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e Quarkonium production from colliders is typical complicated multi-scale problem:

Energy Scales and Effective Field Theories for Quarkonium Production Processes

QCD
Colliding Energy Q>m \
SCET/Collinear Factorization

Heavy Quark Mass m > Aqcp \

NRQCD
Inverse Size m > % ~ muv \

PNRQCD
Binding Energy mv » E ~ mv?

Energy Scales Effective Field Theories

NRQCD factorization is the default framework to study quarkonium production
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o NRQCD factorization formula for inclusive quarkonium (@) production
G. T. Bodwin, E. Bratten & G. P. Lapge, PRD 51 (1995) 1125, 2900+ citations

c(A+B— Q@+X) =) 6(A+B— QON)+X) (Q|0%N)| Q).
N
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e :Short-distance coefficients (SDCs), perturbatively calculable — o, expansion

e (Q|O%N)|Q): Universal non-perturbative long-distance-matrix-elements (LDMEs)
defined using four fermion operators, has definite v scaling — v expansion
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e ForJ/y, N usuallyincludes: 351[1] Y, IS(ES] v, 351[8] v, 3PJ[8] ...

® Color-octet LDMEs are obtained through fitting NLO predictions to experimental data
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® Relates different P-wave LDMEs

(@] O"CPI) | Q) = 27 + 1(Q| 0"VCP) | Q) + 0(2),
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® Relates different P-wave LDMEs

(@] O"CPI) | Q) = 27 + 1(Q| 0"VCP) | Q) + 0(2),

e Relates different //yyLDMEs with 7. LDMEs (same for bottomonium)

(QIO™ESIEY Q) = 3(Q| 0™('S]*H Q) + 002,

Q0™ ('SBY Q) = (| 0"(SB) | Q) + 0(?),

(@I OTVCEI Q) = (@I 0PI 9) + 067 ..
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® Theory: NRQCD factorization is based on EFT, solved P-wave infrared divergence problem

2a, 1 1 WE e Gi |
<@@(3S1[8])>NLO = <@@(3S1[8])>Born + 2 D) lu4_D e e Z [FF<@@(3P}1])>B0m i (TA - F)<@@(3P}8])>B0m] :
el SR A
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e Phenomenology: NRQCD factorization can explain J/y large p, distribution from hadron
colliders, while color-singlet model predictions are two orders of magnitude smaller
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2a, 1 1 WE e €, 1
<@@(3SI[8])>NLO = <@@(3S1[8])>Born i B ) :u4_D TR Z [C_F<@@(3P}l])>Born + (TA i F)<@Q(3P}8])>Born :
el S IR A

e Phenomenology: NRQCD factorization can explain J/y large p, distribution from hadron
colliders, while color-singlet model predictions are two orders of magnitude smaller

e Dramatically different sets of //yv LDMEs are extracted by several groups through fitting

prmin. | (O7¥CsP)  (@vasEl)y  07vesE)  (©IYERP))/m?
(Gev) (Gev?3) (1072 Gev?3) (10~2 Gev?3) (10~2 Gev?)
Chao et al. [1] 7 1.16 7 0-05 0
0 B | 1.89
Butenschon et al. [2] 3 1.32 3.04 £0.35 0.168 £ 0.046 —0.404 £ 0.072
Zhang et al. [3] 7 [0.24, 0.9] [0.44, 1.13] 1.04+0.3 1.740.5
Bodwin et al. [4] 10 1.32 1114 —0.713 £ 0.364 —0.312 4+ 0.151
Feng et al. (5] T 1.16 5.66 £ 0.47 0.117 £ 0.058 0.054 + 0.005
[1]. Y. Q. Ma, K. Wang & K. T. Chao, PRL 106 (2011) 042002 [2]. M. Butenschon & B. A. Kniehl, PRD 84 (2011) 051501

[3]. H. F. Zhang, Z. Sun, W. L. Sang & R. Li, PRL 114 (2015) 092006
[4]. G. T. Bodwin, K. T. Chao, H. S. Chung, U.~R.~Kim, J.~Lee & Y. Q. Ma, PRD 93 (2016) 034041
[5]. Y. Feng, B. Gong, C. H. Chang & J. X. Wang, PRD 99 (2019) 014044
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e Chaoetal. (p; > 7 Gev), hadron production, fit two linear combinations:
r
My, =30 = (O™ ('SPP) + m—(’2< O CPBY) = (7.4 £ 1.9) x 10Gev?,

M, __os6=(O"VCSE)) + r—12<@f/v’(3P581)> = (0.05 £ 0.02) x 1072Gev? .
mC
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e Butenschén etal. (p; > 3 Gev), hadroproduction, ¢p, e*e™, leads to J/y polarization puzzle...
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r
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My, 056 = (6"CSBY) + —L(6"(3PB) = (0.05 % 0.02) x 10 Gev".
mc

e Butenschén etal. (p; > 3 Gev), hadroproduction, ep, ete”, leadstoJ/ v polarization puzzle...
e Zhang et al., based on the fitting from Chao et al., combined with LHCb 77 (HQSS) data
e Bodwinetal. (p; > 10 Gev), hadroproduction, Leading power fragmentation + NLO NRQCD

e Fengetal. (p; > 7 Gev), Fit both hadroproduction and polarization data

o Fitting results using large p; J/y hadroproduction data lead to predictions much larger than
HERA, Belle data, which challenges universality of the NRQCD LDMEs

e NRQCD factorization at NLO in small p;region is not reliable? Or we need more accurate
theoretical calculations, for instance, NNLO, relativistic corrections, resummation?
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e NRQCD still has several dynamic scales, |p |, E, Aqcp- therefore, the NRQCD power counting
is nonhomogeneous, it includes soft, potential, ultra-soft modes
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e NRQCD still has several dynamic scales, |p |, E, Aqcp- therefore, the NRQCD power counting
is nonhomogeneous, it includes soft, potential, ultra-soft modes

e pNRQCD: based on NRQCD, integrating out the scales above £, only ultra-soft mode is left

PNRQCD: A. Pineda & J. Soto, Nucl. Phys. B Proc. Suppl. 64 (1998) 42
N. Brambilla, A. Pineda, J. Soto & A. Vairo, Nucl.Phys.B 566 (2000) 275; Rev.Mod.Phys. 77 (2005) 1423

p’ \
L= cp(r)'*(iao - - VO

+ corrections to the potential \ PNRQCD,

+ interactions with other low-

energy degrees of freedom)d)(r)
/

where VO(r) is the static potential (—Cra,/r in the per-
turbative case) and ®(r) is the field associated with the

0-Q state. This EFT turned out to meet all our expec-
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including 77 near threshold, and possibaly Y (15), perturbative matching
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/

where VO(r) is the static potential (—Cra,/r in the per-
turbative case) and ®(r) is the field associated with the

0-Q state. This EFT turned out to meet all our expec-

o Weakly-coupled pNRQCD (|p| > E 2 Aycp): degree of freedom — S(r, R, 1), O(r, R, 1),
including 77 near threshold, and possibaly Y (15), perturbative matching

e Strongly-coupled pNRQCD (AQCD > F, non-coulombic): degree of freedom — S(7, R, 1),
including J/y, y(2S), Y(nS,n > 2) and so on, nonperturbative matching
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e Instrongly-coupled region, LDMEs can be factorized into products of wavefunction at the
origin and gluonic correlators

P-wave decay: N. Brambilla, D. Eiras, A. Pineda, J. Soto & A. Vairo, PRL 88 (2002) 012003

S-wave, P-wave decay & electromagnetic production: N. Brambilla, H. S. Chung, D. Muller & A. Vairo, JHEP 04 (2020) 095

P-wave production: N. Brambilla, H. S. Chung & A. Vairo, PRL 126, 082003 (2021), JHEP 09 (2021) 032
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P-wave decay: N. Brambilla, D. Eiras, A. Pineda, J. Soto & A. Vairo, PRL 88 (2002) 012003
S-wave, P-wave decay & electromagnetic production: N. Brambilla, H. S. Chung, D. Muller & A. Vairo, JHEP 04 (2020) 095

P-wave production: N. Brambilla, H. S. Chung & A. Vairo, PRL 126, 082003 (2021), JHEP 09 (2021) 032

e Generally, for a production LDMEs (2 | O%N) | Q), applying pNRQCD, we have

1
(P = 0[P = 0)

 [~Voun (@22 V1, V)80 (@1 — 280 (@2 - 23)] 69 (2} - ),

(QO2(N)|Q) = / &z d3z0d%c bz ¢ (21 — o) (3.4)

where Vo) (1, T2; V1, V2) is the contact term given by
Vo) (@1, ®2; V1, V2)6® (1 — 27)6®) (z, — ah)
= 3 [ (@) (xwv) @, @2 s ehasl (v0hx) @)I10),  (@35)

nes

o qbg)) and V; ) have to be determined from matching the NRQCD LDMEs to pNRQCD
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e Based on perturbative quantum mechanics, up to O(vz,l/Ng) corrections, we have

0
31RY(0) 2
dr

(" Esilyy = 2N, x

0
1 3[Ry (0)P

8
(Ov(35[1 ])> . N e 510;10,
(0) 2
g 1 3|Ry’(0)]
(O¥('8y) = gm0} Buo,
1 3R (0)P
% 3P[8] — |%

510;10='ddac/0 dtltl/ dt,gE" (1)
I

x g (ty; fz)gEa’i(fl)q’gf((); tl‘)¢;f|g>

=| [T agpeig0:noio)

= / " drgE (1)@8 (0; 1) | Q)

b

9

2

b



e Based on perturbative quantum mechanics, up to O(VZ,I/Ng) corrections, we have

0) /)12
v3clllyy 3IRV (O)| 0 o) _
0 f
0) (0 12
viaclly _ L 3|Ry"(0)] . 2
O SN =N 4 S0 < @ (1 12) 9B (1) 0 (0:1,) 012
; L 3[Ry (0)f °° ~ . F
O"(S9) =grmr gz B0 B = | digB (05 (0,0DFIQ)
0 = - sl
I BRSO} & :/ dtgE® (¢)DP3c(0; )P ()] ,
<OV(3P£)8])> = TSN | ‘ZI-]'E )| &00> 00 i 9 () 0 ( ) £ | >

e |Ry(0) |2 is the square of wavefunction at the origin, which can be obtained using potential
model, & (.19, %y, & are gluonic correlators, can be calculated using lattice method
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e Based on perturbative quantum mechanics, up to O(VZ,I/NE) corrections, we have

0) /)12
v3clllyy 3|RV (0)] 0 o) _
0 f
0) (0 12
viaclBly _ 1 3[Ry (0)] _ 2
O SN =N 4 S0 < O (11 12)gE (1) (020 1)
; 13RO S . i
O"(S9) =grmr gz B0 B = | digB (05 (0,0DFIQ)
0 = - sl
L BlRy (0} g :/ JgE> (L YD (O 1D F S ] |
<OV(3P([)8]>> = TSN | ‘21]5 )| &00> 00 i 9 () 0 ( ) £ | >

e |Ry(0) |2 is the square of wavefunction at the origin, which can be obtained using potential
model, & (.19, %y, & are gluonic correlators, can be calculated using lattice method

e Since the gluonic correlators have power divergence, and power divergences are dropped
in the M S scheme, the above gluonic correlators are not positive definite
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e Atone-loop level, the gluonic correlators satisfy the evolution equations (&, does not
evolve at one-loop level)

d asCyg
dlogABOO T s7r Boo + O,
d 20, N2 — 4 9
dlogAglO;lo_ 3r N, €00+ O(c%),

Sovling the above equations, we obtain

4(N? — 4 s(A
E10;10(A) = Ero;10(Ao) + (3]\7-—%)500 log O; (( AO)),
as(A) )QCA/ﬂo
B A — B A X )
OO( ) OO( 0) (Oés(Ao)
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e Setting Ay, = m,, A = m,,, we can build up relations between the charmonium LDMEs and
the corresponding bottomonium LDMEs
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e Atone-loop level, the gluonic correlators satisfy the evolution equations (&, does not
evolve at one-loop level)

dljg A B0 = —af 2 Boo + 0(a?),
g e = Ol
Sovling the above equations, we obtain
E10:10(A) = Ero:10(Ao) + 4(3%6;04) E0olog oss((fj\\o)),
Boo(A) = Boo(Ao) x ( Oc;s((AAO)))2CA/ﬁO’

e Setting Ay, = m,, A = m,,, we can build up relations between the charmonium LDMEs and
the corresponding bottomonium LDMEs

e Theory and phenomennology impact: Relating different Spin-1 S-wave quarkonium color-

octet LDMEs through gluonic correlators, greatly reduced independent nonperturbative
parameters for quarkonium production processes (from 12 and more to 3)
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e Without perturbative calculations, based on the NRQCD factroization and the LDMEs in
PNRQCD, we give cross section ratio predictions for y(25)and J/y, Y(35)and Y(2S5)

‘ ; ‘ ‘ T ‘ P ‘ 2.0
0.12F Vs =T7TeV Vs =13 TeV |
[ Oy < 1.2 1 | AMTILAS o5 = 7 IRk R CMS /s = 13 ToNRdaia
L Oz = ol = 16 ] [l pNRQCD @12 1
0.10 B »NRQCD CMS data W16 <y <24 Alyl <12 1 158 ' N /il 1.7 =
O ly] < 2.4 ] I - D, |
0.081 13
al
I 1—~ 1.0
0.06 13
q4&
[ =
0.047 |
0.5
0.02p
0 00' | | | | | | | | | | | | | | | | OO | | | | | | | | | |
10 20 50 100 10 20 50 100
pr (GeV) pr (GeV)
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e Without perturbative calculations, based on the NRQCD factroization and the LDMEs in
PNRQCD, we give cross section ratio predictions for y(25)and J/y, Y(35)and Y(2S5)

e e ‘ i j \ ‘ SE | i 2.0
0.121 Vs =T TeV Vs =13 TeV | :
[ ST I HMTILAS o5 = 7 IRAYEE R CMS /s = 13 TeNRdaia
' 12 < |yl < 1.6 f . P pNRQCD
o..0; [l pNRQCD CMS data @ i Alyl <12 1 15f L Ayl <12 o
[ JILE < o] < 2
, =l < 1 , W 12< |y <225
0.08f 13
' al
» 1= 1.0
0.06 13
, =
L ~
0.047 |
0.5
0.02p
0.00————! ‘ | ‘ I — 00 ‘ | ‘ ‘ R

10 20 50 100 10 20 50 100
pr (GeV) pr (GeV)

e Fory(2S)andJ/y, when p; < 10 Gev, the cross section ratio predictions start to deviate
from data; similar situation for Y(35) and Y (25) when p; < 20 Gev
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PNRQCD, we give cross section ratio predictions for y(25)and J/y, Y(35)and Y(2S5)

e e ] T T T T T T ——— i 2.0
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[ &l ] I HMTILAS o5 = 7 IRAYEE R CMS /s = 13 TeNRdaia
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e Fory(2S)andJ/y, when p; < 10 Gev, the cross section ratio predictions start to deviate
from data; similar situation for Y(35) and Y (25) when p; < 20 Gev

e The deviations from data indicate that NRQCD factorization maynot be reliable in such p;
regions because of significant nonperturbative (or/and) relativistic correction effect?
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e Largep; J/y (Y(nS)) hadroproduction data can only constrain two linear combinations of
the 3.J/y (Y (nS)) color-octet LDMEs
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e Largep; J/y (Y(nS)) hadroproduction data can only constrain two linear combinations of
the 3.J/y (Y (nS)) color-octet LDMEs

e The gluonic correlator evolution relations can further constrain the color-octet LDMEs,
that is, solving 3 gluonic correlators from 4 linear equations

e Comparing NLO theory predictions for J/y, y(2S5), Y(25), Y(3S5) hadroproduction with the
data, our fitting results for the 3 gluonic correlators are (charm mass scale, units of GeVZ),

pr cut &10;10 c%Boo &oo

pr/(2m) >3 || 1.14+0.12 | —7.13+2.89 | 18.9 £+ 2.16
pr/(2m) >5 | 0.96 +£0.29 | —1.29+6.63 | 16.0 £ 5.11
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e Largep; J/y (Y(nS)) hadroproduction data can only constrain two linear combinations of
the 3.J/y (Y (nS)) color-octet LDMEs

e The gluonic correlator evolution relations can further constrain the color-octet LDMEs,
that is, solving 3 gluonic correlators from 4 linear equations

e Comparing NLO theory predictions for J/y, y(2S5), Y(25), Y(3S5) hadroproduction with the
data, our fitting results for the 3 gluonic correlators are (charm mass scale, units of GeVZ),

pr cut &10;10 c%Boo &oo

pr/(2m) >3 || 1.14+0.12 | —7.13+2.89 | 18.9 £+ 2.16
pr/(2m) >5 | 0.96 +£0.29 | —1.29+6.63 | 16.0 £ 5.11

¢ Interms of LDMEs, we have (units of 1072 Gev-)

v pr cut ©Y¢Esi)) (©OV{Esh) (O CRyY)) /m?

I/ pr/(2m) > 3 1.66 +0.18 —3.47+1.41 3.07+£0.35
pr/(2m) > 5 1.40 + 0.42 —0.63 & 3.22 2.59 + 0.83

5(25) pr/(2m) > 3 0.99 4+ 0.11 —2.07 +£0.84 1.83 +0.21
pr/(2m) > 5 0.84 +0.25 —0.37 £1.92 1.55 + 0.49

T(25) pr/(2m) > 3 1.79 £ 0.20 —1.12 +0.46 1.28 £0.15
pr/(2m) > 5 1.52 +0.47 —0.20 £ 1.04 1.08 = 0.35

1(35) L7 /(2m) > 3 1.39 +0.16 —0.87+0.35 0.99 + 0.11
pr/(2m) > 5 1.17 £ 0.37 —0.16 +0.81 0.84 4 0.27
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Y (nS) are more transversely
polarized compared with

Jy, p(2S)

This is consistent with the
fitted positive value of &y,
(3P(§8] LDMES) in the

cancellation scenario
because it leads to larger

value of &1 (3S1[8] LDMEs)
with larger scale A
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e A4th column: theory prediction based on our fittings
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Figure taken from M. Butenschoen, B. Kniehl, PRL 130 (2023) 4, 041901
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e NRQCD LDMEs can be further factorized into products of the wavefunctions at origin and
the gluonic correlators using pPNRQCD in strong coupled region
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e NRQCD LDMEs can be further factorized into products of the wavefunctions at origin and
the gluonic correlators using pPNRQCD in strong coupled region

e pNRQCD reduces the number (from 12 or more to 3) of nonperturbative parameters for
quarkonium production processes, which significantly enhances theory predictive power

e pNRQCD gives correct predictions for J/y, y(25) (Y(2S), Y(35)) cross section ratios in
relatively large pregions without relying on perturbative calculations

e The fitted postive value of &, explains why Y (n.5) states are more transversely polarized
compared with J/y, y(25) states in the cancellation scenario. The small negative value of
CI%QS’OO is consistent with 7. hadroproduction data, although the uncertainties are large

e The pNRQCD fitting results still overshoot the HERA and Belle data significantly, which
challenges the universality of NRQCD LDMEs

e We need more precise and reliable theory predictions, including higer-order calculations,
resummations, relativistic corrections, to pin-down quarkonium production mechanism
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