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OUTLINE

Perturbative QCD

asymptotic freedom
particle production at high p

collinear factorization

QCD at high energy (CGC)

high energy => small x
large number of gluons

Applications: particle production
DIS, pp, pA, AA



Quantum ChromoDynamics (QCD)

theory of interactions between quarks and gluons SU(NC) with
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Perturbative QCD
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pQCD in pp Collisions

Collinear factorization :separation of long and short distances

fragmentation
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pQCD in pp Collisions

Collinear factorization :separation of long and short distances
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pQCD: a success story

CMS L=34 pb’ s =7 TeV
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results are starting to be used
in global fits to constrain PDFs

particularly sensitive to gluons
g8 — 88 84— 89

two recent examples from the LHC:

1-jet and di-jet cross sections
many other final-states available
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ENERGY

QCD: the standard paradigm

Dy — 00 pQCD ’rool;:
Twist expansion,
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but bulk of QCD phenomena happens at low Py




Nucleus-Nucleus (AA) Collisions:

Quark-Gluon Plasma

S ~ 200 GeV
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High Energy Cosmic Rays

Energies and rates of the cosmic-ray particles
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Ultra-High Energy Neutrinos
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total cross section dominated by Q ~ M,

need to understand structure of hadrons at very small x




Deeply Inelastic Scattering (DIS)
probing hadron structure

Kinematic Invariants
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Deep Inelastic Scattering

QCD: scaling violations
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early experiments (SLAC,...):
scale invariance of hadron structure
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Perturbative QCD breaks down at small x

“attractive” bremsstrahlung vs. “repulsive” recombination

S — 00, Q? fixzed j) = 3




Many-body dynamics of universal
gluonic matter

i AE.// How does this happen ?

00 e How do correlation functions of
! 4] I oo these evolve ?
"y . *
Is there a universal fixed point
0 o0 *% . ¢ ‘. for the RG evolution of d.o.f ?
® .. o e

Are there scaling laws ?




Probing saturation in high energy collisions

“nucleus-nucleus” (dense-dense) need quite a bit of

modeling
“proton-nucleus” (dilute-dense) l
DIS much less
- modeling

structure functions (diffraction)
NLO di-hadron/jet correlations
3-hadron/jet angular correlations

signatures in production spectra

multiple scattering via Wilson lines:
p, broadening

X-evolution via JIMWLK:

suppression of spectra/away side peaks



probing saturation with angular correlations

3-parton production in DIS

VT - qggX

+
AV MWWV
target

+ radiation from anti-quark

Ayala, Hentschinski , Jalilian-Marian, Tejeda-Yeomans; PLB761 (2016) 229



scattering of a quark from the target

target (proton, nucleus) as a classical color field
quark propagator in the background color field: Wilson line V
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spinor helicity methods

massless quarks: helicity eigenstates
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spinor helicity methods

notation:

it >= |EF >= us (k) = v (k) < it =< k| = s (k) = 72 (k)

basic spinor products:
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Diagram A1

Numerator: Dirac Algebra [
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Diagram A3

Numerator: Dirac Algebra

longitudinal photons quark anti-quark gluon helicity: + - +
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the rest is some standard integrals, we know how to compute the numerators efficiently

add up the amplitudes, add, square.. : get (trace of) products of Wilson lines



Dipoles at large N.. : BK eq.

d
d—yT(Xt — Yt) —

T(x¢ —2z¢) + T(zg —ye) — T(xe —yt) — T(x¢ —2¢)T(z¢ — yi)]

(s

27

(Xt — Yt)2

[ @

Xt — Zt)z(Yt — Zt)2

_Qg_
(pt) — log 2
| Pt

saturation region

A
i [ Q2 17 =
i p2S \Rp A~ AT
= | Pt
Wl 7 o<l
o : ~ 1 [Q2]
b ke Qs

T(pt) — pZ |p2| pPQCD region

A 1l
1
)/

11 1 | 1 | 111 1 1l
20 40 60 80 100

X-y

Rummukainen-Weigert, NPA739 (2004) 183
NLO: Balitsky-Kovchegov-Weigert-Gardi-Chirilli (2007-2008)



Quadrupole: Q(r,7.5,s) =

<TrV(r)VI(FV(E)VIs) >

Dumitru-Jalilian-Marian-Lappi-Schenke-Venugopalan: PLB706 (2011) 219
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3-parton azimuthal angular correlations

0 0.5 1.0 1.5
multiple scattering:
broadening of the peak

x-evolution:
reduction of magnitude



SUMMARY

CGC is a systematic approach to high energy collisions

high gluon density: re-sum multiple soft scatterings

high energy: re-sum large logs of energy (rapidity or log 1/x)

Leading Log CGC works (too) well
it has been used to fit a wealth of data; ep, eA, pp, pA, AA

Precision (NLO) studies are needed

available for DIS, single inclusive forward production in pp, pA

Azimuthal angular correlations offer a unique probe of CGC

3-hadron/jet correlations should be even more discriminatory
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