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Talk Agenda

B B ey Rt IR g R Y S B0 g N B e Ry R

B Saturation Model in the Small-x Region
0 Saturation scale as a function of x
0 McLerran-Venugopalan (MV) model

B Particle Production in a Dilute-Dense Collision
J One-gluon production
0 Two-gluon production

B Particle Production in a Dense-Dense Collision

0 Gluon distribution = Gluon production
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HERA (ep collider) — x Evolution
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Quantum Evolution of PDFs
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Going to Smaller x with Fixed Q?
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P Gluon increases with a fixed transverse area

pt p+ 1
Pl 2
Kkt <<p” B
k+

B Graphically

A

small-x & Dense Gluon Matter
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()? Dependence
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Quantum Evolution of PDFs

4 QCD Fits
20 M (H1+BCDMS) total uncertainty As O2? ooes larger
< T ] H1+ECDMS§ exp. + o, uncert, O g g
st O (H1+BCDMS) exp. uncertdinty gluon grows slowly.
—(H1)
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Going to Larger Q? with Fixed x
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E Gluon slowly increases with a decreasing area

B Graphically, in the same way,

&

large O -> Dilute Gluon Matter
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Saturation
SRt P BB, BBt BB, B BB, SR, S BB, FIDE S
F Gluons eventually cover the transverse area
at small x and small O?
Area ~7R>~75GeV ™ (proton)
Crammed density ~ (N> -1)-Q* -7 R’
~600 (for 0> =1GeV?)

B Condition for saturation:

xg(x,0,) o
(N2-1)-07-7R* " gN.

Overlapping Factor

How can we expect the saturation effect in reality?
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Dipole Cross

Scaling Behavior

g, Rt SRR, G Rt RN SR, i SRR i i

EL 1030 T ,
= x<0.01
©
2 2]
L e 0.045< Q" <450GeV™
g | 2 — o
w2l By 1% (X) = m—%exp(—a}p /0y)
10 |
ZEUS BPT 97
ZEUS BPC 95
H1 low Q% 95 W
1 ZEUS+H1 high Q’ 94-95 k-1 E
EG65 v ﬁﬂ.al}l ]
x<0.01 Ql-:- ]
2 1" -
all Q° '
10t cwd el e a0l e
107 107 107! 1 10 10°

Section in a Saturation Model

o(x,r)= 00(1 — exp[— r*/4R; (x)])
Oy (%, 0%) = 0., (Q°R; (1))

Called the "Geometric Scaling"

A2 .
1 X Dias de Deus
Ro (x)= [ J

X0

O
0, =1GeV
x, =3.04x10™"
A =0.288

lancu-ltakura-McLerran, lancu-ltalura-Munier

Stasto-Golec-Biernat-Kwiecinski Plot 2009 at KEK



Scaling Behavior Extended
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B Let us put some numbers... x=10" —» Q0 =1.38GeV’

xg(x,ﬁy 19 _po10
(N2-1)-0*-7R* §8.138-75
x A7 (~ 5.8 for Au)

I SCaling iS COHSiStent Wlth pQCD lancu-ltakura-McLerran

"Extended Geometric Scaling™

F BFKL (dilute regime) can fix the parameters

Dipole Amplitude
smaller x
O\ . .
No need to realize saturation!
Q

N
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Message
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There are some examples 1n which
a saturation-model description can work well
even when saturation 1s not yet reached.
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Saturation Model

W, e, G G RGP R Bt DR et SOt Ry NPy R

B Parametrized by a scaling variable
0 Q.(x) encompasses the scaling property.

0 Wave-function 1s characterized by Q (x)

B McLerran-Venugopalan model

3| p(x) |2
W lpl=exp| —|d
Lo] GXP{ _[ X 2g2uf }

gu, ~ Q. (x)
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Scattering Problem
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Scattering Amplitude in the Eikonal Approx.

=
\:ﬁo Vix, )= eXp[igJ-dZ+A_(z+,xL)]

W(x, )= exp[ig j dz—/ﬁ(z-,xg]

In case of Dipole-CGC scattering

Dilute (p) Dense (A) S~ <<V(XL) V'(y, )>>

January 2009 at KEK
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Stationary-Point Approximation
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Dipole Scattering Amplitude
<ZW[pA HW Vix V" (J’l)>

{p4} {pa}

= wa[p/l] j[@A] V(xJ_)V (yJ_)eXp[ ZSYM[A] +iSsource[pA’W]]

(P4} p <xP

=((r () V+<yi>>>p
Easily solvable
S o=l j d'xtrlp, InW]~~[d'x p;4 !
gN
aSYM =5 p
Large enough p, = Stationary-point approx. OA" 4
a A= A
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Physical Observable

B it St SRSt SN RS NN i BOeinyg . RGNt e e e

B Dipole scattering amplitude
(Fee)v v)))

P4

- wa[p/l] j[@A] V(x )V (v, )expl iSyy[A]+iS e 04 W ]]

P4} p<xP"

~ YW IV )V (v, (functionof gu~ Q)

{o4}

F In general

((o141))  ~[op,W[p,100Alp,]]

January 2009 at KEK

Quantum corrections
lead to W. > W 5.

i.e. small-x evolution



Classical Solution
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2 + j— B j—
- ai( )(XL) A=A =0
A = ai(z) _.LW(xj_)ai /4 (x,)
1g

W(x,)= PGXp|:—igJ-dZ+ 8sz,4(xj_)5(z+):|

_ c.f.in EM
Static )
(time dilation) 0.9 =—p (Gausslaw)
_ —>¢'=0
U +
5 5()6 ) IOA (xJ_) 1 ‘
thin —> A4 = .—e’“’@ie_’e"” (=—-0.9)
(Lorentz contract) e
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One-Gluon Production in pA

B B ey Rt IR g R Y S B0 g N B e Ry R
LSZ reduction formula
(p: \.alQ2) = i e (p) /d%r ST 0, (Q[ A ()] Q)

1N, | 12 - .
niCgauge - [ s pAL () PA ()

dy T Ar (27)2
Final expression is given in terms of
4 <,0p,0p> -0, <WW> —> @, K, -factorization
which is calculable as a function of gu
Py Pa (higher-twist)
T Dumitru-McLerran, Blaizot-Gelis-Venugopalan
perturbation
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Two-Gluon Production in pA
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LSZ reduction formula

(p. 2)

— 1.«;;)(;;) / diz P20, 1 €9)(q) / dby 79 O, (QT[A™(2) AL (1)]|Q)
In LC gauge

dNg 1 / d’p, d?q, <‘(
dyrdys 1672 ) (2m)% (2m)2 \o.a |

b

dNg dNg | / d’p, d%q, 9\9 . y

= 2Re|A*(p) GY J
dy; diys i 1672 ) (27)2 (27)2 (p ) (") (["4‘5"( ) Gan(P: @) Ay (Q)}

2 2
161 /;l f; Elaq)i (1")* (@) 63" (a.) Gah(p. @) - Rapidity
(A) (B) (©) l[ dependent
HIC (AA) P, XX P A P, e
pp SN A UK pp pp eV pp pp Nl S pp




Two-Gluon Production in pA

W, e, G G RGP R Bt DR et SOt Ry NPy R

Diagrams for the Connected Part

(A)

Fukushima-Hidaka
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Dense-Dense (AA) Collision

it R R, OO, OO, 0 SO O O R R

Glasma Glass + Plasma

Quark-Gluon Plasma

X

On the light cone (7 = 0)

1 =aV+a®

4, =0
E' =0
ET = g[a() a(2)]

How to compute gluon production?
January 2009 at KEK



Intuitive Picture at =0

g, Rt SRR, G Rt RN SR, i SRR i i

Longitudinal Fields between Nucleus Sheets

Transverse Fields

N .

25 -

L N T -

AN L -

B B A N .

/\ ——-—7__-_.""" _____ >
" Initial CGC Fields — Lappi-McLerran

Transverse Fields
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Gaussian Average at 7°

WP WOt P, WP WPt O Pt W WS SO0 Wyt NP

E Energy density

UV div.
£(0) = <t1 [E({}) E?o) 4 BE?U) BF{})D (unthSQical)
3 A" IR div.
__ ON (N2 2/ N2 — 4 =
= 2N.(NZ —1)g <£10c> = g° Ha- 2 []Il m (physical)
F Momentum decomposition o Nelg®pa)?
- 2m?

1 .
E(D)ULJ_) = v /(lQCBJ_dzyJ_ e~ tkL(zL-y.1)
<U [EE?D)( )E?U)(yj_) + BF{})(:BJ_)BF{})( )]>

| I
Q:\C( *\ 2 L 1)‘} iuA EXpreSSed by Kl(x)

o / dgf}u dQQQJ_ O«QQM éadj((i’u) ?adj(%ﬂ
(2m)2 (2m)2 (27m)2 (q3,+m?)[(K'|—q5,)? +m?]




Spectral Intensity
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Numerical Results

Physical choice is
a =10 ~ 40 at RHIC

Perturbative Limut - - - -

1

gwy(hL) = yP— Ne(NZ2 —1)g°u5 T (a: ki /m)
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UV Dominance
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UV Contribution Dominance
— UV divergences come from derivatives.
— Time evolution from derivative terms in EoM.

Decreasing functions
as k goes larger.

UV div is tamed by
expansion.

Kovchegov
c.f. Fujii-ltakura
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Gluon Distribution

W, e, G G RGP R Bt DR et SOt Ry NPy R
Energy and Gluon Distribution (Multiplicity)

1
c=(H) n(t, k)= — (1, k)
\/ Ari L m?
b - dN(7)

dE(7) Fourier decomposition .
dn - [anNG) _ 1)
n TR mn(T)
Result 3trRy 1,.,
Fujii-Fukushima- 2m2 g2 (97pa)”(m7)In(a;mT)

-Hidaka

]

In(a;mt) = \/7{ L Jol 5???7‘)}2+[J1(§-’m7‘)}2}

c.f. Gunion-Bertsch

Consistent with the LSZ reduction formula! (Gelis-Venugopalan)
January 2009 at KEK



Well-Defined Asymptotics
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Numerical Results (~dN/dn)
2 . ! I .

a=10 ——

a=25 ——----

a =100 --=----
1.5 + (m1) Iz (m1) a =500 --——~- 4
TR it ]
05 :" ,r’-ﬁf;T;IN (mT) i
0 iziiimm i e
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1/2
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ﬂf."ﬁ*" Wl"ﬁ'g.:' -H".t:'x.:' 'y 33'*:' -H.':J-,I.

Results (with non-linear corrections)

Numerics

e e e S N S R U

for Q2= 1~2GeV?

et

Consistent with the empirical value at a =25 and Q. =1GeV?

Hadron multiplicity at mid rapidity ~ 1100

January 2009 at KEK

a dE /dn (GeV) dN /dn c
10 (2 8 —7.8) x 10° | (0.7—1.4) x10* | 0.86
25 (2.5 —7.0) x 10° | (0.9 —1.8) x10* | 1.10
100 (1.6 —4.5) x 10° | (1.0 —1.9) x 10® | 1.18
500 (1.0 —29)x10® | (1.0—1.9) x10® | 1.17
N2 _



Summary

B it St SRSt SN RS NN i BOeinyg . RGNt e e e

B Saturation models enable us to carry out
economical resummation of multiple scattering
with dense color source.

B Gluon multiplicity can be computed.

0 One-gluon production in pA
0 Two-gluon production 1n pA, ...etc

E Gluon multiplicy in the expanding geometry in
AA can be computed.

January 2009 at KEK
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