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Introduction
Framework of color glass condensate
 Phenomenology of high multiplicity events

* Combining CGC with PYTHIA
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Multi-particle production at high energies

Goal : Study correlated production of particles

dN <:>< dN > dN
dy1 d®pyq ... dygd®py, dy1d®pyy/  \ dygd®pog

Focus : Collisions of small systems p+p and p+Pb
are interesting as final state effects are minimal

We need :

* An ab-initio framework of particle production

e Full treatment of different sources of fluctuations
e State-of-the art treatment of fragmentation
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Phenomena we want to describe
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Origin of high multiplicity events




Phenomena we want to describe
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must drive these phenomenon _ _
Energy dependence of ridge in p+p
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Particle production at high energies

Multi-particle production at high energies in Regge Gribov limit (x—0)

Colliding hadrons/nuclei :

e Saturation : Non-linear process strops growth of gluons, semi-
hard saturation scale Q.(x) > Aqco
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Particle production at high energies

Multi-particle production at high energies in Regge Gribov limit (x—0)

Colliding hadrons/nuclei :

e Saturation : Non-linear process strops growth of gluons,
semi-hard saturation scale Q.(x) > Aaco

 Gluon dominated wave function, peaked at Q (x~x,e”)
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Particle production at high energies

Multi-particle production at high energies in Regge Gribov limit (x—0)

Initial configuration

Particle production :

e t-channel exchange of ladder

: C ' JIMWLK evolution
ike emissions of gluons, :




Particle production at high energies

Multi-particle production at high energies in Regge Gribov limit (x—0)

0:- Initial configuration
Particle production : S o @

> 0% b
0 <
« t-channel exchange of ladder 00, : |
: : : - 200, + JIMWLK evolution
ike emissions of gluons, 006 :
2 ()
e Strong color fields, weak Sonnay Sngle gluon
. . A < emission
coupling, high occupancy of T .
gluonic states ~1/g°  TRLy LITTTRITLs NG A (classical field)
; ‘ OR
. =:'-: ----- » p (static source)
(classical approximation) e e eeaneaaaaan :

Color Glass condensate effective field theory — ab-inito framework to this problem
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Detalls of CGC the framework

 Fundamental objects are Color
Charge density matrices pa(x, Y)
Local Gaussian distribution Wfpj
(MV-Model)

(P(xL)p"(y,)) = 07°0%(xL—y, )g°n*(xL)

» Color field before collisions : solving
Yang Mills equations [D,,F,,] =J, for
each configuration of source p(x,)

T

p, FH'= J D, F*= 0 .

H /A / before collisions (1<0) \\VM after collisions (1>0)
/gr N Domains of < . AT Glasma flux tubes —>
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Detalls of the CGC framework

Input is constrained by dipole-cross sections in e+p/A
collisions

Perturbative approach

 Employ kr-factorization (p1>Qs), dilute-dilute/dense
systems

Non-perturbative approach

e Full solutions of CYM on 2+1D lattice : IP-Glasma
Monte-Carlo model of initial conditions
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Multi-particle productions

Single-Inclusive
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n-particle correlations

CGC framework is extendable to n-particle correlations

pl[2] -+ [2] [B] -+ [P][P

LR T N I

2"(n-1)! topologies

Naturally generates Negative Binomial distribution probability distribution

oo T(k+n) R kk . (N2 —1)Qs3S,
T T(K)M(n+ 1) (A + k)ntk — R >

High-multiplicity events —> originate from correlated production of n-particles
—> Highly non-perturbative
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Description of M

high multi

Ul

oll

plicity distribution/
city events

IP-Glasma model : combines CGC framework & different
sources of initial state fluctuations

1. Collision geometry

and impact parameter

2. Color charge

3. Rare Fock-Space
configurations
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(1) Fluctuation of collision geometry

* (Collision geometry is not calculable from first principle
* Eikonal model with thickness profile from HERA data

Proton profile

1 —s 2>
S| )= exp C :
(51) 21 B¢ <2Bc Impact parameter distribution
Overlap function dP (py - 1= e~ 7es N Tov (0)
A2 h o N2
T (b) = /dzsL TA(s1) TE(s. — b1). d2b [ d2b (1 e Tpp(b))

Making Nucleus out of proton scattering

Sdlp(rJ—vx bJ—) — H dip rl?X? bJ—)
1=0
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B 25

2
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H 0.5
0

Nuclear saturation scale : Q% ~ AY3Q2 i & @ B

10

color charge distribution in nucleus
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Entries

(I1) Fluctuation of color charge

For a given geometry fluctuations of color charge
—> Negative Binomial distribution at each impact parameter

» @
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Convolution of many NBDs
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However the distribution is
not wide enough to describe data

Some sources of fluctuation missing
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(1) Intrinsic fluctuations of saturation scale

Input to CGC framework —> dipole cross section e+p/A

Color dipole picture : distribution of partons —> dist. of color dipoles

Y * q Z /\ T ]“';
1
q ISL A

dipole-probe ™

With evolution of rapidity each dipole split with probability ~ asdY
—> dipole splitting Is however stochastic

target

log(rIr?)

Stochastic dipole splitting —> not present in BK/JIMWLK —>beyond CGC
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T(r,Y)

INntrinsic fluctuations of saturation
momentum of a proton/nuclei

Dipole amplitude

P(Qs/( Qs))

Saturation scale

0=04 — :
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Stochastic splitting of dipole leads to a distribution of Qs
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Distribution of multiplicity
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Origin of High multiplicity events (Tail of distributions)

High multiplicity events —> rare configuration of high color charge density (1/g2)
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Azimuthal Correlations in CGC

* |ntrinsic momentum space
correlation from initial state

» Qriginate probe scattering
off a color domain

e Suppressed by number of
color sources/domains

Very distinct from Hydrodynamic flow (driven by geometry )
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Two particle correlation in CGC

Jet Graph Glasma Graph
20000,
Kinematically constrained (back-to-back) Not kinematically constrained

4 Y(AD)

trigger trigger
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Two particle correlation in CGC

Di-det Graph Jet + BFKL emissions

>

Y(AD)

gluon emissions between two triggered hadrons—> broadening of
the away side (de-correlation)
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Origin of ridge-like correlations

1 d°N Jet Graph 1 d* N
Nrrig dA¢ pp \'s =7 TeV, N= 110 2 Ntrig dAn dAd
2<p <3 GeV/c
1<p <2 GeV/c

Glasma Graph

/II

!I
’m

-
-_—eem = = =

But why ridge appears in high multiplicity events
In CGC, high occupancy ~1/g2 —> effective coupling 1/g2x g = 1/g
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Picture In high multiplicity events

low densﬂy min-bias events) high density (high multiplicity events)
1/g2

B B
=

1/g2
strong color field in CGC

g—> pg~1/g2g~1/g }
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d2N/dAG
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Comparison to data
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Consistent explanation in the CGC picture

25



0.05
0.04
£ 0.03
0.02

0.01

. Glasma + BFKL
-@®- 13 TeV (ATLAS acc.)
L./ 7 TeV (CMS acc. x 3.6)

. Data

13 TeV ATLAS Prelim.
. @- 7 TeVCMS x 3.6

4
o o
LAY
R
LIRS
AR
AR
DR
QS
LR
QR
o
LR
-

.l
o
AR
O
‘\

140

I I QA 1
I m.mﬁwoﬂﬂ 1< pisc’trg< 2 GeV _
0 20 40 60 80 100 120
N"eC
ch

0.05

0.04 -

€ 0.03
>_

0.02

0.01

Energy independence of Ridge

Glasma + BFKL
i 13 TeV (ATLAS acc.) €
7 TeV (CMS acc. x 3.6) —A-
Non ~125 9, -
Data: N, >110
I 13 TeV ATLAS -7
7 TeVCMS x 3.6 ~@-
rec # ) i
- Ngp ~100 To 2
. f’f.\
| >, |
.0 @B P
0 1 2 3 4 5

Ng}elC(\/E) — NgﬁC(Qsz), Ymt(\/g) — Yint(Qsz)

Energy dependence enters only though the saturation scale (only scale in
problem) : Scaling of near side yield is natural in CGC approach



Harmonics of azimuthal correlations
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Combining CGC and PYTHIA

X N X

n = constant

Qutput distribution of Gluons from
CGC

fragmentation

Sample gluons in momentum space

Connect the gluons close in phase
space to color neutral strings

AIJ= pure gauge 1

Input to PYTHIA and fragment into
final particles
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Implementing PYTHIA Strings

\

Px i Py

Connect the gluons close in phase

space to color neutral strings
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P(N/ N ))

Combining CGC and PYTHIA

10‘I - T T T T T I ]
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10™
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Promising results on multiplicity distributions
Angular correlations, more observables are to be studied
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Outlook

* Including diffractive process
e Full 3+1D with JIMWLK rapidity evolutions

* Implement color-reconnection in PYTHIA

 Comparison to more data from LHC

summary

The ab-initio framework of CGC constrained by HERA DIS data provide
successful description of the phenomena seen in high multiplicity events at LHC
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Momentum flow in Glasma graph (origin of ridge-like
correlation)
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Qualitative picture of
correlations in small systems
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