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m Wilson lines formalism for scattering processes.
m Factorization in rapidity.

m Triple Pomeron vertex through Wilson line formalism: planar
(leading N¢) and non-planar (next to-leading N¢) contribution.

m Analytic NLO amplitude in A'=4 SYM.

m The role of the B-Hierarchy in scattering processes.

m Factorization for Inclusive Hadron Production in pA collisions.
m Conclusions.
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Incoherent-vs-Coherent
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Collinear vs. kt factorization
M(/jl\/\/\/\/\/\,_,_

P

m Collinear factorization: emitted gluon is on-shell.
m k,; factorization: emitted gluon is off-shell.

4/42

G. A. Chirilli (LBNL) High-Energy QCD factorization from DIS to p QCD evolution, May 16, 2012



Photon Impact Factor for BFKL pomeron
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Photon Impact Factor for BFKL pomeron

G. A. Chirilli (LBNL) High-Energy QCD factorization from DIS to p QCD evolution, May 16, 2012



Photon Impact Factor for BFKL pomeron
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f(x, k2 ): unintegrated gluon distribution
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Photon Impact Factor for BFKL pomeron
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Dipole model

m At LO: equivalence of the k, -factorization and dipole approach.
m At NLO?
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High-energy expansion in color dipoles at the NLO

(BIT{i (i () }B) — (T{iu(x)in () })a
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High-energy expansion in color dipoles at the NLO
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High-energy expansion in color dipoles at the NLO
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High-energy expansion in color dipoles at the NLO

7 - rapidity factorization scale

Rapidity Y > 5 - coefficient function (“impact factor”)
Rapidity Y < n - matrix elements of (light-like) Wilson lines with rapidity
divergence cut by n

U = Pexp[ig/ dxT A (X4, X))

4 .
A = [ et~ e, 0
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High-energy expansion in color dipoles at the NLO

The high-energy operator expansion is
T{,.(x) /d221d222 19 (z1, 2, %, y) Tr{UZ UJ"}

+ /d221d222d223 1IN0 (21, 22,23, %, Y)[tr{UZ U7} tr{U7 U7} — Netr{U7 UJ"}]
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High-energy expansion in color dipoles at the NLO

The high-energy operator expansion is
(BTG, 000 )} 1B) = [ oz 119(2s, 22 x.y) (BTH{OZUL7}B) +

/ P2d*2d°z 1,,° (21, 22, 2, % y)[(BItr{ U7 UL Hr{UZ UL} [B) — Ne(BJtr{U7 UL} |B)]
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Propagation in the shock wave: Wilson line (Spectator frame)

- Boosted Field /\/I\/

Each path is weighted with the gauge factor Pg9/ &+~ Since the external
field exists only within the infinitely thin wall, quarks and gluons do not have
time to deviate in the transverse direction = we can replace the gauge factor

along the actual path with the one along the straight-line path.

>

Wilson Line

U; = [oop1 + 21, —oop1 + 21|
x,y] = Peigfol du(x—y)"A,, (ux+(1—u)y) pt = apll‘ + ﬁplz‘ + pli
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Propagation in the shock wave: Wilson line (Spectator frame)

- Boosted Field /\/I\/

Each path is weighted with the gauge factor P9/ ®.A"  Since the external
field exists only within the infinitely thin wall, quarks and gluons do not have
time to deviate in the transverse direction = we can replace the gauge factor
along the actual path with the one along the straight-line path.
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LO and NLO Impact Factor

TUA000 )} = [z 1120, 2y THUZOL)

+ /d221d222d223 IN-C(21, 25,23, %, ) [tr{U7 U7} tr{UZU]7} — Netr{U7U}7}]

L O Impact Factor diagram: |1-©

Ba
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LO and NLO Impact Factor

T.00.(0)} = /d221d222 159(21, 22, %, y)Tr{020j"}

+/d221d222d223 INO (21, 22, 25, %, ) [tr{UZ U3 r{UZ Uf7} — Netr{U70}7}]

L O Impact Factor diagram: 1-©
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LO Impact Factor

Conformal invariance: (x*,x,)2 = —x3 = after the inversion x; — x, /x4 and
xt — xt/x2

Conformal vectors:

VS Py \/_
= 2 s~ XPetxa) =5 "0 —YPatyy)

.S
G = (%‘*‘Zipz-ﬁ-zu), G = (p—sl-i-Z%Lpz-I—zu)

Here xX2=-x2, x.=x,p, (similarlyfory);, R= %

R2 52

(2. 22) = (k- C1) (k- C) XYY [5Gt G2) - %Hz(ﬁ )]

QCD evolution, May 16, 2012

High-Energy QCD factorization from DIS to p
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2 2
[T 3005, ) 1a] © = [ 221; 2 1L0(x y:21,22) (r{UZ07))a
2
2 2
(Tl DA = [ S5 1 20 2) 15 2220
2

x[tr{Uz U}, Htr{Uz U} } — Netr{U, U} }]
where 157 (z1, 2, z3) is finite and conformal, while

+oo
@ |LO Z, d_C“

j S
Rl = N S A
3723

is rapidity divergent.
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How to get the NLO Impact factor

(T, (V) Ha = dzzzl?dzzz 1RO (x.Y; 21, 22) (tr{ U7 U1} A
2

d221d222

4,

d?z5 1N-O(X,y; 21, 22, 283 ) [tr{Uz UL, }r{UZ U, } — Netr{U, UL} + ...

=

(TG 095, ()] ™° = % 10 ys 21, 22) [(tr{ 01037} a] ©
2

d?z,d%z
- L 22 1IN0 (x,y; 21, 75, 735 ) [tr{U U, Hr{Uz U], } — Netr{U, U], }]

4y

en
AL A LO (6% da
[<tr{U;71U;2n}>A] = S2 Z%Z [tr{Ule§3}tr{U23U§2} - thr{UhU;z}] /0 o

2n? 2,35, @
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How to get the NLO Impact factor

d221d222
%4,

d?z,02z 5 zZ T da s ¢ d
- 17 22y {Ig (z1,22,23) + s L0_“12 [/ X g% —/ —QH
0 0

z, 2m2 1 2%32%3 @ «

x[tr{Uz U], Hr{Uz UL } — Netr{Uz U}, }]

d223 I;':lllf_o (X’ Y.4,2,23 77) [tr{UhU;s}tr{Uz?'U;Z} - thr{uzluzg}]

+oo o e’ H
U d—o‘éTZS—/ d—a]—>—|n"—szg—'ﬂ+c
0 « Jo « 4 2

G. A. Chirilli (LBNL) High-Energy QCD factorization from DIStop,  QCD evolution, May 16, 2012 16/ 42



NLO Impact Factor

Xt

_ =z (y=2)3
Zyg=—+~4 F =

|NLO( [LO Qs Z%s
v

XY, 22,231) =~y X oo Z%Z% 23 + conf.
2723

The NLO impact factor is not Mobius invariant = the color dipole with the
cutoff » = Ino is not invariant.
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NLO Impact Factor

Zy= (X—Xzf)i B (y—ﬁ)i

|NLO( |LO o Qs Z%s
v

XY;2,2,23m) = — |y 23 + conf.

2r 2522%3

The NLO impact factor is not Mobius invariant = the color dipole with the
cutoff » = Ino is not invariant.
However, if we define a composite operator (a - analog of ;.2 for usual OPE)

[Tr{UnUT"}]“’”f = Tr{UnUTg}
+ O‘S/dz - —tr{U O {07 011} — Tr{u"U;"}]mﬁ + O(a?)
2%3253 P A,
the impact factor becomes conformal at the NLO.
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Conformal Composite Operator

C f
[Tr{U,, 0]}
= Tr{0Z07} + /d2 Tr{T“ g04rT0Z 087} — NTr{0Z, 01} In dod, + O(ad)
- 2y 23 C pa)
22
choose a rapidity-dependent constant a — ae~27 = [Tr{UZU }]zcmf
does not depend on n = Ino and all the rapidity dependence is
encoded into a-dependence:
N f
[Tr{UZ0,}]3™"
daz2
= THOZ0Y) + o / dPzs B2 [Te{T07 0107 017} — NeTH{OZ 0 Tz L o(a2)
2%3 3 o 7,
Using the leading-order evolution equation
—Tr{UUU*"} = (r—Tr{U 0j7} = /d223 Fo [Tr{T”U"U*"T“U"U 71N Tr{Ug 0{7}]

[Tr{UZIU }Cor'f =0 (with O(a2) accuracy).

d_ o - N
28 [Tr{05 U], e = ”S/dz 4, [Tr{T”u”lUg’T“ugUT”} — NeTH{UZ 057}
13 3
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2-gluon approx. and BFKL pomeron in DIS

P -

ILOLAI(XL,YL)
INLO{LA{(X’ 7) + L}(z, y) — a(x, Y)}

where U(x,y) = 1 — Nictr{UxUJ} and we neglected the non-linear term

U(x,2U(zY)
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The triple Pomeron vertex: Fan Diagrams

The Balitsky equation becomes the BK equation when

(tr{1 — Uuf}tr{1 — UU{})

2
— 1y 20 g+ i [0 ()~ (th) {2+ (Ui + (th )~ (Lo 2]

We extract the non planar (next-to-leading in N¢) contribution from (24 (x, )/ (z y)) for diffractive processes and
for "fan" diagrams.
G.A.C, L.Szymanowski and S.Wallon 2010

We get

[ Eoacon 160t~ (b~ Dy, (. ) { [ 2 (o5 ) B i, (0o )

e L
¢ | panl?|pacl? o

2r 1
—N—ZWRG‘W(D +9(ha) = ¥(hg) — () }En,h, (Pass o) En, . (Pbys ,’Jm)}

which agrees with Bartels and Wusthoff (1995)
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Regularization of the rapidity divergence

(BIT{j.(x)i,(¥)}|B) ~ / d*zd’z 1°9(21, 22) (BItr{UZ U,"}(B)
+ %S/dZZldzzdezs INO(z1,25, 23) [<B|tr{uglu;g}tr{u23u;g}|B> — Nc<B|tr{U;71U12’7}|B>]

7]:|n%
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Regularization of the rapidity divergence

TR0 [ Pracz 1@, 2) r(URUL ™)

+ 2 [dnddz IM(21, 7,20 [ (r{(UF UL r(Us UL ) — Nelr(URUL ™D
Matrix elements of Wilson lines: (Tr{U(x)UT(y)})a are divergent

For light-like Wilson lines loop integrals

are divergent in the longitudinal
direction

[ Lo
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Regularization of the rapidity divergence

Matrix elements of Wilson lines: (Tr{U(x)Uf(y))a} are divergent

For light-like Wilson lines loop integrals
are divergent in the longitudinal
direction

/—@7/—&/7)(
Jo « -

Regularization by: sope

U7(xy) = Pexp{ig/ dun, A"(un+xL)} n = pi +e 2p,

Regularization by: Rigid cut-off (used in NLO)

vy = Pexp{ig/ du py A7 (ups +xJ_)]

14 X
A = | %w—\akoef'kﬂ\u(k)

k“:akp’f+ﬂkpg+ki
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Evolution Equation

d

d77Tr{UXU)T,} =

d o
&UT{UXUJ})

To get the evolution equation, consider the dipole with the rapidies up to ; and
integrate over the gluons with rapidity n; > n > n,. This integral gives the kernel
of the evolution equation (multiplied by the dipole(s) with rapidity up to 7).

In the frame || to 71 the gluons with n < n; are seen as pancake.

as(n1 —12)Kevol ®

o
_ULL

Particles with different rapidity perceive each other as Wilson lines.
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Non-linear evolution equation

Qs 2
HUZhia= 3500 [ 5 [HUPUE HUE b a — (G UE )

A=mn—n

{Ufmyy, {upuply, {upuingy, {UfmUm
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Leading order: BK equation

d_ . . -
%Tr{uxuj} = KoT{UU} + ... =

d A . n
%(Tr{UxU;Hshockwave: (KLOTr{UxUJHshockwave
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Non-linear evolution equation: BK equation

U2 = 2Tr{tPUAU]} = (UUJ)™ — (UxU))™ + as(n1 — 112) (UxUFULUS)™
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Non-linear evolution equation: BK equation

U2 = 2Tr{PUAU]} = (UU))™ — (UxUJ)™ + as(n1 — 12) (UxUTUU)™

A 1 N N
Uy =1- N_Tr{U(XJ_)UT(YJ_)}
C
BK equation:

d

%U(X7 y) =

asNe [ d%z (x —y)?
[

2n2 | (x—2)2(y —2)2 {Z;{(X’ 2) +UzY) ~UXy) ~UXJU(z Y)}

Alternative approach: JIMWLK (1997-2000)
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Non-linear evolution equation: BK equation

U2 = Tr{tfUAU]} = (UxU))™ — (UxU])™ + ais(m — n2) (UxUTUU))™

ti(cy) = 1- L Tr{00)U 1))

d - asNe [ dPz(x—y)? - x . . .
Y = 50 /(X_ 220y - )Z{U(x, 2)+U(zy) - Uxy) - UK 2UzY) |
Alternative approach: JIMWLK (1997-2000)
LLA for DIS in pQCD =- BFKL (LLA: as < 1, agn ~ 1)
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Non linear evolution equation: BK equation

U = Tr{ttUAU]} = (UxU))™ — (UxU])™ + as(m — n2) (UxUTUU))™

ti(y) =1 Tr{O)0(01)

d - asNe [ dz(x—y)? - 5 . . .
g0y = ot [ (i) +ay) ~liey) ~ Uix 2 2y))
Alternative approach: JIMWLK (1997-2000)
LLA for DIS in pQCD = BFKL (LLA: as < 1, asn ~ 1)

LLA for DIS in sSQCD = BK eqn (LLA: as < 1, agy ~ 1, a2AY3 ~ 1)
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Evolution of the unintegrated gluon distribution

fke) MO0 o J SEFR(KE) KE Lok K,)
m V(2 = —2u(z)
P
d CaNe [, [ 2(Z) AVa(@
20 Val?) = 55 / a2 22D, A
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~* — ~* scattering at NLO

d - aNe [ Az (x—y)?
2a£u(x,y) = / 0

57 | 27y D) HUEY) Uy} Ko

m NLO photon impact factor has been calculated:
G.A.C. and I. Balitsky see Balitsky talk.

= NLO BK has been calculated: G.A.C. and I. Balitsky (2007).

m Due to the running of the coupling we do not have an analytic expression
for the NLO amplitude.

= In N'=4 we can have a full analytic amplitude at NLO:
G.A.C. and |. Balitsky (2009)
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Small-x (Regge) limit in the coordinate space

x= Y = y){oxoTmOoX)OTY)

Regge limit: xt — px™, X7 = pXT, y- = py , ¥~ — ply p,p — 0

LLA: as < 1, aslnp ~ 1, = > (asln p)" = BFKL pomeron.
LLA < tree diagrams = the BFKL pomeron is Mobius invariant .

NLO LLA: extra as: > as(asIn p)” = NLO BFKL

In conformal theory (V' = 4 SYM) the NLO BFKL for composite conformal dipole
operator is M&bius invariant.
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NLO Amplitude in N'=4 SYM theory

The pomeron contribution in a conformal theory can be represented as an
integral over one real variable v Cornalba (2007)

(x— VX —yY)HOXOT(y)O(xX)O(Y))
- Ié/du £ ()BT a(r, v)REW)

v
w(v) = w(0,v) is the pomeron intercept,
f,(w) = (€™ — 1)/ sinzw is the signature factor in the coordinate space.
F(v) is the “pomeron residue”.
The conformal function Q(r, v) is given by a representation in terms of the
two-dimensional integral

12 1

2 K2 3+iv K g
o) = 5 [ 55m) (i)

2 ;
(=p+ R+, PE=p5=0, 2p1.p2) =
1 X2 1 1
Kk = E(pl—§p2+xl)_§(pl_y§2p2+yl)» K27 = R
1 X/2 }/2 2 r
K = ZX/_(plf?p2+XJ )772)/_( 1**p2+yj_7 Ar-r)° = R
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Pomeron in the conformal theory

Ay X,y) = 12 /du fy (W, v))F(\, )Qr, v)REO)/2

Pomeron intercept w(v, \) is known in two limits:
A 2
1 A—0: w(v,\) = =x(v) + Xwi(v) + ...
m

x(v) =2¢(1) — 1(% +iv) — z(% —iv) - BFKL intercept,

w1(v) - NLO BFKL intercept Lipatov, Kotikov (2000)
V244
2. A— 00 AdS/CFT = w(v,\) = 2— ——+
/ (3) 2\
2 = gravition spin, nextterm - Brower, Polchinski, Strassler, Tan (2006)
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Pomeron in the conformal theory

Ay X,Y) T=1 %/du fy (W, v))FON, )QUr, v)REO)/2

The function F(v, A) in two limits:

1 A—0: F(r,\) = MFo(v) + M3Fi(v) + ...
Fo(v) = % Cornalba, Costa, Penedones (2007)
Fi(v) = see below I. Balitsky and G. A. C. (2009)
1 2
2. A— 00 AdS/CFT = F(v) = 7T3V2L +

sink? v

L.Cornalba (2007)

We calculate F1(v) (and confirm w1(r)) using the expansion of high-energy
amplitudes in Wilson lines (color dipoles)
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NLO Amplitude in A'=4 SYM I. Balitsky and G.A.C. (2009)

Factorization in rapidity
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NLO Amplitude in A'=4 SYM I. Balitsky and G.A.C. (2009)

Factorization in rapidity
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NLO Amplitude in A'=4 SYM I. Balitsky and G.A.C. (2009)

Factorization in rapidity

(RS O N Ya ® ...(.8i ......
srgIIrIqiil P srzzgriiiic
ool
Ya<Y<Y, ooy + fooot +
B A
AR R g
Yg ® 5

(x=*X =Y)(T{OXO () O(X)O(¥)})
— /dzzudzzudzz’udzz’ulFaO(x, Y; 21,2)[DD]*™ (2, 2: 7, ) IF* (X, Y'; 7, Z,)

ag = (’;tyy; b = ();_j;_)z & impact factors do not scale with energy

= all energy dependence is contained in [DD]?-
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Operator expansion in conformal dipoles in N/ = 4 SYM

0= 4“2f Tr{ZZ} (z= %(dﬁ + i¢2)) renorm-invariant chiral primary operator

x-9TIONO ) = P [P ooty

OfS( 2 425 42 222( X.Ys) 2
gLy [ Fadad N
(| X*y*ﬁzezn [(X -2z (y— 23)2} 2
16(x — y)3 Z3%3 Xy Y
x [Tr{T"0Z 07 T"0Z 0f7} — NeTr{UZ Uj7}]

— I7r+2C)

The impact factor is M6bius invariant and does not scale with the
energy.
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NLO Amplitude in A'=4 SYM Balitsky and G.A.C. (2009)

(x=y* X =Y)HT{OOM)!'OKx)O'(Y)})
1+ 42T (3 —iv) /K2 3t
/d /dz 8r T'(1- 2|V)< (H'Co)z>

><(_aobo+le)2 ) _ (agho + i€) 2 W(V)I )

Tw 47
/2

asNg

8t  I'(1+ 2iv) \4(x' - (})? Ar

x [1 N aZSSC (X(fy) [4C + 7(127 fy)] * 12)}

asNe

2,()] [1 - 2Neay()

N2 16r%aZ - asNe
- NZ-—1cosH rv Ar

1= (e g+ 5] rod

which gives the pomeron residue in the next-to-leading order.

<I>1(V)]

2 v K %_iV QglNg
X1+4y2r (3 +i )( : ) lo(r)[1— “Neg, (1]

May 16, 2012 34/ 4z
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Evolution of the non-linear term of the BK: First B-hierarchy

d e
%tr{uxui}tr{uzuj} = 232/dzwi{

7

tr{U,UJ } [ tr{ UUL Hr{UwUS} = Netr{U;U}}] #&%W
— _ 2 -~ _ 2
+% [r{UUIUUJUUL) - (U} <(<;<_ v‘c;z ?Z —WV)VJ)_Z - ((:_ V\\ll\;’z )Ey —Wv)v 1

(z—w,y —w)? 1
Fmwey—wE (z—w>2> * (XH”T}
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Evolution of the non-linear term of the BK: First B-hierarchy

1
SP(xy,y1) = —tr{UxU]}
Ne y
1

S (x1,21,y1) = N—gtr{uxui}tr{uzu;}

1
SO, wi,z1,y) = mtf{UxUJV}tr{UWU;}tr{UZU)T,}

C

~ 1
SO,z Wi,y ) = mtr{uxuguwuguzu@}
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Evolution of the non-linear term of the BK: First B-hierarchy

d
%5(4) (XL,21,Y1)
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Evolution of the non-linear term of the BK: First B-hierarchy

d
d—5(4) (X1,21,Y1)

(x—w,z—w)?
(X —W)2(z— w)2

/dZWL{Nc ®)(x,,wyi,z,,y1) — 5(4)(XL7yL)]

(x—w,z—w)2  (x—w,y—w)?

(x—w2(z—w)?  (x— W)y —w)?

ZNC

(z W,y — W)? 1
Wy we <z—w>2>+(XHy)T}

+i {é(ﬁ)(xl,zl,whyﬁ - S<2)(XLVL)} (

m S9(x;,w,,z,,y,) relevant for P — 3P vertices.
m Pomeron vertices from B-hierarchy.
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One-loop Factorization for Inclusive Hadron Production in pA

G.A.C, B-W. Xiao, F. Yuan (2011)
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One-loop Factorization for Inclusive Hadron Production in pA

G.A.C, B-W. Xiao, F. Yuan (2011)
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One-loop Factorization for Inclusive Hadron Production in pA

G.A.C, B-W. Xiao, F. Yuan (2011)

a3 p+A—h+X dzd
o~ 2 | 7 Xtk Dz ) e SLebe) Hamclan . iuln)

ms=(p+Pa)?— 0
m X is the momentum fraction of the nucleon carried by the parton a; z the
momentum fraction of parton c carried by the final state hadron h.
_ T _ (=4
L f = T= pL 75
m yand p, : rapidity and transverse momentum for the final state hadron.
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One-loop Factorization for Inclusive Hadron Production in pA

G.A.C, B-W. Xiao, F. Yuan (2011)

p—ai—

»U

dBoPHA—h+X JBoP+A—h+X LO dBoP+A—h+X NLO
= ——— +
dyd?p { dyd?p,. ] [ dyd?p,. ]

G. A. Chirilli (LBNL) High-Energy QCD factorization from DIStop,  QCD evolution, May 16, 2012



One-loop Factorization for Inclusive Hadron Production in pA

G.A.C, B-W. Xiao, F. Yuan (2011)

dBoPHA—h+X JBoP+A—h+X LO dBoP+A—h+X NLO
= ——— +
dyd?p { dyd?p,. ] [ dyd?p,. ]

=

3o P+A—I+X dBoPHA—h+X Lo g3oP+A—h+xNLO
dyd?p, { dyd?p, } { dyd?p, }
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One-loop Factorization for Inclusive Hadron Production in pA

Quark channel contribution: gA — q+ X at one loop order

£

! !
e

asNe (1 d¢/ by ., (X=y3 2) 5
Ton2 /0 1-¢ ) 2n® x—bZ(y_b)2 {5( (x1,y1) - S (Xpbbh)]
1

<Ci 1 1 LI Lt
+a27rF ./T/zdg <_;> {qu(ﬁ)e K +7)qq(§)?e ‘ ] (ZW)zgz)(Xi’YJ-)

§x1.2) = (U0UT L))y

SO0, b y1) = 1 (THUGKLUT (b1 THU (b1 )UT (7))
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One-loop Factorization for Inclusive Hadron Production in pA

Quark channel contribution: gA — q+ X at one loop order

d2X a0 dzy il

d3o.p+A*>h+X B / dz dx
(2r)?

dydPp. 7 $X[a00 Dy 2 u)}l"‘“’p/

2
2) 11 © , s, (1) dbi 4 Qs (1)
{[g S [Hqu“szHZQQ} +/ (ZW)ZS()(XL’bL’yL)sz“qq

m The collinear divergence is absorbed into the renormalization of the quark
distribution and fragmentation functions

m [q(x, 1)]* "% and [Dy/q(z 1)]*~'°°P: DGLAP evolution equation

m The rapidity divergence can be absorbed into the renormalization of the
dipole gluon distribution

m [SP(xy,y,)]*'°%: Balitsky-BK evolution equation
m kt Factorization is violated in pA at NLO level.
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One-loop Factorization for Inclusive Hadron Production in pA

Hard coefficients at one loop for quark channel: Infra-red and Ultra-violet finite.

) -k
HD CrPgq(€)In I‘Zci (e'ki'u + §12€_ITLH> —3Cré(1—-¢)e

2qq 4 2
1+¢ - ((1+&)In(1-¢°
1-¢, = 1-¢ .
(xL—by) 1+§2 1— X, — by ) y. —by
(1= & (xL —b1)® (yL—by)?

e iA1=k (yL—by) ékL o
B e [ } }

LkL

_ (ZCF _ NC) 7IkL I

1 , l+£l2
_5(1—5)/0 d¢ 1),

where ¢y = 2e7 7 with ~g the Euler constant, and

T / d*b, {e—ia—s)kLm [w 1

1
2 = + e_lki bL
m B2 (¢by —r)? b
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What to expect at NNLO in pA collisions

d3o.p+AHh+X B / dz dX

dZdezyl »
dyd?p Zx°

exla P otz P [ SO

_ 1
{[S(Z)O(Lvyi)}z toop |:ng2:|+ SH;qzq (2 )2H£q2:|]

d?b;
(2m)?

d?b dw
*/( TR RS PV >H“““}

2
+ [ oSt bLy P | S

2 4q (2r)2 4qq]
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What to expect at NNLO in pA collisions

d3a.p+Aﬂh+X B / dZdX
dyd?p; 2 x

2
{[gz)(xm)’i)]zmop {H( 21* SHgl) + o H(Z)]

20 2
dXLdYLX

£X[q(, 1)]2 %P Dy (2 1) 2P / oy

2 90 " (27)2" 209

d’b, 4) 1—loop ( ) ozg (2
+ (2r ) [S< (x1,br,y1)] H (2 )2H4qq
d b d w S<6

@02 (202 “’b““’ﬂ)( >”6qq

m B-hierarchy at work.
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Conclusions

High-energy operator expansion in color dipoles works at the NLO level.
The planar (leading N¢) and non-planar (next-to-leading N¢) contribution to
the triple Pomeron vertex has been derived through the Wilson line
formalism.

Pomeron vertices from B-hierarchy.

In N'=4 we obtained the analytic amplitude at NLO.

Factorization for Inclusive Hadron Production in pA holds at one loop level:
the collinear divergence reproduces DGLAP eq. for parton distribution and
fragmentation functions, while the rapidity divergence reproduces the
Balitsky-BK evolution equation.

B-hierarchy plays the same role in small-x regime that DGLAP plays at
large-x.

kt Factorization is violated in pA at NLO level.
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