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Introduction

At low xg;, many DIS observables can be expressed within dipole
factorization, including gluon saturation — rich phenomenology.

In particular: Dipole amplitude obtained from fits of HERA data for DIS
structure functions in the dipole factorization at LO+LL with rcBK
Albacete et al., PRD80 (2009); EPJC71 (2011)

Kuokkanen et al., NPA875 (2012);

Lappi, Mantysaari, PRD88 (2013)

= The fitted dipole amplitude can then be used for pp, pA, AA, as well
as other DIS observables.
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Introduction

At low xg;, many DIS observables can be expressed within dipole
factorization, including gluon saturation — rich phenomenology.

In particular: Dipole amplitude obtained from fits of HERA data for DIS
structure functions in the dipole factorization at LO+LL with rcBK
Albacete et al., PRD80 (2009); EPJC71 (2011)

Kuokkanen et al., NPA875 (2012);

Lappi, Mantysaari, PRD88 (2013)

= The fitted dipole amplitude can then be used for pp, pA, AA, as well
as other DIS observables.

In the last 10 years, many theoretical (including numerical) progresses
towards NLO/NLL accuracy for gluon saturation/CGC.

Obviously, DIS structure functions at NLO in the dipole factorization are
required to push the fits beyond LO+LL accuracy.
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DIS phenomenology at LO+LL

I Fit including heavy quarks | [ Comparison with data on F, ‘ando,, |
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Fits of the reduced DIS cross-section o, and its charm contribution o,. at
HERA data with numerical solutions of the running coupling BK
equation.

Albacete, Armesto, Milhano, Quiroga, Salgado (2011)

see also: Kuokkanen, Rummukainen, Weigert (2012);

Lappi, Mantysaari (2013); ...
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Kinematics for Deep Inelastic Scattering (DIS)

proton

do_epHeJrX Qlem

)2
dxg; d?Q  Txg; Q2 [(l Yty 2 ) o (xe; @)+ (1=y)o/(xs); @)

Photon virtuality: Q° = —q2 >0
Bjorken x variable: xg; = 52— ; €00,1]

Inelasticity: y = rphiaz € [0,1]
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Bjorken x variable: xg; = 52— ; €00,1]
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Kinematics for Deep Inelastic Scattering (DIS)

proton

do.ep—>e+X

2
— Qem _ L Y ) 2 _ v . 2
dXBj d2Q - 7TXBJ'Q2 [(1 y+ 2 ) UT(XBij )+(1 y)JL(XijQ )

Other equivalent parametrization: structure functions F;

27)2 e
% Fr.1(xgj, @%)

Fr+ F. and 2XBj F=Fr

o7 . (xg, Q%)

F>
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Eikonal dilute-dense scattering

Recipe for dilute-dense processes at high-energy in light-front
perturbation theory (LFPT)
following Bjorken, Kogut and Soper (1971):

@ Decompose the projectile on a Fock basis at the time x* = 0, with
appropriate light-front wave-functions.

@ Each parton n scatters independently on the target via a light-like
Wilson line Ug,(x,) through the target:

Ur,(xn) = Pyexp [ig/ dxt TR A, (xh,xp)
with R, = A, F or F for g, q or g partons.

@ Include final-state evolution of the projectile remnants.

Comments:
© Final form of the result is general
@ But building blocks can be calculated separately only in LFPT in
light-cone gauge AT =0
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Dipole factorization for eikonal DIS

Total cross section for photon of polarization A\ on the background field
target:
o) =2Im M9, =2Re (—i) ME,

YA

With the forward elastic scattering amplitude defined by:

<7§\(q/+; q/ = O)dressed (gE - 1) ‘7;(q+v q= O)dressed>
= (2q%)2rd(q" —q") i MY,

Note:

1
Y — E 2l
O'T = —_— O')\

# phys. pol. X phiye pol.
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Dipole factorization for eikonal DIS

Fock-state decomposition (in mixed space) of an incoming virtual photon:

’V;i(q+; q= O)dressed> = NOH-QCD Fock states

—_—~—

+ Z 27T§(ks»+k1+*q+) laoal w’)’k—>q0671 b(])Ller|O>

qog1 F. states

—_—~—

+ Z 2W5(kg+kf+k;—q+) tgczom 1/}’Y>\quq_1g2 bgd;ra;|0> to
qogi1g2 F. states

Note: the Fock states with no quarks nor gluons cannot contribute to

M4, and thus to o)
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Dipole factorization for eikonal DIS

(2q+) I'Mfwd

YA

= Z 27T6(k(;r+kf_q+) ‘IZVA—Wotﬁ

qoq1 F. states

2

[Tr (UF(XO) U,T.(xl)) - /vc}

Y 2wk =0 [P
qoq182 F. states

X [Tr (tbz Ur(xo) t U;(xl)> Ua(X2)bya, — Ne (_‘F] L
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Dipole factorization for eikonal DIS

= Dipole factorization formula:

o 2k +k—q*) |~ 2
o] = 2N. Y °2q+1 ‘wwﬁqoqﬁ Re[l — So]
qog1 F. states
— 20 (kT + ki + ki —qgt
+ 2N.Cr Z 76 (kg 2;+ > —q")

qog1g2 F. states

X ww —qoq182

’ Re[1-SH] +-

1
Dipole operator: So1 = ﬁTr (UF(XO) U,T_-(xl))

1
Tripole operator: S(()?)z = WTr (tb Ur(xo) t° U};(xl)) Ua(x2)pa
Cc
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Dipole factorization for eikonal DIS

= Dipole factorization formula:

~—  2n8(ki +ki—qt) |~ 2
U;/ = 2N Z ( 02 +1 ) ‘w’h%%cﬁ Rell _801]
qog1 F. states q
— 2 kt 4kt kt—qot
+ 2NC C,: Z 7T5( 0 + 1 + 2 q )

i} 2gq*
qog182 F. states

x 2Re{1—$éi)2} .

w% —qoq182

i\ xo ks Xo
® ® k%@ ®
g, Q*
ki.ox kiLox
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DIS at NLO: previous results

2 independent calculations had been performed earlier for NLO
corrections to photon impact factor and/or DIS cross-section:
@ Balitsky, Chirilli, PRD83 (2011); PRD87 (2013)
Using covariant perturbation theory. Results provided as
o Current correlator in position space
o Impact factor for k; factorization — Good for BFKL phenomenology

Q@ G.B., PRD85 (2012)
Using light-front perturbation theory. Results provided as
o DIS structure functions in dipole factorization
— Good for gluon saturation phenomenology
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DIS at NLO: previous results

2 independent calculations had been performed earlier for NLO
corrections to photon impact factor and/or DIS cross-section:
@ Balitsky, Chirilli, PRD83 (2011); PRD87 (2013)
Using covariant perturbation theory. Results provided as
o Current correlator in position space
o Impact factor for k; factorization — Good for BFKL phenomenology

Q@ G.B., PRD85 (2012)
Using light-front perturbation theory. Results provided as
o DIS structure functions in dipole factorization
— Good for gluon saturation phenomenology

However, in both papers only the ggg contribution was calculated
explicitly, whereas NLO corrections to the gg contribution were guessed.
Methods used for that:
@ In Balitsky, Chirilli, PRD83 (2011):
Matching with older vacuum results. (But not very clear to me.)
@ In G.B., PRDS85 (2012):
Unitary argument. But | realized later that it does not work...
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Unitarity sum rule: real photon case

Fock state decomposition of the physical state of an incoming real ~:

|'7dressed> = |:‘9T |0 Z \.U'Y bT dT >+ Z \UZZ? b:g d(_;f|0>

IT states qq states

t
+ Z \qug bgdq a;rz|0>+ }

qqgg states
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Unitarity sum rule: real photon case

Fock state decomposition of the physical state of an incoming real ~:

|'7dressed> = |:aT |0 Z \.U'Y bT dT >+ Z \UZZ? b:g d(_;f|0>

IT states qq states

t
+ Z \qug bgdq a;rz|0>+ }

qqgg states

Normalization of both the dressed state and the Fock states implies:

1-7 2
= Y|l X Wl S il Olauad

1T states qq states qqg states

Perturbative expansion = at each order, one gets a new relation .
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Unitarity sum rule: real photon case

In particular, terms of order aep, ais:

<1_Zv)aemas = Z ‘Wgﬁlz + Z |Wgég|2

qq states qqg states

Qem s Qem Os
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Unitarity sum rule: real photon case

In particular, terms of order aep, ais:

(-2). = ((Z) o X )

qq states qqg states

Qem s Qem Os

In the previous study ( G.B., PRD85 (2012)):

I implicitly assumed that (1727) received no aem s contribution, in

2 2
order to get (an statos |‘ng,‘ ) from (ang statos |\U3‘-qg| )

Qem Xs Qem s
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Unitarity sum rule: real photon case

In particular, terms of order aep, ais:

(1°2) 0 = (qZ Ve !) +( > v qg|)

q states Qom Cs qqg states Clom s

In the previous study ( G.B., PRD85 (2012)):

I implicitly assumed that {1—Z, | received no aem a5 contribution, in

2 2
order to get (an statos |\Ilgc-,‘ ) from (ang statos |\U3‘-qg| )

Qem Xs Qem s

However, there is a non-trivial (and finite) contribution to (1—27) at
order quem Crs.

This discussion is also valid in the virtual (T or L) photon case.

at NLO from unitarity!

= In this approach, not possible to get the |\Il q|

= One-loop correction to \IJ g has to be calculated independently
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Calculation of the y1; — qg LF wave-functions at NLO

@ Calculation done in Light-front perturbation theory for QCD+QED
o Cut-off k'

. introduced to regulate the small k* (soft) divergences

@ UV divergences from various tensor integrals, but no UV
renormalization at this order.
= UV divergences (and finite regularization artifacts) have to cancel
at cross-section level
= Use (Conventional) Dimensional Regularization, and pay
attention to rational terms in (D —4)/(D — 4)

o Convenient trick: Tensor reduction of transverse integrals
(Passarino-Veltman)
Allows to organize better the calculation (reduces the number of
integrals to calculate and of Dirac structures) and show the
cancellation of unphysical divergences already at the integrand level
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One-loop correction to the ~y T,L — 499 LF wave-functions

Diagrams for v+ and v, LFWFs: self-energies

0 @ Straightforward to calculate

@ Clearly factors into LO
wave-function times Form Factor

. EDio EDy  EDio o DimReg prevents quadratic UV
Diagram A divergences to appear, only

logarithmic ones remain

@ Contain not only log but also
) unphysical Iog2 soft divergences

5N N

i 1
‘ EDiy EDy  EDyo

= —o00 t =0

Diagram B
(=}
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One-loop correction to the ~y T,L — 499 LF wave-functions

Diagrams for v+ and v, LFWFs: vertex corrections

0 @ By far the hardest to calculate

&

5 @ Involves various tensor integrals in
transverse-momentum as well as
various Dirac structures

EDy EDy EDro
Diagram 1 e Contain unphysical log? soft
divergences which cancel the ones
0 of the previous graphs.

2 @ In the ~y; case: contain unphysical
%@% power-like soft divergences.
1
. epy EDe EDy ., o In the v case: even after tensor
Diagram 2 reduction, still not proportional to

the LO LFWF: one extra piece
remain. However, it cancels
between the diagrams 1 and 2.
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One-loop correction to the ~y T,L — 499 LF wave-functions

Diagrams for v+ and v, LFWFs: vertex corrections

EDy EDro

Diagram 3

@ In the 7 case: vanishes due to Lorentz symmetry

@ In the 7y, case: non-zero, and cancels the unphysical power-like soft
divergences of the other vertex correction graphs.
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Diagrams for the v+ — gg LF wave-function only

'
0 0 0
%999999) Vi@ A
2
T T 2
VoA 666666%
1 1
I
, EDy EDo N ) EDp EDio N
vt = —oo xt =0 Tt = —00 rt =0
Diagram A’ Diagram B’
/
0 0 0
Vg A %
- + 2
&2
y VoA
1 1
0
= —o0 EDy4 EDso ot =0 A EDp EDso =0

Diagram 1’ Diagram 2’
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Diagrams for the v+ — gg LF wave-function only

0
%@@%999} Vg A
T T 2
VoA 666666%
1 1
I
, EDy EDo N ) EDp EDio N
vt = —oo xt =0 Tt = —00 rt =0
Diagram A’ Diagram B’
/
0 0 0
Vg A %
- + 2
&2
y VoA
1 1
0
N ED4 EDro N N EDp EDro N
T — —o0 rt =0 T — —00 xt =0
Diagram 1’ Diagram 2’

All four vanish due to Lorentz symmetry!
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Results for NLO v7; — qg LFWFs in momentum space

&7 CF ree
1/)’7?,L—>QO571 = {1“'( ;W ) VTyL] ¢:ﬁy§i—>qozh +O(eo¢§)

+1 log(%)} — T 134 0(D-4)
vl = V42 [log( kk{%)ﬁ} ("2 )log( = )+O(D 4)

4ot
Notations: Q = kq+k)2 Q2

and relative transverse momentum: P = ko—— q=—k; + q+ q
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Results for NLO v7; — qg LFWFs in momentum space

&7 CF ree
wW?,L—Mmfh = {1“'( ;W ) VTyL] ¢Py§i—>qozh +O(eo¢§)

D
Ky Dy (@) a
yL o — 9 [Iog k*ki>+‘3‘] {F(22) (47?7> 72|og< PQ )}
) 2
2

log (;)} — = 434 0(D—4)

VT = VL+2[|og< ki?l;)‘Lﬂ ("2 )log( = )+O(D 4)

4+
Notations: Q° = kqf)z Q?,

and relative transverse momentum: P = ko—— q=—k; + q+ q

Remark: results consistent with the ones of Boussarie, Grabovsky,
Szymanowski and Wallon, JHEP11(2016)149
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Results for NLO 1 ; — qg LFWFs in mixed space

@ In mixed space: NLO corrections = rescaling of the LO v1 ; — qg
LFWFs by a factor independent of the photon polarization and
virtuality !

o Leftover logarithmic UV and soft divergences to be dealt with at
cross-section level.
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From LFWFs to DIS cross-section

ki, xo

®

Jz;’t_,a now known at NLO accuracy in Dim Reg.

= Need to be combined with the ggg contribution in the dipole
factorization formula at NLO

= yx qgg is required also in Dim Reg, in order to cancel UV
divergences as well as scheme dependent artifacts.

Only the case of o] will be discussed in the following for simplicity. The
case of o can be dealt with in the same way, but gives much longer
expressions.
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qg contribution to o] at NLO in dim. reg.

b b bt N
111::8—»470!71 = —eep’T2 (2m)'722Q éf)lz <|x001|) ’
— + + +
ol = e ) g
; qa _ . 2q+ YL—Goq1

qog1 F. states

as Cr T,L 2 2
x[l—l—( > )V } + O(cem %)

—+o0

.

D_
2

(B UK (o] [Kg-z(lxml@)F

X {1 + (2=5£) VL} Re [l — So1] + O(cvem a2)

kg, (1 @) w01 )

2
Re [1 — 301]

= AN aem Y € / S / 4 x dk* di;t §(ki + ki —q™)
P 0
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Tree-level diagrams for v, — qgg LFWFs

2 diagrams contribute to v, — qgg (and 4 to vr — qgg):

0

)

Diagram (a) Diagram (b)

— Standard calculation in momentum space using LFPT rules, but to be
done in dimensional regularization

Then: Fourier transform to mixed space
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v. — qqg LFWF in mixed space

Result:

T Tree _ j* 2Q
Vi —aqme — CEFE e g

_ , £ —2
X {kf G (0)y* [(2k0++k2+)5jm + % [“Yja’Ym]} vg(l) ™ (Xo+2;17X20; Q(a)’c(a))
+ == + + +\ $jm szr J Am m . A2
—ky U(0)y" | (2k{" +k37 )™ — Z [/, ™| v6 (1) I™(x0:1+25 X215 Q(py, C(ty)

with the notations:

6(2) — ki (gt=k{) Q2 and Q k*(q*—ko*) Q2
a

(a%)? (a%)
/< q* k' kT
Cor = ey md o) = Flpney

And parent dipole vectors defined as:

kI x, + ki xm
Xn4tmp = Xppp+m=|—""737 5 | — Xp
ki +kih
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First look at the Fourier integral

m _*2 _ _bD D—2 D—2 m iK-r' _iP-r
I (r’ r/, Q 7C) — (IJ¢2)2 2 / (gﬂ_)DEz / (gﬂ—)Di(Z |:P2+6;(} {7(2+CG[P2+62:|}

Introducing Schwinger variables:

NI~

Im(r,r’;62,C) = " (r’2)17% ' (2m)>P (u2)2_%

+oo 1_D =2 2 D 20
x | dootof er@ et (81,78
0

? 4o

Im(r,r’;az,C) = @ (’r,,’:) Kg(é\/ﬂ—i—Cr’z)
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qGg contribution to o] at NLO in dim. reg.

— 278 (ki ki -+ —q
0/ lqae = 2NcCr Z e p b 9

e " Re 153

w"/L—WoCﬂgz
qog182 F. states

+oo @
= 4N, e Ze?/dD_zxo/dD_2X1 /0ko /dk;r Cd

+
x 205 Cr / P (kS + i+ —a) / d®2x, Re [1 - sgg}
+

min

Sk ra - oot ()] o[
HIGP -k |22+ 52 ()| [ e[

g i (20K K+ 2K (kK = (D=2) (k5 )2

xRe(I”’ ((a)) ™ ((b)) )} + O(ttem 02)
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UV divergences of the ggg contribution to o

UV divergences :
@ At xp — X for |(a)|? contribution
@ At xp — x; for |(b)|? contribution

For example, for xo — Xq:

2
dP2x, ‘I’” ((2)) ‘ Re [1 - Séi’z} o d2 2%, (x202)° "7 Re [l — Spi]
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UV divergences of the ggg contribution to o

UV divergences :
@ At xp — X for |(a)|? contribution
@ At xp — x; for |(b)|? contribution

For example, for xo — Xq:

2
dP2x, ‘I’” ((2)) ‘ Re [1 - Séi’z} o d2 2%, (x202)° "7 Re [l — Spi]

Traditional method to deal with these UV divergences:
© Make the subtraction [1 —Ség] — {1 - S((ﬁ%} - {1 - 801} in o] |qag
@ Add the corresponding term to ¢/|q3

It works, but it is far from optimal in the present case!
= Let us present an improvement of that method.
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Building the UV subtraction terms

— Let us define a UV approximation of the Fourier integral:
For |¢f'| = 0: I’"(r, r’;62,C) ~ IP (r,r’;bz)
where
m 1. A2 — m (2 17% i D 2Q %72 0
IUV(r,r ,Q ) = r (r ) Wr(f—l) (W) Kg,2<Q|r|)

= Factorized power-like dependence on the daughter dipole vector v’
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Building the UV subtraction terms

— Let us define a UV approximation of the Fourier integral:
For |¢| —=0: I’"(r, r’;62,C) ~ I7, (r,r’;az)
where
m 1. A2 —  m (2 1-3 i D 2Q 72 A
IUV(r,r,Q ) = r (r ) Wr(f—l) (W) Kg72<Q|r|)
= Factorized power-like dependence on the daughter dipole vector v’

Next idea to deal with the UV divergences : make the subtraction

{‘Zm ((a)) ‘2 Re [1 — 3(()?)2} - ’Iﬁv (X017 X20;6(23)> ‘2 Re [1 — 801} }

Cancels indeed the UV divergence at xo — Xg, but produces an IR
divergence at |xp9| — 400, absent in the original term!
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Building the UV subtraction terms

Final idea: subtract the IR divergence from the UV subtraction term, as

{2 [ o)

—Re (L’?\’; (X01, X20; 6?‘9)) iy (x017 X21; 6(1))) ] Re [1 — 801} }

This difference leads to a UV and IR finite integral in x;.
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Building the UV subtraction terms

Final idea: subtract the IR divergence from the UV subtraction term, as

{2 [ o)

—Re (ILT\’; (X01, X20; 6?‘9)) iy (x017 X21; 6(1))) ] Re [1 — 801} }

This difference leads to a UV and IR finite integral in x;.
= The D — 4 limit is now safe to take:

+ ey [mo(@0)] el - 52

X20
X20 (X0 @ Xo1 [ —2 2
= |z - = KO(Q \X01|)} Re[l—Sm}
[xgo (Xgo X%l) ] (@)
Q? _qqg form. time

Q2X0212 =

(K + K G + kG =

(g7)? ~* life time



Full NLO corrections for DIS structure functions in the dipole factorization formalism
DIS at NLO in the dipole factorization: combining the pieces

UV-subtracted ggg contribution to o]

Subtracting both UV divergences this way:

o/ lqae — ol luv, @) — o luv, )P

= 4N, e Zfef/dxo dxl/dk+/ k+ 4Q asCF

+oo qk+
x/ k2 S(ki +ki +ki —q* )/G"‘2 [q term + g term + leftover
Kkt 2

min
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UV-subtracted ggg contribution to o]

Subtracting both UV divergences this way:
o/ lqae = o/ luv, @12 = o/ luv (b)
— AN, e 3, ef/dxo dx1 /dk+ /dk+ 4(1](3)25 ocsTrCF

+oo qpt
X / 12 S(ki +ki +ki —q* )/ e [q term + g term + leftover]
K

;In 2
With:
2 X X20 X21
¢ _ k+ k+ 2 2_9 ( k; ) ﬂ ey e
q term = (k{7 )?(q" ) k++k++ 2 \kothy X350 \ X X3

x{ [Ko(@%ai2) | Re[1-Soi2] — (x2 = X")}
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UV-subtracted ggg contribution to o]

Subtracting both UV divergences this way:
o/ lqae = o/ luv, @12 = o/ luv (b)
— AN, e 3, ef/dxo dx1 /dk+ /dk+ 4(1](3)25 ocsTrCF

+oo qk+
x/ k2 S(ki +ki +ki —q* )/G"‘2 [q term + § teun—l—leftover]
K

;m 2
With:
) 2 X X21  X20
ferm = (ki k) |22 ( & ) 2 e e
G term = ( ) (" ) k++k*+ 2\ K+ X221 X221 X220

x{ [Ko(@%ai2) | Re[1-Soi2] - (x2 = ’“)}
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UV-subtracted ggg contribution to o]

Subtracting both UV divergences this way:
v —
o/ loge — o/ luv, [(a)[? ‘71_|UV [(b)I?
d?x d%x + 4Q ozsC
= 4N, aemzfef/ 0 1/dk0 /dk CE £

oo dks 2
X / k2 S(ky +ki+ki —q )/ dx [q term + g term + lcftovu]
knin 12

With:

leftover = (k' )?(q™—ky)? (2%2 : %) {KO(QXOH)}2 Re {1—8012}
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Combining the UV terms with the gg contribution to o

In dim. reg., the UV subtraction terms can be written as

ol luv, i) + ol luv,b)e

—4Naem2ef/d“ 4 /dk* dk+5k++k+ q")

60 ] o]

=) [ ov,i(a)2 T VUV I( b)|2] Re[l — So1]
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Combining the UV terms with the gg contribution to o

In dim. reg., the UV subtraction terms can be written as

ol luv, i) + ol luv,b)e

—4Naem2ef/d“ 4 /dk* dk+5k++k+ q")

(405 (ki ki)? {ﬁrd [Kg 2(\x01IQ>]

(aSCF> [ bv.|(a |2+9LL/V,\(b)|2] Re [l — Sp1]
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Combining the UV terms with the gg contribution to o

In dim. reg., the UV subtraction terms can be written as

ol luv, i) + ol luv,b)e

—4Naem2ef/d“ 4 /dk* dk+5k++k+ q")

(z;o; (ki ki) {ﬁrd [Kg 2(\x01IQ>]

=3 [ ov, @) T V(L]VA\(b)\Z] Re[1 — So1]

With:

~ D 2_D k+. 3 (D—4)
1 - - 2 min
Yovier =T ( 2 2) (mi*x1) ["’g( k' ) i s
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Combining the UV terms with the gg contribution to o

Expanding around D = 4:

]’}lI:/V,|(a)|2 + ijv,\(b)P = =2 |:(2_152,) — \U(].) + |Og (71' X012 luz):|

K+
X [Iog (V’%T) + i} —% + O(D-4)
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Combining the UV terms with the gg contribution to o

Expanding around D = 4:

]’}lI:/V,|(a)|2 + ib\/,‘(b)lz = -2 |:(2_152,) — \U(].) + |Og (71' X012 'u2):|

K+
X [Iog (V’%T) + i} —% + O(D-4)

But in the g contribution to ¢/:

3 Kkt
yEo= 2 [(215) — V(1) + log (7rx012 /ﬂ)] [Iog( T}lﬁ) + i}
K\1? 2
+1 |log ()]~ % + 3+1+ 0(D-4)

= Cancelation of:
o the UV divergence
e the kT

., dependence
@ the +1/2 rational term : strong hint of UV regularization scheme

independence
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Combining the UV terms with the gg contribution to o

Final result for the dipole-like terms:

o lag + ] luv,@)p + o7 luv,v)p
= AN, Qtem Zef/dm Ox, /dko /dkf&(kg+k+ )(‘;9;

(i 2 [ (prn @) () [+ (22%) 8, | Reft — ol

With:

VL = 17L+]7LL}V |(a)|2 +]~)lLJV,\(b)2

reg.
_ 1 lo kO _124_5
=2 8 \kF 6 2
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To do next: BK/JIMWLK resummation

2 A2
© Assign k. to the scale set by the target: k7. = 2XS°P_ = );‘Z’—QQS q"
@ Choose a factorization scale k< kg, ki, corresponding to a range

2
for the high-energy evolution Yf+ = log (:T?) = log ( 0 Q ki )

xgj Q5 q*
@ In the LO term in the observable, make the replacement
Y+

(Sor)o = (So1)yy _/o "yt <3Y+<501>Y+>

with both terms calculated with the same evolution equation
@ Combine the second term with the NLO correction to cancel its k.
dependence and the associated large logs.
= Works straightforwardly in the case of
@ the naive LL BK equation

@ the kinematically improved BK equation as implemented in
G.B., PRD89 (2014)

Should also work with the other implementation (lancu et al., PLB744
(2015)), but might require a bit more work.
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Conclusions

@ Direct calculation of v7; — q§ LFWFs at one-gluon-loop order,
both in momentum and in mixed space

@ Full NLO correction to F; and Fr obtained from the combination of
the gg and ggg contributions:
UV Dim. Reg. used in both cases, in order to have the finite terms
under control.

@ More refined method proposed to cancel the UV divergences
between the qg and ggg contributions:
@ Minimally transfers terms from one to the other
@ Each of the 4 terms in the final result seems well behaved
= good numerical stability is expected
© Only the g-term and the g-term relevant for High-Energy LL
resummation

Ambiguity in the way of cancelling UV divergences is reminiscent of the
similar issue for the cancellation of soft and collinear divergence in higher
order pQCD calculations (antenna subtraction, etc...)
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Outlook

Phenomenology outlook : All ingredients soon available for fits to HERA
data at NLO+LL accuracy, and hopefully NLO+NLL
accuracy, in the dipole factorization, including gluon
saturation.

Theory outlook : @ Application of the NLO vy7; — qg(g) LFWFs to
calculate other DIS observables at NLO?
@ Extension to the case of massive quarks?

@ The techniques developed here should be useful for
future NLO calculations in the CGC
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