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Light-cone OPE versus OPE in color dipoles.
High-energy scattering and Wilson lines formalism.
Factorization in rapidity.

NLO Photon Impact Factor.

Brief review of the LO and NLO BK equation.

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

m Factorization for Inclusive Hadron Production in pA collisions.
m Conclusions and outlook.
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Light-cone expansion and DGLAP evolution in the NLO
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Light-cone expansion and DGLAP evolution in the NLO
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©? - factorization scale (normalization point)

ki > u? - coefficient functions
ki < u? - matrix elements of light-ray operators (normalized at 1)
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Light-cone expansion and DGLAP evolution in the NLO
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©? - factorization scale (normalization point)

ki > u? - coefficient functions
ki < u? - matrix elements of light-ray operators (normalized at 1)

OPE in light-ray operators (Xx—y)2—0
T 09000} = g g 1+ 2200n(x = 9%+ ©)] b0 )

X,y] = P9l ()" Au(WH(1-WY) _ gauge link
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Light-cone expansion and DGLAP evolution in the NLO
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©? - factorization scale (normalization point)

ki > u? - coefficient functions
ki < u? - matrix elements of light-ray operators (normalized at 1)
Renorm-group equation for light-ray operators = DGLAP evolution of

parton densities (x—y)?=0

#Zdiugwx)[)(» Yl (y) = Kot (X[, Y] (y) + asKnioy (X)X, Y] (y)
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High-energy expansion in color dipoles in the NLO
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High-energy expansion in color dipoles in the NLO
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High-energy expansion in color dipoles in 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 in the NLO

The high-energy operator expansion is

T, (Y)} = /d221d222 19 (z1, 2, %, y) Tr{UZ UJ"}

+ /d221d222d223 1IN0 (21, 22,23, %, Y)[tr{UZ U7} tr{U7 U7} — Netr{U7 UJ"}]
In the leading order the impact factor is Mébius invariant

In the NLO one should also expect conf. invariance since Il’j";o is given by tree
diagrams
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High-energy expansion in color dipoles in the NLO

7 - rapidity factorization scale

Evolution equation for color dipoles

itr{UnUTn} _ O dZZ%[tr{U”UT”}tr{U”UT”}
dnp Y 22 (X —2)2(y — 2)2 Ty 7

— Netr{UJU{"}] + asKniotr{UU]"} + O(ad)

KnLo="? (Linear part of KnLo = KnLo BFkL)
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Expansion of F,(x) in color dipoles in the next-to-leading order

Wﬁgﬁm SO RN, A

v/ S
B S OH

1
Fa(xg) ~ /d221d222 19(z1, 2,) (tr{UZ UL} n=In o

(0]
+ f/d221d222d223 INO(2y, 25, z5) (tr{ U7 UJ7}tr{U,,UJ"})
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Expansion of F,(x) in color dipoles in the next-to-leading order

Wﬁ?ﬂm SO RN, A

¥i e e
- ?— -l H

1
Fa(xg) ~ /d221d222 19(z1, 2,) (tr{UZ UL} n=In o

4 %/d221d222d223 |NLO(21, 227za)(tr{UZU;?}tr{UZBUZ?D

m Calculate the NLO photon impact factor.
m Calculate the NLO evolution of color dipole.

m Convolute the solution with the initial conditions for the evolution
and get the amplitude.

G. A. Chirilli (LBNL) Photon impact factor for BFKL pomeron at NL CPTEIC, January 30, 2012 6/ 4



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, = [oopy + 21, —oopy + 21 ]

x,y] = Peigfol du(x—y)"A,, (ux+(1—u)y) pt = apll‘ + ﬁplz‘ + pli

CPTEIC, January 30, 2012
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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 )]

January 30, 2012
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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 in the NLO.
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Conformal Composite Operator

o f
{0, 0L}
= Tr{0Z07} + /d2 Tr{T“ g04rT0Z 087} — NTr{0Z, 01} In dozy + O(a?)
- 2y 23 C pa)
Zis
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:

[Tr{U 0L}
= THOZ0Y) + o / dPzs B2 [Te{T07 0107 017} — NeTH{OZ 0 |nz4"‘22712 + 0(ad)
2%3 3 a 5253253
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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Operator expansion in conformal dipoles

When the UV cutoff does not respect the symmetry of a local operator, the
composite local renormalized operator must be corrected by finite counter-terms

order by order in perturbation theory.
T{iu(x) / P2’z 10 (21, 22, %, y)tr[{ U7 017}

1, o PN s
+ / AL A A L AV B VAV

[NLO _ _|LO asNe Z,&as”

WO — LS dzs In 2% + conf.
’ / / 233253 ZBs

The new NLO impact factor is conformally invariant.

In conformal NV = 4 SYM theory one can construct the composite conformal
dipole operator order by order in perturbation theory.
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NLO structure functions for DIS off a large nucleus

- . - R 2 2
(x y)“T{w<x>ww<x>w<y>v“w<y>} - [ Zzli 2 {18 (@2 [1+ 2] tr{0, 0L},

2 as (Cl (3)(C1-C3) o
+ [y Zzgszgg A LCR

X [tr{Uz, 0L }r{ 02,01} - thr{uzlub}]ao}

where
(12 (20,22, 23) = —= R? (5-C) 0 {_(H~Cl)2+(ﬁ-cl)(n.g2)
W BB S 16 e ) | (@ ey L (GG T (@@

)

)

(k- )k -GG &) /42({1-(2)] N (k- ()* &° [(H'(l)(H'Ca) G,
(C1-¢3)(C2-¢3) (C2-C3) (k- G2 oxeoy L (

G- G) 26 ()
+(G1 = Cz)}

+
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NLO Photon Impact Factor for BFKL pomeron

Fourier transformation for the impact factors in the forward case corresponding
to deep inelastic scattering at xg = %q

/ dx g / d*2 6(2) T{j,u(x + 2], ()}

|
* |
|
|

G. A. Chirilli (LBNL) Photon impact factor for BFKL pomeron at NL CPTEIC, January 30, 2012 15/ 4.



NLO Photon Impact Factor for BFKL pomeron

Fourier transformation for the impact factors in the forward case corresponding
to deep inelastic scattering at Xg = %q

/ dix d / 42 6(2)T{j,.(x + 2, ()}
compare with

kt-Factorization

d?k oK/ 1 dw £ /
WFFA(k)FB(k’)/ %U(W)(W) Gu (k. K)

a—ioco

A(s,0) = s

Fa(k) spectator’s impact factor
Fg(k') and target’s impact factor
f, (w) = ™ is the signature factor

sinmw

WG, (k, K) = 62(k — K) + /dsz(k, p)G. (p,K)

G, (k,K') partial wave of the forward reggeized gluon scattering
amplitude satisfying the BFKL equation
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NLO Photon Impact Factor for BFKL pomeron

I. Balitsky and G. A. C. 2010
AZ 2
A= (X B y)’ X = X" \/5/727 Y =Y \/5/727 R= X*y*zéiéz

NLO Qg Or® 8&5 dZ]_de B 3 o /j
IO = g e oy | g, U @R~ (o7 -2 )
o+ G 272 2InR  InR 1 oC

L e R T EER e R amr 2o

+2(|n%+%—2)(|nl+2c)}+( G4 L. @['”R §+2'”_R_i]

(- C1)2 R “1-R 2R
Ao R R g S BT v
+%[__4L|2(1 R) — (Iné+;+2; 3)(In%+2C)
+6INR— %+2+2;2]}
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Photon Impact Factor at NLO

Conformal vectors

Kt = \/g pu

Rl ) - “5 "Ly v

i = <%+zﬁrf;+4>, 45 - B gz

(

DIS photon impact factor is a linear combination of the following tensor basis

kP RY

Iz p _
77" =g I =—

K

KECY + KV CY N KECY + K7 CY

v _

I = K- Q1 K- (2

T _ R2CICY RAGLCY v _ ChCy + ¢hey
(R Q)? T (k)R 5 GG

Cornalba, Costa, Penedones (2010)
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Projection of the LO impact factor on the eigenfunctions

/dZZld 2y, 1722)( K2 ) )7: L B1- )y +2rE )

(2K - (p)? A2X,y,
(2 (1 7)D4” Dy Dy
121+7)(2-7v) 21+7)2-7v) 8L1+7)(2-7)

B (1—~)Dy4 _ Dy D“”} ( K2 )7
16(1+27)3-27)(1+7)(2—1) 8 w\ (k- C0)?

where

(D14 D)™ = —2A%X,y, k204 0} K

D5 = —A%x,y, 04 (In k%) In K

D5 = 4yAPX.y. (94 Ink2)0Y In(k - o) + (O IN K25 IN(r - Co) — (9% INK2)3Y In k2]
v 1 L QU L v

DY = 4y(1+ 29)A%.y.[ - 3%y In K% — 4 (InK?)3y In K2

(04 In &%) In(k - Co) + (8% In£2)D5 In(k - (o) — 207 In(rs - (o) In(k - Co)]

18/ 4.
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Mellin representation of the NLO photon impact factor

Conformal spin 0: NLO impact factor for the unpolarized forward structure functions

Pudz . 2 \Y_ BL-y)IB-=I(2+7)
2, Wo@ ) (Grge) =0y

{% {(1 ~ooxzm) (v 12907 (ox-3) ) —aa-F6+ coswr))}

| __ 3 1 __ 42q__ 3
+D v(l—v)+zx(v(1—v) ZC+1)+3 (1 sinz(w))]
wley o1 X _2 N ™y 3
B R BT e R (“ 7(1—7)) s smzw))]
+ D B 10490y - x -2 ) (CX e )
43+ 4y(1 -] |7(1-") Sir?(yr)
L S I S i h(l-7)+3
R+y1-91"t 2 3 sty 29(1-7)(1+7)(2-1)
1+2y(1—7) B /
+Cx(7) — B e T g T W)x(v)} } x(7) = 20(1) = (y) —¥(1—7)

C is the Euler constant.
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Mellin representation of the NLO photon impact factor

Conformal spin 2: NLO impact factor for the polarized forward structure functions

Nc 222 . ., " Z, \"( 2 22 1
7T6(X - y)4 24112 [ILO(Zl’ ZZ) + INLO(ZL 22)] (Z%OZ%O) (210220) (210220)
_ Ne B2—9) A2 \s
= iz TE- 02 (=)

x [g/tl —igh? + 2x XYx — P pgxzy - YZX] [g,A —ig?+ zyyxy* — VX« szy - y2>’(]

Xic Vs ZO XY ZO XiYs ZO X Y ZO
asNe (42 472 4 4 1+x(2,7)
X |1+ { — — 4+4Cx(2, ———7——2—677}]
[ 47 \sibry 3 x(27) ¥ A2 24y

X(27) =x() — 55y X=X
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Fourier transform of the Photon Impact Factor for BFKL pomer

“energy scale” a = —k~2 for color dipoles depends on x and y

Uy, in terms of Uy, with ay, independent of coordinates x and y. We
choose ay, = 1/xg.

U (1, 20) = Uno(v:2) (80%) 7

w(2,v)
U(z)(l/,Zo) (2)( ZO)(aOXB) 2

1 . _ _
N / d*xd%y 5(ya) €0 T {4y, 1p(X) Py a0(y) }

/ / 7+ NI (2 -y + 25
4 27+W( (247 +<52)
2’)/ 1 _ v (6% aSNC
X o1t (7 +2PL (14 22+ Sy (1)
v N
+(377 + 2P (14 22+ 2 00(v) ) [Uan (20,)
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Photon Impact Factor for BFKL pomeron in momentum space

kt-factorization form

|F“/(q7kl)
o Ne [dv sinhzv ki %4” 9 2 as | asNe ny
7 ﬁ—(uchos@w(@) {{G+) =7+ 5 Aw)P
+(1zl + 3u2> (1 + % + QZSSsz(V)) P’zw]
14,2 o asN, o R
a s siNc LU 2 Qv 2
o (1+ 22+ SR PR+ Peid] }
v - e B - 2
2 q-p2/\" q-p .
pw — /,Llii‘uzi . 9 Vliiu27 , q
(0" ~ig®—m _~p2)(9 ¢ -, ,~p2)
|5;w: ,ul_i_ip,Z_ 4 u1+iu2_ , q
(9" +1g Py ) (@7 +ig™ Pz )
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Photon Impact Factor for BFKL pomeron in momentum space

kt-factorization form

B () + X V0D, Fal) = Fol) + (3, - - )W),

Fiz(v) =
U(v) = $(F) + 202 —7) — 2(4 = 27) — (2 + ),
2c 2 2 l4+x,—-=
F =Fy)-=-1-5-5 - ——
6(7) (7) 5y ,}/2 :YZ 2+ 7y
3y 25 1 1 7 10
Pi(v) = F(y) + ——+1+ + =—=- +
1v) M+375; 182—7) 27 27 181++)  3(1+7)2
3x 1 7 X Xy (1+3v)
Po(v) = F(7) + ———+1+—— + = . ,
2(v) () 2+ 3y 27y 22+37)  1+v | 2+37y
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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

/ d(\ / dy = oo

F(xg) ~ / 2,022, 1'°(z1, ) (tr{UZ UL ")) 0 =1n %

+ %/dzzldzbdzzs INO(21, 25, 23) (tr{UZ UL} tr{U5, UL}
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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

G. A. Chirilli (LBNL) Photon impact factor for BFKL pomeron at NL CPTEIC, January 30, 2012 26/ 4



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

U = Tr{tfUAU]} = (UxU))™ — (UxU])™ + ais(m — n2) (UxUTUU))™
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Non-linear evolution equation: BK equation

U2 = Tr{tPUU} = (UxUJ)™ — (UxUJ)™ + as(im — n2) (UxUFUUJ)™

ti(xy) =1 Tr{O)05.))

BK equation:

asNe [ d%z (x —y)?
[

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

d -
%U(X7y) -

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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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

/ d?pad®pp 16 hy (N, — Dhg (Mo — 1)Ep i, (Paa: pba) { / &pe 2Enafs (pag: pes)En i, (Pby: pey)

| pab|?|pac|?] poc

2r 1

N2 Tl Re(1(1) + ¥ (ha) — ¥ (hg) — w(hw>}Eh@Hg(paﬁ~,pbﬁ)Eh,,ﬁw(pb’yvpc'y):|

which agrees with Bartels and Wusthoff (1995)
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Conformal invariance of the BK equation

Formally, a light-like Wilson line
[e.e]
[oop1 4 X1, —oop1 + X1 | = Pexp{ig/ dx* A+(X+7XJ_)}
—o0
is invariant under inversion (with respect to the point with x~ = 0).

Indeed,
(x*,x,)2 = —x2 = after the inversion x; — x, /% and x* — x*/x¢ =

C [ Xt xt xi X1 X1
[cop1+X1, —oop1x1] — Pexn{lg/_wdg M(g,?} = [Oopl+ga*00pl+g}

=The dipole kernel is invariant under the inversion V(x,) = U(x, /X3 )

d i Qs '’z (x—y)? 7 ,i, 7;7
d—]/Tr{VxVy} o2 —mm{vxvz FTr{VzVy } — NeTr{Vy\Vj }]
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Conformal invariance of the BK equation
SL (2,C) for Wilson lines

(K+iK?), == (D+|M12) S+E

&EE
B8] =5, 306,5]=4

5.,0(z2)] = 200(z2), [%0z2)] =202, [5,0z2)]=-00(z2)
z=Z2 +iZ2,z=2 +iZ, U(z)=U(z2)

d
dn

20 20 20 _
é[x 8x+y26y+ 8Z}K(x,y,z)_0

. asN
S, T{UU{}] = =

/de XY, 2)[S-, T{U U} Tr{U, U }]

In the leading order - OK. In the NLO - ?
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Non-linear evolution equation at NLO

d
%Tr{uXUJ} =

2 VY
/ g—; <a5% + a2Kno(x,, z)) [Tr{UUJ}Tr{UUJ} — NTr{U,UJ}] +

ag/dzzdzz' (K4(x, ¥.2 7 ){Uy, U}, Uz, UJ} + Kg(x, v, 2.7 ){Uy, UL, Uz, Uz, U], U;E})

KnLo is the next-to-leading order correction to the dipole kernel and K4 and K6 are the
coefficients in front of the (tree) four- and six-Wilson line operators with arbitrary white
arrangements of color indices.
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Definition of the NLO kernel

In general
d o - o
%Tr{UXUJ} = asKioTr{UxU]} + afKnioTH{UUJ} + O(af)
2 0,001 — Lre0,00 0,01 3
aSKNLoTr{UXUy} = &Tr{UXUy} — OéSKLoTI'{UXUy} + O(as)

We calculate the “matrix element” of the r.h.s. in the shock-wave background

(0ZKnLoTr{UU]}) = d <Tr{U U/} — (asKLoTr{Ux0{}) + O(ad)

Subtraction of the (LO) contribution (with the rigid rapidity cutoff)

= M . prescription in the integrals over Feynman parameter v

Typical integral

. 1 1 1 (k—p)
dv — - —|n—=
/ (k—p2v+p(1 )M, A
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Diagrams of the NLO gluon contribution

Diagrams with 2 gluons interaction

) < v %)

(1) - (X1 o (i)
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Diagrams of the NLO gluon contribution

Diagrams with 2 gluons interaction

(xvi) xviny (xviily o (XIX)

(XXI) . (£ 0) xxiy )

(xxvI) oo “ oxviny Xx1) < (XXX
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Diagrams of the NLO gluon contribution

Diagrams with 2 gluons interaction

(XXX1) M (XXX 4 (XXX ’ (XXXIV)
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Diagrams of the NLO gluon contribution

"Running coupling" diagrams

A cicld

0] (n
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Diagrams of the NLO gluon contribution

1 — 2 dipole transition diagrams
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Diagrams of the NLO gluon contribution

N = 4 SYM diagrams (scalar and gluino loops)
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Gluon contribution to the NLO kernel

d «
%Tr{UXU)T,} = 25 / ¢z ([TH{UULTHUU]} - NeTr{U,Uj

(x—y)? asNe 11 >, 67 n?
X{XZY2 {“ 4r (3 MY 3)]
7E.O¢SNCX27Y2 nxj _asNe (x—y)? n X? n Y2 }
3 4r  X2y2 Y2 2 X2Y2 T (x—y)2 ' (x—y)?

QO
+ 4—7:2 / o?Z { [Tr{UU}Tr{UU} }{U, U]} — Tr{uuju,Uju,Ul}

1 X'2Y2 L YPX2 — A(x — y)2(z— Z)?, X'*Y2
_(zﬁz)]ﬁ{_ N + . ( 2)’)( ) In 2 }
(z—7) 2(X12Y2 — Y12X2) Y72%2
+ [Tr{UUS}Tr{U,U] 1{Uu, Uf} — Tr{uu)U,UfuUj} — (Z — 2)]
(x—y)* (x —y)? X2y"?
8 [XZY’Z(XZY’z — X'2y2) * (z— z’)ZXZY’Z} n X'2y2 })

Our result Agrees with NLO BFKL

(Comparing the eigenvalue of the forward kernel)
It respects unitarity
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Gluon contribution to the NLO kernel

d
%Tr{uxuj} = % / d?z ([Tr{UXUQ}Tr{UZU)T,} — NeTr{UyU }]

(x —y)? asNe 11 > » 67 72
X{ X2Y2 [1 a7 (3 NVt 3)]
11 asNe X2 — Y2 n X2 agNe (x —y)? n X2 In Y2 }
3 4r X2Y2 Y2 2 X2YZ T (x—y)2 (x—y)?

«
+ 4—7:2/de {[Tr{uxug}Tr{UzU;}{uZU;} — Tr{UUjU,Uju,Ul }

12\j2 12902 C\WN\2(7_ A2 12\/2
(2= 2) 1 {_ +XY+YX2 4(x2y)(z Z) nsz}
(z—2)* 2(X9Y2 — Y2X2) Y/eX2
+ [Tr{U U} Tr{UU} H{UzUf} — Tr{U Ul U,Ufu, U]} — (Z — 2)]
(x—y)* (x=y? 7, %XY?
X2Y2(X2Y"2 - X12Y2)  (z— z’)ZXZY’Z} " X7v2 })

NLO kernel = Running coupling terms + Non-conformal term + Conformal term
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Evolution equation for color dipoles in N=4

(1. Balitsky and G.A.C. 2009)
4 U501
= % [z Jo {1 [T onZon 2]}
253253 4 2%2 2%2
x [Tr{T202 0" T202 017} — NeTr{UZ Uj7}]
of [Pzdz 7,7, {1 I Zy% } In BaZ

4t 2?34 Z§3254 2%32%4 - 2532%4 214253
x Tr{[T, TP)02 T¥TY 07 + TPT20Y [T, T¥]0§7}(02 )% (07 — Ug)*

NLO kernel = Non-conformal term + Conformal term.

Non-conformal term is due to the non-invariant cutoff o < o = €7 in the rapidity
of Wilson lines.
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Evolution equation for color dipoles in N=4

(1. Balitsky and G.A.C. 2009)
4 U501
= % [z Jo {1 [T onZon 2]}
253253 4 2%2 2%2
x [Tr{T202 0" T202 017} — NeTr{UZ Uj7}]
of [Pzdz 7,7, {1 I Zy% } In BaZ

4t 2?34 Z§3254 2%32%4 - 2532%4 214253
x Tr{[T, TP)02 T¥TY 07 + TPT20Y [T, T¥]0§7}(02 )% (07 — Ug)*

NLO kernel = Non-conformal term + Conformal term.

Non-conformal term is due to the non-invariant cutoff o < o = €7 in the rapidity
of Wilson lines.

For the conformal composite dipole the result is Mobius invariant
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Evolution equation for composite conformal dipoles in N =

[Tr{U"UT"}]“’”f — Tr{UZ0}"}

/d2 z 2%3 —Ctr{U”Uia”}tr{U;’aUT”} TrH{UZ057)] Z;fzgs+0( 2)

d [Tr{U" UT”}] conf

Oéch T

2
A A RIS f
/d223 2%3253 1 a 4 ?} [Tr{TaUZUZ'TaUZSU}j} - NcTr{UZUZ’}]con

2Z 2 n 12254 2%22%4 2%32%4
i [P 2532%4254{2| 2z gz zaz%s}

x Tr{[T3, T?J07 T¥TY 07 + TOT20Y [T, T¥)0{7}[(07)% (01 — (24 — 23)]

Now Mo6bius invariant!
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NLO evolution of composite “conformal” dipoles in QCD

d N « A A NN
d—[tr{UhU; }]Conf = 2_7:2/d223 ([tr{UleT }tr{UZsUEZ} - thr{U21U;f2}]Conf

asNe By, 72, 67 72
zfzg[ Ty DA Z%Z%' 2t )

&’z H, > 14 + 24’ By — 45,2 In 2142253}

Z, 2214725 — 224°235) 22425

x [tr{U, U] }tr{U,U] }{U, U] } — tr{U, U} U, U] U,0]} — (22 — 25)]
252254 252254 (1 Zo%s ) In 2532242}

2%3224 455 LBy — Bty 04’Zy

% [tr{U UL {0z 0% 1r{U2,0%} — tr{05,05,05,04,02, 01} - (2 — 20)]}

|2

b= 1N — Zny |. Balitsky and G.A.C

KnLo Bk = Running coupling part + Conformal "non-analytic” (in |) part
+ Conformal analytic (N = 4) part

Linearized KyLo sk reproduces the known result for the forward NLO
BFKL kernel Fadin and Lipatov (1998).
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One-loop Factorization for Inclusive Hadron Production in

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

JBoPHA—h+X

S~ 2 B xtenPelz ) ISl Mol & bl

ms=(p+Pa)?—

m fa(x) and Dy,¢(2): are the collinear parton distribution from the incoming
nucleon and fragmentation function for the final state hadron.

m S/ ([x.]): response from the nucleus. Y is the gluon rapidity in the nucleus.

m Ha.c hard factor: describes the partonic scattering amplitude of parton a
into a parton c in the dense medium.

m X is the momentum fraction of the nucleon carried by the parton a; zthe
momentum fraction of parton c carried by the final state hadron h.

mi=Z, T=pL%

m y and p,: rapidity and transverse momentum for the final state hadron.

G. A. Chirilli (LBNL) Photon impact factor for BFKL pomeron at NL CPTEIC, January 30, 2012



One-loop Factorization for Inclusive Hadron Production in

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 — g+ X at one loop order

dBgPrA—X dz dx 1—too d?x, d?y
-7 _[= X, 1)]¥1PIDy, 4 (2, 1"00"/7L L
o = | o EXIa0 Dz o

2
2) 11 (0) ) a1 4 As, (1)
{[5( (XL, Y )7 o%® [Hqu"' o Hqu} /(2#)25( )(XJ_7bJ_aYJ_)27TH4qq}

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

m [q(x, 1)]* "% and [Dyq(z 11)]*~'°°P: DGLAP evolution equation

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

m [S?(xy,y, )]} '°%: Balitsky-BK evolution equation
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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)?

—i(1-¢" )k -(yL—by) ki,
e _ 50 bl_yl)/dz e H

(bl Y1 ) 2
}
bi

LkL

_ (ZCF _ NC) 7IkL I

1 , l+£l2
_5(1—5)/0 d¢ 1),

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

= [ F0 {(a [M 1

+ e_lki bL
T b2 (¢by —rp)? b
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Conclusions

m High-energy operator expansion in color dipoles works at the NLO level.

m The analytic NLO photon impact factor off large nucleus in coordinate
space.

m Analytic NLO Impact Factor for BFKL in momentum space has benn
calculated.

m 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.

m The NLO BK kernel in QCD and A/ = 4 SYM agrees with NLO BFKL
eigenvalues.

m The NLO BK kernel in QCD is a sum of the running-coupling part and
conformal part.

m 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 diverence reproduces the
Balitsky-BK evolution equation.
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Outlook

m Composite conformal dipole from conformal Ward identity.
m B-JIMWLK evolution equation at NLO.
m Application of NLO B-JIMWLK to gluonic TMD.
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