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Background

Charmonium Bottomonium ~ meson

e Since the discovery of / in 1974, the heavy quarkonium production
has been a focus of theoretical and experimental researches.

e Heavy quarkonium is the simplest hadron in QCD, similar to the

hydrogen atom in QED.
Experiment
o ("7 L/ 4+ )x ,=256x28+34fb( )
(Y 7o/ + )x H=176+£28%531b( )
o (T T L/ + [/ )x .,<91lfb( )
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Background JHEP 02 049 (2023)

Theoretical Calculation

e The LO NRQCD predictions by three groups are smaller than Belle measurements by an order of magnitude!

e Some other attempts have also been suggested to solve this discrepancy, such as the light-cone approach.
® The relativistic corrections have been studied by several groups.

e  The NLO NRQCD predictions is very significant, reduce the large discrepancy.
K factor: 1.8~2.1

®  The joint NLO QCD and relativistic correction has been investigated.
¢  The improved NLO prediction by using PMC shows agreement with the experimental measurements.
®  The challenging NNLO correction of this process has been calculated.

, PLB 2024 arXiv:1901.08447
®  The light-cone sum rules has also been suggested to solve this discrepancy.

Motivation

1. In 2019, the challenging NNLO correction of this process was calculated in arXiv:1901.08447,
however the precision of master integrals is not satisfied.

2. In 2022, a powerful algorithm named Auxiliary Mass Flow has been pioneered by Liu and Ma,
which can be used to compute the Feynman integrals with very high precision.
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Calculation of the NNLO SDCs

e Nearly 2000 two-loop diagrams for the processes - ( )[3 M1+ ([t &
(FeynArts)

P3 P3 P3

P4 4 P1

s Ps
Ps

Pg s bg

e Handle the Lorentz index contraction and Dirac/SU(NCc¢) traces, Decompose the
Feynman amplitudes into 150 Feynman integral families
(CalcLoop)

® (alculate the Feynman integral families
(Kira, AMFlow)

® Input parameters:

v~ = 10.58GeV, = 4.78GeV, + =1/13009,
( )=0.1179, /" =0.440GeV?3, = 0.437GeV3

N 1]
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NNLO cross section

® The NNLO cross section (infb)of ¥ = - / +  with two typical
renormalization scales  under two factorization scale A choices.

o?-terms  al-terms at-terms Total
iy — i, 7.40 7.041+ 0.13| 2.1714- 0.28] 16.61]4 0.41
HA=Me  R=45/2 506  5.57]—0.05| 3.43—0.08| 14.04—0.13
s = 1GeV L5 = 2 7.40 7.041+ 0.13| 4.62{4 0.27] 19.06]4 0.40
1 L0 = &5 2 5.06 5.57|— 0.05] 4.58]— 0.09] 15.21]— 0.14

1:97%:33%for =2 ,1:109% :66% for =+//2
Contributions from bottom quark : 0.9% ~2.4%

® Results of arxiv: 1901.08447 (last revised 25 Nov. 2022)

m(GeV) pur L0 NLO NNLO

0.92+2.31 2.86 43.92 5.03 +4.29
A=1GeV| 15 \/5/2 50515097135 10.5475 50 56 15.0015 73 751)

2 V]

Our results are consistent with table [ of arxiv: 1901.08447.
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NNLO cross section

® The dependence of the predicted cross sections at LO, NLO and NNLO
levels (central value for =1.5GeV, bound for [1.3GeV, 1.7GeV])

25

- )
o o
-—
)

—
o
T

101

olete™ = J/¢ + n.](th)
olete™ — J/¢ + n|(th)

(93]
T

o

1, NNLO has a milder  dependence than NLO in A=
2, NNLO is much closer to experimental value in A=1GeV
3, Theoretical prediction near =2  agree with the experimental results better
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Background JHEP 02 055 (2024)

Theoretical Calculation
e The LO NRQCD predictions is even greater than the LO NRQCD prediction for * = - / +

8.7fb
6.65fb
® Two-photon exchange model, considered the photon fragmentation contribution only
2.38tb
® Further took into account the non-fragmentation contribution within the NRQCD factorization
framework,
1.69+0.35fb
® The NLO NRQCD predictions, the combined NLO perturbative and relativistic corrections
-3.4~2.3fb
-12~-0.431b

® Following the recipe practised in PRD 74, 074014 (2006), splitting the amplitude into the photon-
fragmentation and non-fragmentation parts
1~1.5fb
e Following PRD 74, 074014 (2006), the interference and the non-fragmentation parts are then
computed through NNLO within NRQCD
213383210
Motivation

1. The NLO perturbative correction turns out to be negative and significant,
the NNLO correction in the standard NRQCD?

2. How to obtain an positive, physical cross section in the standard NRQCD?
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Calculating amplitudes

e The differential cross section can be written as
do

ete=>(@)PSU+e@Bs] _ 1 & | o, 4u
= A"+ A

d| cosd| 8s 167

| Y

8s 167
+2Re(A* AM) 4 | A%

+ A% + 0(>a?)

2

—— (| A”* + 2Re( A" A"*) 4 2Re(A% A%*) 4 | A"

+--),

where £ = /1 — (16m2)/s and 6 is the angle between the J/t¢ and the beam.

® The square of NNLO-amplitude (S-NNLO)

Finite and gauge invariant

|A” P4 2Re(A A% ) H2Re (AP A" + |AY Pl [2Re(AAM) 4 [AM ] + -
10
L L

O NLO NNLO Anl|n:0 19 = ZC?Z|€1>
le1) 97 P20, (k2)-Py-um. (k1) N ?f.l ............
’€2> k’fl l{:f26me(k2).p2.ume(l€1) + ]{351 ngI_)me (kg).p2.ume(l{71) nl G- 1dnl
les) K k2T, (k2) Py, (k1) — kG k2T, (k2) Pyt (1) ¢ In=01,2 = Z ij 45
le4) kY kS O, (K2) Pyt (K1) l
) _ kglkf277me(k2)-¢2-ume(kl) : d |n 0,1,2 = <~An l€i)
le6) k2 Om, (k) AP i, (K1) + kS Om, (K2)- 772t (1)
er) 00 12)9 (k) = ' (1)1 () i = il
|68> kplvm (k2)'7p2-ume(k71) + k§26me<k2) 7p1 ( ) 10 10
|69> kplvm (k2)‘7p2'ume(k1) - k526me<k2)'7p1 (kl) ml anl.* ml nl.x
‘610> l_ime(kz).pz.’ypl.’ypz.ume(kl) ATATT = Z Z G GZ J=g
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Phenomenological results

® [Input parameters:

v =10.58GeV, = 4.8GeV, =15GeV, (2 )=1/1326, ( )=0.1179,
2

2 2
7 (0) =0492Gev3, / (0) =0.796GeV:, ’ (0) ~1.810GeV3,

, A=1

® The leptonic decay widths : I , | + - = 5.53keV

/ 2 272
+-= 0 o @@+ ; + ;)

My

—

e Short-distance coefficients o, 1, 2 : (cos =0.999)
2:  10.2369np +4.2634n |- 22.6496n 5, —0.09231bl|— 758.7978 — 187.8744 8 L, — 283.8247L,, ,

This work: PRL 131 (2023) 161904:
.{l, —1078, — 13051} o {1, —10.78, —130.52)
® (ross section
a(fb) LO NLO NNLO S-NLO S-NNLO o (fb) Fragmentation =~ LO NLO NNLO
Ur =2m, 229 0.61 —-21.10 1.83 0.12
im—/s 229 225 —527 284 417 Traditional NRQCD ' 612 156137 —23gilr
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renormalization scales

30

20

-a S-NNLO

S-NLO
-o-NNLO
e NLO

10F

Trecsa] (PD)

-10F

Process

T/ + ]

dependence

Summary

(fb)

do
d|cos 8|

—~ SNNLO

+-S-NLO
i NLIO
LO

the square of NNLO amplitude (S-NNLO)

- the square of NLO amplitude (S-NLO)

10 10 T T T T T
5F e—E RS SR 5
0;,,_..._»—_;-—""""" ] O-——_—__________u________-... ....................
cos =028
o) -5f ] = S e
:g-m E e ] }1 il =
RagEf 00 e __ S.NNLO ] ~ 15 /// - - S-NNLO
o S-NLO # S-NLO
20F 7 -—-NNLO ] 20 / SN
S NLO / ~NLO
-25F 7 —1LO ] 25 7 —
' §
-30 : ' ' : -30 — :
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
kg (GeV) 1r (GeV)
2 2
/ _ +2.4140.25 / _ +0.504-0.25
(0)) os-NNLO = 17677764 (55 (0 os—NNLO = 0.88%4 7777025
=2 +2.42 +0.56
= 1.76"1 45 (tb), = 0.88%575; (fh),
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e The NNLO corrections to the total cross section for & =~ =

/ +  exhibits reasonable perturbative convergence behavior.

® QOur prediction can both agree with the BaBar and Belle
measurements.

® The NNLO predictionfor * = - / + / suffers from an
unphysical, negative cross section.

¢ We obtain a physical prediction of the cross section for * = -

/ + [/ in the standard NRQCD method.

Thanks
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