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1. NRQCD and Heavy Quarkonium
Nonrelativistic hadron system 
Separate scales m, mv, mv2, ΛQCD with v2<<1 1 
Effective theory, Factorization of short- distance and long-
distance parts
Experimental challenges from LHC data 
How to understand production and decay 
Important test ground for QCD and hadron physics 

2. New hadron states—XYZ 
X(3872), Y(4260), Z(4430),…Z(3900), Z(4020),… 
What is the nature of XYZ: Hadronic molecules, 4-quark 
states, Hybrids, threshold effects? 
What is the relation of XYZ to conventional quarkonia? 
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Interpretations of  X(3872) and Its 
Production at Hadron Colliders

Kuang-Ta Chao Peking University

In Collaboration with C. Meng & H. Han
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Outline

Mini review of X(3872)

X production at hadron colliders

X decays to J/ψɣ and ψ(2S)ɣ

X production in B meson decays

Summary
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Experimental information
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Experimental information
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Experimental information
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[Tornqvist’04, Voloshin’04, Swanson’04, Braaten’04, …]
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Meng, Gao and Chao, hep-ph/0506222, PRD87(2013)074035
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X production at hadron colliders
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NRQCD factorization formula
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NRQCD factorization formula
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NRQCD factorization formula

14



Fit to the CMS pT distribution
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Predictions v.s. CDF data
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Predictions v.s LHCb data
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Single parameter fit
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X(3872) decays to ψ(2s)ɣ and J/ψɣ 
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BaBar arxiv:0809.0042

Belle   arxiv:1105.0177

R < 2.1  (at 90% C.L.)

LHCb arxiv:1404.0275 (NEW)
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Theoretical results for the ratio R
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Summary
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Summary
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Thanks!
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Heavy quarkonium: charmonium and 
bottomonium

• Heavy quarkonium: composed of heavy quark and antiquark pair (J/Ψ, 
Ψ’, χcJ, ϒ(nS), χbJ … ); nonrelativistic system:  v²<<1, effective theories 
with different scales: m, mv, mv²

• Heavy quark mQ>>ΛQCD,  produced at short distances, pQCD applicable.

Light quarks

Heavy quarks

ΛQCD



Study of heavy quarkonium production

• Lots of heavy quarkonia (J/Ψ, Ψ’, χcJ, ϒ(nS), and even 
charmonium-like states X(3872) observed at LHC.

 Heavy quarkonia production:Provide an ideal laboratory to study 

pQCD and hadronization.



Factorization and hadronization
• Short distance and long distance parts. Hadronization

followed by production of an off-shell heavy quark pair.

 Approximation: on-shell pair + hadronization.
Different assumptions/treatments on how the heavy quark pair 

becomes a heavy quarkonium: different factorization models.



NRQCD – factorization

Hadronization (LDMEs)

Long distance (~1/(mcv)) 

input from experiments needed.
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Production of heavy quark pair

Short distance (~1/mc) 

perturbative calculable.



Widely used factorization methods

Since November revolution:  Discovery of J/Ψ in 1974

• Color-singlet model (CSM): 1975 –
– The pair has the same quantum numbers 

as the quarkonium
– Effectively no free parameter.

• Color evaporation model (CEM): 1977 –
– All pairs with mass less than open flavor 

heavy meson threshold;
– One parameter per quarkonium state.

• NRQCD approach: 1986 –
– Pairs can be produced in both color-

singlet  and color-octet states
with various probabilities

– Infinite parameters – organized in power of v .

Einhorn, Ellis, PRL 1975
Chang, NPB 1980
Berger, Jones, PRD 1981 …..

Fritsch, PLB 1977
Halzen, PLB 1977  ……

Caswell, Lepage, PRD 1986
Bodwin, Braaten, Lepage, PRD 1992



Heavy quarkonium production at 
hadron colliders



CSM – Ψ’ puzzle
• Twenty year ago, CDF collaboration found a surprisingly large 

production rate of Ψ’ at high pT.
• The yield is larger than the theoretic prediction by a factor of 30, 

even though the fragmentation contribution is included.

Braaten, Doncheski, Fleming, 
Mangano,  PLB 1994



CSM – NLO Calculation
Differential cross section is enhanced by 2 orders relative to 

LO CS result at high pT. Still much smaller than data.
Polarization is changed from being transversely polarized to 

longitudinally polarized.

Campbell, Maltoni, Tramontano, PRL 2007 Gong, Wang, PRL 2008



• At large pT, pT enhancement is more important 
than αs suppression;



Importance of complete NLO calculation

A complete NLO calculation to heavy quarkonia
production is essential to understand the
production mechanism.
 NLO correction for P-wave channel is needed!

 Typical NLO calculation: a small correction, improve the precision of 
theoretic prediction and reduce uncertainties induced by 
renormalization scale and factorization scale.

 NLO calculation here: NOT A CORRECTION! But provide the main 
contribution for some channels which are suppressed by kinematics 
at LO.

 One can conclude nothing definitely until 
the pT

-4 behavior of all channels are opened.    
 NNLO contributions for 3S1

[1] may be safely 
ignored. (Ma, Wang, Chao, PRD 2011)

States Order where pT
-4 

present

3S1
[1] NNLO

3S1
[8] LO

1S0
[1,8] NLO

3PJ
[1,8] NLO



CSM –NNLO* calculation
 NNLO correction to CS channel is estimated by calculating

only tree level diagrams (NNLO*). An infrared cutoff sij
min is

imposed to control soft and collinear divergences.

Lansberg, EPJC 2009
Artoisenet, Campbell, Lansberg, Maltoni, 
Tramontano, PRL 2008

 Large corrections. Almost reach the data.



CSM – Problem  Theoretically:
 IR divergence in NLO correction for P-wave.

 Phenomenology: CSM cannot explain experiment data even
including NNLO contribution (Ma, Wang, Chao, PRD 2011)
 The only new behavior is the gluon fragmentation, which scaling as pT

-4 .
Other contributions at this order is suppressed by αs relative to NLO.

 The fragmentation contribution has been calculated by E. Braaten et al. ,
and they are as small as 1/30 of the experiment data.

 NNLO* is dominated by double logarithm, which will be canceled by loop
corrections. Thus NNLO* method may overestimate the CSM
contribution.
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CSM – Convergence of v2 expansion
 To further confirm that the CSM is not enough to explain data, it is 

needed to study the convergence of v2 expansion.

 Up to relative-order-v4 correction for gluon fragmentation into J/Ψ
in the CS channel has been done by Bodwin, Kim, Lee, 1208.5301. 
The finite term of order-v4 contribution was found to be not 
important numerically. That is, pT

-4 contribution of CSM is not 
important.

 v2 correction for pT
-6 contribution of CSM is studied by Chao, Li, Ma 

(In progress) . The convergence of v2 expansion is found to be very 
good. pT

-6 contribution of CSM is less than one-tenth of experiment 
data when pT>10 GeV.

 Considering also that other higher power contributions are not 
important at large pT, CS channel contributions are neglectable
when pT>10GeV.



Complete NLO correction for Ψ – yield
• Two groups calculated it 

independently: Ma, Wang, Chao 
(MWC) and Butensckön, Kniehl
(BK).

• The results of the two groups for 
the short-distance coefficients 
agree.

 Methods of fit NRQCD LDMEs are different:
MWC: select only data that can be safely described by perturbation 

theory to fit LDMEs, although only some linear combinations of LDMEs 
can be determined.

BK: fit as many as possible data to determine all three CO LDMEs.



Complete NLO correction for Ψ – yield
• MWC: agree with data only for pT>7GeV, but the 

agreement is very good;
• BK: all data for pT>3GeV can be described within 

large errors.

MWC, PRL 2011 BK, PRL 2011



• MWC: agree with data only for pT>7GeV, but the 
agreement is very good (up to 40-70 GeV);

• BK:  data for pT>3GeV can be described within 
large errors.

MWC BK

Confront with Large pT data



Complete NLO correction for Ψ –
polarization

• For P-wave channel λθ<1, which results from 
short distance coefficient behavior: dσT<0 and 
dσL>0;

• Negative transverse component of 3PJ
[8] channel 

may cancel the transverse component of 3S1
[8] 

channel, leading to mainly unporalarized J/Ψ.



Polarization predicted by three groups
1. Butensckön and Kniehl: direct; LDMEs: 

global fit of pp, ep, γγ and e+e- data; 
conflict with CDF data.

2. Chao, Ma, Shao, Wang and Zhang: 
direct; LDMEs: fit yield of CDF and LHC 
data (especially large pT data); 
consistent with CDF data.

3. Gong, Wan, Wang and Zhang: prompt; 
LDMEs: fit yield of CDF and LHCb; agree 
with Run-I data (except two points), but 
conflict with Run-II data.

 Prompt polarization by GWWZ is not much 
different from their direct polarization.

 For direct polarization, the only difference 
between the three groups is the choice of 
LDMEs.

 How to fit LDMEs ???

 Polarization data from LHC for larger pT

CMSWZ

BK

GWWZ

J/Ψ



r=10 and CEM

r=0.1

•LO NRQCD prediction, dominated by CO channel at 

high pT,  is far away from the experiment data even 

though 0.1<r<10 (r  ≈ 1 based on NRQCD).

CDF Collaboration, PRL 2007
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Complete NLO correction for χcJ (1)

K factor of each channel.

•Large but negative 
corrections are found.

•CS channel of χc2

declines much faster 

than χc1.

Different behavior 
from CO channel.

Large corrections originate from              / (2 )T cp m

Subtraction scheme and 
NRQCD renormalization 
scale dependent.

Ma, Wang, Chao, PRD(R) 2011



Complete NLO correction for χcJ (2)
• Ratio dσχc2

/ dσχc1
can be explained in NLO;

• Differential cross section is also improved.
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Complete NLO χcJ (3)
• Ratio dσχc2

/ dσχc1
: good agreement 

with LHCb and CMS data;
• CMS data further confirm that 

dσχc2
/dσχc1

≠5/3 even pT is very 
large. 

LHCb, PLB 2012

CMS, 1210.0875


