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Y’ surplus
> P’ surplus at Tevatron
- Data overshoot CSM calculation by a factor of 30 at high p;

* Fragmentation contribution included : e LR
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Fig. 4. Preliminary CDF data for prompt ¢ production (O)
compared with theoretical predictions of the total fragmentation
contribution (solid curves) and the total leading-order contribution
(dashed curves).
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NRQCD and CO mechanism

> N RQCD factorization Bodwin, Braaten, Lepage, 9407339
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358! dominance

> LO NRQCD calculation

° 35[18] dominant at high p;

* Predicts transverse polarization

1 | I I

Vs =18 TeV:[n| < 0.6

BR(Y(2S)—p 1) do(pp—w(28)+X)/dpr (0b/GeV)

- LO colour-singlet

total ; : =
colour-octet 'S, + "P;
colour-octet °S,

colour-singlet frag.

Kramer, 0106120
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" Polarization puzzle
> - 1T

e W(cosh,qp) « ﬁ (1+ a cos?0)
 LO NRQCD prediction contradicts with CDF data
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FIG. 4 (color online).
[4] (the kr-factorization model [9]).
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Prompt polarizations as functions of py: (a) J/¢ and (b) &(2S). The band (line) is the prediction from NRQCD
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H Thearetical side: high order calculation
* 0703113: Campbell, Maltoni, Tramontano

NLO, cross section, S-wave
+ 0802.3727: Gong, Wang

NLO, polarization, S-wave
+ 0806.3282: Artoisenet, Campbell, Lansberg, Maltoni, Tramontano

NNLO*, S-wave

+ 1002.3987: YQM, Wang, Chao
+ 1009.3655: YQM, Wang, Chao
* 1009.5662: Butenschoen, Kniehl

NOT fully
comprehensive!!!

Complete NLO (S- and P-wave), cross section

* 1201.1872: Butenschoen, Kniehl
*+ 1201.2675: Chao,YQM,Shao,Wang,Zhang
+ 1205.6682: Gong,Wan,Wang,Zhang

Complete NLO (S- and P-wave), with polarization
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Explain / /i polarization

> Transverse polarization cancelled between 35[8]

and 3P channel at NLO, may dominate
. opihs
t SBET T o
) 0. E‘Tl_!_|_§—1_i 4 1
~~~~~~~~ .._.\'_ otal ~a5 4
. Pr

Chao,YQM,Shao,Wang,Zhang,1201.2675

> 1S dominant mechanism: agreed by new studies

Bodwin, Chung, Kim, Lee, 1403.3612

Faccioli,Knunz,Lourenco,Seixas,Wohri,1403.3970
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! ~ Experimental side: better measurements
» General observable distribution for dilepton
decay of inclusive produced vector meson

W(cost, @) « (1 + Agcos’I + A sin’>F cos2¢

3+ Ay)
+ Ay, sin2 cose)

CMS HX fi
0sf { +
,‘QO.L&MM# ,,,,, b | Jw ,,,,,,,, : H ,,,,,,,,,,,,
* “Full” double angle analyses
o2l pr:h i§=:7Tev1 L=4i9fh": : : | } :
¥ « To avoid bias in single angle
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I' 3 SO(2) rotation invariant observable

» Experimentally commonly used reference
frames

« S-channel helicity frame, Collins-Soper frame,
Gottfried-Jakson frame

3
* Related by a rotation in the production plane 5 | 2
] e
» Frame independent observable T
[
- Ag + 3A,
A= Fison = £
Fi=so0n =y
Faccioli, Lourenco, Seixas, Wohri, 1006.2738 l quarkonium
l rest
* On behind the rotation invariant of [ frame

Lam-Tung relation
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Another§O(2) rotation invariant observable l

« Using complicated algebra, another
invariant is found

L 1HAM T (A = Ay)/4
VAT + 40,2y — 242 +44,,°

FIG. 1 (color online). Ellipses of rotation in the space of the
Palestini, 1012.2485 coefficients of the angular distribution are illustrated, showing
four sets corresponding to A = —1, 0, 3, 37 (see Sec. V).
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' Properties of invariants ‘
> Nice feature of rotation invariants

m=zl

- Experimental axis can be different from ° r
natural axis

 Less sensitive to detector acceptances /} I\ il &

« Can be checked between measurements
from different reference frame

b) z d) z
Faccioli, Lourenco, Seixas, Wohri, 1006.2738 I

» Find out all rotation invariants | 4 1
S N

« SO(3) rotation invariants can be
even powerful
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! : ; Angular distribution

» General angular distribution of probe particle B
in the rest frame of decay particle A

27 1 YQM, Zhang, Qiu, in progress
1 dI' ;
f d B f(@, Cb) - Z Z fl,m}/lm(gy Qb)

[=0 m=-—I

fiom = ()11,
|
Joo = T

- Degree of freedom: 4/% + 4]

« There should be 4/? + 4] — 3 SO(3) rotation invariants,
4J% + 4] — 1 SO(2) rotation invariants
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!l : | SO(3) rotation invariants

» Invariants resulted from the unitarity of
rotation

[
Wl: Z |fl,7n|2a lzla 2: RN 2.J

m—=—I

» Invariants obtained by integration over alli
space angle

11"
W],_n — /dQ |:f(99 Gb) _ E:| 9 n = 17 27

* All SO(3) rotation invariants can be found by this method
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|| 2 ” SO(2) rotation invariants

» Express distribution in bases of eigen

functions of J, L ar 2
—_ .- — fm,}_/m, 97

Under SO(2) ration in the x — z plane:

1mo

/ _
gqurn, — € gl,??’b

SO(2) rotation invariants

T10= 91,0
T =gl

Other SO(2) rotation invariants are not independent
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| Decay of spin— % particle
» Angular distribution

1 dI’ 1

T T {1 + 2Apcos0 + 2A,sinbcosp + 24 4 sm@smcb}

« SO(3) rotation invariants

Aj+ AL+ A7,

L= 37
 SO(2) rotation invariants
AL
¢
Tio = —=
RV
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T | Decay of spin—1 particle ﬁ ‘

» Angular distribution—assuming parity
conseved
1 dI' 1
TdQ ~ dn(1+ %)

{1 + \g cos” 0 + Ao sin? 6 cos 2¢ + Ao sin 26 cos ¢

+ A 148in? 0sin2¢ + A1 g, sin 20 sin ¢ | .

« SO(3) rotation invariants

1 A5+ 32+ Mgy + A1, + Agy)
DT (3+ Ng)?

Wy =

(A6 4 3Xp) (205 — 6XaAg + 9N5,) + 9(NoAT g, — 2M6AT, + 6o A LopA L — 3AsAT g
70m2(3 4+ \g)?

Ws =
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l 2 Décay 6f sbin—1 pérticle (cc;n.)

« SO(2) rotation invariants, equivalent to 1 and 1*, respectively

1 Mg+ 3)\q5
Ioy = — :
251 3+ Mo
3 (Mo —Ag)? +4)N5,
159 =

407 (34 Ap)?

* Inframes where 4, 4 and 1,54 vanish, SO(3) invariants reduced to

Nj + 37+ 30,

(3+ \g)? ’
(Ao + 3)\@(2)\3 — 6y + 9)\§¢)
(34 A\g)?

Equivalent to the two SO(2) invariants
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! Summary

» More observables are needed to fully understand
polarization puzzle

» All SO(3) or SO(2) rotation-invariant observables
are constructed

» These observables potentially useful for both
quarkonium physics and other physics

Thank you!
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‘ 2 Discovery: /] /i polarization

& Fitto J/y cross section requires a very small

M, = (0 ( 3s§8])> - 0.56(0 (*PY)) /m2

YQM, Wang, Chao, 1009.3655

€ Transverse polarization proportional to
M’y = (0 (3si")) - 0.52 (0 (*PY)) /m2

Chao,YQM,Shao,Wang,Zhang,1201.2675

® Cross section requires small transverse polarization—
consistent with data!!!
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