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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/1 photoproduction

4. Beyond DLA: NLO impact-factor for the forward 7. 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 (> Aqcp) hadrons in QCD =
(perturbative) production of quarks/gluons + hadronisation.
1. For light and heavy-light hadrons, hadronisation is studied
phenomenologically:

» Fragmantation Functions: based on factorisation theorems, fitted to
describe data

» 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 velocity (v) of
heavy quarks in the bound state:

|J/v)y = O(1) ‘cé [3551)]>+ O() ‘CE [3P§8)} +g>
+ 0(?) ’05 [1558)] + g> + O0(v?) ’c& [35‘%8)] + gg> +...,

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 (II): 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:
»> Small (or negligible) “valence” ¢ and b content — production
predominantly through coupling to gluons at high energies
» Clean experimental signatures for J/¢, T(nS), ...
> relatively small M, ~ 3GeV — access to very small
x~ Me Y/\/s ~107% — 1076 at the LHC.
2. A tool to study double/multiple parton scattering: due to significant
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
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Quarkonium production models
Unfortunately no existing model can describe all data on inclusive
quarkonium hadro/photo/electro/e*e™ production and polarisation
observables.
0Old ideas:

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

2. NRQCD factorisation: based on the hierarchy of different
colour/orbital momentum /spin states of the QQ@Q-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:
» reduction of the numeber of free parameters
» improvement of perturbative convergence

» phenomenological problems
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Quarkonium in the potential model

Cornell potential:
V(r)=—-Cr as(1/r) +or,
T

neglect linear part, because quarkonium is “small” (~ 0.3 fm) — Coulomb

wavefunction (for effective mass -"172 = Q).
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Non-relativistic QCD

The velocity-expansion for quarkonium eigenstate is a copy of corresponding
arguments from atomic physics:

o = owfepst]) <o <] o)
+ 00 fee ['87] +.9) + 002 |ee [517] +99) + ..,

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:

Axrqep = (J/¥ + X| xT(0)kn1(0) [0),

Different operators “couple” to different Fock states:
X' ©0)w(0) « [e ['s§V]) X (0)aiw(0) |z [Ps{V]),
xF(0)o: T99(0) ’cE 2], x1 () Diw(0) & ’cE [1PO]) .
squared NRQCD amplitude (=LDME):

SR = (0l shxalasx mnw]0) = (037
X

J
ol/v
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Non-relativistic QCD
Velocity-scaling of LDMEs follows from velocity-scaling of corresponding
Fock states and of operators X' kn1:

EORFI 1S<s> 35<8 TP 3 R0 3 p0 3 R0 1 p) 5 5 5 ) 5 pT)

Ne 1 ,\ vt B
J/ 1 vt ;\v‘l vl vt

he vﬂ_ v
Xco UQ(_A’UQ
2 2
Xel v (_A’U
Xc2 v? \m2

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 = miwzing
» Connection between LDMEs for ne and J/+ through Heavy-Quark

Matching procedure between QCD and NRQCD:
v < 1: Aqgep(99 = Yoo ) an (Yog 'u)‘ X" (0)kn1(0) 0) + O(v™),

4

= NRQCD factorization formula (“theorem”) [Bodwin, Braaten, Lepage 95°] :

a(9gg = H+X) =Y o(g9 = QQn] + X) <(93f>.

n
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NRQCD factorisation: pp-behaviour in pp

d d =
a7 PP = M X) =30 3 (r > QQln) + ) (ol).
At LO:

NLO7 plot from hep-ph/1403.3970 :
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Free parameters:
> For S-wave (S = 1) state (J/¢, 1(25), Y(nS)): *SI — known from
potential model, ]S([)S], SSES], 3P£8] — are fitted
» For P-wave (S = 1) state (xcs, Xb7): 3P£1] — known from potential
model, SSES] is fitted.
» LDME:s for S = 0 states (7¢,5, he,p) 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 mov? < mo

[Brambilla et.al., '22] . At LO in v:
Prompt cross section ratios:

B PNRQCD  OMS data

; 3N
" ¢sih) = 1RL O,

2J 4+ 1 3|R+ (0)2
<OH(3P£8])) — ;M&JO,

18N, 4
Haalsly L 3[Ru(0) 5 :
<O ( So )) = WTCFBO(), [— :L‘xf;:.e\m C\.‘s‘ﬁi.m(.m
5 1 3[R (0)2
" @sfy = gt WO,
c

1o » 0 100

pr (GeV)
where |R/(0)|? — radial wave function at the origin from potential model
for the quarkonium 7, and Eoo, Boo, 10,10 — chromo electric/magnetic field
correlators over QCD vacuum (i.e. independent on 7 up to RG running
Me — Mp).
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NRQCD factorisation: what does work?
» Un-polarized pr distributions of J/¥, xcs in hadro- and

photoproduction, as well as eTe™ data can be described. The same is
true for T(nS), xps(nS).

Solves the problem of non-cancelling IR divergence at NLO in CSM for
P-wave states production and decay through mixing with 35’58) or
IS(()S) states at O(v?).

Covers the gap between CSM (@QLO and NLO) and data at high-pr in
hadroproduction, due to contribution of CO states. 1t 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, [Butem’chon Kniehl, ’11]
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Problems: Polarisation

LDME fit

J /1 hadropr.

J /1 photopr.

ne hadropr.

Chao et al. + nc
Zhang et al.
Gong et al.
Chao et al.

Bodwin et al.

Butenschon et al.

(pr > 3 GeV)
(pr > 6.5 GeV)
(pr > 6.5 GeV)

(pr > 7 GéV)

(pr > 7 GeV)
(pr > 10 GeV)

J /v polar.
X

x X X X X

X

Global ﬁt [Butenschén, Kniehl, "12]

o/« CDF data: Run | /Il

Helicity frame
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E.g. hadroproduction dominated fit

[Chao et.al., "14]
1

/4 polarisation
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Problems: HQSS and photoproduction
LDME fit J/+ hadropr. J/+ photopr.  J/v¢ polar. 5. hadropr.

Butenschén et al. /(pr > 3 GeV) v X X
Chao et al. + 1. | /(pr > 6.5 GeV) X v v
Zhang et al. /(pr > 6.5 GeV) X v v
Gong et al. /(pr > 7 GeV) X v X
Chao et al. /(pr > 7 GeV) X v/ X

X 4 X

Bodwin et al. /(pr > 10 GeV)

J/¢-photoproduction at the EIC vs
z2=(p/uP)/(qP), using NLO caleulation

data by M. Butenschén
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LDMES Kniehl, Butenschoen, fit #1 ———
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Slides from M. Butenschon 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 al LOMES: Butenschoen et al. LDMES: Butenschon et al E —— Tow.NLO - ATLASdata

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

1
Py [GeV)

« Data fitted to is described within scale uncertainties, other observables not.
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Slides from M. Butenschon 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]

—— TowlNLO - ATLASdata

Brldy-

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
=77, 25 <y <4, hlcty 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.
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Slides from M. Butenschon at QaT-2021:

3.5 Chao et al. LDMEs: With n,

{
H

J/y Photoproduction

J/v Hadroproduction

15/18

1. Hadroproduction J/y + Z Hadroproduction

60 GeV < W < 240 Gev

== %Sl NLO
‘sl NLO
st NLO
Pl NLO
= Total, NLO
H1 data: HERAZ
LDMES: Chao et .

0 (p-y+ ) x Brliy) (06GoV]

COF data

Total, NLO
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doldpy(pp-+n, +X) [N0/GeV]

Chao etal. LOMES
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LDMES: Chao et al.
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10
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J/y Polarization (CDF)
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pr(Gev

J/y Polarization (LHCb

4 i
V& =1.96 TeV, Il < 06, helcity frame

Py

6 =7TeV, 25 <y < 4, heliy frame.

ivial: Largely unpolarized ]/
J/¥ hadroproduction pr < 7

R R R P
Py (GoV]

6 8 10 12 14 16 18 2

priGev)

10

Py (GeVI

Fit to CDF J/4 yield pr > 7 GeV (contraining two linear
combinations M, and M;) plus the LHCb 5. production
data (constraining <0//%(1508)>)

<07/¥(1508)>=0.73 +0.73, <0//¥(3518)>=1.0 +0.3,
<0//*(3P08)>=3.8 +1.1 [in 102 GeV? or 1072 GeV®]

Ref.: [Han, Ma, Meng, Shao, Chao, PRL 114 (2015) 092005]

compatible with data (although tensions to CDF data).
eV, ]/ photo- and J/3 + Z production not described.
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Slides from M. Butenschon at QaT-2021:

3.7 Bodwin et al. LDMEs

1

:
3
{

J/y Photoproduction

J/v Hadroproduction

1. Hadroproduction

J/y + Z Hadroproduction

60 GoV < W < 240 Gev

5 =319 Gev

s Direct°S)!
Direct 'S}
Direct ’s}!
Direct Pl
Feeddown

= Toul
H data: HERAZ
LOMES: Bodwin et .

daldp, (Pp-ly+X) x Bridiy-sy) [noiGev]

COF data
Feeddown

s Direct ’S'}!

s =196 TV
LDMES: Bodwin ot a

daldpy(pp-»n,+X) [nbiGeV]

ey

G=8TeV -
LDMES: Bodwin ot 31+, _

= Direct ’s!/! *
Direct'Sf!

Bodwin ot al. LOVES
G =8TeV.Iy, ) <21
Prompt Jiy, SPS

10
#f1GeV]

J/y Polarization (CDF)

A% B 10 12 14 16 18

pr (Gev]

J/y Polarization (LHCb)

V5 =196 TeV, | < 06, heliy frame

V6 =7TeV, 25 <y <4, halkity frame.

510 0

R
or [GeV)

T e 0
Py [GeV]

0 12 14 16 18
Py (GeV]

5 8

Pr

. (Gev]

Fit to J/1,(25), x; hadroproduction yield with py > 3my,.
Includes resummed FFs (we don‘t here — 2nd plot: small deviations)
<01V (1508)>=11+1.4, <0//¥(3518)>=-0.7140.36,

<0%e0(3P01)>

-0.2640.27,

.94 +2.43, <0%e0(3518)>=0.5740.13 [10~2 GeV3 5]

Ref.: [Bodwin, Chao, Chung, Kim, Lee, Ma, PRD 93, 034041 (2016)]

« Nontrivial outcome: Unpolarized J/3 compatible with data.

But: Small- and mid-p; J/y hadro-; ]/ photo-, n. and J/y + Z proi

uction not desc|
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z-differential J/v photoproduction

. P P
Variable z = ZLL2—
q-P
108 T T T T T 108 T T T T T
+  H1 data: HERA2 +  H1 data: HERA2
LDMEs: Butenschoen et al. LDMEs: Chao et al. (with n)
2 = 5| === % NLO
= 10% i 5 10 .
= =
N N
9 o [ -
e 10 b — Total, NLO e
2 2
S 3 i S
1 1
Q Q
S pr>1GeV? | 3 P
Q% <25 GeV? L QP <25 GeV?
60 GeV <W <240 GeV .60 GeV < W <240 GeV
Vs = 319 GeV ’ Vs = 319 GeV

1

B L
0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

1
0.5 0.6 0.7 0.8 0.9

The “hadroproduction-dominated” fits actually describe the data for z < 0.6
!
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Inclusive heavy quarkonium production at moderate pr

Quarkonium production pr spectra at pr 2 M are not described by
collinear factorisation computations at NLO. Example: n. production at
LHCD [Luco, 241 (left panel do/dpr, right panel: ratio to J/v):

doy, /dpr [nb/( GeV/e)]

T T

—+ pua

[ ] NLoNrRQeD €S
NLO NRQCD CS+CO

—— Madified NRQCD

LHCb, 2.2fb~! .

V5 =13 TeV
2.0 <y < 4.0
;

10 15
pr [GeV/e]

doy, /dpr [nb/(GeV/e)]

- T T T N .
E LHCb, 2.2 —I paa
[ Vs =13 TeV [] nLonraep Cs
F20<y<4.0 NLO NRQCD CS+CO
F — Modified NRQCD
n — —[_.:I: E
—+ ]
g
3 10 15 20 25
pr [GeV/c]

» NLO CF overshoots the data for 5 < pr < 8 GeV: nothing to do with
TMD /Sudakov logs (Inpr/M) which contribute only at pr < M ~ 3

GeV

» Physical shape of the pr-spectrum is reproduced in kr-factorisation

calculations [Kang, Ma, Venugopalan ’13; ... Mantysaari et al. 24 | at LO in as
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Intermediate conclusions

» NRQCD factorisation remains the “standard theory” of quarkonium
production, pNRQCD factorisation or introduction of shape functions
(talk of Luca Maxia last week) are based on the v2-expansion

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

» 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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I. Inclusive quarkonium production
at high energy

In collaboration with Jean-Philippe Lansberg and Melih Ozcelik.
Based on JHEP 05 (2022) 083; Eur.Phys.J.C 84 (2024) 4, 351 and ongoing
work

22 / 66



Perturbative instability of quarkonium total cross sections
Inclusive n.-hadroproduction (CSM)

[Mangano et.al., 97,

pp = @ ['SE+X, LO: g(o)+g(p) > e ']

..., Lansberg, Ozcelik,

120

o(y/3pp) = fi(®1, uF) ® fi(w2, tF) ® 6(2),

r2
where z = %

with § = (p1 +p2)2.

Inclusive J/¢-photoproduction (CSM)

[Krémer, 96, ...,Colpani Serri et.al, '21]

~+p — ce [35'{1]] +X, LO: v(q)+g(p1) — cc [35'{1]] +9,

a(/5vp) = fi(z1, 1r) ® 6(n)

where 1 = 55

5—M?

with §

=(q+p)* 2
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Partonic high-energy logarithms
/ d
o(z) o [ ZCE @/ 0),
0

where fg(xvf'LQ) = xfg(x,;f). ~
Suppose for z < 1: C(z) ~ o () In"(1/2) and fy(z, p?) ~ 2=, Then

for z <« 1: N

MSTW-08-NLO

QppF
CAa,
us
4 CAlog(2) as
us
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High-Energy Factorization (J/ photoproduction)

—1 .
The LLA. (Z Oé: h’ln ) formahsm [Collins, Ellis, '91; Catani, Ciafaloni, Hautmann,
n
'91,794]

. . . +
Physical picture in the. The LLA in ln% =InZ ~In(1+n):
LLA for photoproduction: 9
ANN———— &1}?&11:/5) (7]) X
H 1+n oo
d .
/ Zy/dq%“lc (#nvqgrlquHU’R)H(yaq%l)a
| 1/z 0
QT:T The strict LLA in In(1+7) = In 2
e stric in In =In5:
ILszszszszszszsvlc;r < ki ! M
~1ln(1
! C O-HéF+n)(77) x

!
!

2000000100009000000000/ .
The LLA(In(1/€)) contains some (N..)NLLA

+ ot
L= = ki =Py contributions relative to the LLA(In(1+7)).
The coefficient function H has been calculated at LO{xnien1, vasin, Saleev, '06]

and decreases as 1/ y? for y > 1.

| oo ®
k+ < k+ 1 P d
ILQQQQQQQQ.QJ 2 1 /dq%lc —’qi—]’/LF’/LR /—y’H(y,qQH)-
1+n Y
0 1/z
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High-Energy Factorization (7. hadroproduction)

Y, %
ki ’fg g ! ’f"gfl b
fo (2r) e A L R fo (2.r)
~ ———
Pt Cyg(z+,ar1)  HI™(apy.ar2)  Cgqlz-.arz) Py

Small parameter: z = MT2, LLA in " In" ! é:

. [e'e) [e'e] ]\/[ ) ‘
Uz[j b HEF(ZvﬂF,MR) = / dn/dQTldQT2 gi (A—/[T\/zaquTn/iFv/iR)
—oo 0

Mr _ .
><ng (W \/g()' '7’ q%Za HFs UR

)/@H quvqT27¢)
2 M2
0

The coefficient functions H!™ are known at LO in QUs [Hagler et.al, 2000; Knichl,
1g(1,8) 3p(1.8) 3g(8)
0 ’ J ) 1 -

Vasin, Saleev 2006] fOI' m =
The H'™ is a tree-level “squared matrix element” of the 2 — 1-type process:

Ry(qri,q) + R-(ar2,q; ) — ce[m].
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LLA evolution w.r.t. In1/¢

In the LL(In 1/£)-approximation, the ¥ = In 1/¢-evolution equation for
collinearly un-subtracted C-factor has the form:

1
e.ar) =501 - 9otai) +a. [ £ [ @ ke (Ear i)
13

with &s = asCa/m and
1

52-26) (e, 2 2.
m(2m) ~2¢k3, + (k) 2wq(ar)

K(k7,q3) =

where wy (q%) — 1-loop Regge trajectory of a gluon. It is convenient to go from
(2, ar)-space to (N, xr)-space:

1
C(N,xr) = /dQ_QeGIT e*Tar /dﬂ? N1 Cla,ar),
0

because:
» Mellin convolutions over z turn into products: f % — %
PRI B
> =0: e
Large logs map to poles at N =0: [ag " " In € — NFF

> All collinear divergences are contained inside C in xp-space.
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Exact LL solution and the DLA
In (N, gr)-space, subtracted C, which resums all terms o« (&s/N)"
(complete LLA) has the form [collins, Eliis, '91; Catani, Ciafaloni, Hautmann, '91,794]:
2 Y99 (N:as)
Yeg(V,as) (q
C(N.ar, ) = Ry (N 225:0) (92 7
ar HF

where 744 (N, as) is the solution of [jaroszewicz, s2]:

Qs .
w7 X(799 (N, @) = 1, with x(7) = 20(1) =9 (7) = (1 =),
where 9(v) = dInT'(y)/dy — Euler’s ¢-function. The first few terms:
B Qs il as

799(N7 aS) - W +2C(3) N4 + 24(5) N6 +...

-
LLA

DLA [Bliimlein, ’'95]

L by Ppg(z = 0) = 254 4
The function R(7) is
R(vgg(N,as)) =1+ O(oz:;).
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Fixed-order asymptotics from HEF
When expanded up to O(as) the HEF resummation should predict the
5> M? asymptotics of the CF coefficient function &
For the v+ g — c¢ [359)] + g we have
1) o) 1) computed 1 — oo limit of the z and
For the g +g — cc [150 3Py, 3P, ] p = p%/M?-differential NLO “scaling
the NLO and NNLO(a2 In(1/2)) terms in functions” in closed analytic form,
¢ are predicted [M.N., Lansberg, Ozcelik 22]:

[m] [m] [m] [m]
State A0 A1 AQZ 322
) 1 —t & %,
35, 0 1 0 n
3 43 2 2 Z 40
Po 1 —2r e +3 = i
il 0 51 ~9 4
3 53 1 11
P2 ! —a3s | 'ty | 'ty ) .
and obtained numerical results for
sl 0 = o[y {Agn]‘s(l -2 NNLO “scaling function” co in front of
N ] ] M2 as In(1+n).
+—2C04 A + A In

+<%)3 nl c? |:2Ag'”] + Bgm]

[m

), M2
+4A1 “In

2

M

- + 24 m? =
HE o

+o<a§)},




Inverse Error Weighting (InEW) matching

Development of an idea from [Echevarria et al., 187 :

a(n) = wer(n)éer(n) + (1 — wer(n))Fuer(n),

the weights are determined through the estimates of “errors”:

A& (n)
wCF(n) = ~—2 S ~—2
AUCF () + AUHEF(U)
> Aécr(n)ds due to missing
higher orde nd large
logarithms, it can

estimated from the as
expansion of égrr(n).

, whEF(n) = 1 — wer(n).

Dinewyg () —— T
6.5x08newyq (N ——

> Adugr(n) is (mostly) due
to missing power
corrections in 1/n:
A&HEF(W) ~ Aﬁ*aHEF We
determine A and aggr
from behaviour of
ber(n) — 6cr(oo) at n > 1.




Matching with NLO
The HEF is valid in the leading-power in M?/3, so for § ~ M? we match
it with NLO CF by the Inverse-Error Weighting Method [Echevarria et.at., 18].

.
n.-hadroproduction,
100 T T T m
z = M2/S cnam.o NLO+HEF, M=3 GeV
vs. subtractive matching,
— 159 1_state
ol 45-7000 GeV g9 107 £ chanets: “‘W.m‘a‘.q‘w‘a,
Lome Sl
_sow | =
H Ll
§ oow? 1 o 0, He g Spt.
2 LO+NLO+HEF subtr. match., g x Sp!. var
g LONLO+HEF InEW match., pg g 5pt. ==

5p
InW matching un(enxmty 4

LOMLOWEE, subtr. matching
L0~MLO‘HEF IV\EW ma(chl"ﬂ
g

wE 1 bt
525
szn\—/
Sist
10
Sosk ]
- e i o0 7 o f o
NLO, S o om e o ew an om om it EF « v [6ev]
. [ crienlo, nLosHEF, M=3 Gev J
| “default scale .
J/'l/) hotoproductlon, 0081352179 Gev? + 20w (D w(2s)
2 2, 0L
n=(5§— M ) /M n:
“"ﬁ‘u":s:z:m«” = [
e %
ES
CTIBNLO, VSy,= 700.0 GeV 7
feran <
*>m E | be,g 5Pt.
z tehing anceriainty

g, ThEW match.; i var =
LOMLOHER . ToE maten, We,p Spt. var, i

[ LOWNLOVHEF, TnEW, n(1en)-resumm. ——
LOWNLOSHEF, TnEW, n(1/E)-resum. —
LOSNLO, 1p=0.869*M, pg=M — ~—

do,p/dinin), b

* L

20100 Lttt d il p w[RG v 108
’ e 31/66



Vector quarkonium photoproduction: dynamical scale

Matched results for J/1 photoproduction can be further improved by
noticing that in the LO process:

the emitted gluon can not be soft, so that (5); 5 (~
for J/4p) rather than M? can be taken as a default value of u% and p

o(y+p-3/y+X) [nb]

v(q) + g(p1) = QQ [3S§”] +9,

-res.,

T
NLO+HEF InEW matching, M=3 GeV z<0.9

n(1l+n dynamical scale
L <c(35,l"|>.1 79 GeV3 + 20% (FD y(25))

DF31
NNPDFBlsx nlonllx_as_0118 — -

LO+NLO+HEF, ¢ p Spt. var, =
LO+NLO+HEF, CT18NLO ——
MSHT20;

Mo_as1ls — —
_nlo_as_0118 — -

Exp. data —@—

B

o(y+p-T(15)+X) [nb]
3

25 GeV? at high

/=

NLO+HEF, InEW matchmg, M=9.5 GeV, z<0.9

n( 1+n) res., dynamical scale
<op3s,M)>=10.7 Ge\/z’z 22%I(FD Y(25))+12.51%(FD Y(3S))

LO+NLO+HEF,

MNPmlsx nlonllx_as 0118 — -

M, 5Pt. var. £
CTI8NLO ——

Msmzanlo asllg — —

DF31_nlo_as_0118 — -

14
o012
]
;’; 10

08~

06 - .

10t 10% 102
Vsyp [GeV] Vsyp [GeV]
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I1. Exclusive J/v photoproduction
at high energy

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

» Hard exclusive reaction, similar to

M (par) DVMP, but not “deeply virtual” (¢* ~ 0,
L photon). The quarkonium (J/4, T)
mass Mé > A(QQCD provides the hard
scale

Wap ”ET @ » Experimental data on o(W,,) and do/dt
are available from ep-collisions (JLAB,
HERA, COMPASS) and UPCs (ALICE,
( CMS, LHCb)

~, » Collinear Factorisation(CF) is not
proven to all orders for the case when

+ similar diagram with quark ¢° ~ 0, but complete NLO computation
GPDS7 Starting from NLO [Ivanov, Schaefer, Szymanowsky, Krasnikov, 2004] in

CF was done and it formally works.

Quarkonium is treated non-relativistically, either using ¢(z, kr) obtained
from Schrédinger wavefunction (only at LO and usually in the high-energy
regime) or even resorting to the “static” approximation

¢(z) x R(0)d(z — 1/2), which corresponds to the strict LO in relative
velocity of Q@ in the bound state (v?).
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Collinear factorisation

1
" v dx
A= (59 gl Z —iver, Ci (@8 Fi(@, & ¢, pur),
i=q,97
CF coefficient function: C; = C'° + (as(ur)/m)C" + ..., with LO:

IQC

[z + & — ][z — €+ ie]’
where ¢ = (draseeqR(0))/(m 3/2\/27r Ne). Rj/(0) =1 GeV?/? and
Ry (0) = 3 GeV®/2 from potential models and NLO decay widths.

In our calculation we use the complete NLO result for coefficient

functions [rvanov, Schafer, Szymanowsky, Krasnikov, 2004] .

GPDs:

1 dy* izPty~ n —
FQaSS, = 5/?6 v <p/75/|¢q (Ty) WJqu (%) |p7 S>|y+:yL:07

Ci (z,€) =

1 dy™ . - _
Py = o [ S ) S () B (3) 5y o

Pt ) 2r
are parametrised as (j = g,q):
1 _ , + iot®
Fjsor = 5p7 [us/(P) (Hﬂ + E; 2y us(p)| -
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GPD input

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

1 1—-8|
Hi(z,€) —_/1dﬁl+/ﬁ dos(6 + Ea— z) fi(Bar)

with the following model for DDs:

1819(181) for i = g,
fi(B,a) = hi(B, ) x 0(B)qvar(|8])  for valence g,
sgn(B)gsea(|5]) for sea q.

ren;4+2)  ((=18)2—a?)™
222 (ng+1)  (1-]p])*nit?

ng = ni™ =2 and ny* = 1 as in GK model. A range of values for ny was

tried with very small (few %) numerical effects on the cross section.

where the profile function h; (3, a) = , with
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High-energy instability of NLO CF
The pr-dependence of the LO vs. NLO CF calculation:

— LOCF

s NLO CF ezzz1

3 10° F NLO CF ® DLA HEF === E

(6] GPD: GK + CTEQ6M, GPD evol

2 M=%‘ﬁev 2M, & € [0.5:2.0]

S, ug =Ce M, ug =2M, ¢¢ € [0.5:2. g
£10 ) \\\\\\Q\\\ g
i 3

— Jhp pyt
am

T

P
=

dof(y

O_

W, [GeV]

The instability is caused by the high-partonic-energy (¢ < |z| < 1) DGLAP
region ([ivanov, 2007] :

1 1
/gFg(x,f,up)O(l)(x,g) ~ / df = %: if Fy(w) ~ const. and oW ~ .
¢ €
And for £ < z we actually have:

iz M3 asy.
0;5,13(9375) ~ = 2|€ | In <ﬁ> X {CA,QC'F} = C'g”q}}')(x,ﬁ).
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HEF for imaginary part of the amplitude

HEF-resummed result for the imaginary part
in the DGLAP region (ivanov, 2007 :

[e'e]

—Z7T C
dai Ci(|pl, a7 )h(ar),

CFHEF)(p): 3 ||

7

where p = ¢/x and (in the LO in v? and a):

M
M3 +4dai”

h(ar) =
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HEF-resummed coefficient function

Resummed coefficient function in N-space (yn = &s(ur)/N):

. M2 TN
C(HEF) N o —1TTC Q TYN
g ( )_ 2 4 2 5 :
i2)  sin(myw)

Resummed coefficient function in p-space:

. ~ oo k
A(HBR) o Zmeds L ) Y oS Lige(—1) (£2) 20/I,L
g (p) 2 1o\ I, { 1 ( p u) ];1 igr (—1) L, 2k—1 ( o u) ,

where L, = &sIn1/|p| and L, = In[MJ/(4p})].
The p < 1-behaviour is governed by the singularity at N = &s:

Gy () ~

so the hard Pomeron intercept in DLA is &s, not 4és1n 2 like in the full
LLA.
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Matching of the CF NLO and HEF-resummed coefficient functions

The CéHEF)(p) can be expanded in as (up to overall factor —ime/2):

& M2 @ 1 [n% 1, (M3
5(lpl — 1)+ —Sln<—Q) +—=1In —[—+—ln < )}4—0045
Qo= 0% o \ag) "Wl 2 @y )| e
N————
:%Cél. ;\sy.)(m’g)

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

9.9

C(match.)(x7€) _ C!g(,)g(x’g) + Qs (7r )C!g,lg( §)

+{ G (g2 — Q2B o120 (0, ) (1a] )
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Numerical results, ur = 2M, pp-variation

The pr-dependence of the LO vs. NLO CF and NLO CF¢oDLA HEF

matched calculation:

T

— LO CF
N L5l NLO CF ez=z=

% 10° F NLO CF ® DLA HEF ===

0] GPD: GK + CTEQ6M, GPD evol.

o M =3.1 GeV

5104 ug = G M, ug = 2M, ¢ € [0.5:2.0]

~ 0t L
£

__u

5

S10%

2 ‘\\\

1 SRS ,\)&\\\

P NS5 22
i 10 , ‘4,0
E’ % %
10" :
10’ 102
W,, [GeV]

Points — H1 data on do/dt at ¢ ~ 0.
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Exclusive J/v photoproduction in CFOHEF

9-point pur and pgr variation:

[ CT1NLO: -ptv . =—= ]

o CTINLO: pg =g M, yp =M =<1

S 105 . CTINLO:ug=(eM,ug =M ====1

7 F NNPDF31 -nlonll - -011

1) F CT1 NLO ——

r JR14NLOO FF ——

2 L M HT20-LO- 130 ——

R M HT20-NLO- 11

10" F H1 (2006) —a—i

€ g

X r

g i |
= 10° F E
> : ]
3 g 1
= I GPD: GK, GPD evol. ]

1 5 M=3.1 GeV

a 10° F Lg R €[0.5:2.0] E
\;; E NLO CF ODLAHEF
S I ]

1 I |
10
10’ 107
Wyp [GeV]
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Exclusive J/v photoproduction in CFOHEF

Comparison to data on do/dt(¢tmin), extrapolated from total cross section
data at various energies:

T
NLO CF ® DLA HEF: M, g =M, b2 init. ©—= ~
Hr=Ce M, ug = 2o OO\ \\\\sk X
H1 2013 —l—~ R \\\\\\\ O
10000 LHCb-2014 —©— \ AN 5< 1
[HCb 2018 —@—. >><
ALICE-2014 +-
ALICE 201 \
H1-2008, do/dt data scaled &Q \
NN \»< ”
Y \\\ ! \
8 NS
2 N ‘\\ AN db
= SOOOOORX CI)Q)
£ SOOI * |
I}

dofdt(t

1000 [ OO\ X Tﬂ#
\ \\\\\&}( 4. 4
\\\ DX d#
RN\ X :
\

100F

10 100 1000
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Results for T(1.5)

—tmin [Nb GeV?]

do(yp - Yp)/dt],

102

T

CT1 NLO: -ptv .
CTINLO: pyg={g M, i =M
CT1NLO: pr =4 M, pg = M

NNPDF31 -nlonll - -011 -

1 NLO

CT :
JR14NLOO FF

M HT20-LO- 130
M HT20-NLO- 11
E (200)

—
o1
| raw.aval

—a—

GPD: GK, GPD evol.
M= .46 GeV

{rp €10.5:2.0]

NLO CF O DLA HEF

W, [GeV]

10°
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U2

-corrections to exclusive J/1 photoproduction CGC

Plots from hep-ph/2204.14031 CGC calculation without and with

O(v?)-correction:

108 p+y o p+ I/

— Yok, M08k = 4.61
- Y08k, mo,8x = 0.00
Q2 =0.05 GeV?

Ot [Mb]

Ttot [nb)]

ptY —p+I/Y

— Yopk. M08k = 4.61
- Y08k, Mo,k = 0.00

Q*=0.05 GeV?

2
?‘i — NLOKCBK v HI v HI
i?/} — NLOTBK o ZEUS ; o ZEUS
,I//’ ,' — NLO ResumBK ® ALICE ; h — NLO+rel ResumBK ®  ALICE
(il  LOLOBK % LHChH /,' ! © LO+rel LOBK % LHCh
10 10% 10 o ' 10% 10
W [GeV]

W [GeV]
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III. NLO impact-factor for the
forward 7. hadroproduction
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Inclusive heavy quarkonium production at moderate pr in CF
It is well known that quarkonium production pr spectra at pr 2> M are not
described by collinear factorisation computations at NLO. Example: 7.
production at LHCD [Lucb, *24] (left panel do/dpr, right panel: ratio to J/1/J)

= F T =
= 10'F b Q 12-LH(b 2ol —ow
% E [J NLoNrRQeD €S % V5 =13 TeV [ NnLoNrQeD s
(&) —_— NLO NRQCD CS+CO o 10 __ 20<y<4.0 NLO NRQCD CS+CO
< 10°F —— Modified NRQCD < E ‘ —— Modified NRQCD
4 S 8F
S —f— = r ]
£ 0F TR - g o — E
=z —F E = E i ]
3 — = 4F i =
& LHCb, 2.2fb~! i & o — ]
< 3 V5 =13 TeV E < F +— .
E ] E == ]
3 2.0<y<4.0 ] et == ]
1 1 1 L 0 i L L L L
5 10 15 5 10 15 20 25
pr [GeV/e] pr [GeV/e]

p(P1)+p(P2) = ne(p)+X, parton level e.g.: g(z1P1) + g(z2P2) — cE[lS([Jl]] + X,
)

with S = (P; + P2)? and p?> = M?. Cross section in collinear factorisaton:

Mmax Zmax
do  M? Te M?*2(1+mn) _ déij(n, 2z, PT)
dp dy S 0/ K / 4 f (\/_z F) fj< MrV'S e dzdp%

where 1 = §/M? — 1 with § = Sz112, 2 = %, Mr = \/M? + p3..
1P|
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High-FEnergy Factorization, forward 7. hadroproduction

The LLA. (Z Oé’; 11’1”71) fOrmaliSm [Collins, Ellis, '91; Catani, Ciafaloni, Hautmann,
n

'91,°94]
Physical picture in the
LLA:

The LLA in In(z2 Py /p~):
_)
S S H oupr (p-/(z2Py ), 2) o
| /dq_/quTC (q—,,q%,uF’uR>H(q_,q2T,Z),
_ CCQP2
q aQ# ) 0 0

\aoooooky” < k3 | The LLA in In(3/M?):
I .
| ¢ Guer(§/M?, 2)
1200000000/ ki < ki oo X oo
S b — —
| /dq%c (W>q%>/1’F7“R)/dq H(q 7q§"7z)'
I 0 0
$2P2_ — — kl_ ~ $2P2_
Two kinds of LLA are equivalent up to NLL terms because
i _ T1m2S M? + p2T 2P, M? + p2T x2 Py
M2 M2 T M? g Mz p=
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The Leading Order

The LLA resummation formula for p% and z = p_ /q_-differential partonic
cross section:

dey" 1 d’qr 5 9 (LO)/ 2 2
19 _ )
dedpl iz | T (b i) W (a2 ),
1 s o
= 2M2C19(M2‘7p%’7MF7HR)HgI§ )(p%)(S(l —2),

With [Kniehl, Vasin, Saleev, '06]

(LO) 32r°al (ur)M* <O [15‘[)1]}>5

2 2
% = NANE-D)(M2 4 pR)E a0 T #dar —pr),

where <O [15'([)1]]> = 2N.|R(0)|?/(47).

In this talk we will compute HE]I;ILO)(q%7 2,p%), which includes virtual and

real-emission corrections.
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The Gauge-Invariant EFT for Multi-Regge processes in QCD
> Reggeized gluon fields R+ carry (k+,kr, ks =0): 0z R+ = 0.

» Induced interactions of particles and Reggeons [Lipatov *95,

’97; Bondarenko, Zubkov ’18]:

L= gistr (Rt (WA ]-W A ]) +(+ o )],

with We o [v4, %7, AL] = Pexp [7_»29_1 jf dm':FAi(mi,m/:F,xT)] =
(1+ ig_;a;lAi)il.
» Expansion of the Wilson line generates induced vertices:
tr [Re07 A + (—ig.)(07 Ry)(A_9-"AL)
+(—igs)* (0T Ry )(A—9Z A0 A) + O(g2) + (+ + —)] .
» The Eikonal propagators 91" — —i/(k¥) lead to rapidity
divergences, which are regularized by tilting the Wilson

lines frOm the hght-COne [Hentschinski, Sabio Vera, Chachamis et. al.,

’12-°13; M.N. ’19]:

nf — nf =nl +rafl, r <1 EE=ntk.
The terms for conversion of the result into any other
regularisation scheme for RDs can be easily computed. 50 / 66



Rg — cc [15([)1}} and cc [3S£8}] @ 1 loop

c
Interference with LO: M
=

Induced Rgg coupling diagrams:

Some Rg-coupling dlagrams gRococ

WWWK?}E e A

|mngm c IndRgn2 C \mnguz ¢ R ndggns ¢ A ind gyms
g ¢ 9 g ol c c
c c
¢ g g g ¢ g g g c g
c
(2 c N - g c g c g g c 9 c
Raerys ngwm ngmmgm Rgnwggns H-Drﬁgmm B Rt

R.

A
Ind Rg26 - ind Bg=7 © R g fgus A jnd e ¢ L Ind Rg10
? 'j}>w< “j>m,< c B m.< GRS
Qe Qo

Rgigmic  ROoimgme  A9oicRgma  Ador Rgnu Rg oiRgats
gy Ry

S e e e e 8 e .8 WW%%W“;E
y g < H H m \ngIlH Ind Rget12 mngma Ind gnu R Ipegigm1s

¢
ROpcrgme  Aoordmre  Adondmsc  Aoouime ©  Aooiduo

c g c
and so on... MW
- g9

R ndgignis ARG ngui7




» Diagrams had been generated using custom FeynArts model-file,
projector on the c¢ [15'([)1]]-5‘03}06 is inserted

» heavy-quark momenta = pg/2 = need to resolve linear dependence of
quadratic denominators in some diagrams before IBP

» IBP reduction to master integrals has been performed using FIRE

» Master integrals with linear and massless quadratic denominators are
expanded in r < 1 using Mellin-Barnes representation. The differential
equations technique is used when the integral depends on more than
one scale of virtuality.

» In presence of the linear denominator the massive propagator can be
converted to the massless one:

1 1

D)+ k) =)~ () + k) A+ rie 2 | (e T+ rig (2 — m)

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

See  [hep-ph/2408.06234] for details.
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Result: Rg — cc {1 S([)lq @ 1 loop

Result (vn, 23, 24) for 28 [

(ln

2 €
“w N¢ 1
<—2> {—_2 T
ar € €

150

Forl'Sy (1)

-200

Hir x ro(ar)—

(x1P)?

2

azrr

g+g-> So

[1]

(as/(2m))Hpo(ar)

e
6
Cross-check against the Regge limit of one-loop amplitude (7 = g3/M 2):

+g @ 1L, siM?=10°

27'LF

3

3
2N¢

100

50 |

50

-100

-150 p

0.001

0.010

0.100

T

100

(On-shell mass CT)]

10
——n F
9 F+

o PIM?=0.1
1PIMP=1
1PIM?=10

Points — the function F| [1]( ) extracted form numerical results for

interference between exact one-loop and tree-level QCD amplitudes of

g+g— cc[1
EFT.

U]+ g at s = 10 M7, Solid line — analytic result from the

(Q%/MQ)
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Real-emission correction

The real-emission contribution:
g(@1P1) + R-(q) — cc['S§")(p) + g(k),

to the coefficient function is given by:

2

(NLO, R)/ 2 2y _ QS(MR) (LO) /.2 / dQa_2e ﬁRg(qupT7z)
Hyg (ar,z, pPr) Hgg ' (PT) (2m)1-2¢  z(1 — 2)q%

where the function I:IRg(qT, pr,2) is very complicated. The following
subtraction term (O(e€) terms not shown):

(sub.) _ 204 1—=z
jR,j - k2 .
T [(1—2)2+7r

= tApg(z,ar,p7) |,
2

(w1 P])2

k2.p% —(k 2 3kZpi—2(k 2 .
where Apgy = 2(1 — z) + 2-LPL kerpr)  3kppp 20erPT) captures it's
zkpr k7 p7

singular behaviour in:
» Regge limit: z — 1, kr = qr — pr — fixed,
» Collinear limit: kr — 0, z-fixed
» Soft limit: kr - 0, z — 1
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Real-emission correction, finite part

2m ~
n. as( O d¢ | H (q P ,Z) sub.
H.Ezf; )(quw’«’,PQT) ( R)Hgg )( T)/* [RJ T - a5

y 9 K 9 = 0
27 27 z(1—z)q3 R @z pr,zr )

PTIM=2, azimuthal averaging

pT/M=2, azimuthal averaging

0.0004F

1 0.004

0.0002
0 - P
‘ i b — qTM=15

i 2=08 §
~0.0002- i £ om0 qTM=2.5

~0.0004 - -0.002

Hogug = Heun,

This contribution is finite for ko — 0 and z — 1 and can be safely
convoluted with the resummation factor or unintegrqted-PDF in qr and
gluon PDF in z.
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Integrated subtraction term

i Q
H;l]nt sub.)(qT7 z7p%) _ as(pr) Q2—2cp

o W/‘F 2k T (ar, ar —kr, 2,7)

XH LO)(qT —kr,pT) =

(int. sub. I) (int. sub. II)
Hy; +H, .

int. sub. 1) _ @s(ur)Ca [ d®kr 1

H!(Jj R - / K2 |T-2)s + Apgg(z,ar,PT)
1 rk?2 p?

—0(1—z)-In T] {5(2)(0& —kr —pr) - L
2 (:1:1Pl+)2

52 _ (LO)
p%-i—k% (qT pT) ( T)

H(lﬂt sub. H)

as(Ur) , ,(LO), o 2 2y (4m)° p2\©
Zs\PR) § — Ladll
i o Teg  (PT)O(PT —ar) Ti-o \p2
1 1 C' 2 2
x {ng(z) +5(1—2) fol  Ca, "7
€ 2 €

™
—— - —C
€ (z1P;")2 6 4

+ 0(62)} .
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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_:

2 6 3

~asCa, oy, 2 /d2kT ) L B p7 () B
— Hag (p7) 2 |9 (ar —kr — pr) 7p?r+k?r6 (ar — pr)

|kr|
—Inr—+1
( nr—+Iln—— A

where A_ ~ q_ = (M? + p%)/(z1P;"). The blue terms come from R
self-energy.
In BFKL we cut in In($y.4/50):

sC s 4 5 7T2
HUEEM) (g7, 2,p7) = 7rH‘ffgo)(q%,p%,zr) [—; (ﬁo CA) +5Ca — gho - —CA]

e 4 5
HEEFKL ", 2, ph) = —H ) (g3, p7, 2) { c (ﬁo CA) +5Ca — gﬂo}

2 3
asCa . (Lo 2 d"kr 2 P2T 2
_T/Hgg )(PT)/W 8¢ )(QT —kr — PT) - ma( )(QT —PT)

1 . +
X <f—1nr+ In 21y >
2 S0
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Impact factor, HEF scheme

/),_l!(;l;ILO7 analyt.) (qT, z, pT)

_asCa oy, 2 /koT @ (g — ko — _PT__ 5@ gy — L
=— Hyg (pT) i 8 (qr —kr —pr) — oz + k2 8 (qr — pr) =
kTpT (kTpT) 3kTpT (kTpT)

M? + p>
+40(1 = 2)ln (
zk7p% k7p7

asC 2
LU (50 ) {2 P (2)

_ 4y(int. sub. I) (int. sub. II) (NLO, V) (HEF-sch.)
= +H + 0 +H

+2(1—2)+2

+6(1 —2) {*%C + CA——ﬁo—QCF (2+—1 :lT)-Fﬁ m £2 +F15[1](PT/M2)]}

This result should be added to the H(ﬁn .
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Impact factor, BFKL scheme

/)]_l!(;l;ILO7 analyt., BFKL) (qT, 2, pT) — H;‘;‘t sub. I) + H(mt sub. II) + H (NLO, V) + H(BFKL sch.)
asCa oy, 2 / ke [ (2 PT (2 1
_ ZsAa & 2T ke — __bPr _ -
——Hgg (P7) iz 6 (ar —kr —pr) . k2T5 (ar — pr) =
k%p7 — (krpr)® 3kTpT 2(krpr)” VS0
+2(1—2)+2 +0(1—2)n
2k} p7 k7p7 k|

asC 2
+2Cagto) >5<qT—pT>{—1n“—§ng<z>
Pr
2

5
+6(1—2) [f%cA + gcA - gﬁo —2CF (2 ZIn ;T) 1 Boln HE

c

+Fg (pQT/MQ)H

T

This result should be added to the same ’H(ﬁn .
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Impact factor, ¢ + R channel

Hgl;ILO, analyt.) (qT7 2, pT)
asCFr Loy, 2 /koT () PT (@
=== — |5 —kp — R e —) —
5 Hag  (PT) i (ar —kr —pr) ] (ar — pr)
(2-2)"  4(1—2) (krpr)®
X - k2.p2
z z 2 p>

Qg 2
+gH§I§O)(p:‘})5(q§ - pr) {— In ﬁ—ﬁqu(z) + CFz} .
T

This result should be added to ’Hgf;n‘) computed using the subtraction term
(O(€) terms are not shown):

ﬂng&[@—zf—4u—@Qﬁﬂﬂq,

- 2k3 k%.p?.

together with the complete NLO matrix element of the process
g+ R —q+ g: Hgq.
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Numerical cross-check against NLO CF computation (¢ 4+ ¢g channel)

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

d{fujo+NL0)

. 2
dzdp7, G002

— (\2 ®H

(NLO)

=as [ = & o [H(NLO)(QT737PT) — 1500, 2, pr)0(u3 — Q%)] -

Preliminary numerical comparison

(b = pr = \/ZW +pr)

"8 o). x=100 - — 3
-(MB NLO), X=500
“(MB NLO), X=10

|MB NL

o asy)

~(NLL
wLLNLoasy»,x 10 ]
INLL NLO asy.|, X=1 —— 3

g+g

Dashed lines — NLO CF
results by M. Butenschdn,
solid lines — NLL HEF
prediction.

The NLO CF computation is
done with the cut on

§ > X3min with

Smin = 2M7[Mr + |pr|] — M?
— kilematical lower bound of §
for given pr.

Green — X =1, blue— X =10
and red — X = 100, magenta —
X = 500.
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Resummation function beyond DLA

The NLO result for the resummation function Cyy(z, qr, ptr, pr) (1-loop
virtual g+ R —g + real g+ R—g+gand g+ R — ¢+ q):

~2 2 2 2
~Nvoy _ Gs | 1, ar 1 ne ke ne e 1N ar e
Cyq s {n ~In 2 + 2 6N nu?F + 6N. N7 6 nMQ + Rgg |

(2) _ 67 5np np_ oA
where Rgg =35 w — W, g = OZS(IU/R)CA/W.

The DLA resums corrections ~ &, (&s In Ji In %) . The NDLA has one
Inl/z or In 1% less per power of as. The resummed expression in NDLA
can be obtained from RG analysis (running of a,+collinear

factorisation/ DGLAP, nr = 0):

2 2
0
Cél;IDLA) — (1 + 4CAangzg)) [1 +asfBoln Z_%j <1 +ln Z_g Oln u2p)

2 2
pr (22Ca | Bo, pr O (DLA) 2

51 5 \ T o5 —In—- C ) ) ) )
+asIn o ( 3 + 9 n o2 Oln 122, ag (z,97, tF, i)

where as = as(ur)/(4m).
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Numerical cross-check against NLO CF computation (g 4+ g channel)

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

dg(LO+NLO)

Ogg

dzdp?

|dogp/dpr|, nb/GeV

]\[2

'U

5> M2 T

Preliminary numerical comparison

{1 + asln — ln

(bR = pr = \/MZ +p7):

1.0108 &

MB, NLO(gg), X=100
MB, NLO(gg). X=500

T18NLO, VSpp= 13
M=3 GeV, up=Hp=Mr

", Nbigg), x=1 - - 3
MB, NLO(gg), X=10 ~ —

.
100 10!
pr, GeV

(NLO)
gg :

+ (NDLA C) | HEO) 4

Dashed lines — NLO CF
results by M. Butenschon,
solid lines — NLL. HEF
prediction.

The NLO CF computation is
done with the cut on

§ > X 8min With

Smin = QMT[MT + |pT|] - M?
— 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 4+ g channel)

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

~ (LO+NLO
&l >

dzdp?

{HaélnA’ 11’“‘F + (NDLA C) | HUZO) + g—gm_gw»

12 p2

'U

5> M2 T

Preliminary numerical comparison

(ur = pr = pr): Dashed lines — NLO CF
.. T T T T T T o - - 3 results by M. Butenschin,
L ———2 o — solid lines — NLL HEF
e prediction.
The NLO CF computation is
done with the cut on
§ > X 8min with
Smin = 2M7[Mr + |pr|] — M?
— kilematical lower bound of §
for given pr.
Magenta — X = 10 and blue —
X =100, red — X = 500.

nb/GeV

dogp/dpr,

100 * HF=HR=PT

L
100 10!
pr, GeV
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Numerical cross-check against NLO CF computation (g 4+ g channel)

Constraining § from both sides:

X1 < < Xo.

Smin

R = pr = /M2 + p2 HR = [iF = PT

on=1brloneton) — — 3 Niotk=To hion=100) ~
ASY(x=10) ASY(x-100)| —— 3 ASY(X=10) ASY(X~100) ——
INLOUX-100) NEO(X=500)| — — 7 NLO-100) NLO(X=500) — —
AV (x-100)-ASY(x-300)| —— o VX 100) ASY(x—300) ——
W e | e
10% | TS . 102
> E|
3 El M
g ] $
RS - 510
Lo Tl =lR=
SeE E! 5 10 HF=HR=PT
s 3 5
k] 3 5
oL =|R=] a 2L
10 MF=HR=Mr 5 10
107 | = 107
102 Il 102 Il
100 100 100 10t

Red — 10 < 8/3min < 100, blue — 100 < §/&min < 500. Solid lines — HEF
prediction, dashed lines — NLO CF.

65 /66



Conclusions and outlook

» The complete NLO HEF coefficient function (impact factor) for the
g+ R — cel* S([)l]] process is computed, including one-loop and
real-emission corrections

» The computation for other NRQCD-factorisation intermediate states:
cé[lS([)s], 3S£8], 3P}1’8]] are in progress. The cé[3S£1]] is more challenging.

» The result in HEF scheme is useful for the resummation of In §/M?
corrections in CF coefficient function

» The result in BFKL scheme is useful for the study of double-7.
froduction at large rapidity separation

» 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 — c¢[n].

Thank you for your attention!
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The Cr coefficient

1 6L
CgR[ls([)s],CF] = m{—lzr(r + 1)Lia(—27 — 1) + TQ(—ler + Ly +67(7+ 1))

+ (T +1)12In(2)(1 + 1) (67 + 87 + 3) — 872 (91In(r + 1) + 272 + 15)

1
(21 +1)2
—47% (30In( + 1) + 72 + 63) + 87 (—61In(r + 1) + 72 — 21)

+18(7 + 1)(27 + 1) In(7) + 372 — 36:| }

where Ly = L{T) = 27 — Ly/2 with L{F) = /F@F ) In (VIF7 % v/7) and
Ly =7AF ) ln (1 + 27 +2\/m).

30

N
S
T

=
T

— CA
CF

gR->"5!!| Re[Cr,C4 coefficient]
N
3 o
-

'
o
S

- 0.001 0.010 0.100 1 10 100
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The C'4 coefficient for gR — c¢ [1 S([)lq

CorltSW, Ca) = 2(T(T(TEZT_+1 ?()jfi); D= =)
T(T(47 +5)+3) . L2
—WLIQ(—2T —-1)— m

1
m{ =2 (7% = 1) (18In(2)(1 — )7 — 67(7 + 2)7 — 67)

+18[In(r ( 274 (T (—7—3 + 7+ 3) + 2) 7In(7) + 272 + ln(T))
—(r — 1) (r+ 1) In2 (r+1)+2(r—1)(7+ 1)2 (T +(r+ 1)2 ln(T)) In(7 + 1)]

+72(37(r(r(157 + 14) — 3) — 12) — 6)},
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(8]

Ry — cc [1 So } @ 1 loop, cross-check

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

QT QT QT

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:

yg->'SPlig @ 1L, sIM2=10%3

Q :
== \ v+ ['50] 4o
8 B — 12IM?=0.01
© -oob T PRIM?=0.1
T . . — =t » The 2 — 2 QCD 1-loop amplitude can be
L, oo ‘ : —um=10  computed numerically using FormCalc
& o : (with some tricks, due to Coulomb divergence)
T R T TR T R E e TR
—t/M? » The Regge limit of 1/e divergent part
Solid lines — QCD, dashed lines — EFT, dotted agrees with the EFT result
lines — —2C4 In(—t/u%) In(s/M?) » For the finite part agreement within few

% is reached, need to push to higher s
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pp-variation

=M)

R tio o(Hp, HR)/O(KE = M, ug

i LO CF: o(ug = M/2, pg = M)/o(pF =M, ug = M)
LO CF: o(ug = 2M, ug = M)/o(ug = M uR =M)
102 3 NLO CF: a(ug = M/2, ug = M)/o(pp = M, pg = M) - - .- E
NLO CF: o{t = 2M, pp = MY/o{ke = M, g = M) oo
[ NLO CF 0 DLA HEF: aflie = M/2, s = M)/l = M, e = M)
| 'NLO CF 00 DLA HEF: (i = 2M, i = M)/o(p = M, i = M
10! | e
\<\ LN \\ NMNN \\\
Y I \\\\\ \\k\\ LN
\.\\\\\\\\.\\\.\\ A
107 F .
I GPD: GK, CT1 NLO, GPD evol. a,
[ M=23.1GeV \'\'
-2 T
10 ; ; —
10' 102
- [GeV]
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[ Rr-variation

—

=

1

i
= LO CF: oty = M, pig = M/2)/0(1z = M, iy = M
> LO CF: o(uF = M, uR = 2M)/o(uE = M, ur=M

I i NLO CF: o(ug = M, pg = M/2)/o(ug =M, ug = M) -

w 102 NLO CF: o(Ug = M, pg = 2M)/o(ug =M, ug =M a
& F NLO GF O DLA HEF: o{ig = M, i = M/2)/o(iiy = M. {1g = M) - ;
5 E 'NLO CF O DLA HEF: o(pif = M, i = M)/l = M i = M)

s | Lt T e—

c 10 F L
NS F

[} %\‘\

o RITRE \’\ \i\\\\\\\\ \ \\\\\‘\\\\\
= 0 “\wa\w\\‘ﬁx
s Ee AN

w
NS

1 o
L 100 F
= I GPD: GK, CT1 NLO, GPD evol.

? [ M=3.1Gev
L R(Z:fn) o -

'\L;I._ 10 10
el Wyp [GeV]

The increase of pgr-variation of the matched result with energy is due to the
—as(kr) for p — 0.

HEF)(

nr-dependence of the C| p) ~
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Backup: DGLAP P, at small z

LO: ng():2iA+ SN =R
Plot from hep-ph/1607.02153 with my curve (1n red) for the strict LLA:

820 (10 (N)) = 1 = 700 (N) = % +20(3) 2 +2((5) 25 + ...

ag=02, ng=4, QMS
0.4+

<True LL

0.35

0.3

0.25

x ng(x)
o
5]

0 1 1 1 1 1 1 1 1
1 10t 102 10% 10* 10° 10° 107 108 10?
X

The “LO+LL” and “NLO+NLL” curves represent a form of matching between
DGLAP and BFKL expansions, in a scheme by Altarelli, Ball and Forte which is
more complicated than the strict LL or NLL approximation. 79 / 66



~ d4 &6
G 1 2¢(3) 25 +2¢(5) =% +

Effect of anomalous dimension beyond LO

Effect of taking full LLA for v44(N) =
together with NLO PDF.
NNPDF31_nlo_as_118, M=3 GeV

10*

. ¢
4 L0 CF — -
£ L0 CF, Mg-var. 0
HEF DLA ——
HEF DLA, pg-var £X<J
Ll

HEF full LL vgg — —
s

HEF LL Voo, Mprvar

10% ‘ ‘
Vs [GeV]
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Scale-fixing solution

Studied in [Lansberg, Ozcelik, 20°], [Lansberg et.al, 21']. For J/1) photoproduction:

(LO+NLO) o NMmax )
% > <(217r> / dﬂ{ln(l+n) {01(n—>oo)+51(n—>oo)lni\:[—%}
0

X <fg (zn, u7) + g—ij(xn, ,u%)) + non-singular terms at n > 1}

“principle of minimal scale-sensitivity” = for g

J/v¢ photoproduction: / /
Iy ci(n = o0) PN CTLENLO; -NLD “g+q
=M — | ~0.87TM .
e eXp[?m(woo)] ’ |

for n.-hadroproduction: \
A M \
fir = M exp [_1} = — ~0.61M. . x\
2 Ve o S

The jir-scale removes corrections o« o In"~'(1 +7) from &;(n) and
resums them into PDFs. But is such resummation complete?
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