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- Splitting probability: the building block
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The splitting probability of an off-shell parton computed in pQCD

2,k
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Soft and collinear divergent
> Large probability to emit soft and collinear gluons
» Divergencies need to be resumed (renormalization techniques)

The picture is a shower of partons produced by subsequent splittings
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i Heuristic: Collision “counts’™ partons

4 )
(Incoherent) cross section proportional to the number of partons in hadron

» Quantum fluctuations put on-shell by the probe
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Lifetime of the fluctuation of the order of the size of the probe
» The probe cannot resolve smaller fluctuations (stay virtual)
» Harder probes resolve smaller components (basic idea of pQCD factorization)

J
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Quantum fluctuations: Linear/non-linear dynamics

~

L
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Not -LINEAR. |& (0

Different kinematical regions: dominated by different dynamics
> Large-Q :Linear
» Small-x : Non-linear (eventually)

Where is the boundary? (Information from experiment needed)

J
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i Heuristic: Collision “counts™ partons 11
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» TAMES the cross section

Coherent cross section: the probe can interact with more than one parton
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Saturation of partonic densities (gluon fusion) - aka Color Glass Condensate

> Color correlations among different partons in the proton/nucleus
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r .
5 DGLAP equatlons [Dokshitzer, Gribov, Lipatov, Altarelli, Parisi, 70s]

g

-
Parton Distribution Functions (PDFs)

fi(xa Q2)

> “Number” of partons of type i inside the proton/nucleus with a fraction of momentum x

DGLAP ogs
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Clear probabilistic interpretation

» Larger scale probe smaller distances where more splittings are resolved - number
increases

J

J
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5 DGLAP equatlons [Dokshitzer, Gribov, Lipatov, Altarelli, Parisi, 70s]
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-
Parton Distribution Functions (PDFs)

fi(xa QQ)

> “Number” of partons of type i inside the proton/nucleus with a fraction of momentum x
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Clear probabilistic interpretation Xi> X%, >Xy > Xy ..

» Larger scale probe smaller distances where more splittings are resolved - number
increases

J
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C DGLAP and global fits

-
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Full DGLAP are a set of coupled i s P ©q P .5
differential equations OlogQ? 27 Z Qids = 4 79

> Different parton content during evolution

dg P
J

Global fits -
2 Initial conditions for the evolution obtained from data
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C DGLAP approach: Global fits
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~

> One of the most standardized procedures in High-Energy Physics.
» Main goal: provide a set of Parton Distribution Functions (PDFs)
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~ Proton PDFs and DIS data )
4 )
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i Collinear factorization

g

-
Collinear factorization

SO Tﬁ;ﬂ (%) @f;b &) e 57

» A hard cross section is the convolution of universal PDFs and partonic cross sections

D.,__‘., (t) 1'49
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Factorization of long-distance and short distance terms in the cross section
» Short-distance (perturbative) in the partonic cross section
» Long-distance (non-perturbative) in the PDFs and Fragmentation Functions (FF)

J
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C Global fits for nucleus
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Ratios of the PDF of a proton inside
a nucleus over that in a free proton

P Isospin effects may be important (e.g.
W production in pPb@LHC)
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DGLAP approach - Some recent results I

> Agreement of EPS09 with neutrino DIS data
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[Paukkunen, Salgado, 201 3]
> Collinear factorization works - universal set of nPDFs

» Neutrino data important for proton global fits
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DGLAP approach - Some recent results 11
\
\
> Dijet data in proton-nucleus collisions at LHC - CMS
045 Preliminary CMS data “by eye”
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i DGLAP approach - Some recent results 11
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> Dijet data in proton-nucleus collisions at LHC - CMS
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Fardon Saturation

Color Corceclafion
Ah J’L.( {KMJ e

Color Glass (oncknlatt — Gomeal fasunk.
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Saturation in the dipole picture

A convenient way of discussing the problem is the dipole picture
> A dipole measures the color correlations in transverse plane

Di

Fr& 25 Nuedins ar

Propagator of the quark - Wilson line ﬁ]w
W(x) =Pexp [i/dxAJr(XL,l“)] ! C&Qﬁ{-j

So that the S-matrix is |0 3) = Sy gap|a; 3) = Wa’a(XJ_)ngﬁ(}_(J_)‘a; B3)

and the total interaction probability (cross section w/ needed factors)

2

P = (2 T W)W (,)] )
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Medium averages

All the medium properties are encoded in the averages of Wilson lines
» Several prescriptions used. Here, just focus on a simple one

1 1

~ T (W(x )WT(R,)) ~ exp {—ngzat(XJ_ - 3_(J_)2}

The dipole “counts” the number of gluons, the unintegrated gluon distribution

NG) = 1o | -5@h| = 6 = [ Eherka

22

[up to logs: McLerran, Venugopalan 1994]

gluons

10 - 2 2
- Qsoﬁt /kt

Two important consequences
» Qsat cuts-off the low momentum
» Geometric scaling

¢ — ¢(k2/Q§a1})

10 10 1 10

A Ki/geot
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~ QCD evolution

-

L

A way of including QCD evolution in the dipole picture (in x)
» Boost the dipole: the splitting probability can be computed

» Use the large-N limit
_F}F/ — ny
[9";@2 Ne

E\'O (ﬂ'hﬂL . / ‘,J X%
Y — / Y //%
-, 7 - N %

Pkl

W) - [ o) [V ML) M) = DN () |

[Balitsky-Kovchegov egs]
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Fits using BK evolution

[AAMQs - 2010]

— P —E T E [Albacete, Dumitru, Marquet 201 3]
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> Checks of validity of the formalism with proton-nucleus data
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Multiparticle production and the CGC

Gluon distributions obtained in the fits with BK reproduce multiplicities

[From Dumitru at 1S2014] [Albacete, Dumitru, Fujii, Nara 201 3]
1 E"‘ ®  CMS data letal<2.4 9 ' T T l f 1 T
. 7TevV = MV DSS-NLO g5 | D]
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1"10-?E 4 I I 1 1 1 1 1
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part
Multiplicities are reproduced in a QCD-based approach
» QCD evolution equations with initial conditions from DIS experiments
» Uncertainties in geometry, kinematics, etc

» First results at NLO available [Chirilli, Xiao,Yuan 2012; Stasto, Xiao, Zaslavsky 201 3]
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Multiparticle correlations

Single particle production - dipole cross section

More differential (e.g. 2-particle inclusive)
» Measure different color correlation functions - n-point functions
» Promising but still a lot of work ahead in theory and experiment
» Improved description of medium properties
» One of the hot topics in last years

h— lﬂoiw‘k 1Q/ud\'mo MQJQJ

%% Central dAu collisions
0.026 |-
© STAR Preliminary CGC calculations
% py <2 GeVic <np>=3.2 [ Stasto et al
0.024 |~ P> Py > 1 GeVic <n >=3.2 — Albacete-Marquet
— "non-CGC" calculations
S 0.022 % —=== Kang et al

CP(A

0.02 -

0.018 -

0.016

R I 2 TN B -t

[Plot from Albacete, Dumitru, Marquet, 201 3]
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4 .
i Fluctuations...

-

\_

J

Fluctuations
» Physical quantities (e.g. energy density) computed event-by-event

y [fm]
[1202.6646]

Undo the medium averages...
» Will not affect averaged quantities unless other mechanism appears, e.g. hydro

J
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CGC as 1nitial conditions for hydro

> Initial conditions from MV model (IPsat)
> Hydro evolution with viscosity

» (made event-by-event)

0.14 . . . . 0.2 . . .
Vo — | Data: ALICE v,{2}, pt>0.2 GeV Vo — | ATLAS 20-30%, EP
012 Tlvg —- | ys=0.2 1
0.15
0.1
N I =
2 008 >~ o1l
c >
= 006} 2
0.04 0.05
0.02 ¢
) , | | | 0
0 10 20 30 40 a0

centrality percentile

[Gale, Jeon, Schenke, Tribedy,Venugopalan 201 3]
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Towards 1sotropization...

(" )

The CGC picture provides a framework to study the evolution to equilibrium
> State just after the collision has a very strong anisotropy (MV model)
» Solving Color Yan Mills equations to larger times with NLO corrections
> Anisotropy greatly reduced with still tiny coupling constants

ags = 0.0008 ag = 0.02

T [fm/c] T [fm/c]
0.01 0.1 1 2 3 4 0.01 0.1 1 2 3 4

+1

S 12 - =
e 13 1 "??””’?CWQMW
| \M'W\/ vv“’\f
W 0 oy O ASEEISSELS ML AT TCITI SR ,,: .
r/c I =
P /e [N ) » P /e [N
LO . — -1 et : OO EE TSRO LO . (R
L | | | L L L | |
10.0 20.0 30.0 40.0 0.1 1.0 10.0 20.0 30.0 40.0
Qs T
[Epelbaum, Gelis 2013]

A lot of activity not quote here - both weak and strong (AdS/CFT) coupling

J
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The R c’(jé,

CMS 2010, Vs=7TeV
MinBias, 1 .OGeV/c<pT<3.OGeV/c N>110,1 .OGeV/c<pT<3.OGeV/c

R(An,A¢)
R(An,A¢)

> Structure needs to be formed very early by causality requirements
» Observed in pp, pA (LHC) and AA (RHIC+LHC)
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