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Outline

Trinity of dilute-dense CGC calculations
» Evolution equation (BK)
» Total DIS cross section see also Paatelainen tomorrow

» Single inclusive hadron production in pA-collisions
Previous talk (lancu)+ fomorrow (Ducloué)

+ essential question: doing the three consistently.

Recent progress in topics not covered here:
» NLO JIMWLK equation
» Exclusive processes
» Dihadron correlations

Outline of this talk

» CGC/eikonal description of dilute-dense process
» Status of NLO evolution equations

» Status of NLO DIS cross section 2/17




Eikonal scattering off target of glue

» Dilute probe through target color field
» At high energy interaction is eikonal

A

Eikonal scattering amplitude: Wilson line V

X+
V:Pexp{—ig/dy+A—(y+,x‘7x)} ~ V(x) e SU(N:)
X oo

+—

» Initial gluon field in AA: same V/(x)
» Amplitude for color dipole

N ==y = 1= G TVIBVY))

from color transparency to saturation 317

y




Dilute-dense process at LO

Physical picture at small x

DIS Forward hadrons
a(x, @) Dq-n(z, &)
» v* — gq dipole interacts » g/g from probe:
with target color field collinear pdf
» Total cross section is » |amplitude|? ~ dipole
2xIm-part of amplitude » Indep. fragmentation
“Dipole model”: Nikolaev, Zakharov 1991 “Hybrid formalism”;
Fits to HERA data: - i -
e e.Qg.O Golec-Biernat, Wisthoff 1998 Dumifru, Jalilian-Marian 2002

Both involve same dipole amplitude N =1-S
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Dilute-dense process at LL

Add one soft gluon: large logarithm of energy/x

DIS Forward hadrons
+
q % a(x, &)
» Soft gluon: large logarithm » Soft gluon k* — 0
dkg 1

+ .
Xg kg Xpj

Dumitru et al 2005

same large log

~9 ln— » Collinear gluon k; — O:
DGLAP evolution of pdf, FF

q—>h(27 Q2)

Absorb large log into renormalization of target:

BK equqﬁon Balitsky 1995, Kovchegov 1999
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Dilute-dense process at NLO

Add one gluon, but not necessarily soft

DIS Forward hadrons
q" q(x, &2 z, Q2
AV (x. &) a-n(2. &)
» DIS impact factor » NLO single inclusive
Balitsky & Chirilli 2010, Beuf 2017 | Chirilli et al 2011 |

» Leading small-k* gluon already in BK-evolved target
» Need to subtract leading log from cross section:

Tsub absorb in BK
e N —_—— kZ;
UNLo:/dZ o(2) —a(z=0)+ o(z=0) ZZPT
tot
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NLO to NLL

NLO evolution equation:

>

>

>

Consider NNLO DIS
Extract leading soft logarithm

Lengthy calculation:
Balitsky & Chirilli 2007

But additional resummations

needed for practical
phenomenology

(+ many diagrams at same order)

> a2In?(1/x): two
iterations of LO BK

»| o2In 1/x: NLO BK |

» o2: part of NNLO impact
factor (not calculated)
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Summary: power counting

LO NLO
~ = —~
o ~0O(1)+0(asIN1/x) + O(as) + O(aZIn 1/x)
N— N—
LL NLL

» Current phenomenology LL
» Theory recently becoming understood at NLO & NLL

talks lancu, Paatelainen
» Moving to phenomenology, numerical implementations:

» Fit fo DIS data with (approx) NLL evolution (but not NLO) :
Albacete 2015, lancu et al 2015

» Single inclusive hadrons at NLO (but not NLL) : Stasto et al 2013,
Ducloué et al 20156 —=> talk Ducloué

» Full NLL evolution (Not yet NLO) Méantysaari 2015 }nex‘r

» NLO DIS cross section (Not yet NLL) Ducloué et al 2017
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NLL evolution
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The NLO BK equation

as derived by Balitsky and Chirilli, 2007

Equation: y = In 1/x-dependence from

QsiNc ag c /
0yS(r) = 2l\£ Ky ®[S(X) (Y)*S(r)]‘{’%Kf@S(Y)[S(X )—S
a5 8N§ Kz ® [S(X)S(z = Z')S(Y") = S(X)S(V)]

Notations & approximations
> S(x —y) = (1/Ne) (Tr Vi) V(y))
» @ = [z or [ Pzd?Z
» Here large N. & mean field:

(TFVIVTVIVY 5 (Tr VIV (Trviv

Coordinates

7
XI]
X

y

/
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Kernels

2 2 v2 w2
K, d {1+QSN°<BInr2u25X R

~ X2y? 4r \Ne N 2 Ny
67 w2 10Np X2 Y2
K — _ 2 X2y/2 +X'2Y2 _ 4[’2(2 _ 21)2
2= (z—2) (z— 2)4(X2Y2 — X2Y?)
I‘4 f2 X2y/2
ain aF In
X2 y/2(X2 yr2 _ X2 y2) X2yr2 ( 7 — Z/)2 X2Yy2
Kf _ 2 X/2y2 4 y/2x2 _ I'2(Z _ Z/)2 | X2Y'2

(z— Z’)4 B (ZfZ’)A(XQY’Q _ X/2y2) n X12y?2
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Kernels

2 2 v2 w2
K, d {1+ach<ﬁlnr2u26X R

= X2y? dr \Ne N 2 Ny
67 w2 10Np X2 Y2
K — _ 2 X2y/2 +X'2Y2 o 4[’2(2 _ 21)2
2= (z—2) (z— 2)4(X2Y2 — X2Y?)
r4 f2 X2y/2
i 4= In
X y/2(X2 yr2 _ X2 y2) X2 Y’Q(Z _ Z/)2 X2Yy2
Kf _ 2 X/2y2 4 y/2x2 _ I'2(Z _ Z/)2 | X2Y'2

(z— Z’)4 B (ZfZ’)A(XQY’Q 7X/2y2) n X12y?2

» Leading order
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Kernels

2 2 \2 2
Ky = {H%NC(ﬁmr?u? BX VX

v e T TN 2 Y
+g—7r—2—E&72lnX—2lhy—2
9 3 9 N 2 r?
o _ 2 X2Y"2 4+ X"?Y? — 4r?(z — 2')?
2= T (z—-2) (z— 2)4(X2Y2 — X2Y?)
r4 f2 X2y/2
4L + In
X2 y/2(X2 yr2 _ X2 y2) X2yr2 ( 7 — Z’)2 X2Yy2
» 2 X/2y2 4 y/2x2 _ I'2(Z _ Z/)2 | X2y/2
f pr—

(z— Z’)4 B (ZfZ’)A(XQY’Q 7X/2y2) n X12y?2

» Leading order
» Running coupling (Terms with 3 function coefficient)
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Kernels

67 w2 10Np X2 Y2
v - X2Y"2 4+ X"?Y? — 4r?(z — 2')?
2= (z—2) (z— 2)4(X2Y2 — X2Y?)
r4 f2 X2y/2
4 4= In
X2 y/2(X2 yr2 _ X2 y2) X2yr2 ( 7 — Z’)2 X12Yy2

K — ?) B X/2y2 4 y/2x2 _ I'2(Z—Z/)2 n X2YI2
= (z—2) (z = 2)A(X2Y2 — X12Y?) X2Y2

» Leading order
» Running coupling derms with 3 function coefficient)
» Conformal logs = vanishforr=0X =Y &X' =Y")
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Kernels

+g—7r—2—E&fQIanlny—2
9 3 9 Ne rZor
v - X2Y"2 4+ X"?Y? — 4r?(z — 2')?
2= (z—2) (z— 2)4(X2Y2 — X2Y?)
rt 7 X2y’
+ + In
X2 Y/2(X2 yr2 _ X2 y2) X2yr2 ( 7 — Z’)2 X12Yy2
K — ?) B X/2y2 4 y/2x2 _ I'2(Z—Z/)2 n X2Y'2
= (z—2) (z = 2)A(X2Y2 — X12Y?) X2Y2

Leading order

Running coupling (Terms with 8 function coefficient)
Conformal logs = vanishforr=0xX =Y &X' =Y’
Nonconformal double log = blows up forr =0

vV V. v Vv

10/17



Resummations

Following lancu et al 2015

0,5(0) = %50 Ky 0 [5()S(¥)~ S+ SN K () [5(0)-S(0)]
2N, i [5005(z - 2)S(V) — SOV
Resum:

» [-function terms in K; into running coupling: Kag
» Double transverse logarithms in K; into Kpia ~ Ji(Inr?)/Inr?.

» Single transverse logs in K into Kgp ~ resA
with DGLAP anomalous dimension A;

» Subtract double counting K. include rest of NLO K]ﬁn
— Solve equation Mantysaari, T.L. 2016

9,500 = G (Koo — K+ KI7] © S0S(Y) = (0}
aF 0%8?2: K2 ® [S(X)S(Z _ Z/)S(y/) o S(X)S(Y)] n NF_pOr-'-
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NLL evolution with resummation

Mdantysaari, T.L. 2016

Evolution speed vs r

Evolution speed of &

-+ resummation
---. othera?

—04l

1077107 1072 1077 100 107
Qs

0.35 Qs0/Nocp =2
0300 o
0.25
>
=020 e A
= | Tttt
E 0.15
~ 0.10
o v LO
0.05} ---- Resummation only
— Total
)|
- 16 32
Qs/Aaco

» Resummations essential to get stable results
= good HERA fit with “resummation only” iancu et al 2015
» Importance of non-resummed terms can be tuned
(choice of ‘constant under log” in resummation)
» Here simple rapidity-local resummation lancu et al 2015
Alternative: impose cumbersome but better defined
kinematical constraint Beuf 2014, implementation Aloacete 2015
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DIS cross section at NLO
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DIS at NLO: impact factor

Beuf 2016, 2017, more details in talk of Paatelainen

Xg X
X2
X Xy
Virtual corrections, Real corrections,
intferaction with target inferaction with target
N (X0, X7) N (Xo,X1,X2)
+ UV divergence in loop UV divergence in xo-integral

UV-divergence cancels because

N (Xg, X7, X — Xg) = N (Xg, X1, X2 — X7) = N (Xo,X1)
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DIS at NLO: subtraction of BK

Evaluate cross section as  o}'t® = of9 + 0% + 09

M\C / dZ]/ W2, 4521, X0, X1) [P Noy (Xg)
. 7.|.2
/\/\@ — % = o'd'p ~ OésCF / '1/)7 ﬁqq’ [;In2(1212]) 7?+ :| Nm(XBJ)

X0,X1,21

+ *x = Ug,gb, ~ asCk / d22Dﬁ’w*%qag(zhzb{xi})|2N012(X(Z2))

21,22,X0,X1,X2

- LL
kg ~ 2 — ¥+ qag(21, 0, {Xi})QNom(X(Zz))}

* UV-divergence
» LL: subtract leading log, already in BK-evolved A
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DIS at NLO: subtraction of BK

Evaluate cross section as  o}'t® = of9 + 0% + 09

M\C / dZ]/ W2, 4521, X0, X1)[PNor (X5)
_ 2 2
/\/\@ — % = o'd'p ~ asCk / ’7117 ﬁqq’ [;In2(1212]) 7?+ :| Nm(XBJ)

X0,X1,21

gJ%NOésCF/ dZZ{W’w*%qag(ZhZZa{xi})|2N012(X(22))

21,22,X0,X1,X2

+* = o
-LL
ks ~ 2 — |y —qa9(21,0, {X/})|2N012(X(22))]-

* UV-divergence
» LL: subtract leading log, already in BK-evolved A

» Parametrically X(z) ~ xg. but X(z) ~ 1/, essential!
(X(z) =momentum fraction to which the target is evolved) 14/17



Numerical implementation

Ducloué, Hanninen, T.L., Zhu 2017

2

1
az
o9 0 / / ) Q[KNLO (2, X(22)) = K} (0, X(22))
Xgj/ Xo

Z1,Xp,X1,X2

» Target fields at scale X(z,):
» X(2) = xg: unstable
(like single inclusive)

0.15

010 FLovip s FNO /

‘-‘( 0.05F "
=< o Lﬂ:::z,;,:g ey,
P S
il ..\\' oy .
& -0t L
.
—o0.10} \\\
—0.15F . ]
1 10 100
LM,
Q? (Gev?)
X 22) = Xpj

/\/\@(/k ~ 7
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Numerical implementation

Ducloué, Hanninen, T.L., Zhu 2017

1

az

e ~ac [ SEIKR e Xa) - K 0.X() |
Xgj/ Xo

Z1,Xp,X1,X2

» Target fields at scale X(z,): 016

ol Flo FLotw

» X(z) = xg: unstable . RO

0.12[

(like single inclusive) = v =107
~ 0.10F
> X(Z2) = XBj/Z2 OK ©]

NLO
oo Fp

o

~0.08

&l

= 0.06
0.04

0.02§

0.00
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Numerical implementation

Ducloué, Hanninen, T.L., Zhu 2017

qg,sub.
oL

4]
Z1,Xp,X1,X2

» Target fields at scale X(z,):
» X(2) = xg: unstable
(like single inclusive)
> X(Z2) = XBj/Z2 OK
» Lower limit of z
> 2> 2 from target k-
(assuming k2 ~ @2)
» Strict k* fOCTOFIZOTIOh

Zy > fg gz
—> would require
kinematical constraint
» For “dipole” term

infegrateto z, =0

1
~aCr [ // dZQ[/cNLO(ZQ,X(zz)) MO (0, X(22))

0.16

. LO+qg
FLo FRotu

By )

0.14

0.12[
—

rp; =107

= 010+

C

~0.08¢

&l

= 0.06F
0.04F

0.02f e

0.00
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Numerical implementation: general features

» Major cancellation
between different NLO
tferms
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Numerical implementation: general features

» Major cancellation 0.025 =
between different NLO ooml| . provas
terms (similar for F;) oy = 107

0.0056F =

-

0. lllllll 10 100
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Numerical implementation: general features

» Major cancellation
between different NLO
terms (similar for F;)

» gg-term explicitly zero at
Xgj = Xo == transient effect
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Numerical implementation: general features

» Major cancellation e
between different NLO boa LQP=50GeVE  w-v I.é—’—“.n(:o\—‘
terms (similar for F;) =

» gg-term explicitly zero at
Xgj = Xo == transient effect

» Running coupling
(parent dipole)

» Transient effect larger

|| LQ*=1GeV?

F\!,U/Fl,()

NLO/LO ratio
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Numerical implementation: general features

» Major cancellation
between different NLO o .
tferms (similar for F;) Hpm PR

» gg-term explicitly zero at
Xgj = Xo == transient effect

» Running coupling
(parent dipole)

10 100
» Transient effect larger Q* (GeV?)
» But @*-dependence

stable NLO/LO ratio

&2
=~
=1
&

(g
sk

Relative NLO corrections of the magnitude one would expect J
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Instead off conclusions: to do

LO LL NLO NLL
e —— +
o~ 10(1)+O(asIn 1/x)| + O(cs) +HO(e5 In 1/x)

v

Next: fit to HERA data with NLO impact factor
(with LL or NLL evolution)
Needs implementation (both DIS and single inclusive) :
match NLL evolution with NLO cross section:

» Evolution variable k™ vs k—
» Kinematical constraint  vs

rapidity local resummation of double logs
» Corresponding different subtractions from cross sections

Needs loop calculation: quark masses

Other:

» Exclusive processes
» Dihadron correlations

v

v

v
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v

v

v
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Thank youl! ) o
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