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NRQCD: factorization

U Factorization formula

Bodwin , Braaten , Lepage , 9407339

do

30 p0 9OH A H

(2m)° 2P 5 /—Q%(PHMOR D
Production of a heavy quark p%ir HadronizationNLDMES)

A ¢&: quantum numbers of the pair: color, spin, orbital angular momentum, total

angular momentum, spectroscopic notation ol |

U A glory history

A Solved IR divergences in P -wave quarkonium decay —

A Explained [ surplus Thanks to color

A Explained ... ¥... production ratio octet mechanism
A é. —
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Y Achievement:-explain(s
U € “Yproduction in NRQCD

) sunplus

Kramer, 0106120
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YQM, Wang, Chao, 1012.1030

pr [GeV]
Butenschoen , Kniehl , 1105.0820

Gong, Wan, Wang , Zhang, 1205.6682
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NLO fit: by PKU group

U Fit UIf vyield data at Tevatron with n = x GeV

YQM, Wang, Chao, 1009.3655
A Dueton andr behaviors, constrain two combinations

A @( 3"y os( F'h7a marxtmap Ge Vv

A- @(3") me( F')Pre mnnuenee v

U Upper bound from Belle total cross section

Zhang, YQM, Wang, Chao, 0911.2166

0 mtGe V
A No universality of NRQCD LDMEs!
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NLO fit: by Hamburg-group

U N LO N RQCD VS GIObaI da.ta. Butenschoen , Kniehl , 1105.0820

A Including Belle, LEP, HERA, RHIC, Tevatron , LHC

A Total of 194 data points from 26 data sets
A Exclude  o¢'OQ@pdataand 15 p"OQep data
(O7/P(3511)) = 1.32 GeV? X3 = 725/194 = 3.74

(O (15H) | (4.97 £0.44) x 1072 GeV?
(O3S | (2,24 £0.59) x 1073 GeV3
(O (3PN | (—1.61 4 0.20) x 1072 GeV?

A Data are not well described by NLO NRQCD, especially Belle data
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NLO fit: by IHEP group

U Fit UIf yield data at Tevatron and LHC

Gong, Wan, Wang , Zhang, 1205.6682

A Exclude 1 x"OQ @p data

<O<P8])> O

(0SB, (s, ) = 2o GeV?

= (9.7+£0.9,—-0.46 £ 0.13, —0.95 + 0.25)

U Results of the three groups: disagree

A - mix Tdip GeV A - e Ge V A - ey Ge V
A - minnuatnice V A - ™ Ge V A - M cGe V

PKU Hamburg IHEP

7128



NLO fit: by ANL-Koreagroup

U Fit UIf yield data at Tevatron and LHC

Bodwin, Chung, Kim, Lee , 1403.3612

A Exclude 5  p 1OQ data

A Large logs at LP in pff) expansion are resumed

§ CMS data, |y| < 0.9

dJLP+NLO pr— dJLP . dJ%IEO _I_ @ g 1_1 § CDF data, |y| < 0.6 ]

de de de de 2 072 \ = LP+NLO, LHC [y < 0.9

%|§ 10_3 3 == LP+NLO, Tevatron |y| < 0.64

(©7/%(1818) = —0.030 + 0.381 GeV?® - |

<OJ/¢<38[8])> 0.023+0.057 GeV? 17 1) | e——

(©7/*(3PEY) = 0.043 + 0.106 GeV? B T
pr (GeV)

U Good fit, yet another different set of LDMEs
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Datadrivervby CERN: et. alogrour

U Fit UIf yield data at Tevatron and LHC

Faccioli , Knunz , Lourenco, Seixas,

A Similar shape as functions of | 70 Wohri , 1403.3970
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A Ignoring | ! contributions,  “¥ ! dominance
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Summary, of current:status

U Agreement among different groups:

A NLO NRQCD theory has difficulty to describe global data
(Warning: perfect agreement for ... production! Problems with  —

production not discussed)

U Rigorousness of NRQCD

A Based on EFT of QCD: NRQCD Nayak , Qiu, Sterman, 0509021
Bodwin, Chung, Ee, Kim, Lee, 1910.05497

A Factorization has been tested to NNLO zhang, Meng, YQM, Chao, 2011.04905

U What is missing?

A Remember: summation over all possible ¢ in NRQCD formula

A Corrections at high powers in 0 (relativistic corrections)!
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Relativisticorrections{dmNRQCD

U Relativistic (power) corrections

2

D
A Equations of motion of NRQCD EFT: (iDo— %+---)¢r=0

A NRQCD factorization: use EOM to remove , leaving operators like:
(Warning : here ‘Oreplaced by , needs proper gluon fields to make them gauge invariant)
)(Jﬁ,b __ (For pp collision, only  type -1 have been considered,
Leading term about 30%-50% corrections for charmonium )
XT“E’zl// CS-channel:

Fan, YQM, Chao, 0904.4025
Type |: Relative momentum | <  CO-channel:
Xu, Li, Liu, Zhang,1203.0207

Vz()fw) S-D mixing -channel (including ep collision):
He, Kniehl, 1507.03882
Type II: Total momentum LPin 1) , all orderin 0:

— Li, Chen, Huang, YQM, 1909.03554

O (F79 - T2 /8) o

Type llI: Orbital excited states, like-idave
However, more relativistic -
X'(gE - o)

correction terms may be needed!

Type IV: Intrinsic gluon insertion
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A 0 isdifferentfrom 0,0 0 p 00
A NRQCD expand 0 around 0

U Bad convergence of

. k . . e K
NRQCD expansion YQM, Vogt, 1609.06042
A Cross section approximately © 0 0 p UQ)
QAT O—
g ¢

¢p ¥ 1AT O—
p T_tT#o_ 1tm E With_ 0 &

P P& P& pP8TIY MROP T O E Mangano, Petrelli , 9610364
A Solution : soft gluon momentum should be  kept but not expanded,

which means to resum relativistic corrections (due to kinematic

effects) to all powers in  v!
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Over subtraction

Braaten, Chen, 9610401
YQM, Wang, Chao, 1002.3987

u Eg. I—% production: o 7cop o 6( F) o o3

gluon
soft

—

A Soft gluon in P -wave: factorized to S -wave matrix element

A Subtraction scheme: at  zero momentum , which contributes the largest

production rate. Over subtracted! P  -wave negative!
A Big cancellation between S  -wave and P -wave! Perturbation unstable
A Solution : soft gluon momentum should be kept during subtraction process,

or resum kinematic effects to all powersin 0.
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