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Outline

1. Overview: inclusive heavy quarkonium production physics, approaches
and puzzles

2. Inclusive quarkonium production at high energy, curing the
perturbative instability

3. Exclusive J= photoproduction

4. Beyond DLA: NLO impact-factor for the forwmard . hadroproduction
and comparisons with Collinear Factorisation at NLO
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Overview: inclusive

heavy-quarkonium production,
approaches and puzzles
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Motivations (I): understanding hadronisation

Description of production of any high- pr ( qcp ) hadrons in QCD =
(perturbative) production of quarks/gluons + hadronisation.

1. For light and heavy-light hadrons, hadronisation is studie d
phenomenologically:

I Fragmantation Functions: based on factorisation theorems, tted to
describe data

I Monte-Carlo models: hard to derive from QCD Lagrangian (string-based
in Pythia, cluster hadronisation in Herwig,...)

2. Quarkonia Hydrogen atoms of QCD ) corrections to the naive
quark model should be suppressed by powers of relative veloity ( v) of
heavy quarks in the bound state:

h iE h i E
j3= i = 0@ cc 3P+ 0w cc PP +g
h i E h i E
+ O(?) cc s +g +0(W?) cc 3S® +gg + i

3. ) let's try to use understand production of quarkonia. This
understanding will be a small- v limit for any future theory of
hadronisation!
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Motivations (I): quarkonia as tools
If hadronisation mechanism was well understood, then quarkonium
production would be:

1. An excellent tool to study gluon content of a proton/nucleus

I Small (or negligible) valence ¢ and b content production
predominantly through coupling to gluons at high energies

I Clean experimental signatures for J= , ( nS), ...

I relatively small M, ' 3GeV access to very small
x Me ¥=s 104 10 © atthe LHC.

2. A tool to study double/multiple parton scattering:  due to signi cant
cross sections of multiple/associated production and lower pr/scales in
comparison to vector bosons/jets

3. A probe for QGP: melting/recombination/parton energy loss could be

studied

4. ..
Physics case for quarkonium studies at the Electron Ion Collider

Daniél Boer®!, Chris A. Flett®!, Carlo Flore®®%!, Daniel Kikota®!, Jean-Philippe Lansberg®', Maxim Nefedov®!,
Charlotte Van Hulse™"', Shohini Bhattacharya®, Jelle Bor™", Mathias Butenschoen®, Federico Ceccopierih’i, Longjie
Chen'¥, Vincent Cheung', Umberto D’ Alesio, Miguel Echevarria™, Yoshitaka Hatta®", Charles E. Hyde®, Raj
Kishore™P, Leszek Kosarzewskid, Cédric Lorcé", Wenliang LiP®, Xuan Li', Luca Maxia®d, Andreas Metz", Asmita
Mukherjee”, Carlos Muiioz Camacho®, Francesco Murgiad, Pawel Nadel-Turonski™¥, Cristian Pisanod, Jian-Wei Qiu*,
Sangem RajeshY, Matteo Rinaldi*, Jennifer Rittenhouse West®4b Vladimir Saleev®, Nathaly Santiesteban®d, Chalis
Setyadi®*, Pieter Taels*, Zhoudunmin Tug, Ivan Vitev!, Ramona Vogtl'“g, Kazuhiro Watanabe4 Xiaojun Yaod-ak,
Yelyzaveta Yedelkina®®!, Shinsuke Yoshida*
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Quarkonium production models
Unfortunately no existing model can describe all data on inc lusive
quarkonium hadro/photo/electro/ €* e production and polarisation
observables.
Old ideas:

1. Colour Singlet Model: only colour-singlet QQ pairs with the same
orbital momentum/spin as corresponding potential-model s tate
hadronise to the quarkonium.

2. NRQCD factorisation : based on the hierarchy of di erent
colour/orbital momentum/spin states of the QQ-pair in the
v-expansion for the quarkonium state

3. (Improved) Colour Evaporation Model assumes democracy of
colour/orbital momentum/spin states of the QQ-pair

New ideas: Potential NRQCD , Soft-gluon factorisation, Shape-functions,

Motivation for new ideas:
I reduction of the numeber of free parameters
I improvement of perturbative convergence
I phenomenological problems
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Quarkonium in the potential model

Cornell potential:

V()= Cr 75(::0 +r

neglect linear part, because quarkonium is small (
wavefunction (for e ective mass -1M2 =

mi+mp

q

m3 Sc3
R() = ——5—e 7"
2 _CEZ . 3 1
e B oy
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Non-relativistic QCD

The velocity-expansion for quarkonium eigenstate is a copy of corresponding
arguments from atomic physics:
iE h i E
j3= i = 0@ cc 38 +0) cc PP +g

h o | E h o | E
+ 0O(v?) cc s® +g +0(W?) cc 3s® +gg + i
for validity of this arguments, we should work in  non-relativistic EFT , dynamics
of which conserves number of heavy quarks. In such EFT, QQ-pair is produced in
a point, by local operator:
ANRQCD = hl= + Xj y(O) n (0)]0I,
Di erent operators couple to di erent Fock states:
h L iE h .’ iE
Yo) 0)$ cc s’ Y0) i 0% cc 3s?
h . iE h . iE
Yo) iT2 008 cc 3s® ; YoD; 0% cc P® i

squared NRQCD amplitude (=LDME):
X D . E
AZ=r0p Y pay a- Yoa j0i= Opt
x I {z }

oy
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Non-relativistic QCD

Velocity-scaling of LDMEs follows from velocity-scaling o f corresponding
Fock states and of operators ¥ ,

1Sc()l) Ssil) 13(()8) SS§8) 1Pl(l) Spél) Spl(l) 3P2(l) lpl(s) SPéS) 3P1(8) 3P2(8)
T

c 1 \% V
= 1 v xv“ Vi, vt

Note that:

! Colour-singlet LDMEs are LO in v for S-wave states ) Colour-Singlet Model
| For P -wave states the CS and CO LDMEs are of the same order ) mixing
| Connection between LDMEs for ¢ and J=  through  Heavy-Quark

Matching procedure between QCD and NRQCD:
X
v 1:Aqop (99! Yoom)) = fn Yooy Y(0) n (0)jOi + ow*);
n

) NRQCD factorization formula (theorem)  (godwin, sraaten, Lepage 957
X D E
(99'H +X)= (99! QQInl+ X) Or
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NRQCD factorisation: pt-behaviour in pp

E

d X g D .
—(pp!H + X)= E(pp! QQ[n]+ X) On

NLO , plot from hep-ph/1403.3970
LARRE RS

T T T T T

2

e coFu

.
o
T

[
o

Bd /dp;[nb/GeV]
. e

=
o,

1 1 1 1 1 1 1 1 pT
4 6 8 10 12 14 16 18 20
p;[GeV]

Free parameters:
| For S-wave (S =1) state (J= , (2S), ( nS)): *s!¥  known from
potential model, ‘s, 3sl¥ *pl¥ are tted
| For P-wave (S=1) state ( ¢3, b): 3P£1] known from potential
model, °s!¥ s tted.
| LDMEs for S =0 states ( ¢b, hep) are obtained from S =1 ones
through the HQSS 10/66



Potential NRQCD: more relations between LDMEs

The NRQCD logic can be pushed even further by assuming that mv?  mv

[Brambilla etal., 2] CAtLO In v ] ]
Prompt Cross section ratios:

N
ho' st = TR, 02

2] +1 3jRy (0)j?

ho" pll)i = ;
CPyl= TeNe — 2 =0
gl 1 3jRy (0)j? )
hO (1Sc[)])| = BN om? 47(:'2: Boo; g TSV <u,’\‘t—1.‘m‘s‘.h.
. 1 3R, (0)j2 B
ho' (s = - —— 2" Eipu f 1
2Nem2 4 ‘B ”:g“QIMh*HM + +

where jRy; (0)j2 radial wave function at the origin from potential model
for the quarkonium H, and Ep, Boo, Eip;10  chromo electric/magnetic eld
correlators over QCD vacuum (i.e. independent on up to RG running
me ! mp).
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NRQCD factorisation: what does work?

| Un-polarized pr distributions of J= , ¢; in hadro- and
photoproduction, as well as €" e data can be described. The same is
true for ( nS), p3(nS)

I Solves the problem of non-cancelling IR divergence at NLO in CSM for
P-wave states production and decay through mixing with 3S® or
1s® states at O(v?).

I Covers the gap between CSM (@LO and NLO) and data at high-pr in
hadroproduction, due to contribution of CO states. if nnLo corrections in
CS are as large as needed to close this gap, then perturbative expansion is just useless and we

should stop doing quarkonia.

NLO NRQCD, (sutenscon, kniehl, 1]

3T
3 3

NLO and NNLO ? CSM (ansberg 11

ATLAS data

-- CS+CO, LO
—— CS+CO, NLO

10 B

af R=7Tev
F 15L)yL225

e
4 6 8 10 12 14 16 18 20
p; MBeVN

ds/dp,(ppS Jly +X) X B(2lySmm) Mb/GeVN
-
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Problems: Polarisation

LDME t J= hadropr. J= photopr. J= polar. ¢ hadropr.
Butensclon et al. (pr > 3 GeV) 7 7
Chaoetal. + ¢ (pr > 6:5 GeV) 7

Zhang et al. (pr > 6:5 GeV) 7
Gong et al. (pr > 7 GeV) 7 7
Chao et al. (pr > 7 GeV) 7 7
Bodwin et al. (pr > 10 GeV) 7 7
Global t [Butensclon, Kniehl, '12] Eg hadroproduction dominated t
o/« CDFdata:Run /Il Helicity frame [Cha? etal, '14]
I Ez :‘EO yiLos Jy polarisatior
---- CS+CO,LO RS = 1.96 TeV 08 +
== Cs+co, b5 Jy + 1
) CS+CO, NLO pp5 Jy +X - +%+++*
BE N
e
38 B R R R—
1 pr KeevL
0.2 T T T T ' Jey polarisatior
o3k 3 05 PR < O
‘ ALICE Data
Zoosf 1 = :
ht: ] :FDH*+—H
02 =y 10 1 20 % 30 - 09
() Py NBEVN ﬁ):@?y Tev
PR ;H;ew R Ta]
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Problems: HQSS and photoproduction

LDME t J=hadropr. J=photopr. J=polar. ¢ hadropr.
Butensclon et al. 3(pt > 3GeV) 3 7 7
Chaoetal. + ¢ 3(pt > 6:5GeV) 7 3 3

Zhang et al. 3(pr > 6:5 GeV) 7 3 3
Gong et al. 3(pt > 7 GeV) 7 3 7
Chao et al. 3(pr > 7 GeV) 7 3 7
Bodwin et al. 3(pr > 10 GeV) 7 3 7

10

ds/dp,(PPSh +X) Mb/GeVN

0 F gorrev 3 10 F g=gTev . - 1
2} LDMESs: Butenschén et al 2} LDMESs: Butenschén et al

10 e 0 10 e e 00
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18

Global

5

10k,

t [Butensclon, Kniehl, '12]

ds/dp,(PPSh +X) Mb/GeVN

Py MBEVN

Py MBeVN

J= -photoproduction at the EIC vs
zZ= ( Pa= P)=(q P), using NLO calculation

data b M. Butensclon

" CSMNLO - - -
LDMES Kniehl, Butenschoen, fit #1 ——

102 L

do(ep-J/plprompt]+X)/dz [nb]

Vsep=140 GeV,

pr>1GeV,
101 N 20<W<80 GeV, |
Sesl Q%<1 GeV?,
~~..._ CT14NLO
102 | Tl A
0ot Ty
8.0 -

0.0 P E—

Ratio
N oo
o o o
‘\/\
<

01 02 03 04 05 06 07 08 09

z
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Slides from M. Butensclon at QaT-2021

3.2 Butenschon et al. LDMEs 12/18

J/y Photoproduction J/v Hadroproduction 1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W < 240 GeV
03<2<09
Q’<2.5GeV*

¥ V5=319Gev

COFdala  smmms °S11 NLO © LHCbda  —— Tou
s o
s o
Pl NLO

Butenschoen et al. LOMES
VS =8TeV. Iy, <21

~1— Prompt Jiy, SPS

—

8
2
S
3
3

doep-sdiy+X)c} [nGeV']
Goidpy(pp-n, ) [1B/GEV]

s - 1.96 TeV. =8Tev

LDMES: Butenschoen et a LOMES: Butenschoen et . LOMES: Butenschon of al. E —— Tow.NLO - ATLASGata

01py PP+ X) x Brldiy—suk) (no/GeV]

0 e 0 i e e e 6 8 10 12 14 16 18 2
o 1GeV] pr(GeV pr(Gov)

J/y Polarization (CDF) J/y Polarization (LHCb)

10
PryIGeV)

Fit to 194 data points of J/y photo- and hadro-
production, yy- and e*e™ scattering
<07/¥(1508)>=4.97+0.44, <0//¥(3518)>=0.22+0.06,

i <0//%(3P08)>=-1.61+0.20 [in 1072 GeV? or 1072 GeV®]
Ref.: [MB, Kniehl, PRD 84, 051501 (2011)]

")

' i
V& =1.96 TeV, ly| < 06, helcity frame
510 25

M

520
Py [GeV)

« Data fitted to is described within scale uncertainties, other observables not.
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Slides from M. Butensclon at QaT-2021

3.4 Chao et al. LDMEs

J/y Photoproduction J/v Hadroproduction 1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W < 240 GeV

COFdatla s 'S NLO . UHGbdaa  —— Toal _ Craostal LOMES
- . p—r =BTV, Iy, | <21

oy

%y V8- 319.GeV.

3
3
H
{
H

ol (ppon,X) [P/GeV]
dofpprdiysZe X))

<08 .
V=196 ToV Ve =8TeV
4f LOMES: Crao LDMES: Chao otal

Hi data: HERAZ
LDMES: Chao ot al

aldp,(pPJiy+X) x Bridlyyp) [nb/GeV]

Brldy-

—— TowlNLO - ATLASdata

o T W 580N i e 1e
o GeV’) priGeVI Py 1GeV)

J/y Polarization (CDF) J/y Polarization (LHCb)

10
Pru (GeV)

« Fit to CDF J/y vyield and polarization with p; > 7 GeV.
« <0//%(1508)>=8.9 +0.98, <0//%(3518)>=0.30 +0.12,
<0//*(3P08)>=1.26 +0.47 [in 1072 GeV? or 1072 GeV"]

« Ref.: [Chao, Ma, Shao, Wang, Zhang, PRL 108, 242004
15.27Tev,25 <y <4, helciy rame (2012)]

b

e 4 T

& = 1.96 TeV, Iy < 0.6, helicity frame

510 15 2 28
Py 1oV

« Data fitted to is described, other observables not.

16/66



Slides from M. Butensclon at QaT-2021 :

17/66



Slides from M. Butensclon at QaT-2021 :
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z-di erential J= photoproduction

. _ Ps= P
Variable z = =
103 T T T T T 103 T T T T T
+  H1data: HERA2 +  H1data: HERA2
LDMEs: Butenschoen et al. LDMEs: Chao et al. (with h)
| === 3sYiLo | === 3sYi™Lo
g 107 1SN LO 3 % 0% 1s¥eNLO
f - 3s¥eNLO f »»»»» 3sYeNLO
g [ ----- “pYeMNLO g [ - *pYNLO
x x
¥ 10k Total, NLO ¥ 10 Total, NLO e
> >
S 3 i S
wn wn
[=5 [=3
L L
3 1k pfG1Gev: | 8 1
Q%L 2.5GeV? L QL 2.5 GeV?
60 GeV/ L W L 240 GeV .60 GeV LW L 240 GeV
RS = 319 GeV ’ RS = 319 GeV
10 B ! ! ! ! ! 10 R PRI ! ! 1 1
03 04 05 06 07 08 09 03 04 05 06 07 08 09
z z

The hadroproduction-dominated ts actually describe th e data for z < 0:6
!
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Inclusive heavy quarkonium production at moderatepr

Quarkonium production pr spectra at pr & M are not described by
collinear factorisation computations at NLO. Example: . production at
LHCD 1Heb, 29 (left panel d =dp 1, right panel: ratio to J= ):

I NLO CF overshoots the data for 5<pt < 8 GeV: nothing to do with
TMD/Sudakov logs ( In pr=M) which contribute only at pr M*' 3

GeV

I Physical shape of the pr -spectrum is reproduced in kr -factorisation
[Kniehl, Vasin, Saleev '06;...;MN,Saleev,Shipilova '12; .1 and Saturation/CGC
CalCUIatiOnS [Kang, Ma, Venugopalan '13; ... Mantysaari etal. '24] at LO in s
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Intermediate conclusions

I NRQCD factorisation remains the standard theory of quark onium
production, pNRQCD factorisation or introduction of shape functions
(talk of Luca Maxia last week) are based on thev?-expansion

I The main phenomenological problem of NRQCD-factorisation is the
inconsistency between hadroproduction and photoproduction at z! 1.

I The problems with pr-spectrum at pr . M and with pr -integrated
cross sections can be resolved within perturbation theory (this talk)
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l. Inclusive quarkonium production
at high energy

In collaboration with Jean-Philippe Lansberg and Melih Ozc elik.
Based on JHEP 05 (2022) 083 Eur.Phys.J.C 84 (2024) 4, 351 and ongoing
work
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Perturbative instability of quarkonium total cross sections
Inclusive  ¢-hadroproduction (CSM)

[Mangano etal. , '97, ..., Lansberg, Ozcelik, '20]

i h i
prp! cc *Sf +X; LO: g(p)+g(p2) ! cc 'Si
Csp)= it £) fi(xa £) @)

where z = M2 with &= (ps + p2)2.

Inclusive J= -photoproduction (CSM)

[Kamer, '96, ...,Colpani Serri etal , '21]

h i h i
+p! cc s X LO: (9+g(py)! cc S +g;

P55 = fixa £) MO
2 .
where = M- with 8=(q+ p1)% z 5 B
N\ . cfﬂxit/cggf
’3’ j B ACr

LS —

‘Scaling funcion
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Partonic high-energy logarithms
Zldz

z
0
where f3(x; 2)= xfq(x; 2).
Suppose forz  1: C(z)  2( )In" (1=z) and f3(x; 3) x (). Then
forx 1.

(x)/ C@fs(x=z; ?);

0 x U
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High-Energy I;actorization J=

photoproduction)

The LLA ( 2 In" l) formalism  (colins, Eliis, ‘91; Catani, Ciataloni, Hautmann,
n

'91,'94]

Physical picture in the

The coe cient function

i The LLA in In % =In P In(L+ ):
LLA for photoproduction: GH
8 A 2 A=)y
H g Y
d
> T datiC 20t ek HOGT:
9
| 1=z 0
« : The strict LLA inIn(1+ )=1In %
ogoggeaky k3 wz
| L
2 2
leaa00000w K; k d
I 2 : dg?.C 1T;C1$1; Fi: R —yH(inﬁl):
I y
” | 0 1=z
0200000100000000000000) -
. . 4 The LLA( In(1=)) contains some (N..)NLLA
p; ! ki ' pp

contributions relative to the LLA( In(1+ )).
H haS been Calculated at LO[KniehI, Vasin, Saleev, '06]

and decreases ad=y? fory 1.
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High-Energy Factorization ( . hadroproduction)

2 .
Small parameter: z= X=; LLAin  In" ' 21:

2 3

. M
Ai[jm], HEF (Z: E: R) = d dq%ldq$2 Cgi VT

P-_ . 2 .
Z€ (711, F, R

1 0

Z m
d_H[ (9% 1;0%2; )

= C N2 .
Gi ™ ze ;Ot2; F, R > VE

0

The coe cient functions H[™! are known at LO in s (ragier etal . 2000; Knieh,

Vasin, Saleev 2006] for m = 13((,1'8), 3P§1,8)' SS?) .

The HIM is a tree-level squared matrix element of the 2! 1-type process:
R+(gr1;0 )+ R (grz2;qp) ! coml:
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LLA evolution w.r.t. Inl=

In the LL( In 1= )-approximation, the Y =In1 = -evolution equation for
collinearly un-subtracted C-factor has the form:

2 Z
d
Can= (@ ) @)+hs = & PkiK(kFiaP)C iar ke
with *s = sCa= and
1
KKFiam) = 557z * @ 2k 2,07
T

where ! g(q%) 1-loop Regge trajectory of a gluon. It is convenient to go from
(z;g71)-space to (N; x1)-space:
Z _ Z1
CN;x7)= d® 2qgr X797 dxx™ ' cx qr);

because: R
I Mellin convolutions over z turn into products: dTZ ! Ni
k+1 ok 1 £
- . +
| Large logs map to poles at N =0:| £* In* =1 Nkt

I All collinear divergences are contained inside Cin xt -space.
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Exact LL solution and the DLA

In (N; gt )-space, subtracted C, which resums all terms / (*s=N)"
(Complete LLA) haS the form [Collins, Ellis, '91; Catani, Ciafaloni, Hautmann, '91,'9

. gg (N; s)
C(N;dt; F)= R( gg(N; s)) gg(c:\lz—’ )
T

where ¢¢(N; s) is the solution of parszewicz, 521

|Q
LINETS

S (N )=liwith ()=2 ) () @ )

where ()= dIn( )=d Euler's -function. The rst few terms:
A N4 N6
S

ga(N; s)= = +2 (3)W+2 (5)N—56+ T

{z }

LLA

FLA [Bimlein, '95]

T8 Pg(z! 0)= A+
The function R( ) is

R( gg(N; $))=1+ O( g)

4.
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Fixed-order asymptotics from HEF

When expanded up to O( s) the HEF resummation should predict the
4 M2 asymptotics of the CF coe cient function h i
Forthe + g! cc 3S§l) + g we have

h i computed !'1 limit of the z and
Forthe g+ g! cc s{’;3p{Y;3pM = p2 =M 2-di erential NLO scaling
the NLO and NNLO( 2 In(1=2)) terms in functions in closed analytic form,
N are predicted [M.N., Lansberg, Ozcelik '22]:

State AlMT T AT AlmT B[] -
1 Z Z H

So 1 1 - - E
3 z ¥

S 0 1 0 =

Z Z
%po 1 o =+ % =t
°py 1 2l v+ % ) ]
and obtained numerical results for
le o= LAl a o NNLO scaling function ¢z in front of
2 3

. w2 sinl+ ).
+—ZCA4A[1m]+ Agmlln —5 0
F L

et

2 1
v = n = c} 2alMly glml
3 9
2 2 2
ml, M mj, 2 M 3,7
A —2afMn? 5003
F F




Inverse Error Weighting (InEW) matching
Development of an idea from chevarria et al , 18] :

Mo)=wer( )Mer( )+ @ wer ()M rer ();
the weights are determined through the estimates of errors
A2
cr () :
MO g ()
I~ ¢ ().is due to missing
higher orders-and large
logarithms, it can be

estimated from the
expansion of “yer ().

wWher () =1 wcr():

wer ()=

I~ ger () is (mostly) due
to missing power
corrections in 1=
N Her ()—A HEE e
determine A and per
from behaviour of
“er () Mer(l) at 1




Matching with NLO

The HEF is valid in the leading-power in M?2=8, so for4 M2 we match
it with NLO CF by the Inverse-Error Weighting Method echevaria ~ etal. |, 187 .

c-hadroproduction
z= M2=4:

HEF
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Vector quarkonium photoproduction: dynamical scale

Matched results for J= photoproduction can be further improved by
noticing that in the LO process:

h i
@+ g(p) ! QQ s +g;

the emitted gluon can not be soft, so that hsi, , (25 GeV? at high P Sp
for J= ) rather than M ? can be taken as a default value of 2 and %:
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Il. Exclusive J= photoproduction
at high energy

In collaboration with
Jean-Philippe Lansberg, Saad Nabeebaccus, Chris Flett,
Jakub Wagner(NCBJ, Warsaw) and Pawel Schnaider(NCBJ, Wars aw).
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Exclusive photoproduction of vector quarkonia

I Hard exclusive reaction, similar to
DVMP, but not deeply virtual ( ' O,

? photon). The quarkonium ( J= , )
massM§ &co provides the hard
scale

| Experimental data on (W ) and d =dt
are available from ep-collisions (JLAB,
HERA, COMPASS) and UPCs (ALICE,
CMS, LHCDb)

| Collinear Factorisation(CF) is not

proven to all orders for the case when
+ similar diagram with quark o' 0, but complete NLO computation
GPDS! Starting from NLO [Ilvanov, Schaefer, Szymanowsky, Krasnikov, 2004] in
CF was done and it formally works.

Quarkonium is treated non-relativistically , either using (z;kt) obtained
from Schodinger wavefunction (only at LO and usually in th e high-energy
regime) or even resorting to the static approximation

(z)/ R(0) (z 1=2), which corresponds to the strict LO in relative
velocity of QQ in the bound state (v?).
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Collinear factorisation

71

X dx
A= (@ Og vt G LI G
i=aqg 4
CF coe cient function: Ci = C? +( s( r)= )C® + :::, with LO:
2
© [y \= X“c .
Cg” (%) X + X T

wherec=(4 seepR(0)) =(m%=2p 2N ). Ry (0)=1 GeV %2 and
R (0) = 3 GeV 32 from potential models and NLO decay widths.

In our calculation we use the complete NLO result for coe cie nt
fUnCtiOnS [Ilvanov, Schafer, Szymanowsky, Krasnikov, 2004]
GPDs:
1Z d
_ Y _ixpty 0.0 q + q .
Fosso= 5 ——¢ hpssy * S 5 ipiSiiyr =y, =0
1 z d
y xp * 0, 0+ + .
——e" Y hpisIFT £ F T L jpisiyeoy, 0

FQJSSO = p+ 2 2

are parametrised as ( = g¢;0Q):
+ i’
Fiss 0= 55+ Uso(po) Hj + Ej5— us(p :
' 2P+ 2m
P 35/66



GPD input

For numerical calcuations we use GPDs obtained as the result of full LO
GPD evolution  w.r.t. ¢ with initial condition at o =2 GeV, given by
the double-distribution ansatz (without D-term):

i Ly A
Hi(x; )= d d ( + x)fi(; )
1 1+ j
with the following model for DDs:

8 o .
< L)) fori=g;
fi(; )=h(s ) . ( )aa (j j)  for valenceq;
sgn( )sealj ) for seaq:
; oy = @2 ni+2) (@j pz )M
where the prole function hi(; )= 22ni+1n2(ni+1) @] o ; with

Ng = Ny =2 and ng =1 as in GK model. A range of values for nq was
tried with very small (few %) numerical e ects on the cross se ction.
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High-energy instability of NLO CF
The ¢ -dependence of theLO vs. NLO CF calculation:

_ LOCF
s NLO CF ezz=a

2 10" F NLOCF  DLA HEF E==3 3
[0} GPD: GK + CTEQ6M, GPD evol.

o M=3.1GeV

S, M= eMug=aM ¢ [0520]

£10° F

E

I

5

a

S

o

ke

1 Il Il
10
10 10?
W, [GeV]

The instability is caused by the high-partonic-energy ( j xj. 1) DGLAP
region [lvanov, 2007]

21 71
d—)z(Fg(X; . )CP(x ) dX—X =In }; if Fg(x) const and C®  x:
And for x we actually have: ( )
i jxj M3
o) e Moo oo
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HEF for imaginary part of the amplitude

HEF-resummed result for the imaginary part
in the DGLAP region ianov, 2007]

. 2
i c .
¢ ()= - daf Guli fia)h(a?);
0
where = =x and (in the LO in v and s):
2y M
h(qT)_ Mé+4q‘2r
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HEF-resummed coe cient function

Resummed coe cient function in N-space (n = *s( r)=N):

- 2 N
(HEF) _ _ic Mg N
Cq (N) 2 4 sin( n)’

Resummed coe cient function in  -space:

s —( )

ic s L p b k

c®R ()= S —__ ;2 CL 2 Lix( 1) L ok 1 P T
2 jj L k=1 L
whereL ="sInl5 jandL =In[M&=(4 )].
The 1-behaviour is governed by the singularity at N = " g:
CéHEF) ( ) Ns.

so the hard Pomeron intercept in DLA is s, not 4”5 1n 2 like in the full
LLA.
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Matching of the CF NLO and HEF-resummed coe cient functions

The C{™P (') can be expanded in s (up to overall factor ic= 2):

o n M2 A2 2 M3
+ 2l -2 +SIh= —+ZIn? =8 +0(3,
I('—{z—lg /] {24%} jj jj 6 2 42 (

- —SCél‘ asy.) x )

To avoid double-counting with NLO, we use the following subtractive
matching prescription :

e ()= e )+ =LelBx )

vl =ik =(Remen ooy Gy )
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Numerical results, r =2M, F-variation

The ¢ -dependence of theLO vs. NLO CF and NLO CF DLA HEF
matched calculation:

_ LO CF
o 5 NLO CF ez
2 10" F NLOCF  DLA HEF E==% E
0] GPD: GK + CTEQ6M, GPD evol.
o) M=3.1GeV
=X 4 ME= M, pg=2M, ¢ [0.5:2.0]
%10 E

I pyd,
Sw

p

=

1S
R

d (

[
o
(N

Points H1l dataon d=dt att' O.
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Exclusive J= photoproduction in CF HEF
9-point

ds(@p ® Jly p)/dtlqmi, [Nb GeV?]

Juny
o
Gl

=
(@]
N

[y
(=]
w

¢ and gr variation:

T . . —
CT18NLO: 9-pt vair——
CT1I8NLO:ng =zg M, m =M =<<1
| CT18NLO:E =z M, ng =M ==z=a
NNPDF31sx-nlonlix-as-0118
CT18ZNLO
JR14NLOO8FF
MSHT20-LO-as130——
MSHT20-NLO-as118
E H1 (2006) +—a—

x x

GPD: GK, GPD evaol.
M=3.1GeV

zpr 2 [0.5:2.0] E
NLO CF A DLA HEF
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Exclusive J=

photoproduction in CF HEF

Comparison to data on d =dt (tmin ), extrapolated from total cross section
data at various energies:

tmin), NbIGeVZ

d fdt(

10000

1000

NLOCF DLAHEF: g = ¢ M, i = M, b2 init, memm
H1-2006 —H&—

10

L
100

W, GeV

L
1000
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Results for (1 S)

wmin [Nb GeV?]
8»—‘

ds(gp®  p)/dt,

CT18NLO:my
CT18NLO:nE = zg M, nk

T
CT18NLO: 9-pt vai——
=zgMm=M =<1
=M z=Z=za
NNPDF31sx-nlonlix-as-011 g
CT18ZNLO
JR14NLOO8FF
MSHT20-LO-as130
MSHT20-NLO-as118 - - -
ZEUS (2008)-+—

GPD: GK, GPD evol.
M =9.46 GeV
zp 2 2 [0.5:2.0]
NLO CF A DLA HEF
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v2-corrections to exclusiveJ= photoproduction CGC

Plots from hep-ph/2204.14031 CGC calculation without and with
O(v?)-correction:
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[Il. NLO impact-factor for the
forward . hadroproduction
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Inclusive heavy quarkonium production at moderatepr in CF

It is well known that quarkonium production pr spectra at pr & M are not
described by collinear factorisation computations at NLO. Example: .
production at LHCb web, 249 (left panel d =dp 1, right panel: ratio to J= ):

p(P1)+ p(P2) ! c(p)+ X; parton level e.g.: g(x1P1) + g(x2P2) ! cc[ls([Jl]] + X,
with S = ( Py + P;2)? and p? = M 2. Cross section in collinear factorisaton
lax ZZ\ax

d M2 Mte M?2z(1+ ) dni (i z;p2)
= d fi p—: ¢ fj —p—re’; ¢ —LFT4
dpfdy S et gyl YRR dzdp?
Zmin
where =%=M? 1 with §=Sx1xZ,z:Xp;+,MT=pM2+ pz.
171
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High-Energy Iﬁactorization, forward . hadroproduction
The LLA ( ¢ In" 1) formalism (colins, Eliis, ‘91; Catani, Ciataloni, Hautmann,
n

'9.1,'94] X )
Physical picture in the

LLA :
8 ‘ 2 The LLA in In(x2P, =p ):
X1Py ! P S H “er (P =(X2P, );2) /
; A Y
: 9 dg  dgic qu a2 5w H(g ;ad;2);
qiat " 0 0 2
$ \oaoooooks Ko The LLA in In(5=M2):
| 2
I C Migr (8=M%;2) /
\aoo000000, k,  k; 2 A 2
| dqfC 5iafi i dg H(q :qf;2):
. [ , 0 0
X2P, 11k ' Xx2P,

Two kinds of LLA are equivalent up to NLL terms because
8§ _ X1X2S _ M2+ pfxoP, _ M2+ p2 xoP, |

M2~ M2 M 2 M 2
a P 48/66



The Leading Order

The LLA resummation formula for p2? and z = p =q -di erential partonic
cross section:

z

drg 17 8

Gl - e aulled Gzt Fior HE (@fizipd);
2

1 $ . 2.

2M—2Gg Mz PTioFLR H(ngO) (p?) @ 2);

With  [kniehl, vasin, Saleev, '06]

D i
1ll]
323 2( g)M? 0 7S 2 2y,
I > 3 3 1 2z (@t pT)
NC(NC 1)(M + pT) M
D h iE
where O 'Sl =2NjR(0)j>=(4 ).

Loy _—
H 99 -

In this talk we will compute H{y® (q2;z;p%), which includes virtual and
real-emission corrections.
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The Gauge-Invariant EFT for Multi-Regge processes in QCD

| Reggeized gluon eldsR carry (k ;kt;k =0): @R =0.
| Induced interactions of particles and Reggeonsitipatov 'ss,
'97; Bondarenko, Zubkov '18]
h i
L= g—tr R-@@ WIA ] WA ] +(+ $ ) ;

2 3
X
R
with Wy [x ;x7;:A ]:Pe><p4—'29—5—1 dx 0 A (x :xO;xT)S:
1+ igs@ Ia 1_

| Expansion of the Wilson line generates induced vertices

tr Re@A +( ig)(@R:)A @'A)
+( igs)*(@R-)A @'A @'A )+ O(@)+(+ $ ) :
| The Eikonal propagators @ * ! i=(k ) lead to rapidity
divergences , which are regularized by tilting the Wilson

lines from the light-cone (Hentschinski, sabio vera, Chachamis et al
'12-'13; M.N. '19]

n ! r =n +rm ;r 1: kK =7 k
The terms for conversion of the result into any other
regularisation scheme for RDs can be easily computed. 50/66



n n
Rg! cc i andcc 23S @ 1 loop

Interference  with LO: + \%%um<

Induced Rgg coupling diagrams:
Some Rg-coupling diagrams:

and so on...
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| Diagrams had beer,generated using customFeynArts model- le,
projector on the cc ‘S -state is inserted

I heavy-quark momenta = po=2) need to resolve linear dependence of
quadratic denominators in some diagrams before IBP
I IBP reduction to master integrals has been performed using FIRE
I Master integrals with linear and massless quadratic denominators are
expanded inr 1 using Mellin-Barnes representation. The di erential
equations technique is used when the integral depends on moe than
one scale of virtuality.
I In presence of the linear denominator the massive propagata can be
converted to the massless one:
2,02 2
2 A+ )+ m-Eny -
1 = 1 + (//+ : ?
(R + k)12 m2) (A )+ ke )T+ m)2 (G DA RO+ m)2(12 m2)

) all the masses can be moved to integrals with only quadratic
propagators

SEE€ [hep-phi2408.06234] for details.
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n
Result: Rg! cc 18([)1] @ 1 loop

Result mv, 23, 29 for 2< Hixlo

1o " !

2 N 1 x1P7)2 25 2n 3 1

— _20+ Z N¢ In %+ 4F _OnF +F o (q%:M 2)
q2 azr 6 3 2N¢ 9 So

Cross-check against the Regge limit of one-loop amplitude ( = g% =M ?2):

(g1 ) (On-shell mass CT)
( s':(Z NHo (a7)

<

Points the function Fls[ll( ) extracted form numerical results for
0

interference between exact one-loop and tree-level QCD amplitudes of
g+ g! cc*SM]+ gats=10°M?2. Solid line analytic result from the
EFT.

53/66



Real-emission correction
The real-emission contribution:

gixaP)+ R (@) ! od"splI(m) + g(k):;
to the coe cient function is given by:

d 22 Hgrg(qr;pr;2),
)2 z1 2z2q2 °

HORO P (aF12;p3) = S RIHED (p2)

where the function Hgrg (qr;pT;2) is very complicated.  The following
subtraction term ( O( ) terms not shown):
2 3

b. 2CA 1 z
Igt =S ot pgg(z;qT;pT)Z;
Kf "1 22+ r X1
(x1P;)?

2,2 2 2 .2 2
where pgg = z(1 z)+2 Pt _(apr)®  3Kgpt 20¢rP1)° captures it's
. . . zkypt kipt
singular behaviour in:
I Regge limit: z! 1,kr=qr pr Xxed,
I Collinear limit: k1 ! 0, z- xed
I Soft limit: ky! 0,z! 1
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Real-emission correction, nite part

" 4
d Hgj(d7;p7:2) (sub) (r:priz:r =0)

HLO) (p2 )
P 2 z(1 2z)g2

(n) (QT ZpT) S; R)

Zam :

This contribution is nite for kt ! 0Oandz! 1 and can be safely
convoluted with the resummation factor or unintegrqted-PD F in qr and
gluon PDF in z.
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Integrated subtraction term

4
2
int. sub. 2 2 .
Hg? sub.) (q2;z;p2) = 5; R)ZE_ST_E_ d? 2 kTJFSUb)(QT;qT kt,z;1)

S_gO) (CIT kT pT)_ H(lnt sub. 1) + Hgjnt. sub. I1)

. Z
it sub. ) _ s( R)CA  d |;T 1 ., Peg (Z:G7:P7)
kT (l Z)+
5 #" ) #
1 rk Pt 2 @m 2
@ - T @@r kr pr) 55 @(r pr) Hgy (p?)
2 (xaPy)? p? + k2 !
I
) 2
ngnt. sub. 1) _ s( R)H(LO) (02) (P2 q2) 4 ) —
( . r ) pz )
1 Ca 0l Ca Pt 2 2
—Pgg(z)+ 1 z) —+ ——+ —1n —Ca +0O
g9 (2) + ( ) ot xiPf) B ()
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Rapidity factorisation schemes

The In r-regularisation is equivalent to the cut in rapidity, for HEF we
need to cut in target light-cone component k :

(HEF-sch.) _ (LO) (2.2, 1 o 4 5 2
Hygj (9%:z;p%) = —HZ (ar:pt;2) - > Ca + §CA 5 ° ?CA
Ca o Pkt p? 2
=2 HE (p7) Kz @(qr kr pr) ﬁ @(@r  pr)
Inr +1In Jk—TJ ;
where ' g =(M?2+ p2)=(x1P; ). The blue terms come from R

self-energy.
In BFKL  we cut in In(s .¢g=%0):

- 1 4 5
H;?FKLSCh') (a%;z; pT)_ H(LO) (9%:p%iz2) = ?0 Ca + ECA 6 °
z
Ca dsz p2
SR 08 G P ko) e Plar p)

1 Inr +In —}9—X1P1+
2 So
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Impact factor, HEF scheme

Hg\éLO, analyt.) (QT ‘z: pT) — Hgjnt. sub. 1) + ngnt. sub. 11) + Hg}lLO, V) + H(gb}IEF-sch.)

_ Ca 00 2 d’kt 2 p? 2 1
e G B e CL U DB G R e
2 A2 2 2 ~2 2 2 2
+z(1 Z)+2kTpTzk%(;|3($TpT) 3kTka%‘2)52—kTpT) + (1 2)n M?+ pr k;pT
2
+ SCAHLO (02) (g2 p2) I —5-Py(2)
2 p2
+ (1 2C i, 2 2Ce 2+ 2| Pt + ol ; +F 2=Mm2
L 2) SCa+3C 2o F 3z oln 5z 15 (PT=M7)

This result should be added to the H{j” .
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Impact factor, BFKL scheme

| (NLO, analyt., BFKL) (nt.sub. ) oyt osub i) [P(NLO,V) 4 (BFKL-sch,)
99 g gj g

(ar;z;pt) = Hy

_ sCa 00 ;.2 d’kr p% @) 1
- —HQQ (p7) F (ar Kt pT) p_zr T k_zr (ar ppT) 1 2)
2.2 2 2.2 2 =
+Z(1 Z)+2 kT pT z(k;—pT) 3kT pT 22(2kT pT) + (1 Z)ln i SO.
zk2p2 k2p2 jkrj
c 2
+ 5 HE (PT) (@F PT) I i Pa(2)
T
2 4 5 2 2 2
+ (1 Z) ECA + éCA 6 0 ZCF 2+ § In rF‘)n_Tg + o0 In é + Flsgl (p‘% =M 2)

n.)

This result should be added to the same H(gg
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Impact factor, g+ R channel

H g\g‘]LQ analyt.) (qT 1z pT)
_ sCr 00 ;.2 dkr pi @
== Hgg’ (PT) k-%— (ar kv p71) p% T k% (9r  pr)
2 2* 41 2) (krpr)?
z z k2 p2

2
+3-Hew (PT) (@F PT) I S5Pu(2)+ Crz
T

This result should be added to H(") computed using the subtraction term
(O( ) terms are not shown):

krpr)?
k%p?

together with the complete NLO matrix element of the process
g+ R! g+ g: Hrq-

qu—zkz (2 2> 401 z)(
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Numerical cross-check against NLO CF computation ¢ + g channel)

Expansion of the NLL HEF result should reproduce the § M?
asymptotics of the full NLO CF computation:

dAéLgOWLO) _ H (NLO)
L :
R 42 NLO! NLO, !
=ng Lo HIO (qrizipr) H 9 ©izipr) (2 q2) -

ar

Prellmlnary numeﬂcal comparison )
(r= 7M 2+ p2): Dashed lines NLO CF

results by M. Butenscton ,
solid lines NLL HEF
prediction.
The NLO CF computation is
done with the cut on
§> X 8min with
Smin :2MT[MT+jij] M2

kilematical lower bound of §
for given pr.

X =1,blue X =10

wil NN andred X =100, magenta
; - h X = 500.

pr, GeV

(MBrJLo) x00 - - 3

~(NLL NLO asy.), X= 500
~(NLL NLO asy), X=100

~(NLL NLO asy), X=10
INLL NLO asy], X=1

102

d ppldp 7, NbIGEV

61/66



Resummation function beyond DLA

The NLO result for the resummation function GCyg(X;qt; r; r) (1-loOp
virtual g+ R! g+real g+ R! g+gandg+ R! g+ q):

g 1 n 2 n n 11
o = s In—I CI; + i F In & + F F3 2on9 qT +RY
g2 X 2 12 6N 2 6N: 6N& 6 z
2
where Ry = & & iz "= s(R)Ca= .

1

n
2 1In % . The NDLA has one

In1=x or In 2 less per power of s. The resummed expression in NDLA
can be obtained from RG analysis (running of s+collinear
factorisation/DGLAP, ng =0):

The DLA resums corrections s “sIn

2
G = 1+4CaasRy 1+as oln X 1+In
F

f 3 2 gf@n i

whereas = s( r)=(4 ).

2 2
vagin_t 2%a, o, F_@ CoN (xa%; F; R);
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Numerical cross-check against NLO CF computation  + g channel)

Expansion of the NLL HEF result should reproduce the $§
asymptotics of the full NLO CF computation:

A (LO+NLO) A
99

dzdp2

[d ppldp 1l, nb/Gev

Preliminary numeﬂ'
( R= f =

10 105 ¢

2

1+As|ni|n—§+ (NDLA ©) H{Y +

M? " pt

cal comparison
M2+ p2):

10 10° |

10 107 |
1010 & CT18NLO,

E M=3GeV,j g
10100 |

10107 &

10 102 |

:MSJ’D: 13 TeV,y

" le ndeg, x1 - - 3

MB, NLO(gg), X=10
M8, NLO(gg), X=100
MB, NLO(gg). X=500
Y, NLLA, X=1

10 102
10!

pr. Gev

M2

s (NLO)
— €Hgg ¢
2

Dashed lines NLO CF

results by M. Butensclon ,

solid lines NLL HEF

prediction.

The NLO CF computation is

done with the cut on

§> X 8min with

8min =2M1[M1 + jprj] M2
kilematical lower bound of §

for given pr.

Green X =1, blue X =10

and red X =100, black

X =500.
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Numerical cross-check against NLO CF computation  + g channel)

Expansion of the NLL HEF result should reproduce the § M?

asymptotics of the full NLO CF computation:
dAéLgowLo) n z (LO) Ns (NLO)
W = — 1+A5|nM—$|n¥+(NDLA C) Hgg + @eHgg .

Preliminary numerical comparison
(rR= F=pr) Dashed lines NLO CF

‘ T T T T T e - results by M. Butensclon ,
——=c ( solid lines NLL HEF
prediction.
The NLO CF computation is
done with the cut on
8> X 8nin With
Smin =2M7[M7 + jp7j] M2

kilematical lower bound of $
for given pr.
Magenta X =10 and blue
X =100, red X =500.

d ppldp 7, NbiGeV

L
100 10!
pr, GeV
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Numerical cross-check against NLO CF computation @ + g channel)

Constraining $ from both sides:

8

min

X1 < <X 2:

p

— — 2 — —
R= F= MZ2+pg R= F=Pr

Neogx-10Nope100)  — —
ASYCI0) ASY(X-100) ——

INLopC10NbX100]  — -~ 3
IASY(-10)ASY(x=100)] ——
INLO(X=100}NLO(X=500) = — ]
IASY(-100-ASY(X=500)]  ——

ILO(X=100)-NLO(X=500) -
ASY(X=100}ASY(X=500) ——

HE=HREPT

Id  pp/dp 1, nbiGeV

d pldp 7, NbIGeV

100 10t b

07 b w02 b

102 1 10% 1
100 10t 100 108

Red 10< 8=8un < 100, blue 100< &=8nn < 500. Solid lines HEF
prediction, dashed lines NLO CF.
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Conclusions and outlook

I The complete NLO HEF coe cient function (impact factor) for  the
g+ R! cc[*SM] process is computed, including one-loop and
real-emission corrections

I The computation for other NRQCD-factorisation intermedia te states:
cc[*S; 2s¥:2p ¥ are in progress. The cc[*SIM] is more challenging.

I The result in HEF scheme is useful for the resummation of In $=M2
corrections in CF coe cient function

| The result in BFKL scheme is useful for the study of double- .
froduction at large rapidity separation

I The result in the shockwave scheme, corresponding to the cut in
projectile light-cone component ( k*) is easy to obtain. However this
is 1R-exchange only.

| The same computaion technology can be applied to the central
production vertices RR ! cc[n].

Thank you for your attention!
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The Cg coe cient (

Corl'sfiCr1= 12 ( +Dliz( 2 D+ E2( 2 +Li+6 (1)

(+1)2

1

+W ( +D12In2)( +1) 62+8 +3 g3 9in( +1)+2 2415

42 30In( +1)+ 2+63 +8 #?In( +1)+ 2 21
+18( +1)(2 +1)2%In( )+3 2 36 ;

whee Lg= L8 L{ ) Lp=2wim L ) o Py —ym Pv— P-—
L2=p 1+ )in 1+2 +2p 1+ ) .

and
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n
The Ca coe cient for gR! cc Sf!

20((@ +8)+2) 4 1

Cor['SfiCal= (D +1° Lia( )
(@4 +5+3) . L2
WT( 2D Fane
1 2
T8 O +1)° 2 1 (18In(2( 1) 67( +2)  67)
+18(n( ) 2%+ 5+ +3 +2 In( )+2 Z+In( )

(D% +DPN*C+De2C DO +DP +C+DC) InC 4]

+ 2@ (((15 +14) 3) 12) 6) ;
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I |
R ! cc 18([;3] @ 1 loop, cross-check

In the combination of 1-loop results in the EFT:

DTS (@ O

!
| +
!
|

the Inr cancels and it should reproduce the the Regge limit(s t) of the
real part of the 2! 2 1-loop QCD amplitude:

: 3 h oo
’ \ +gl cc s +g

: | The 2! 2 QCD 1-loop amplitude can be
P— computed numerically using FormCalc

(with some tricks, due to Coulomb divergence)

| The Regge limit of 1= divergent part

Solid lines QCD, dashed lines EFT, dotted agrees with the EFT result

lines

2Ca (= R s 2 | For the nite part agreement within few

% is reached, need to push to highers
69/66



F -variation

:M)

M, ny

Ratios (g, ng)/s (M

LO CF: s(me = M/2, nk = M)/s(

LO CF: s?rrk;: =2M, rrrn,kf = M)/s(ﬁ
- NLO CF: s(n = M/2, ng = M)/s(ng
F NLO CF: s(m: = 2M, ng = M)/s(m:
[ NLO CF A DLA HEF: s(m: = M/2, ng = M)/s (g
[ NLO CF A DLA HEF: s(n = 2M, ng = M)/s(m:

- ~
F GPD: GK, CT18NLO, GPD evol.
[ M=3.1GeV >
L n n n n |
10t 10?
Wy, [GeV]
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r-variation

s
I
£ LO CF: (M = M, g = MI2)/S (- = M, i = M)
s LOCF':sEpr:p;=l\/i,anQ:ZM)Is(%:M:%:M)
n NLO CF: s(m: = M, ng = M/2)/s(m: =M, ng = M) = .- .-
102 NLO CF: s(m: = M, Nk = 2M)/s(nf: = M, mg = M) - i
F NLO CF A DLA HEF: s(n: = M, ng = M/2)/s(m: = M, g = M) E

F NLO CF A DLA HEF: s(m: = M, ng =2M)/s(n =M, ni = M)

10°
10t |
I GPD: GK, CT18NLO, GPD evol.
[ M=3.1GeV
102 R(Z::vlzp) . L \2
10 10

R(zgzg) = s(M = zg M, ng = zg M)/s (g

Wy, [GeV]

The increase of r-variation of the matched result with energy is due to the
r -dependence of theC™™” () “sCrR) for 1 Q.
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Backup: DGLAP Py at smaII z

LO: Pyg(z) = Za + 11, = 3¢
Plot from hep- ph/1607 02153 Wlth my curve (|n red) for the strict LLA:

T o gN)=1) g(N)= =+2 (3)N_4+2 (5)N_6

The LO+LL and NLO+NLL curves represent a form of matchin g between
DGLAP and BFKL expansions, in a scheme by Altarelli, Ball and Forte  which is
more complicated than the strict LL or NLL approximation . 72166



E ect of anomalous dimension beyond LO

E ect of taking full LLA for gg(N)= —=+2 (3) +2 (5)——-+:::
together with NLO PDF.
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Scale- xing solution

Studied in [Lansberg, ozcelik, 207, [Lansberg etal , 211 . FOr J= photoproduction
Zhax
d (Ip_O+NLO) .2 M 2
- i + | + | R
ain 2 / 5 d In(1 ya( 'l )+ca( 'l )in z
0
.2 C (v » 2 :
fog(x ; F)+ C—qu\x ; F) + non-singular terms at 1
A
principle of minimal scale-sensitivity ) for
J= photoproduction
a( 11 )
"N =Mexp —————= ' 0:87M; ;
F ¥ (11 ) 1
for ¢-hadroproduction
e = M exp % =pM—é' 0:61M: ’
The ~f-scale removes corrections / 2In" (1+ ) from ,‘ ANi( ) and

resums them into PDFs. But is such resummation complete?
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