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Outline ) DS sPiT >4

# High-energy evolution equations
s Unitarity and saturation

s Dilute regime and fluctuations
Evolution as a reaction-diffusion process

#» Consequences
s Geometric scaling in the mean field
s Diffusive scaling with fluctuations

# Predictions vs. DIS data
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Motivation ), oSV SPhT =)

Photon-target collision

Yo <:< Yi <:< Yo <:< Y3

n(r,Y") dipoles

of size r

# High-energy: Bremsstrahlung of soft gluons

» degrees of freedom: energy s (rapidity Y = log(s) = log(1/x))
and transverse coordinates

o Large-N.: gluon at z = gq pair at z
= gluon emission = dipole splitting
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SDSHESPRT = offF
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BFKL and BK evolution Crn —

Consider a ¢q dipole at large rapidity Y = log(s) = log(1/x)
Rapidity increase = Splitting into 2 dipoles

Z

Yy
AN A 6 Q)

O (Tay) = | Muyal (Toa) + (Toy) — (Tiy)

"

Linear BFKL

[Balitsky, Fadin, Kuraev, Lipatov, 78]
Solution: e*¥ but violates unitarity
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BFKL and BK evolution R, UL

Consider a ¢q dipole at large rapidity Y = log(s) = log(1/x)
Rapidity increase = Splitting into 2 dipoles

y _—
x—fbd A — 2 -
E?YMY E?

"

Linear BFKL Unitarity

s (T),(T?%), .... JIMWLK/Balitsky equations (at large N.)

» Mean-field approximation: (T%) = ) (BK equation)
[Balitsky 96, Kovchegov 99]
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Fluctuations Q) - DS SPIT ¢

Consider evolution of <T(2)> [E. lancu, D. Triantafyllopoulos]
Also A. Mueller, S. Munier, A. Shoshi, S. Wong

BFKL saturation

# saturation — T ~ 1 dense regime
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Fluctuations G - DSWSPIT =4

Consider evolution of <T(2)> [E. lancu, D. Triantafyllopoulos]
Also A. Mueller, S. Munier, A. Shoshi, S. Wong

o (TO) =aMe (T®) —ame (T) + a0’ K @ (T)

\ . 7 \ . 7 v
TV VO

BFKL saturation

fluctuations

# saturation — T ~ 1 dense regime

» fluctuations — T ~ o2 dilute regime
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Reaction-diffusion MRSl OSSP

g
Reaction-diffusion process A=A+ A

o)
Master equation: P,, = proba to have n particles

0P, =~vn—1)P,_1—ynP,+onn+1)P,r1 —on(n—1)P,
_/ \/_/ (. _/ N

\ . _J/
TV TV VO
gain loss gain loss
o ® - T e o o
® = T o o T e O
o ® .. © o
®....._ ° ®- o
] ® .. ° ®
o ° -

= evolution of particle densities (n) and correlators (n*):
Oy (n*y =k (n") +vk(k—1) (n*1) — o k(k + 1) (n*t1)

Scattering amplitude for this system off a target (from boost invariance)

A(t) =) () (), (T%),, = |0 (TF) =4 (T") =y (T*) + o (TF71)
h=0 BFKL sat. fluct.
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Reaction-diffusion & QCD BE i

For QCD particle = (effective) dipoles

Dipole plitting = BFKL kernel v~ Q

Effective dipole merging

U(leh X2¥2 — llV)

~ a0 Vo Vy {Muvz log” [EZ - ;1))22 ((;1 - 32] log® [EZ - :))22((;’22 - \Zf;z] }

Remarks:
# merging not always positive
# fluctuations = gluon-number fluctuations
# Can be obtained from projectile or target point of view
9o

Known at large N...
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W Service'de Physique THEorique. |

Consequences
Lessons from statistical physics and beyond
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BK vs. F-KPP equation Gy —

[S. Munier, R. Peschanski]
b-independent BK in momentum space

Oay T(k) = xerkL(—Olog(x2)) T (k) — T7 (k)

Diffusive approximation:
XBFKL (—log(k2)) UP 1O 3120g(k2)

Time t = aY, Space x ~ log(k?), u < T

Ou(z,t) = O2u(x, t) + u(z, t) — u(x, t)

Fisher-Kolmogorov-Petrovsky-Piscounov (F-KPP)
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Geometric scaling T - RIS

Prediction: o
formation of a traveling-wave pattern °
10 T T 0% E
. V0 1
L Y=§5 —— A
L E Y =10 ——
i Y=15 — 7
i Y =20 i
0.1F Y =25 — 7 0 E
= 001 ] ZEUSBPT 97 o
i ] ZEUSBPC 9 *
0.001 F e 1E gétlJosvigli?gh Q?94-95 é =
I ] ; E665 v
le-04 | = ;I‘;"l
le-05 | e IO R oY T R B
- 15 20 25 30 35 40 10° 107 10* 1 10 10° 10°
log(k2) '
k2
T(k, Y) = T(log(kz) — ’UCY) =T (W) with Q? ~ eXp(’UCY)
s

Geometric scaling (speed of the wave — energy dependence of Q%)
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Event evolution AR, OSSPt )

With fluctuations
no b-dependence + local approximation for fluctuations (introduces a factor «)
—— Langevin equation

OvT(k,Y)=aKemk @T(k,Y)—aT?*(k,Y) + av/ka2T(k,Y)v(kY)

with (v(k,Y)) = 0
Wk, Y v, Y")) = L6(Y = Y') ké(k — )

Diffusive approximation

Owu(z,t) = 0%u +u — u® + V2kuv(z, t) |
stochastic F-KPP
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Numerical analysis T e RIS

1 v | | | |
14 -
k=5 +
0.8 |- 12 F=1 X
~ 10| k=01 X
0.6 g linear fit ——
7 8
[<b)
7
0.4 & 6
4
0.2 |
2
01— 0
1 100000 le+10 le+15 le4-20
k

# Dispersion of the events = geometric scaling violations

Alog[Q3(Y)] =~ v/ Dy

# No important dispersion in early stages of the evolution !
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Numerical analysis (O "0l SPTT > o

M Servicede ﬁfrysique THéorigue

[E. lancu, A. Mueller, S. Munier, G.S., in preparation]

Beyond local approximation for the fluctuations:
1E

0.1

—~ 001 F

T(r,

0.001

le-04

le-05
-10 -5 0 5 10 15 20

ldea: matching between
#» mean field (BK) for saturation

# (random) dipole splitting in the dilute regime
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High-energy behaviour B2 sl et

Evolution with saturation & fluctuations =

# superposition of unitary front (with geometric scaling)

# Wwith a dispersion (yielding geometric scaling violations)

T0¥) = [ do. Towlp = pi) = exp (2P0

with p = log(1/72), ps = log(Q?)
1 r>1/Q; saturation

Tevent(p — ps) = 9 9
r2Q? r<1/Qs  colour transparency
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High-energy behaviour

dispersion ~ DY

0.6
04

0.2

Energy: Intermediate High energy
Physics: Mean field (BK) Fluctuations
Amplitude: Geometric scaling Diffusive scaling

(T) = f [log(k?/Q2)] | (T) = [ [log(k?/Q?)/V/DY |

At high-energy, amplitudes are dominated by  black-spots
i.e. rare fluctuations at saturation: 1 = 1or (
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Describing F; ST e RS

-ollowing fits to the F3’ data:
Saturation fit: [lancu, Itakura, Munier]

2log? (rQs)

(rPQu) e e T <1/Qy
1 — e—a—blog2(rQs) r > 1/Qs

(I'(r,Y)) = Q;(Y) = XY, p; = log(Q7)

Saturation+fluctuations fit: [in preparation]

_(03—53)2
(T(r,Y)) = [dpsT(r, ps)ﬁe =
r’Qs r<1/Q,
1 r>1/Qs LF

T(?“, 108) —

T(rY)
e}
ot

oo
1

(@)}

W
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Describing F; (LD 0SSP

Service de ﬁfrysique THéorigue

-ollowing fits to the F3’ data:
Saturation fit: [lancu, Itakura, Munier]

21og2(rQs)

(T(r,Y)) = (r’Q;)e” " ©ov — (r*Q3)
Saturation+fluctuations fit: [in preparation]
(05_55)2 2072
- 1] —tLs=ps) 1 — log(r°Q5)
(T(r, YY) = [ dp, T(r, py) e 7 — Serfe (o802
1 T T I 1
limit
0.8 | - 0.8 .
0.6 |- —~ 06 .
0.4 S o4 ]
0.2 | 0.2 ]
0 ! | 0 ' —b
4 D) 0 -2 -1 0 1 2 3
log(1/72Q?) log(1/r2Q%) VY
Y% Geometric scaling Y 2% Diffusive scaling
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Describing F; T e R L

10t 1 10! 10%2 10801 1 10! 102 10f01 1 10! 102 100t 1 10! 102 100! 1 10' 10% 10°
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the data

for x < 0.01
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Conclusion

| S

SDSHESPRT = offF
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1974
1999

2005

High-energy QCD

Linear: BFKL

Saturation:

JIMWLK/BK

Fluctuations
b-indep.
full

Statistical Physics

—  Dipole splitting

Geometric
2 FkPP «  Scaling
—  SF-KPP — Diffusive
—  reaction-diffusion Scaling
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Perspectives (5D -SSP

o phenomenological tests:
s applications for diffraction (see talks by E. lancu and C. Marguet)
s Non-zero momentum transfer (DVCS, p mesons)
s Predictions for LHC (under study)

# theoretical extensions:
s Include running coupling effects
s Include b-dependent fluctuations (under study)
s better analytic understanding (under study)
s beyond large-N, (see next talk by Y. Hatta)
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