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Asymptotic freedom

pQCD - collinear factorization

QCD at high energy: CGC

Probes and signatures



Collinear factorization: separation of long and short distances

fragmentation
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pQCD tools:
QB >>Ajep  0s(QF)<<1 twist expansion,
collinear factorization
perturbative
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but bulk of QCD phenomena happens at low Q ®
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most produced particles are soft

(x ~ \I;tg > 0) thermalization?




Hadronic collisions
at
small x



1s the fraction of hadron

xg(x,Q")

H1+ZEUS

Q*=20 GeV? H1 NLO-QCD Fit 2000
xg=a®x"{ 1) (L+dVxrex)

FFN heavy-quark scheme

total uncert.
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Hl exp. uncert.
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exp. uncert.

energy carried by a parton



gluon radiation at small x :pQCD

The infrared sensitivity of bremsstrahlung favors the
emission of ‘soft’ (= small-z) gluons

dk, dx
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The ‘price’ of an additional gluon:

number of gluons grows fast
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“attractive” bremsstrahlung

VS. “repulsive” recombination
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color charges
at large x

small x gluon
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Large x: color source O small x: gluon field A"
U(A")=PExp [ig / dx™ A, Ta]

fA+ [DA]5(A‘|‘)eiS[A,p]_IJ,A'

Z[j| = /[DP] W+ ] _ IA+ DAJS(A+)eiS[Al

weight functional:
W a+ [p] probability distribution of color source P
at longitudinal scale A ™

invariance under change of A T =—— RGE for W+ [p]



saddle point of effective action-> Yang-Mills equations

D, F{ = 6" T6(x7) pa(xt) -
solutions are non-Abelian
Weizsdcker-Williams fields < < <
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pure (2d) gauge color E | . B fields




Aqcp Qg (x)

1

a state with large (gluon) occupation number O|—|
(g
very different time scales between large and small x modes

Qs(x, b¢, A) can provide a hard infrared cutoff
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JIMWLK eq. describes x evolution of observables




Basic building block in DIS, pA processes

d Ols (x — y)2
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Evolution of 2-point function depends on 4-point function

d
T <TVIV, TrV]Vy >~ V?
y

Infinitely many coupled equations!



saturation region

dilute region
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All higher point functions are expressed in
terms of the 2-point function

extended scaling region: < TrV;r{ Vy >=F [(X - Y)Qg }

IIM, NPA708 (2002) 327

NLO: B-KW-6-BC (2007-2008)



+ Cutput: Modified evolution kernel:
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“dense” Q,(1) Q. (1:

Linear

/ dilute™

Parton Gas

InA> In Q



multiple scatterings = ptbroadening

effective degrees of freedom: Wilson line V (x)

evolution with In (1/x) =—p suppression

Nuclear shadowing



DIS:

structure functions
single and double inclusive spectra

PA (dilute-dense):
multiplicities
single and double inclusive spectra

AA, pp (dense-dense):
multiplicities, spectra
long range rapidity correlation

RIDGE



ep —eX

fast partons

j / dz / d*ryd*by
—— small-x gluons (A[p])

2 2
Dipole C " > >’\/\/\/‘ Z Tt,Q | .’L’ Tt,bt)
= A

1
only the 2-pt function contributes = N < Tr[l - V! (x¢)V(yt)] >

C

where JIMWLK eqs. determine the x dependence of N
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~ Collinear Fact.:
o = o(x, Qz)
CGC:

Y Que<Qe<

IIM (2002)
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2-point function only: same as in DIS and
photon,dilepton production in pA (FG and JJM)
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Two-hadron
Correlations




v pP(A) - qqX
FG-JIM, PRD67 (2003)

v p(A) - ggX

JIM-YK, PRD70 (2004)
AK-ML, JHEP (2006)

probes higher point functions



g(k)

qj} I AFFH%: /JffJI dA—>qu / Ko

d pf dy1 dq? dy-

<TrVIV> 4+ <TrVIVVIV S

JIM and YK, PRD70 (2004), AK and ML, THEP (2006),
FGV, NPA (2006), CM, NPA796 (2007) , KT, NPA (2010)

two hadron production in pA probes
higher point functions (up to 6-pt function)



Ox(r,7) =TrV, V! <&=F2 in DIS, single hadron in pA

1 1
Ou(r,7:8) = 5 {TTVJ Ve TrV:V] — FTfrvj V,,:}

1 1

Dipole + large N¢ approximation:
(Og(ry,7:8)) = (O2(r—35)) (O2(s—7))

(Os (7,7 : 5,5)) (Oa(r = 5)) (O2(7 = 5)) (O2(s = 5))
+ (O2(r = 7)) (O2(5 = 5)) (O2(s — 5))
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JIMWLK evolution equation:

d 1 5 5 0 2 O
dy<0>_ 2</d$dy5ag ey o

L[ & (z-2)-(y-2) bd
= 1+ U0, -UU, - U0
=2 ey ap



AD-JJM, arXiv:1008.0480

Recall evolution of S2 is sensitive to S4 only

: d d
Leading Nc:  — S, (r,7: s) ~ 7

a0 —[S5(s — 7) Sa(r — s)]

DIS, single inclusive production in pA probe S2

d o

d—y{S(r—s) S(s—7)S(s—3) +

S(r—r7)S5(s—35) S(s— 5)} + MANY MORE



Dipole approximation JIMWLK

Making the dipole approximation before the
evolution misses many leading Nc terms

Two hadron production is
sensitive to JIMWLK



Experimental evidence for “monojet™ production

= “Coincidence probability™ measured by STAR Coll. at forward rapidities:

. 1 dNpair
CP(AR) = o2
L 7

= MAD=0 (near side) peak originates from two pion fragments within the same guark jet

= MP=[1 (away side) peak suppressed in central d+Au coll with respect to p+p collisions
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another process to test CGC formalism
less inclusive than single inclusive particle production

one less hadron fragmentation function

theoretically cleaner: 2-point function only

lower rates compared to two hadron production

photons are hard to measure

will help distinguish between different approaches
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near side: collinear divergence @ 0 — 0

T« = NF@Dv/q

away side: 0 — m

Pt > 2> Qs
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Factorization theorems

Gelis, Lappi, Venugopalan

quantum corrections (In 1/x) absorbed into W

Initial configuration
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SO Y . JIMWLK evolution
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/ / ‘

before the collision: after the collision:
AT=A" =0

A=Al L AL solve for A

A = (X_)Q(_X+)a11 in the forward LC

Ay =0(—x7)0(x")as



Early on glasma fields (E
and B) are longitudinal

Classical solutions are
boost invariant

Transverse size of .
these flux tubes is ™ Q.




detection

freeze ont

latest correlation

DGMV: NPA810 (2008) 91
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Associated Yield
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A new region of QCD phase space

A systematic approach with
controlled approximations

Q,: a dynamical semi-hard scale

Evidence for CGC at HERA, RHIC
soon to be tested at LHC

CMS data on high multiplicity events in pp are
in qualitative agreement with CGC predictions
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