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@ No consensus on the mechanism at work in quarkonium production

@ Yet, nearly all approaches assume a factorisation between the production of
the heavy-quark pair, QQ, and its hadronisation into a meson

o Different approaches differ essentially in the treatment of the hadronisation

@ 3 fashionable models:
@ COLOUR EVAPORATION MODEL: application of quark-hadron duality;
only the invariant mass matters; bleaching via (numerous) soft gluons ?

© COLOUR SINGLET MODEL: hadronisation w/o gluon emission; each emission
costs a5 (1mg) and occurs at short distances; bleaching at the pair-production
time

© COLOUR OCTET MECHANISM (encapsulated in NRQCD): higher Fock states of
the mesons taken into account; QQ can be produced in octet states with
different quantum # as the meson; bleaching with semi-soft gluons ?

+ extensions: Improved CEM, Soft Gluon Factorisation, Soft Colour
Interaction, ...
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e 9yu(2i+1)
most of the data could accounted for !

@ Ramona Vogt's fits roughly give the same number for direct J/¢’s

M. Bedjidian, [..], R. Vogt ¢t al., hep-ph/0311048
@ It can easily be checked by MCFM at NLO for instance https//mcem. fnal.gov/

@ Low predictive power, yet overshoots the data at large Pr; issues with the x.’s
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Basic pQCD approach: the Colour Singlet Model (CSM)

C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Riickl Z. Phys. C 19, 251(1983);

< Perturbative creation of 2 quarks Q and Q BUT 0
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— Heavy-quark line can connect to one or two gluons, not necessarily three “Q
¢ Gluon fragmentation then LO in ag: larger rates

— CO fragmentation « Long Distance Matrix Elements (LDMEs)

— When Py, >, the gluon is nearly on-shell and transversally pol.
— NRQCD spin symmetry:Q has the same polarisation as the gluon
X Experimentally, this is clearly contradicted !

— Yields expected to peak near end pointsinete™ — J/¢pX and yp — /X
(even after SCET resummation)

X Such peaks have never been seen: LDME fine tuning needed !
X Cannot describe both the high-Pr and Pr-integrated hadroproduction yields
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Part II

Impact of QCD corrections to the
C(S,E,O)M"

*See section 2 of Phys. Rept. 889 (2020) 1 for collinear factorisation
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General structure of NLO corrections (example for vp — J/9X)

Singularities at NLO [and how they are removed]:

Slide borrowed from Y. Yedelkina

[The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.]
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°

o Infrared divergences: Soft [cancelled by loop
Infrared contribution]
o Infrared divergences: Collinear
@ initial emission [subtracted by Altarelli-Parisi
counter-terms (AP-CT) in the factorised PDFs] £
o final emission [phase-space integration (the KLNZ
theorem)]

o Ultraviolet divergences: [removed by
renormalisation]

o Infrared divergences: [cancelled by real Infrared
contribution]
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P.Artoisenet, J.Campbell, JPL, EMaltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)
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QCD and QED corrections in photoproduction

C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926

10!
H1 data: HERAZ (EFIC 65, 4
H1 data: HERA2 [EFIC 6,401 2010)) (B — ]/ ublracted) -
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1 10
Pf [Gev?]

Quarkonium production 10/ 41



|
QCD and QED corrections in photoproduction

" C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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H data: HERA [EPIC 65, 401 (2010)] (B — ]/ subtracted)
Prompt CSQCD LO 5%
Prompt CS QEDLO ©

10° NN

y I

Y+g¢— ¢ +g@aa? [LO]

x LY Hq P+ g@a° [NEW 1]
20%FD ('~ /)

do(ep —J/$X)/dP} [nb/GeV?]

°

104 b 2

= N

- 1

5 [ Vs=319Gev .o g

107 ¥ @2 <25Gev? J

Pr>1GeV 2

03<z<09 s d

106 L 60Gev < W, <200 Gev . == &
1 10 100

Quarkonium production 10/ 41



|
QCD and QED corrections in photoproduction

" C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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QCD and QED corrections in photoproduction
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do(ep —J/$X)/dP} [nb/GeV?]

H1 data: HERA2 (EPIC 68, 401 (2010)] H-
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HELAC-Onia 2.5.0

C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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H1 data: HERA2 (EPIC 68, 401 (2010)] H-
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y I
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" C.Flore, JPL, H.S. Shao, Y. Yedelkina, PLB 811 (2020) 135926
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HI data: HERA2 [EPIC
H1 data: HERA2 [EPIC 68, 401 (2010)] (B — ]
P

S s vrs@udino)

100 ERNS

107

me = 15GeV

10—2 L4 L4 CTI14NLO

do(ep —J/$X)/dP} [nb/GeV?]

103 | 20% D (y'= J74) ¢
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1076 | 60 GeV < W, < 240 Gev o R Eﬁ Y= ptgtg@ DUXS +LO
1 10
PF [GeV?]
LO QCD does a good job at low Pr
LO QED much harder but small normalisation [will matter at EIC]
J/p+charm: starts to matter at high Pr [will also matter at EIC]
NLO™) close the data, the nearly agrees with them

Agreement when the expected B — [ /1) feed down (always overlooked) is subtracted
— CSM accounts for the data
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@ Due to this interference, it is possible to make the softer 15([)8} dominant yet

with nonzero 3P][8] and 3 Sgg] LDMEs
@ Since the 3 associated LDMEs are fit, the combination at NLO still describes
the data; hence an apparent stability of NRQCD x-section at NLO

@ What significantly changes is the size of the LDMEs
(8] (8]

@ Polarisation: 180 : unpolarised; 351 & 3P}8]: transverse
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° 3P][8] becomes as hard as 3558
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The gluon fragmentation (~ 35[18]) dominant at large Pr
No reason for a change at NLO. The fit can yield another CEM parameter

value but this will not modify the Pt spectrum
Confirmed by our first NLO study: JPL, H.S. Shao JHEP 1610 (2016) 153
Tend to overshoot the i data at large Pr
The (LO) ICEM not significantly better at large Pr

d?ofdpqdy [nb/GeV]

10°
10"
10°
10
10*
10°
10?
10
10°
10
102
10°
10

5

1

Y.Q. Ma, R. Vogt PRD 94 (2016) 114029

Quarkonium production

10°
B ocen =3 107 b nocem =3
3 L5epiezac e ] 6 f Lesyipac®y e ]
e, 151509 e 10 "o 1515009 et
F b ossh<l(10) o 10° F har 08slyl<i(a0) o~ o
b - ofoseud) oo 1 = ek - osiyloseac) o
oy, & 8, =
3 \ T 1 3 10° \ R 1
b a 1 = 2k - * E
... . 5 10 o 5
B iy 4 otk s 4
= g =
3 o N i 5 10°F oy, < ® 1
b Sels 4 S 10tk o 4
A = 2 °s =
B s E 102 F S E
B 4 108 F 4
3 " E 10tk " ]
10 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100
Pr(I/y) [GeV] Pr(I/y) [GeV]

»
=
1

12 /41



Part II1

Pr-integrated cross sections up to NLO
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QCD corrections to Pp-integrated cross sections

The CSM predictions for the total yield & ‘Zl—‘; ?

As we have seen:

° dd% cannot be reproduced by the LO CSM
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QCD corrections to Pr-integra

The CSM predictions for the total yield & ‘fl—‘; ?

As we have seen:
° dd% cannot be reproduced by the LO CSM

@ A bit of confusion in the literature as regards do/dy ...
@ PHENIX data (y/s = 200 GeV) cover a broad range of y, down to small Pr

T
Global scale uncertainty: 10.1%

Bdoldy (nb)

No CSM curve, why ?
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T
Global scale uncertainty: 10.1%

Bdoldy (nb)
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-.5(g0)+ Feed-down
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++Double Gaussian CSM predictions !
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QCD corrections to P

The CSM predictions for the total yield & ‘Zl—‘; ?

As we have seen:
° ;% cannot be reproduced by the LO CSM

@ A bit of confusion in the literature as regards do/dy ...
@ PHENIX data (y/s = 200 GeV) cover a broad range of y, down to small Pr

T
Global scale uncertainty: 10.1%

Bdoldy (nb)

® Uiy >y

Jiy > o'e”
-.5(g0)+ Feed-down
-+1.25°NRQCD (CTEQEM)

++Double Gaussian CSM predictions !

PHENIX, PRL98 232002,2007/ CSM: Cooper et al., PRL 93:171801,2004
section in the singlet and octet channel. In the color
singlet channel, the J /¢ production cross section at a?
order is given by:

rr’l"”s)=0"1’”®s)BR,m, +rr'1""®r)BRh. (9)
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QCD corrections to Pr-int

The LO CSM accounts for the Pr-integrated yield

S.J. Brodsky and JPL, PRD 81 051502 (R), 2010; JPL, PoS(ICHEP 2010), 206 (2010); NPA 910-911 (2013) 470

— The yield vs. /s, y
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— The yield vs. /s, y
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(multiplied by a constant F#"*°*, considered to be constant)
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The LO CSM accounts for the Pr-integrated yield

— The yield vs. /s, y

S.J. Brodsky and JPL, PRD 81 051502 (R), 2010; JPL, PoS(ICHEP 2010), 206 (2010); NPA 910-911 (2013) 470

@ Good agreement with RHIC, Tevatron and LHC data (uic;/y points tobe updated, sorry]
(multiplied by a constant F#"**, considered to be constant)
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— The yield vs. /s, y

@ Good agreement with RHIC, Tevatron and LHC data (uic;/y points tobe updated, sorry]
(multiplied by a constant F#"**, considered to be constant)

‘ 1000 — :
o 1000 Fiecl. 59410 %
£ <)
j- =
o et
> 100 m
9 x
= g 100 ‘
ke) Fee'= 50410 % o LO gg CSM
3 10 9 Prelim. ALICE ——#—
05 =2 Prelim. ATLAS +——6—
5> LO gg CSM s 5’ Prelim. LHCb ——@—
3 PHENIX / CDF /ALICE data +——=— o oMs —&—
1 L L L 10 L I L L L
0.2 1 5

0 1 2 3 4 5 6
s2 (Tev)

CMS PRD 83 (2011) 1120&1; LHCb EPJC 72 (2012) 2025

@ Unfortunately, very large th. uncertainties: masses, scales (yr, r), gluon PDFs at
low x and QZ, ...
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@ Unfortunately, very large th. uncertainties: masses, scales (yr, r), gluon PDFs at
low x and QZ, ...

@ Earlier claims that CSM contribution to do/dy was small were based on the
incorrect assumption that x,; feed-down was dominant
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NLO CSM at RHIC

S.]. Brodsky and JPL, PRD 81 051502 (R), 2010.
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QCD corrections to Pr-int

NLO CSM at RHIC

S.]. Brodsky and JPL, PRD 81 051502 (R), 2010.
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NLO CSM at RHIC
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Sorry: I should update these plots (updated data and feed-down fraction)
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‘We present an analysis of the existing data on charmonium hadro-production based on non-relativistic QCD (NRQCD) calculations at the
next-to-leading order (NLO). All the data on J/v and v(2S) production in fixed-target experiments and on pp collisions at low energy are
included. We find that the amount of color-octet contribution needed to describe the data is about 1/10 of that found at the Tevatron.
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- Singlet contribution only
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Good fit but with ten times less CO than expected from Tevatron do /dPt data
CSM could describe the data alone (but no uncertainty on CS shown)

No similar analysis for Y

Never done for /s > 200 GeV

Never updated with LDMEs fitted at NLO
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

CSM at one loop

In the previous analysis, the CS contribution to 3S; production was only
appearing as a real-emission QCD correction at a3
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If we switch off the CO channels —or believe they are negligible—, the
tree-level /LO contribution for direct ]/ is at zx?
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CSM at one loop

In the previous analysis, the CS contribution to 3S; production was only
appearing as a real-emission QCD correction at a3
If we switch off the CO channels —or believe they are negligible—, the
tree-level /LO contribution for direct ]/ is at zx?
Back in the early 80’s: C.-H. Chang, NPB172, 425 (1980); R. Baier & R. Riickl Z. Phys. C 19, 251(1983)
In fact, the total yield at one loop (up to a¥) can be computed since 2007
See the plot of do/dy on slide 21 based on J.Campbell, F. Maltoni, F. Tramontano, PRL 98:252002,2007

One can repeat this for 'Sy production for which we have closed-form results
for the hard part at one loop

A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, Nucl. Phys. B 514 (1998) 245
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In fact, the total yield at one loop (up to a¥) can be computed since 2007
See the plot of do/dy on slide 21 based on J.Campbell, F. Maltoni, F. Tramontano, PRL 98:252002,2007
One can repeat this for 'Sy production for which we have closed-form results
for the hard part at one loop

A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, Nucl. Phys. B 514 (1998) 245

We checked these with FDC
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CSM at one loop for 1S

@ At LO, 5o production occurs without final-state gluon emission

@ Empirical way to see if the pathological energy behaviour of both CO and CS for
351 may be due to final state emissions, typical of quarkonium production
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@ At LO, 5o production occurs without final-state gluon emission

@ Empirical way to see if the pathological energy behaviour of both CO and CS for
351 may be due to final state emissions, typical of quarkonium production

@ Closed-form results for the hard part at one loop exist isee the appendix € Egs (C.25), (C26), (C32) and
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"SM alone (i.e. NRQCD with v — 0)

CSM at one loop for 1S

@ At LO, 5o production occurs without final-state gluon emission

@ Empirical way to see if the pathological energy behaviour of both CO and CS for
351 may be due to final state emissions, typical of quarkonium production

@ Closed-form results for the hard part at one loop exist isee the appendix € Egs (C.25), (C26), (C32) and
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r CSM alone (i.e. NRQCD with v — 0)

Problem of negative NLO quarkonium cross sections

[Y. Feng, JPL, J.X. Wang, Eur.Phys.]. C75 (2015) 313]; JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497; A. Colpani Serri, Y.
Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
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I alone (i.e. NRQCD with v — 0)

Problem of negative NLO quarkonium cross sections

[Y. Feng, JPL, J.X. Wang, Eur.Phys.]. C75 (2015) 313]; JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497; A. Colpani Serri, Y.
Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556
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Confirmation: HEF expanded up to NLO in a5 (for 770):

J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083 + arXiv:2306.02425 [hep-ph]
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Exp. data: H1 - M.Kraemer: NPB 459(1996)3-50, FTPS - B.H.Denby et al.: PRL 52(1984)795-798, NAI - NA14Collaboration, R.Barate et
al.:Z.Phys.C 33(1987)505
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"SM alone (i.e. NRQCD with v — 0)

Photoproduction as an illustration
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@ NLO cross section for [/ photoproduction becomes negative for
large pr when | /5., increases

Exp. data: H1 - M.Kraemer: NPB 459(1996)3-50, FTPS - B.H.Denby et al.: PRL 52(1984)795-798, NAI - NA14Collaboration, R.Barate et
al.:Z.Phys.C 33(1987)505
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@ NLO cross section for [/ photoproduction becomes negative for

large yur when

S’yp mcreases

@ For ur = 2M, 0 < 0 as in case of #. hadroproduction

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497

Exp. data: H1 - M.Kraemer: NPB 459(1996)3-50, FTPS - B.H.Denby et al.: PRL 52(1984)795-798, NAI - NA14Collaboration, R.Barate et

al.:Z.Phys.C 33(1987)505
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'or CSM alone (i.e. NRQCD with v — 0)

Photoproduction as an illustration
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@ NLO cross section for [/ photoproduction becomes negative for
large pr when | /5., increases

@ For ur = 2M, 0 < 0 as in case of #. hadroproduction

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497

@ 2 possible sources of negative partonic cross sections: loop corrections
(interference) and from real emission (subtraction of IR poles)

Exp. data: H1 - M.Kraemer: NPB 459(1996)3-50, FTPS - B.H.Denby et al.: PRL 52(1984)795-798, NAI - NA14Collaboration, R.Barate et
al.:Z.Phys.C 33(1987)505
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or CSM alone (i.e. NRQCD with v — 0)

Negative cross-section values
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o Initial state collinear divergences are removed via the subtraction
into the PDFs via AP-CT
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Negative cross-section values
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Negative cross-section values
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CTIBNLO, 3 FS, 2.< 0.9 jip=My,
My=2m, =3 GeV

Ha=My 32 Tip=Myy

/%4 15D (v )
2 <0y >=182GeV®

100 | .
10 100
=
Vs [GeV]

1000

o Initial state collinear divergences are removed via the subtraction
into the PDFs via AP-CT

<log + A71> Ang = Ayqg

o Iflarge yur — ¢ < 0 — ¢ < 0: over-subtraction from AP-CT into the
PDFs

o limg e ag’
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or CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

@ Anqq, Aqyg are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

@ Anqq, Aqyg are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;

@ Butas A, = Ay, we can choose ji such that limgﬁwﬁfxw =0
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

@ Anqq, Aqyg are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;

@ Butas A, = Ay, we can choose ji such that limgﬁwﬁfxm =0

@ This amounts to consider that all the QCD corrections are in
the PDFs
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

@ Anqq, Aqyg are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;

e Butas A, = A.,, we can choose i such that lin;_,.,0N-C = 0
8 9 K i

@ This amounts to consider that all the QCD corrections are in

the PDFs
@ The choice of factorisation scale to avoid possible negative
hadronic cross-section: (for 779 : Ag; = —1)

pr = fip = Me™i’%;
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

A scale prescription for pr

J.P. Lansberg, M.A. Ozcelik: Eur.Phys.].C 81 (2021) 6, 497;

@ In principle, such negative terms should be compensated by
the evolution of the PDFs governed by the DGLAP equations;

@ Anqq, Aqyg are process-dependent, while the DGLAP equations
are process-independent, which makes the compensation
imperfect;

e Butas A, = A.,, we can choose i such that lin;_,.,0N-C = 0
8 9 K i

@ This amounts to consider that all the QCD corrections are in

the PDFs
@ The choice of factorisation scale to avoid possible negative
hadronic cross-section: (for 779 : Ag; = —1)

pr = fip = Me™i’%;
e For ]/ (Y) photoproduction: fir = 0.85M
(Pr € [0,00], z < 0.9)
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Results with fir = 0.85M

10%

J/y photoproduction ng ﬁg Egg el
CT18NLO NLO: PDF unc. sy
M,,=2m =3 GeV, 3 FS, z < 0.9 Exp. data —&—

1p=0.85My,, Sg=[2.5; 10]GeV

I\SS1[1]

15% FD (y '— J/y)

RX

<O >=1.82GeV?

102
\s., [GeV]

S P Longberg (UCLaE) |

Exp. data: H1 - M.Kraemer: Nucl.Phys.B 459(1996)3-50, FTPS - B.H.Denbyet al.: Phys.Rev.Lett. 52(1984)795-798, NAI - NA14Collaboration,
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NLO anal

J/¢: PDF uncertainties of ¢(,/5,,)

@ PDF uncertainties increase at large /s (i.e. small x)

10° NLO: i U 10° NLO: iy Uncertaint
Jhy photoproduction Lo ::: U:Z:::;::; — Jhy photoproduction o ::: u:zz":::‘z —
MSHT20nlo as118 NLO: PDF Uncertainty £sss NNPDF31 nlo as 0118 hessian NLO: PDF Uncertainty £y
My,=2m,=3 GeV, 3 FS, z < 0.9 Exp. data —8— My,=2m =3 GeV, 3 FS, z < 0.9 Exp. data —8—
1p=0.85My, Sup=[2.5; 10]GeV 4p=0.85My, By=[2.5: 10]GeV
2
102 | 10% ¢ } 1
T ) ¢ %
=A =h
& &
© ©
1
10! | 10
15% FD (y " Jiy) 15% FD (y " Jiy)
oy A3g 1
<oj;[ 182 Gev? <0 >=1.82 Gev®
100 £

10" 102
5, [GeV]

102 10°
V5,5 [GeV]
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NLO ana

SM alone (i.e. NRQCD with v — 0)

J/¢: PDF uncertainties of ¢(,/5,,)

@ PDF uncertainties increase at large /s (i.e. small x)

@ The pg unc. are reduced at NLO in comparison with LO;

10° NLO: i U 10° NLO: iy Uncertaint
Jhy photoproduction Lo ::: U:Z:::;::; — Jhy photoproduction o ::: u:zzn:::tz —
MSHT20nlo as118 NLO: PDF Uncertainty £sss NNPDF31 nlo as 0118 hessian NLO: PDF Uncertainty £y
My,=2m,=3 GeV, 3 FS, z < 0.9 Exp. data —8— My,=2m =3 GeV, 3 FS, z < 0.9 Exp. data —8—
1p=0.85My, Sup=[2.5; 10]GeV 14p=0.85My,, dyip=[2.5: 10]GeV
2
10° 3 %
T 3 %
=A
&
©
1
10
15% FD (y " Jiy) 15% FD (y " Jiy)
oy A3g 1
<oj;[ 182 Gev? <0 >=1.82 Gev®
0
100 £ ‘ 10 ‘ E
1 2 3
10’ 10° 10° 10 10 10
‘Ew [GeV] \/EYP [GeV]
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I alone (i.e. NRQCD with v — 0)

J/¢: PDF uncertainties of ¢(,/5,,)

@ PDF uncertainties increase at large /s (i.e. small x)

@ The pg unc. are reduced at NLO in comparison with LO;

@ Yet, increase of yg unc. from , /s, 2 50GeV from sizeable (negative) loop corrections

100 T 100 T
NLO: PDF Uncertainty, jig= 5GeV fxwosy " NLO: PDF Uncertainty, pp= 5GeV fwwersy
Jiy photoproduction NLO: g, Uncertainty Jhy photoproduction ) NLO: i Uncertainty
MSHT20nlo as118 LO: i Uncertainty NNPDF31 nlo as 0118 hessian LO: iy Uncertainty »
Myy=2m;=3 GeV, 3FS, 2 <0.9 My;=2m=3 GeV, 3 FS, 2 < 0.9 \
50 [ HF=085Myy, ua=25; 10]GeV 50 [ HF=0.85Myy, Sup=l25; 10]GeV

R
N
<‘\\/\\\\\\
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sttt SRR
T

RRITARANARARS
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\ W

S {Q{f;‘\{ R &‘\g*\:l\%@\gc
R
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R R BRIy
// SRR
PN
AN X

AN
R R RO R IR
ﬁ@ﬁﬁ%\\\\\\\\\
AR

AR NN
50 | 15% FD (y "> Jiy) %\\ 50 | 19T R I \Q\\
B35y"1.82 Gev? y>-1826ev° \
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I alone (i.e. NRQCD with v — 0)

J/¢: PDF uncertainties of ¢(,/5,,)

@ PDF uncertainties increase at large /s (i.e. small x)

@ The pg unc. are reduced at NLO in comparison with LO;
@ Yet, increase of yg unc. from , /s, 2 50GeV from sizeable (negative) loop corrections

@ At NNLO these loop contributions will be squared

100 T 100 T
NLO: PDF Uncertainty, pg= 5GeV frresy NLO: PDF Uncertainty, pp= 5GeV fwsy
Jly photoproduction R Jiy photoproduction R
NLO: g, Uncertainty s ) NLO: i Uncertainty cooseen
MSHT20nlo as118 LO: i Uncertainty NNPDF31 nlo as 0118 hessian LO: upy Uncertainty ¥
Myy=2m;=3 GeV, 3FS, 2 <0.9 My;=2m=3 GeV, 3 FS, 2 < 0.9 \
50 [ HF=085Myy, up=25; 10]GeV 50 [ HF=0.85Myy, Sup=l25; 10]GeV \

YO
SRR
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CORRRIRN

et
RN

LR X

s
R R

AR
ARIRIRIRI RN
RRRRERRI

RRRRRRRY

A A R : RERRRTRRERTARIR
R SRR & S
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CSM alone (i.e. NRQCD with v — 0)

J/¢: PDF uncertainties of ¢(,/5,,)

@ PDF uncertainties increase at large /s (i.e. small x)

@ The pg unc. are reduced at NLO in comparison with LO;
@ Yet, increase of yg unc. from /51, = 50GeV from sizeable (negative) loop corrections
@ At NNLO these loop contributions will be squared

@ Likely positive NNLO corrections beside a further reduction of the yig unc.

100 T 100 T
NLO: PDF Uncertainty, jig= 5GeV Exwosy " NLO: PDF Uncertainty, pp= 5GeV frwwersy
Jly photoproduction NLO: iy Unirtainty Jiy photoproduction ) NLO: e Uriserainty
MSHT20nlo as118 LO: i Uncertainty f— NNPDF31 nlo as 0118 hessian LO: upy Uncertainty i
Myy=2m;=3 GeV, 3FS, 2 <0.9 My;=2m=3 GeV, 3 FS, 2 < 0.9 \
50 [ HF=085Myy, up=25; 10]GeV 50 [ HF=0.85Myy, Sup=l25; 10]GeV \L

< \\\\ \

AT '\\ ANRS|
NN
R
AR

& RSt V;\(\AX W T R
og 0 R k\ B v\*ﬂ-\, bg o B %5 «(\’i R R RN

R = %&Xﬁliﬁﬁ*\gg Ry < R Q*«kxég § \\»\x R \\\Xxeggg
& SN AN :\\ N & O N\ \%\b\\\\\\\\\\\\
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'or CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Y a In" ! ( 1\%) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91',94]
z 0
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'or CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Y a In" ! ( 1\%) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91',94]
z 0

2

Defining z = Nég , one can face large In1/z when s becomes large
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'or CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation
The leading-log approximation (LLA): Y a In" ! (-5

M2 ) [Collins, Ellis, 91’; Catani, Ciafaloni, Hautmann, 91',94']
Q

2
Defining z = Nég , one can face large In1/z when s becomes large

The resummation of such logs can be done through HEF.
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s for CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Za“ In"~1( MS ) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91'94]
Q

.. M
Defining z = —2,

The resummation of such logs can be done through HEF.
For quarkonium production through 2 — 1 processes at Born order, one has

_ [m], HEF
Ui[;n] (2, 1F, HR) /dUQ/d‘lTldQTz Coi ( i T2, i, i, P‘R)

M _
x Cyi <ﬁT\/§€ 1, i, i, mz) H" (a1, aF,) TNLL + O(2),
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Za“ In"~1( MS ) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91'94]
Q

.. M2
Defining z = —2,

The resummation of such logs can be done through HEF.
For quarkonium production through 2 — 1 processes at Born order, one has

. [m], HEF

Uz[] " CATATY) /d’YQ/d‘lTldQTz Ci ( M ﬁeng,qnfﬂp, HR)
Mr o 2 ] (g2 o2

x Cgj ﬁﬁe A A2, HEHR | H™(QT1, q72) +NLL + O(2),

. 18 1,8
4" known at LO in (g [Hagler et.al, 2000; Kniehl, Vasin, Saleev 2006] fOT 111 = 15(() ), SP; ), 3

Sgg). These
are tree-level “squared matrix elements” of the 2 — 1-type process:

Ri(qr1,97) + R-(qr2,95 ) = QQ[m].
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Za“ In"~1( MS ) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91'94]
Q

.. M2
Defining z = —2,

The resummation of such logs can be done through HEF.
For quarkonium production through 2 — 1 processes at Born order, one has

A~ HEF
0" " (2, ) / dng / dqt1dqt; Coi ( R i P‘R)

M _
x Cyi <ﬁT\/E€ 1, i, i, mz) H" (a1, aF,) TNLL + O(2),

. 18 1,8
4" known at LO in (g [Hagler et.al, 2000; Kniehl, Vasin, Saleev 2006] fOT 111 = 15(() ), SP; ), 3

Sgg). These
are tree-level “squared matrix elements” of the 2 — 1-type process:

Ri(qr1,97) + R-(qr2,95 ) = QQ[m].

The resummation factors C are the solution of the LL BFKL equation

with the collinear divergences subtracted
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

High-Energy Factorisation (HEF) and the leading-log approximation

The leading-log approximation (LLA): Za“ In"~1( MS ) [Collins, Ellis, 91'; Catani, Ciafaloni, Hautmann, 91'94]
Q

.. M2
Defining z = —2,

The resummation of such logs can be done through HEF.
For quarkonium production through 2 — 1 processes at Born order, one has

A~ HEF
0" " (2, ) / dng / dqt1dqt; Coi ( R i P‘R)

M _
x Cyi <ﬁT\/E€ 1, i, i, mz) H" (a1, aF,) TNLL + O(2),

. 18 1,8
["] known at LO in (g [Hagler et.al, 2000; Kniehl, Vasin, Saleev 2006] fOT 111 = 15(() ), SP; ), 3

Sgg). These
are tree-level “squared matrix elements” of the 2 — 1-type process:

Ri(qr1,97) + R-(qr2,95 ) = QQ[m].

The resummation factors C are the solution of the LL BFKL equation

with the collinear divergences subtracted
O(z) terms (without In1/z) cannot be captured by HEF (see later)
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

ngh-energy factor1sat10n for photoproduction

d
ongr (1 / y/ ( rQTV}’FrHR>H(%QT1)+NLLA+O(1/’7)
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

ngh-energy factonsatlon for photoproduction
T4
Oer (17 / = / ( /QTwHFr #’R>H(y/ qt1)+NLLA + O(1/7)

Physical picture in the LLA

for photoproduction: @ Here one resums }_a/ In" (1 + 1) [y = (8 — M%) /M3]

n

Glauber exchanges(k+ k— < k%-) form the Reggeised

gluon in the t-channel.
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

ngh-energy factonsatlon for photoproduction
T4
Orer (7] / = / ( rQTw}’Fr #’R>H(y/ q71)+NLLA + O(1/7)

Physical picture in the LLA

for photoproduction: @ Here one resums th” In" N1+ 7y) [y = (¢ - M) /M)

@ For consistency with fixed-order DGLAP evolution the

anomalous dimension 7yg¢ in C should be truncated:
a &4 A6
Ygg (N, as) = N.; +2¢(3 ) T +20(5 ) 6 T+
~—

DLA

LLA

Glauber exchanges(k+ k— < sz) form the Reggeised

gluon in the t-channel.
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

ngh-energy factor1sat10n for photoproduction
T4
Orer (7] / = / ( rCIﬂ/}’Fr #’R>H(y/ q71)+NLLA + O(1/7)

Physical picture in the LLA

for photoproduction: @ Here one resums th” In" N1+ 7y) [y = (¢ - M) /M)

@ For consistency with fixed-order DGLAP evolution the
anomalous dimension 7yg¢ in C should be truncated:

g &4 A6
Yeg (N, as) = N +27(3 ) T 205 ) = T
N~
5 DLA
LLA

@ Expansion of dygg(#) in as correctly reproduces
OnLo (7 > 1) and predicts the onnLo (7 > 1)

Glauber exchanges(k+ k— < sz) form the Reggeised

gluon in the t-channel.
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

ngh-energy factor1sat10n for photoproduction
T4
Orer (7] / = / ( rCIﬂ/}’Fr #’R>H(y/ q71)+NLLA + O(1/7)

Physical picture in the LLA

for photoproduction: @ Here one resums th” In" N1+ 7y) [y = (¢ - M) /M)

@ For consistency with fixed-order DGLAP evolution the
anomalous dimension 7yg¢ in C should be truncated:

g &4 A6
Yeg (N, as) = N +27(3 ) T 205 ) = T
N~
5 DLA
LLA

@ Expansion of dygg(#) in as correctly reproduces
OnLo (7 > 1) and predicts the onnLo (7 > 1)

@ Note: the coefficient function H should be calculated at
NLO for NLLA,

Glauber exchanges(k+ k— < sz) form the Reggeised

gluon in the t-channel.
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"SM alone (i.e. NRQCD with v — 0)

Consistency check
J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083

HEF expanded up to NLO in a; should reproduce the Agm] NLO coefficient
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Consistency check
J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083

HEF expanded up to NLO in a; should reproduce the Agm] NLO coefficient
High-energy limit (for 70):

A [m], HEF __[m] [m] B Xs
Ogq (z—=0) =01 {A 5(1—z)+ HZCA

2
Al 4 Al n I;’I%}

" () nich

[m] + B[m] + 414["1] In + ZA[m] In 2
HE ?‘P

+O<a3>},

J.P. Lansberg (IJCLab) Quarkonium production 29 /41



NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Consistency check

J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083
HEF expanded up to NLO in a; should reproduce the Agm] NLO coefficient
High-energy limit (for 70):

A [m], HEF __[m] [m] B Xs
Ogq (z—=0) =01 {A 5(1—z)+ HZCA

2
Al 4 Al n I;’I%}

(o \ 2
+(%) intc2 l2al 4 Bl 4 gl M +2A[’”]1 » M
7T Z

+O<a3>},

F F‘p
From HEEF, up to NNLO, one has

State | Al [ AT [ Al BY"
150 1 —1 %2 %
5. | 0 1 0 =

5 T 2
°Py 0 51 i s
NN ISRy
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Consistency check

J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083

HEF expanded up to NLO in a; should reproduce the Agm] NLO coefficient
High-energy limit (for 70):

A [m], HEF __[m] [m] B Xs
Ogq (z—=0) =01 {A 5(1—z)+ HZCA

# (7)md

2
Al 4 Al n I;’I%}

24" 4 Bl 4 4al 1 M + 24l 12 M

+O<a3>},

i " F
From HEEF, up to NNLO, one has
State | Al [ AT [ Al BY"
Z Z
s [ 1 [ -1 £ %
s | o 1 0 =
2 2
S T s 2 S
L} 0 51 i s
DN A Y
Perfect match for NLO and prediction for NNLO ! NLO: JPL, M.A. Ozcelik, EPJC 81 (2021) 6, 497
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CSM alone (i.e. NRQCD with v — 0)

Matching HEF and NLO CF (illustration for 7)

The HEF works only at z < 1 and does not include corrections O(z), while
NLO CF is exact in z but only NLO up to &;. We need to match them.

@ Simplest prescription: just subtract the overlap atz < 1:

dz
U-I[\IL]O-i—HEF = olgcr + / Sk () + g e (2) - 1[\’1’;},01]@(0)] Lij(z)

Z[I\lﬂ

@ Or introduce smooth weights:

1
m m|,i ,C[(Z) i
‘71[\]111L]0+HEF = ‘T£o} cr T / dz {[UI[{E]F]( ) ]z ] wﬁm( )

40 o )

+ | oid ep (2)
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NLO analysis for CSM alone (i.e. NRQCD with v — 0)

Inverse error weighting method (illustration for #¢)

In the INEW method iscnevaria, etat, 20151 the weights are calculated from the
parametric estimates of the error of each contribution and combined as such:

[A‘TEEF (2)] 2

(A er (2)] 72 + [Acdy(2)] 2

wZIEF(Z) =

T T T T T T T T T
10-V/s=2000.GeV,

CT18NLO

@ For Aocr, we take the NNLO
a?1In ! term of o(z) predicted by
HEF,

o For Aoygg, we take the a;0(z)
part of the NLO CF result for (z). .|

@ In both cases, stability against
O(«?) (constant in z, unknown) ozf- 7
corrections is checked -

0.0

08—

0.6 [~ gg channel
qg channel - - -
qq channel —-—

Wer(2)

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
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NLO anal

L alone (i.e. NR

HEF+NLO| TnEW, qg] pe-var. o=

L e e

15108
1010° - NN

sowt |-

g
T

dogg/dz [nb]

sowl

prsan

iﬁqﬁzeeo. Gev, qgPching uncertainty

HEF+NLO, TnéW, qg ——
HEF+NLO, subtr., ag

T

J.P. Lansberg, M. Nefedov, M.A.Ozcelik, JHEP 05 (2022) 083 and 2306.02425
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Summary and outlook
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All approaches have troubles with ep, ee or pp polarisation and/or the . data
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Universality of NLO NRQCD fits ?

Plot from M. Butenschion (ICHEP 2012); Discussion in JPL, Phys.Rept. 889 (2020) 1
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Further caveats: LDME upper limit from 7. data clearly violated by the 3 fits !
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@ 1. x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
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do/dp; (nb/GeV)

1
7 (GeV)
Data LHCb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

@ 7). x-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
@ Any CO contribution would create a surplus

@ Even neglecting the dominant CS, this induces constraints on CO J/¢ LDMEs
via Heavy-Quark Spin Symmetry : (O/¥(1sE)y = (07 (3sl¥))) < 1.46 x 102 GeV?

[Additional relations: (O (15®)y = (01 (3s1¥)) /3 and (07 (1PP)) = 3 x (01/¥ (3PP
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Even neglecting the dominant CS, this induces constraints on CO /¢ LDMEs
via Heavy-Quark Spin Symmetry : (0¥ (1)) = (07 (3sl¥))) < 1.46 x 102 GeV?
Rules out the fits yielding the 15([J8] dominance to get unpolarised yields
Even the PKU fit has now troubles to describe CDF polarisation data
@ Yet, the constraints actually is (O// ‘4‘(15[[]81 )) = (O (35481)) <5 x 1073 GeV® when the CS
contribution is appropriately accounted for
@ Nobody foresaw the impact of measuring 7. yields: 3 PRL published right after the LCHb data

came out (Hamburg) M. Butenschoen ef al. PRL 114 (2015) 092004; (PKU) H. Han et al. 114 (2015) 092005; (IHEP) H.F. Zhang et al. 114 (2015) 092006
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Going further with new observables

See section 3 of JPL, arXiv:1903.09185 (Phys.Rept. 889 (2020) 1) and section 2.5 of E. Chapon arXiv:2012.14161 PPNP (2021) 103906

Observables Experiments CSM CEM NRQCD Interest
JH/Y LHCb, CMS, ATLAS, DO NLO, NLO LO Prod. Mechanism (CS dominant) +
(+NA3) NNLO* DPS + gluon TMD

J/P+D LHCb LO Lo? LO Prod. Mechanism (c to J/psi
fragmentation) + DPS

J/p+Y DO (N)LO NLO LO Prod. Mechanism (CO dominant) +
DPS

J/P+hadron STAR LO - LO B feed-down; Singlet vs Octet
radiation

J/P+Z ATLAS NLO NLO Partial Prod. Mechanism + DPS

NLO

J/p+W ATLAS LO NLO NLO (?) Prod. Mechanism (CO dominant) +
DPS

J/g vs mult. ALICE,CMS (+UA1) - - - Initial vs Final state effects ?

Jin jet. LHCb, CMS LO = LO Prod. Mechanism (?)

J/P(Y) + jet - - - Prod. Mechanism (QCD corrections)

Isolated J/(Y) | -- - - - Prod. Mechanism (CS dominant ?)

J/P+b -- - - LO Prod. Mechanism (CO dominant) +
DPS

Y+D LHCb Lo Lo? LO DPS

Y+y - NLO, Lo? Lo Prod. Mechanism (CO LDME mix) +

NNLO* gluon TMD/PDF

Y vs mult. CMS - = =

Y+Z - NLO Lo? LO Prod. Mechanism + DPS

Y+Y CMS NLO ? NLO Lo? Prod. Mechanism (CS dominant ?) +
DPS + gluon TMD

Quarkonium production
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A EU Virtual Access to pQCD tools: NLOAccess

[in2p3.fr/nloaccess]

N I o A fi calgulations for heavy ions and quarkonia (NLOAccess)
Eg g -

Home The project~ Newss To ration

GENERAL DESCRIPTION FOLLOW:

Objectives:

NLOAccess will give access to automated tools generating scientific codes allowing anyone to evaluate
observables -such as production rates or kinematical properties - of scatterings involving hadrons. The
automation and the versatility of these tools are such that these scatterings need not to be pre-coded. In
other terms, it is possible that a random user may reguest for the first time the generation of a code to
compute characteristics of a reaction which nobody thought of before. NLOAccess will allow the user to
test the code and then to download to run it on its own computer. It essentially gives access to a

Aunamiral likran,
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HELAC-Oma Web [nloaccess.in2p3.fr/HO/]

HELAC-Onia Web  Request Registration ~ References ~ Contact us

uniyersité
FARIS-SACLAY

Automated perturbative calculation with HELAC-Onia Web

Welcome to HELAC-Onia Web!

HELAC-Onia ia an automatic matrix element generator for the calculation of the heavy
L ium helicity amplif inthe of NRQCD

The program is able to calculate helicity amplitudes of multi P-wave quarkonium states
production at hadron colliders and electron-positron colliders by including new P-wave
off-shell currents. Besides the high efficiencies in computation of multi-leg processes
within the Standard Model, HELAC-Onia is also sufficiently numerical stable in dealing
with P-wave quarkenia and P-wave color-octet intermediate states.

Already registered to the portal? Please login.

Do you not have an account? Make a registration request.

SR@NG

Quarkonium production
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MGS@NLO online [nloaccess.in2p3.fr/MG5/]

A MG5_aMC@NLO

Request Registration  References X Contact us

universite

- LPTH

.
P

Automated perturbative calculation with NLOAccess

MG5_aMC@NLO

MadGraph5_aMC@NLO is a framework that aims at providing all the elements necessary for
SM and BSM ¢ such as the computations of cross sections, the generation of
hard events and their matching with event generators, and the use of a variety of tools
relevant to event manipulation and analysis. Processes can be simulated to LO accuracy for
any user-defined Lagrangian, an the NLO accuracy in the case of models that support this
kind of calculations -- prominent among these are QCD and EW corrections to SM processes.

Matrix elements at the tree- and one-loop-level can also be obtained.

Please login to use MG5_aMC@NLO.

STRENG

Quarkonium production

*Login
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@ Source of negative NLO Pr-integrated cross sections in quarkonium
production (NRQCD) identified and cured

@ jir scale prescription introduced: sufficient if ones sticks to collinear
factorisation at NLO

e HEF provides a more complete solution beyond collinear factorisation
but needs to be matched to it

@ Waiting now for 7o hadroproduction data (FT-LHC) and ]/
photoproduction data from EIC and inclusive UPC at LHC

@ Similar solution to be applied to | /¢ hadroproduction
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