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Heavy quarkonium

> Bound state of QQ under strong interaction

* First discovered: J/y in 1974
* Family members: y(2S), 1., x.;» Y(nS), x,;(nP)....
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» Good features
v Heavy enough for perturbative calculation
v’ Clear signal— Lepton pair (e*e-and u*u’) decay
v’ Simplist system in QCD
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QCD Effective Theory ¢4
 QCD involve partons (quarks and gluons) @

— Asymptotic freedom

— Confinement

* Experiment measures hadrons

* The hadronization of partons ususally can not be calculated
perturbatively.

e partons < effective theory = hadrons
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NRQCD Factorization

* An effective theory to describe quarkonium productions and decays

dolpp - HX] fdxldsz (x1)G (xz)dU[U - (QQ)n ](OH(n))
Parton Distribution Function \
Hadronization(LDME)

Production of Heavy quark Pair
(Short Distance)

P &J,l H(QQ) / M
\ " s p4

Bodwin, Braaten and Lepage, PRD 51, 1125 (1995)




Achievement
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Jhy polarization puzzle aeri) =1

» LO NRQCD failed in the description of J/\y polarization.
* Prediction contradicts with CDF data
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» Analysis Q

* Dominant: gluon fragmentation = cc(3S,])
* Gluon is transversely polarized

Braaten, Kniehl and Lee, PRD 62, 094005 (2000); CDF Collaboration, PRL 99, 132001(2007)



NLO for CO

35,11 p,82>p, b, still very small

» 15,8 p-> additional small pt* part
emerges

« 35,8 p4, almost unchanged

« 3p/& :positive>minus, p,o2>p,*

 df (PBl)=r; df (1Sy8 )+r, df (35,18))
(medium and high p,, roughly)

Ma, Wang and Chao, PRL 106, 042002 (2011);
Butenschon and Kniehl, PRL 106, 022003(2011)
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Polarization at NLO

L)

* Left (missing feeddown): Global fit, bad agreement
* Middle(missing feeddown): 1S,®! dominance, agree with CDF Runll data
* Right(complete):agree with CDF Runl data, contradict CDF Run Il data
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* Differenct fitting strategy—> different LDMEs—> different phenomenology
* Three LDMEs to be determined, too many!

Butenschon and Kniehl, PRL 108, 172002(2012);
Chao, Ma, Shao, Wang and Zhang, PRL 108, 242004 (2012);
Gong, Wan, Wang and Zhang, PRL 110, 042002 (2013)
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50°/ Dominance

1S Bldominance picture suggested to solve the J/y
polarization puzzle

* Reason:
— Pt spectrum: NLO 1S, similar to prompt J/y
— Polarization: 'S,/ unpolarized

* Other groups came to similar conclusions

0 Gen Lo g __seiwr_

(O (1S, 81)) 3.04
(O (38,[81)) 0.168 0.3 -0.46 1.1
(O (3P 8)) /m 2 -0.403 0.56 -0.95 0.49

Butenschoen and Kniehl, PRD 84, 051501 (2011)

Chao, Ma, Shao, Wang and Zhang, PRL 108, 242004 (2012)
Gong, Wan, Wang and Zhang, PRL 110, 042002 (2013)
Bodwin, Chung, Kim and Lee, PRL 113, 022001 (2014)



n. and Jiy hadroproduction data reconciled

* 1. data help to determine LDMEs. (0% (3si™hyy ~ 3(0me (251
* Heavy quark spin symmetry (HQSS) (09/¥ (1B ~ (ome (35#))

* Consistent with J/y hadroproduction data (0419 (3PEY) ~ L(ome (1PE))
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e Good agreement at LHCb

Zhang, Sun, Sang and Li. PRL 114,092006 (2015)
Han, Ma, Meng, Shao and Chao. PRL114,092005(2015)



Jhy polarization puzzle remains

* Bad agreement with J/\y polarization in midrapidity region
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The parameters describing J/y polarization

« J/y polarization can be analyzed via the angular distribution of the
decayed positively charged leptons, which can be expressed as:

do
o« 1+ Agc0520 + Ag 4 sin 20cosd + A, sin*Ocos?
10y 0 0¢ b+ Ay ¢
aarion g * 0 - polar angle between momentum of a positive
: e lepton in the J/y rest frame and the polaization axis Z

¢ — corresponding azimuthal angle

L~ 3

B a

8N =

g g

k /é'

A
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» Polarization axis Z
v" Helicity (HX) frame: along the J/\y momentum
in the center-of-mass of the colliding beams
v Collins-Soper (CS) frame: bisector of the angle
formed by one beam direction and the
opposite direction of the other beam in the J/iy
rest frame

production plane




The parameters describing J/y polarization

* J/y polarization can be analyzed via the angular distribution of the
decayed positively charged leptons, which can be expressed as:

do
2 : 02
a0dy x 1+ Agcos“0 + Agg sin 20cos¢p + Agsin“Ocos2¢
* Where
_doyy —dog Aor = V2Re(day) _ doy 4
o~ d0-11 + do—OO 0 — d011 + dJOO ¢~ dJll + dJOO

* doyy (4, A" =0,11) is the spin density matrix of J/y (y(2S)) hadroproduction.
* Allthree parameters provide interesting and independent information

* The parameters are depending on the J/y polarization frames

* Most available experiments of J/y polarization are restricted to A4



New opportunity: polarization parameters Aq,, A,

Experiment measurement:

— CMS Collaboration, Phys.Lett.B 727(2013)381
— LHCb Collaboration, EPJC (2013) 73:2631

 Theoretical prediction at QCD NLO:

— Ay PRL108.172002(2012) with three data points.
— MAgy: No theoretical prediction.

* Are the theoretical predictions on Ay, A, coincide with the
experimental data?

* Could the uncertainty on the related LDMEs be reduced by
fitting on these measurements together with previous data fit?
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QCD NLO calculation for prompt J/y

dog{la = AGCS]) (07(S1) +d6(155) 07 05
+ d3(35'18) (OJ/¢(3S£S])) + Z d§(3p]8) (OJ/w(SP([)S]))‘

» Direct J/y:

» Feed-down contribution from y.; and y(2S)

J/ _ Y R WS L S v 2
A0\ Lxes =BlXer = /0] Y dsngx N N doed, dollY | pasy = Blw(28) — J/¢ldal®
J2\J)
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Interesting Featrues

* In helicity frame for inclusive J/y production at the LHC, a
symmetry (asymmetry) relations can be deduced as

daf)\/ do-f')\r { 1 A==£N y _ lln (E + pz
= n / ) = -
Qy lv=a AN dy lv=—a NN 1 A==+1,\'=0 2 \E-p,
Conclusion:
v Ag,=0 for experiment with symmetry rapidity range (a<|y|<b), e.g.
CMS and ATLAS.

v Ag,#0 for half rapidity range (y>b), such as the case at LHCb.
v' Ay A, are symmetry for y>0 and y<0.
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New fitting on the J/y LDMEs

 The data used:  LDMEs Strategy:
— vyield: — CS: potential model
— CDF : PRD71,032001(2005) 3N
(OY(siY) = TRy (0)
— LHCb: EPIC71,1645(2011) 1 on AL
3

— Polarization: (oxes 3Py = =
— Ay, )\CP CMS : Phys.Lett.B 727(2013)381
— Ag» Aggr A LHCb : EPIC (2013) 73:2631

(2J + 1)| R, _(0)°.

— CO: y.; and y(2S) are from
PRL110.042002(2013)

 Totally 86 data points of J/y, by minimizing %, we obtain

07/ (18 = (5.66 + 0.47) x 10~ 2GeV?3,

0
(O 358y = (1.17 £ 0.58) x 1073GeV?,
(O (P ymd = (5.4 +0.5) x 107GeV?,



The asymmetry for Ag,

« Jhy. y(2S) Polarization in helicity frame
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* Mgy is exactly zero in the calculation for CMS kinematical
region
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Results for Ag, Agy, Ap: CMS
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Results for Ag, Ag,,.
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Summary

» We finished calculation on Ag, A, for J/y polarization
In helicity frame based on NRQCD.

» New fitting can describe both J/y production and
polarization.

» LDMESs uncertainties are large for A,

» QCD NLO decribe Ay, A, quite well (medium and
high p,) by different LDMEs schemes.



