0.04)E-3
¢, =(96.3 + 0.04)E-3

Energy | Npartons |dNen/dn| % of Partons
(GGV) - (lnl < 2) VV/ Nscatter >0

184 95 11.6 40.4%

91 75 11.2 40.3%

60 63 10.5 39.2%

45 55 9.7 3R.7%

30 44 8.3 37.6%

10 19 6.5 24.6%

4.5 9 3.7 11.3%

® |t seems to be the combination of large enough # of partons/
particles + more than one source that works.
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Transport theory versus hydro:

® Recently proposed that in small systems, kinetic theory looks
more sensible that hydro: one-hit dynamics to produce anisotropies
(linear and non linear response), milder dependence on initial

conditions,... relevant to determine N/s. [1803.02072, 1805.0408 ]

2 2
1/4)—1 =7 F(Z1,¢,70) = 250 6(v;) exp [— _ ] (1 + 62T— c0529)

}/} — R/lmf ’ lmfp = (}/6 ﬁ R2

Shear stress: 7% =T, 6:=0.5, =R

taxt 1
'\\ ,,--\f\/\ f/
«— <—f—><—:.—> —>

\
'y A~ " &7 A

CLOE Y A
Initially isotropic 2

momentum distribution More particies moving in +x-direction
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Transport theory versus hydro:

® Recently proposed that in small systems, kinetic theory looks
more sensible that hydro: one-hit dynamics to produce anisotropies
(linear and non linear response), milder dependence on initial

conditions,... relevant to determine N/s. [1803.02072, 1805.0408 ]

2 2
-
" 1/4y—1 _ Z1.b.70) = 20 5(v- r
7y = R/lmf mfp = (ye!™M =1, F(Z1,0,m7) = 2206(v2) exp [ R2] (1 — 62 [z cos?ﬁ)
VISCOUS hyd ro
- / Ideal hydro | 0.5 e Retfm e —l6000ft | = FE4m t0=0.lfm
Single hit  / Full transport T 4 | = R=8fm,%=0.1fm
0.4 — 04 L T RebimgE20m ——  R=12fm, 1=0.1fm
- e R — . ~ - eeer R=8fm, e=16000fm " | _ _ Roofm, 1,=0.6fm
Q 03— - <.03 1,=0.6fm — —  R=4fm, 1;=0.6fm
> - e e —————— > = = = R=8fm, 1=0.6fm
0.2 - 0.2 — — R=12fm, 1,=0.6fm
0.1+ & . 0.1
i Viscous hydro 1n/s=0. 8 - B
0, | é | "1 | 6 % o5 1 15 2 25 3
Transverse size: 'Ay =R/ l]mfp n 1 1 Scaling variable 1/(st,T )
T = 7735

® Kinetic theory, free for these ambiguities = larger values of n/s.
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Summary:

® |nitial stages contain nowadays several of the most striking

uncertainties in the field: onset of collectivity? = macroscopic
description versus microscopic dynamics.

® The continuity of the physics between small and large systems is
motivating a change of paradigm in heavy-ion physics.

® Hydro provides a good description but fine tuning is required
(dependence on initial conditions, subnucleon structure).

® Alternatives exist: microscopic calculations in CGC, kinetic theory,
in the weak coupling domain.

Is there a relation between both? How emergence
works in QCD?
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Summary: —————
y { Thanks a lot to the ,

e |nitial stages contain nowadays several of the{organisers for the
uncertainties in the field: onset of collectivity? invitation and you
description versus microscopic dynamics. ball for your
 attention! :
e The continuity of the physics between small and large systems is
motivating a change of paradigm in heavy-ion physics.

® Hydro provides a good description but fine tuning is required
(dependence on initial conditions, subnucleon structure).

® Alternatives exist: microscopic calculations in CGC, kinetic theory,

in the weak coupling domain.

Is there a relation between both? How emergence
works in QCD?
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