CD at small x and
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Qutline

® |ntroduction and motivation:
® Proton structure at high energy (small x).

® Gluon radiation.

M ’_".-‘ S
iackdin D~ b 14

R > » *% P LA | % _— : i . Wi
= XY oW J3de- ablah M Al o oo i
- - \‘ - N =3 - A ‘J" - s, .h N

N

Tuesday, June 2, 2009



Collisions at high energy

b b

ex. proton
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Collisions at high energy
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Collisions at high energy

Center of mass energy

\/§:2E>>mh

4 = 23 { .

. 3 (M . .
N L £ ‘,‘ A—..J-:.--J L | l~ " # e Ux
- _,. YTl s - ' \'l = .: Lk ¥
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Collisions at high energy

Center of mass energy

Vs =2F > my,
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Collisions at high energy

H _E
eX. proton Center of mass energy

\/§:2E>>mh

center-of-mass energy:

e RHIC (pp,AA): 200 GeV

e HERA (ep): 300 GeV How well do we know

2 i theory of strong
JSxatrenipe) 2828 interactions - QCD - at

* LHC (pp.AA): 14 TeV, 5.5 TeV these high energies!?

e Cosmic Rays (pAAA): 100 TeV
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Quantum Chromodynamics
QCD Lagrangian:

1 .
Lacp = — P ta™ + > Ga(iD* Y = mf)anas

favours

Field strength:
F,, = 0,A, — 0,4,
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Quantum Chromodynamics

QCD Lagrangian:

1 .
Lqcp = —iFﬁyFé"’ + Z Ga(tD" vy — mf)abqo

fAavours

Field strength:
Fﬁu = 0 A, — OuAd, — gfabcAZA(;

Strong coupling as a function of energy

u‘(.\ll_) =0.118 = 0.003

10

Small Large
scales scales
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Quantum Chromodynamics

QCD Lagrangian:

1 _ /.
Lqcp = —iFﬁyFé"’ + Z Ga(tD" vy — mf)abqo

fAavours

Field strength:
Gl a a abc A1b pc
F,uu =2 aMAV e aMAV = gf AILLAI/
Strong coupling as a function of energy

® Rich and very complicated structure due to
non-linear interactions of gluons.

® Emergent phenomena: confinement, Regge
trajectories, hadron spectrum.

(M) = 0.118 = 0.003

2
10 10

Bt (GeV) ® Complex dynamics at high energies or at
Small Large small Bjorken x.
scales scales
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How do we know that gluons play such an

energies!’

~important role at high

g - 2 R Y. i oy 2 ok prlem
- b e B P4 {' s & N e hd ol b | N -] i & |" - R » - 2 i . A
oy ; - s - -~ ’ . " 4 By - L - - Y R (‘ : P o
iT) P - -t]‘:_;‘ e e ?";:‘ 0y Wre s AR -_R e 4h | .:?":_ Gt A &, A i ~, a gen .':.- ey > '.-" =y & s, .
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Deep Inelastic Scattering
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):

Photon virtuality:

Q°=—q¢">0
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):

Photon virtuality:

Q=2

Total energy of the photon-
proton system

s=(p+q)°

Tuesday, June 2, 2009



Deep Inelastic Scattering

Scattering of electron off a hadron(proton):

Photon virtuality:

Q*=—q >0

Total energy of the photon-
proton system

s=(p+aq)

Bjorken x
S CU ’ .-'. l«@‘_-f. g ".'. = .
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):

Photon virtuality:

Q*=—q >0

Total energy of the photon-
proton system

s=(p+q)°

Bjork
© e 2 * N . L * 5 Ju " é o : 4 ' l .
| Cr - Sl A S, < 4 T P I e 0 B S = 3 ’ L 9
ot ot T Y e At e T ..',‘n--.. TN AT B e e O
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Deep Inelastic Scattering

Scattering of electron off a hadron(proton):

Photon virtuality:

Q°=—q¢">0

Total energy of the photon-
proton system

pors s=(p+q)°

Bjorken x
- cross section
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Estimates of gluon density

HI1+ZEUS

Q: w 20 GeV* ZEUS.JETS Fit
D total umcert.
".\ ) H1 PDF 2000
\\ Q = 200 GeV* - eXp. mncert.
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Estimates of gluon density

HI1+ZEUS

Extrapolation of gluon density
to various energies
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Estimates of gluon density

HI1+ZEUS

Extrapolation of gluon density
to various energies

Scale Q° =5 GeV~ eI
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Estimates of gluon density

HI1+ZEUS

Fovor | Extrapolation of gluon density

D total uncert.

H1 PDF 2000

| ¢ e to various energies

Scale Q° =5 GeV~ eI

gluon density

400

300

200

100

RHIC 0

LHC
PP AA
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Estimates of gluon density

HI1+ZEUS

Fovor | Extrapolation of gluon density

D total uncert.

H1 PDF 2000

| ¢ e to various energies

Scale Q° =5 GeV~ eI

gluon density

400

300

200

100

RHIC 0

LHC
PP AA
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Estimates of gluon density

HI1+ZEUS

Fovor | Extrapolation of gluon density

D total uncert.

H1 PDF 2000

| ¢ e to various energies

Scale Q° =5 GeV~ eI

gluon density

400
300
200
100
-_-_-*_-_-_-_-_-_-_-_-_-_-—-—ﬁ__
RHIC SR TTas )
LHC
PP AA
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Estimates of gluon density

HI1+ZEUS

Fovor | Extrapolation of gluon density

D total uncert.

H1 PDF 2000

| ¢ e to various energies

Scale Q° =5 GeV~ eI

gluon density

400
300
200
100
vl S 1
RHIC SR TTas )
LHC
PP AA
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Estimates of gluon density

HI1+ZEUS

domen | ez Extrapolation of gluon density
[ rotal mncert. ' )
to various energies

H1 PDF 2000

Scale Q° =5 GeV~ eI

gluon density

400

— 300

— 200

il 100

LHC
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Estimates of gluon density

HI1+ZEUS

Q= 20 GeV* ZEUS.JETS Fit EXtraPOIation Of gIUOn denSit)’

D total umcert.

H1 PDF 2000

| ¢ e to various energies

\I

Scale Q* = 5 GeV* s

gluon density

300
¢ Increase of the gluon density . — 7275
either via increasing energy or
increasing size of the — 150
projectile (AA) = ox o
* Very small x probed at LHC — 75
and Cosmic Ray energies. —— ks
e Large gluon densities. iy LHC —l

Cosmic Rays
PP AA



In hadron-hadron collisions

LHC Cosmic Rays

pp 14 TeV pp or AA about 100 TeV
PbPb 5.5TeV




In hadron-hadron collisions

LHC Cosmic Rays

pp 14 TeV pp or AA about 100 TeV
PbPb 5.5TeV
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In hadron-hadron collisions

LHC Cosmic Rays

pp 14 TeV pp or AA about 100 TeV
PbPb 5.5TeV

le ZCQ fraction of longitudinal momenta of
protons carried by the gluons
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In hadron-hadron collisions

LHC Cosmic Rays
pp 14 TeV pp or AA about 100 TeV

PbPb 5.5TeV

>
5

ajl .CCQ fraction of longitudinal momenta of
protons carried by the gluons

Pseudorapidity distribution of the produced particles
L2

7]

5% 0
Pseudorapidity 17 = — In(tan 5)

b\ beam axis

<
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In hadron-hadron collisions

LHC Cosmic Rays
pp 14 TeV pp or AA about 100 TeV

PbPb 5.5TeV

>
5

ajl .CCQ fraction of longitudinal momenta of
protons carried by the gluons

Pseudorapidity distribution of the produced particles
L2

7]

L1 ~ X9

5% 0
Pseudorapidity 17 = — In(tan 5)

b\ beam axis

<
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In hadron-hadron collisions

LHC Cosmic Rays
pp 14 TeV pp or AA about 100 TeV

PbPb 5.5TeV

>
5

ajl .CCQ fraction of longitudinal momenta of
protons carried by the gluons

Pseudorapidity distribution of the produced particles
L2

7]

r1 < Io 1 ~ I9 L1 > L9

5% 0
Pseudorapidity 17 = — In(tan 5)

b\ beam axis

<
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In hadron-hadron collisions

LHC Cosmic Rays
pp 14 TeV pp or AA about 100 TeV

PbPb 5.5TeV

>
X1

ajl .CCQ fraction of longitudinal momenta of
protons carried by the gluons

Pseudorapidity distribution of the produced particles

N

Typical values of x

Scale 2 GeV U
n 0 4 r1 K T2 L1 ~ T2 T1 > T2

6
ol 0.01 0.0001 Pseudorapidity 17 = — In(tan 5)

LHC | 0.0001 | 0.00000! R beam axis

<
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LHC and Auger kinematics

LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

M=1TeV

M= 100 GeV

M= 10GeV

5

107 ¢ 1 10*

' 10 0
plot by J. Stirling




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

M=1TeV

M= 100 GeV

4
/ tixed

/ target
J/
107 ¢ 10° 10* 10° 10° 10° 10°

e
plot by |. Stirling «x




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC ., LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

Different scales

4
/ tixed

target

107 10° 10°

plot by J. Stirling
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LHC and Auger kinematics

Klnemat|c boundar’)l for LHC LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

M=1TeV

M= 100 GeV

4
/ tixed

target

7 6 -5

1

e
plot by J. Stirling




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

M=1TeV

Different rapidities

M= 100 GeV

4
/ tixed

target

7 6 -5

1

' 10 | '
plot by J. Stirling




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC LLHC parton kinematics

X, , = (M/14 TeV) exp(+y)
Q=M M= 10 TeV

Different rapidities

,,./"'/ fixed
" target
o0ty w0t
plot by J. Stirling




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC LLHC parton kinematics

Kinematic boundary
for Auger: 100 TeV c.m.s.

X, , = (M/14 TeV) exp(+y)
Q=M

_/'/ fixed
target

0'6 1 .5

/ l v -
plot by . Stirling  x




LHC and Auger kinematics

Klnemat|c boundar’)l for LHC 0 LLHC parton kinematics

Kinematic boundary
for Auger: 100 TeV c.m.s.

X, = (M/14 TeV) exp(+y)
Q=M

Very large
region with
very small x!
_9 1’ 10" N i
Tga il plot by J. Stirling  x




Electron-Hadron scattering at very high energy

I Q=10 GeV?
|

— ZEUS-JETS Fit

|
D total uncerf.
|

H1 PDF 2000

S ea an d \ B exp. uncert

|:| total tmcer!-

gluons: (soft) \ -

slow fields N = | Valence
XS (x 0.05) | :/ ~ ﬁeldS

large x

small x

separation scale

Separation between fast and slow fields
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Very fast hadron(nucleus)

pt
\

slow parton
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Very fast hadron(nucleus)

pt
\

slow parton

Gribov’s spacetime picture: fast parton
exists for a long time, slow parton
is a short fluctuation.
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Very fast hadron(nucleus)

pt
\

slow parton

Gribov’s spacetime picture: fast parton
exists for a long time, slow parton
is a short fluctuation.

I p

Llfetlme on the Ilghtcone Afl? (P) o

WO 0
Bl ey S ot k0
o2 _.“ . ~.-»—:_,- '.... : _"h e -1 - .*'. <-_-. ‘_-.-‘ .. . B s .. _""_-‘ R S '_; ..:_ I~ :

,u e
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Very fast hadron(nucleus)

4
P

\

slow parton

Gribov’s spacetime picture: fast parton
exists for a long time, slow parton
is a short fluctuation.

Lifetime on the lightcon

BE N S i

Tuesday, June 2, 2009

e Az (p) ~

LC momentum:

|

V2

(E + p.)
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Very fast hadron(nucleus)

pt
\

slow parton

Gribov’s spacetime picture: fast parton
exists for a long time, slow parton LC momentum:
is a short fluctuation. 1

— —(F +
Lifetime on the lightcone At \/§( pz)

L S aadiry's Rl . ." Tak ik ‘:l}-} o 3 "-;i W Ceey 4 o -9
g '-":’"‘% : ' o e h Y e . e?"- 3 5 'u.‘ :’ . ."r-‘-’t\ »

. —

sl bl e . o
3 - i Y Y a ! s A i
avVla ' o°s b o
N 116 2 > q
N G T (,L +1 T
> W 4 ”

pT > kT
pT — o
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Very fast hadron(nucleus)

° p—l_
slow parton
Gribov’s spacetime picture: fast parton

exists for a long time, slow parton
is a short fluctuation.

Lifetime on the lightcone AN (p) ~

! "l
-
-l Py T : =l “«T'n
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k—l—

One gluon emission
pT > pl > kT
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k—l—

One gluon emission
pT > pl > kT

Separation of scales
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''''' n pT > pl > kT
"l,.; /441 Separation of scales

it /
One gluon emission ‘ 1o,
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One gluon emission
pT > pl > kT

i
) Separation of scales

¥
.
Ao

e 2..5 b4
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Generalization to many soft gluon emissions
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Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
p+ pr>pl >ps > >y > kT

;1 +
A pl o
V- P2
.‘_;- FOOOO0 p_l_
““-‘.‘ BOOO0U 3_'_

LA LN
. UUUUUN

OUUUU p4
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Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
pr>>pl>pl > ph o> kT

Note: transverse momenta are not ordered
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Generalization to many soft gluon emissions

Cascade of the n soft gluons

Tuesday, June 2, 2009
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Strong ordering (in longitudinal momenta)
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pr>>pl>pl > ph o> kT
Note: transverse momenta are not ordered
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Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
pr>>pl>pl > ph o> kT

Note: transverse momenta are not ordered
o = SC‘p+

as N, P dpy i as N, lnl
Teaiilbicain Z L
Large logarithm

Nested logarithmic integrals

n
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Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
pr>>pl>pl > ph o> kT

Note: transverse momenta are not ordered
o = SC‘p+

as N, P dpy i as N, lnl
Teaiilbicain Z L
Large logarithm

Nested logarithmic integrals

n
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AR | -o.-'. ICEL %2 R — - |€\:5 el o (v e T WL
4 e -

Tuesday, June 2, 2009



Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
pr>>pl>pl > ph o> kT

Note: transverse momenta are not ordered
o = SC‘p+

as N, P dpy i as N, lnl
Teaiilbicain Z L
Large logarithm

Nested logarithmic integrals

n
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Generalization to many soft gluon emissions

Cascade of the n soft gluons Strong ordering (in longitudinal momenta)
pr>>pl>pl > ph o> kT

Note: transverse momenta are not ordered
o = SC‘p+

as N, P dpy i as N, lnl
Teaiilbicain Z L
Large logarithm

Nested logarithmic integrals

n
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Evolution equation in longitudinal momenta

2 SNC
dfy(z.k7) _ / PRy Kk, k) fo(x, k)

dlnl/x 7
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Evolution equation in longitudinal momenta

dfg(ka%) Ozsva/ 27/ / /
— kr. k k
dlnl/x - d kTIC( T, T) fg(ilf, T)

Solution:
fg(afa kT) ~ o F
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Evolution equation in longitudinal momenta

dfg(ka%) O‘SJ'C/ 27/ / /
— kr. k k
dlnl/x - d kTIC( T, T) fg(ili, T)

Solution: VN
folz,kp) ~ ™% wp=j—1= Sﬂ “41n?2

Leading exponent(spin)
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Evolution equation in longitudinal momenta

dfg(ka%) O‘SJ'C/ 27/ / /
— kr. k k
dlnl/x - d kTIC( T, T) fg(ili, T)

Solution: VN
folz,kp) ~ ™% wp=j—1= Sﬂ “41n?2

Leading exponent(spin)
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Evolution equation in longitudinal momenta

dfg(ka%) O‘SJ'C/ 27/ / /
— kr. k k
dlnl/x - d kTIC( T, T) fg(ili, T)

Solution:

as N,
folx, k) ~ 2™ =g et 41n 2
70

l Leading exponent(spin)
Y

Rise too strong

| * ,
)] : - -,1.- ’ i . —'h:u.' STk i
4 P "‘ s. 155 & ~da
3 .
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Evolution equation in longitudinal momenta

df L, kQ OZSNC , / /
dgl(n 1/? - /koT/C(kT,kT) folx, k)
Solution: R
. oIV,
fg(x7kT)N$_wP wp=)—1= 41n 2

T

Leading exponent(spin)

Rise too strong
for the data!

Take higher order i 042/C1 il
corrections.

wp >~ as41In2(1 — 6.5&8)
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Evolution equation in longitudinal momenta

df L, kQ OZSNC , / /
dgl(n 1/? - /koT/C(kT,kT) folx, k)
Solution: R
. oIV,
fg(x7kT)N$_wP wp=)—1= 41n 2

T

Leading exponent(spin)

Rise too strong
for the data!

Take higher order i 042/C1 il
corrections.

wp >~ as4In2(1 — 6.5a)
relevant values

of Oés
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Evolution equation in longitudinal momenta

df L, k2 OZSNC , / /
dglga l/gT;) - /koTK(kT;kT) folx, k)
Solution: R
. oIV,
fg(kaT)Nm_wP wp=)—1= 41n 2

.
Leading exponent(spin)

Rise too strong O_DIS
for the data! Q8D

Take higher order i 042/C1 il
corrections.

V.Fadin,L.Lipatov,
G.Camici,M.Ciafaloni

wp >~ as41In2(1 — 6. D)
relevant values

Leading logarithmic approximation, not compatible with the of (V¥
experimental data. S
Very large next-to-leading correction!
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Resummation at small x
In1/z]




Resummation

fg(ma kT) ~ g v

Before resummation

M. Ciafaloni, D. Colferai, G. Salam, A.Stasto

Tuesday, June 2, 2009



Resummation

fg(.ilj‘, kT) ~x P

Before resummation
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Resummation

fg(.ilj‘, kT) ~x P

Before resummation

typical values of (¥ ¢

Tuesday, June 2, 2009



Resummation

fg(xa 'ICT) ~qx CF

Before resummation After...

M. Ciafaloni, D. Colferai, G. Salam, A.Stasto

LL BFKL
NLL BFKL
(J—€xXpansion
scheme A
scheme B

a

-~

typical values of (¥ ¢ 1 0 2025 03 035
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Can the gluon density rise
forever?
How fast!?

HI+ZEUS

Q" = 20 GeV* ZEUS-JETS Fit
[: 1062l uncert.

_ H1 PDF 2000
Q" = 200 GeV* - exp. uncert.
" [ roral umcert.
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Can the gluon density rise
forever?
How fast!?

very large density of gluons

HI1+ZEUS
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Can the gluon density rise
forever?
How fast!?

very large density of gluons

HI1+ZEUS
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Can the gluon density rise forever?

Froissart bound is a limit on energy behavior of the total cross section:

TOT T
Onhh
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Can the gluon density rise forever?

Froissart bound is a limit on energy behavior of the total cross section:

TOT
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Can the gluon density rise forever?

Froissart bound is a limit on energy behavior of the total cross section:

TOT
Onhh

Origin of growth of the cross section:

e Growth in the interaction area.
* Limited by the confinement.
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Can the gluon density rise forever?

Froissart bound is a limit on energy behavior of the total cross section:

* Increase in the density of the projectile. I I

Origin of growth of the cross section:

 Growth in the interaction area.
e Limited by the confinement.
* Strong force is short range: R — 1/m,,

* |tis limited by the unitarity at fixed
impact parameter. Probability of the
Interaction:

N(b) <1
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Parton saturation

energy of the interaction

size of
the
probe

Tuesday, June 2, 2009



Microscopic mechanism:

p—l-
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Microscopic mechanism:  Single charge (source)
p" p

k—l—
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Microscopic mechanism:  Single charge (source)
p" p

k—l—

Fast hadron or a nucleus
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Microscopic mechanism:  Single charge (source)
p" p

k—l—
Fast hadron or a nucleus

e B - s 2" =l 1 . : ’ " “ . i = . " '.._...
e TRV T e Ay T L =t : R e DR e
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Microscopic mechanism:  Single charge (source)
p" p

gt Lt

Fast hadron or a nucleus Many charges (sources)

B . . . o4 - o H
A -’ = 1]
D e L u ’ e e it ey

u 5 - PLx 10 ™ Al -

—_r ~:.. .... { | o ~ e % *1, ol I b -, e -4
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Microscopic mechanism:  Single charge (source)
p" p

gt Lt

Fast hadron or a nucleus Many charges (sources)
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Microscopic mechanism:  Single charge (source)
p" p

gt Lt

Fast hadron or a nucleus Many charges (sources)

TR =TI ,
[ NP EL i g N
b N . N N
AL R Rl <0 .‘-. e - - 1 N LY — - —-: a‘. . X -

D2t
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Multiple scatterings
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Multiple scatterings

Single scattering: 2-point function,
measures gluon density(number).
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Multiple scatterings

Single scattering: 2-point function,
measures gluon density(number).

Double scattering: 4-point
function, measures correlation.
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Multiple scatterings

Single scattering: 2-point function,
measures gluon density(number).

Double scattering: 4-point
function, measures correlation.

Color Condensate: an effective theory derived from
QCD in the limit of high energies and high densities which
systematically incorporates higher correlators.
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
oY

VVY distribution functional describes the color sources in the
projectile at given rapidity

= HWy
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
oY

distribution functional describes the color sources in the
projectile at given rapidity

0

= HWy

JIMWLK Hamiltonian

)W(xLayL)5A+(x

i)
‘ ‘o,"-y T

N A R L - N LY
il e e SR e e S

-

7] -
Y )
At ,-—_' .
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
oY

distribution functional describes the color sources in the
projectile at given rapidity

0 0

= HWy

JIMWLK Hamiltonian

A ) " AT

. i e faiTa by : 8 &= . Par AP W
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
oY

distribution functional describes the color sources in the
projectile at given rapidity

0 0

= HWy

JIMWLK Hamiltonian

(SA‘I'(yJ_)n(xJ_’yJ_)dA_I_(ZEJ_)

~ e e : 5 3 ~ X ' ’ X ot Al . - .
E > Nt T ) T < R T 0 J ot g Sl Al Lo i e A U 5 Sy gt Aegh 2 o BVl o
N K ; L = - s Y » . AN
B R D e e e cadie A B S Y Py o [ SNl ST TP L2 il e "
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
oY

distribution functional describes the color sources in the
projectile at given rapidity

0 0

= HWy

JIMWLK Hamiltonian

(SA_I'(yJ_)n(CCJ_’yJ_)(SA_I_(ZE_L)

o ‘N d N E I-A ) r K ' g 4 - " alie 9 5 c 0 . ot - - el i 0.3 v 3 T et ARl F L Vs 8 s A Zi il
> ey - Lé o ) ) s | . Pt v I ‘3 " . e o nay PRI T o nd
- -y - . oI 3 ‘v v . 3 - [ - > ol &> R - J
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Color Glass Condensate

Can compute the evolution of the distribution of the
color sources in the projectile with rapidity.

oWy
= HWy
oY
WY distribution functional describes the color sources in the

projectile at given rapidity

e

1 0 b
= TR
2 /$¢,yL 5A+(yL)n(xlﬂyl)5A+(xL) JIMWLK Hamiltonian

2uE NSk i
—ViA"(z1) = p(zL) Color charge(source)
Higher point correlators are included in the evolution.

Evolution resums leading powers of

For small densities in the projectile the evolution equation reduces to

the BFKL evolution equation for the gluon density.



The evolution equation becomes nonlinear in density

dfg(x‘v'lﬁ%) - aSNC/ 21./ / /
dlﬂl/ﬂ? N T d kT]C(kT7kT) fg(x7kT)
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The evolution equation becomes nonlinear in density

dfg(lvvk%) - aSNC/ 21./ / /

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegoyv; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))
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The evolution equation becomes nonlinear in density

dfg(lvvk%) - aSNC/ 21./ / /

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegoyv; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))

Note: Compare with Verhulst logistic equation for the population dynamics.
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The evolution equation becomes nonlinear in density

dfg(aj?k%) - aSNC/ 21./ / /

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegoyv; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))

Note: Compare with Verhulst logistic equation for the population dynamics.

Linear term: gluon splitting, increase of the density.
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The evolution equation becomes nonlinear in density

dfg(mvk’%) - aSNC/ 21./ / /

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegoyv; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))

Note: Compare with Verhulst logistic equation for the population dynamics.

Linear term: gluon splitting, increase of the density.

, (] °
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The evolution equation becomes nonlinear in density

dfg(ka%) - aSNC/ 21./ / /

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegov; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))

Note: Compare with Verhulst logistic equation for the population dynamics.

Linear term: gluon splitting, increase of the density.

Nonlinear term: gluon merging, slow down the

. | .
4 ~- -
nl P

Tuesday, June 2, 2009



The evolution equation becomes nonlinear in density

dfg(x,k%)
dinl/x

L.V.Gribov, E. Levin, M. Ryskin;
|.Balitsky, Y.Kovchegov; |.Jalilian-Marian,
E.lancu,L.McLerran,H.Weigert, Leonidov

s N,

T

(fo(@, k7))

SNC
_ / PR (ks Ky Fo (s k)
-

Note: Compare with Verhulst logistic equation for the population dynamics.

Linear term: gluon splitting, increase of the density.

_Nonlm_ear term gluon merglng, slow down the

ch ‘vr.a—u A ey R S .“‘\5,__ é '.. y £x 3 "(' ;\..-,
1 : 1 ) A . % . e .
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Saturation scale

7
/

Nonlinear evolution

Dense system //

%
/

yd
/" ™\ Saturation scale

~—— Non-perturbative region

Linear evolution
Dilute system

Dynamically
saturation scale generated
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Saturation scale grows with A

color charges
at large x

. Probes interact over distances [, ~
2MmNT

small x gluon

e For L>2R,~ A" high-energy probes
interact coherently across nuclear size.
Very large field strengths.
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Saturation scale grows with A

color charges

. Probes interact over distances [, ~

at large x

2mN:(:

small x gluon

e For L>2R,~ A" high-energy probes
interact coherently across nuclear size.
Very large field strengths.

Pocket formula:
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Saturation scale grows with A

color charges
at large x

. Probes interact over distances [, ~

QmNa:

small x gluon

e For L>2R,~ A" high-energy probes
interact coherently across nuclear size.
Very large field strengths.

Pocket formula:

Scattering off nuclei: Saturation is
reached for smaller energies due
to the enhancement from A.
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Saturation and the scattering amplitude

= lipole amplitude or

>1.4 probability to interact
> I

1.2

1

0.8

0.6

0.4
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Saturation and the scattering amplitude

= lipole amplitude or
>-1.4 probability to interact |
< i saturation

1.2

1

0.8
decreasing

06 - values of x
' (increasing

energy)

0.4
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Saturation and the scattering amplitude

= lipole amplitude or
>-1.4 probability to interact |
< i saturation

1.2

1

decreasing
values of x
(increasing

energy)
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Saturation and the scattering amplitude

= lipole amplitude or
>-1.4 probability to interact |
< i saturation

1.2

1

decreasing
values of x
(increasing

energy)

initial
input

size
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Saturation and the scattering amplitude

= lipole amplitude or
>-1.4 probability to interact |
< i saturation

12 -

etric scaling: dependence on 7() (.CE)
1

decreasing
values of x
(increasing

energy)

initial
input

size
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Phenomenology: DIS
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.

® Very good description of the diffractive production of vector mesons with
saturation models. Measuring t dependence gives the impact parameter
dependence of the scattering amplitude.
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.

® Very good description of the diffractive production of vector mesons with
saturation models. Measuring t dependence gives the impact parameter
dependence of the scattering amplitude.

scattering of a quark
dipole off the proton
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.

® Very good description of the diffractive production of vector mesons with
saturation models. Measuring t dependence gives the impact parameter
dependence of the scattering amplitude.

scattering of a quark
dipole off the proton

probability that a dipole passing
the proton will induce an inelastic
reaction at the given impact
parameter. Large at HERA.

b (fin)
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.

® Very good description of the diffractive production of vector mesons with
saturation models. Measuring t dependence gives the impact parameter
dependence of the scattering amplitude.

scattering of a quark
dipole off the proton

probability that a dipole passing

1 — SQ the proton will induce an inelastic
reaction at the given impact

parameter. Large at HERA.

Extracted averaged saturation scale from HERA:
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Phenomenology: DIS

® Fits to the Deep Inelastic Structure functions are successful. However, data
can be fitted very well also with the linear evolution without saturation.
Problems though with the negative gluon density at small Q and x.

® Very good description of the diffractive production of vector mesons with
saturation models. Measuring t dependence gives the impact parameter
dependence of the scattering amplitude.

scattering of a quark
dipole off the proton

probability that a dipole passing

1 — SQ the proton will induce an inelastic
reaction at the given impact

parameter. Large at HERA.

Extracted averaged saturation scale from HERA:
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Phenomenology: pA,AA
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Phenomenology: pA,AA

® Enhancement of saturation effects due to the large and dense projectile:
nucleus.
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Phenomenology: pA,AA

® Enhancement of saturation effects due to the large and dense projectile:
nucleus.

® Total multiplicities in AA well described by models that include CGC dynamics.
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Phenomenology: pA,AA

Enhancement of saturation effects due to the large and dense projectile:
nucleus.

Total multiplicities in AA well described by models that include CGC dynamics.

Limiting fragmentation naturally built in the framework with saturation.
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Phenomenology: pA,AA

® Enhancement of saturation effects due to the large and dense projectile:
nucleus.

® Total multiplicities in AA well described by models that include CGC dynamics.

® Limiting fragmentation naturally built in the framework with saturation.
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Phenomenology: p(d)A

® Forward particle production in p(d)A collisions.
® |dea: fast hadron probing the small x wave function of the dense heavy nucleus.
® p(d)A :suppression of the transverse momentum distribution at forward rapidities.

® Talks: Marquet, Tuchin.

Pr (GeV) Pr (GeV)
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Phenomenology: p(d)A

® Forward particle production in p(d)A collisions.
® |dea: fast hadron probing the small x wave function of the dense heavy nucleus.
® p(d)A :suppression of the transverse momentum distribution at forward rapidities.

® Talks: Marquet, Tuchin.
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Summary

® |In the high energy regime the gluon fields are strong: rapid increase
of the gluon density.
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Summary

® |In the high energy regime the gluon fields are strong: rapid increase
of the gluon density.

® High energy approximation results in the very strong increase of the
gluon density. The result however is not compatible with
experimental data.
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Summary

® |In the high energy regime the gluon fields are strong: rapid increase
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of the gluon density.

High energy approximation results in the very strong increase of the
gluon density. The result however is not compatible with
experimental data.

By taking into account phase space effects and additional logarithms

of the scale, one can resum effectively higher orders. To do:
applications to the phenomenology
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Summary

In the high energy regime the gluon fields are strong: rapid increase
of the gluon density.

High energy approximation results in the very strong increase of the
gluon density. The result however is not compatible with
experimental data.

By taking into account phase space effects and additional logarithms

of the scale, one can resum effectively higher orders. To do:
applications to the phenomenology.
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Summary

In the high energy regime the gluon fields are strong: rapid increase
of the gluon density.

High energy approximation results in the very strong increase of the
gluon density. The result however is not compatible with
experimental data.

By taking into account phase space effects and additional logarithms
of the scale, one can resum effectively higher orders. To do:
applications to the phenomenology.

- ® large gluon density. Unitarity bound for the scattering amplitude.
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Parameter space for evolution
In1/z]

parton density f(CIZ‘, QQ)




Parton saturation

f(z, kr) - - N(r,x) r~1/ks

Interact




Parton saturation

flxz, kr) - » N(r,x) r~1/kr

gluon density dipole scattering
amplitude




Parton saturation

f(z, kr) - - N(r,x) r~1/ks

gluon density dipole scattering
amplitude

nonlinear equation for dipole amplitude
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Parton saturation

fx,kp) < ~ N(r,x) r~1/kr

gluon density dipole scattering
amplitude

nonlinear equation for dipole amplitude

diNiramitiar AL K(r,v) ® [N(z,r') — N(z,r)N(z,r —r')]

dilisle ik
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