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pQCD: the standard paradigm
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bulk of QCD phenomena happens at low p, (small x)



Glll()ll Saturati()ll (Gribov, Levin, Ryskin, early 80’s)
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Q? 7R? Venugopalan (93)
saturation scale Q?(X, b, A) as(Q3) < 1

MV: an effective action approach to QCD at high energy
novel and exciting phenomena
universal properties



Scattering at high energy (small x) (proton-nucleus)

:VO:I:VZ X+
V2

x-

Eikonal approximation vt
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multiple scattering of a quark from background color field § a ( Qj—I_’ th)
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DIS, proton-nucleus collisions involve dipoles

<TrV(z ) Vi(y) >~ e ™ @ logl/ri A MV model

scattering from small x modes of the target can cause only a small angle deflection



1-loop correction: energy dependence

basic ingredient: soft radiation vertex (LC gauge) D = q
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virtual corrections:

Lt
:WI + I + = TrV()Vi) adipole

real corrections:

%%Igﬁ I{—|—Il %I% :l+ —>TrV(a:t)VT(zt)TrV(zt)VT(yt)

(¢ — 2) - (ys — 20) the Slmatrlx

(Tt — 2¢)* (Yt — 2t)° S(xe,yt) = FCTTV(%) Viye)

(z¢ — 2¢)?



1-loop correction: BK eq. at large N, ——
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A hadron/nucleus at high energy: CGC

high gluon density: Eikonal multiple scattering
p, broadening

ENERGY

energy dependence: x-evolution via JIMWLK/BK

suppression of spectra/away side peaks

1
QZ(X, bt,A) -~ A1/3 (_)0.3

S

X
Q*(xr =3 x10"%) ~ 1GeV?
> for a proton target (quarks)

L Pt

a framework for multi-particle production in QCD at small x/low p,

Shadowing/Nuclear modification factor
Azimuthal angular correlations (di-jets,...)
Long range rapidity correlations (ridge,...)
Initial conditions for hydro

Thermalization ? X S OO]_

NLO: toward precision



Pion production at RHIC: kinematics

collinear factorization CGC
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this is an extreme approximation with severe consequences!



QCD kinematic phase space

ENERGY

22

pQCD (DGLAP)
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unifying saturation with high p, (large x) physics?
kinematics of saturation: where is saturation applicable?
jet physics, high p, (polar and azimuthal) angular correlations

cold matter energy loss, spin physics, .......




beyond eikonal approximation: tree level

scattering from small x modes of the target field A~ =n~ S involves
only small transverse momenta exchange (small angle deflection)

p' = (pT ~VS,p” =0,p, =0)

A_:(p+N07%:x<<1apJ_:O)

allow hard scattering by including one hard field 4% (=™, 27, 2;)
during which large momenta can be exchanged and
quark can get deflected by a large angle.

include eikonal multiple scattering before and after (along a
different direction) the hard scattering



hard scattering: large deflection 5? L
scattered quark travels in the new “z” direction: 2 y | =01 vy
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summing all the terms gives:
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interactions of large and small x modes
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g both initial state quark and
D D1 / hard gluon interacting:
; P —q integration over p;
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1 /
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both poles are below the real axis, we get
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ignoring phases we get a cancellation!
this can be shown to hold to all orders whenever both initial
state quark and hard gluon scatter from the soft fields!



how about the final state quark interactions?

B 4 integration over p;
D P1
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P / 21 [Pt + ie] [(p1 — P1)? + ie]

now the poles are on the opposite side
of the real axis, we get both ordering

(9($+ — LfiI_) and Q(ET — a:+)

ignoring the phases the contribution of the two poles add!
path ordering is lost!
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however further rescatterings are still path-ordered

before/after X_f, }_(—1‘_
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full amplitude: iM =iMa +iM; +iMy +iMs

R

small x limit:




cross section: [iM|? = [iMejk + iMy +iMa + iM3|?

small x limit: M — T Mk
spinor helicity formalism: light-front spinors
spin asymmetries (intermediate p,)
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azimuthal asymmetries

rapidity loss, .......




SUMMARY

CGC is a systematic approach to high energy collisions
strong hints from RHIC, LHC,...
connections to TMD,...

toward precision: NLO,...

CGC breaks down at large x (high p,)

a significant portion of EIC phase space is at large x

transition from large x to small x physics

Toward a unified formalism:

particle production in both small and large x (p,) kinematics
spin, azimuthal asymmetries in intermediate p, region

jet energy loss
one-loop correction to cross section: from JIMWLK to DGLAP ?
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Particle production in high energy collisions

pQCD and collinear factorization at high p,

precision physics
breaks down at low p, (small x)

CGC at low p,

toward precision physics
breaks down at large x (high p,)

to firmly establish CGC, need a unified formalism
CGC at low x (low p,)
leading twist pQCD (DGLAP) at large x (high p,)
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CGC: tree level (eikonal approximation)

e P Y2
— T T T T T > p e

iM(p, q)=2r6(p™ —q " )u(q)h / Py e TP [V (2,) — 1] u(p)

A +OO
with  V(z;) = Pexp {zg/ dxtS; (Qj+7$t)ta}

Dipole: DIS, proton-nucleus collisions scattering from small x gluons of the target

<TrV(z ) Vi(y,) > can cause only a small angle deflection
— _|_ —
toward precision: NLO evolution Sa (kT ~0,k7 /s < 1k ~ Q)

beyond eikonal approximation: tree level

large x partons of target: can cause a large-angle deflection of the quark (high q,)
Mot
Aa (aj y L, & J_)

include eikonal multiple scatterings before and after the hard scattering
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