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Motivations

e Charmonium decays as a probe for
non-perturbative QCD mechanisms

* pQCD helicity selection rule is badly
violated Iin exclusive processes

o Several exisiting puzzles in low-lying
vector charmonium decays



Several well-known puzzles In
charmonium decays

B y(3770) non-D D decay

B “prn puzzle” in Jy, y' - VP decay

B Large n. — VV branching ratios

B M1 transition problem in J/y, ' > vy 1., (yn.")

B |sospin-violating decay of y'-> J/y n° and y'-> h_rn°
B Could be more ... ...

Conjecture:

1) These puzzles could be related to non-pQCD mechanisms
In charmonium decays due to intermediate D meson
loops.

2) The intermediate meson loop transition could be a
mechanism for the evasion of the helicity selection rule.




a2 Charmonium spectrum

¥(45) or hybrid
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from the open channel effects.

or above the threshold.

The open D D threshold is close to y(3686) and y(3770), which
suggests that these two states will experience or suffer the most

Nevertheless, such effects behave differently in the kinematics below
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Outline

» Introduction to the helicity selection rule
» Long-distance contribution from
Intermediate hadron loop transitions
 y(3770) non-D D decays
* “omt puzzle”
* v VVand y.,2> VP
* Ner Xeor Ne = Baryon + Antibaryon
» Summary



Helicity selection rule

According to the perturbative method of QCD, Chernyark and
Zitnitsky showed that the asymptotic behavior for some
exclusive processes has a power-counting as follows:

/ A2

\ A1 +H2

[ "\QCD )

P zN)—h1(A1)ho(A2) ™
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Chernyark and Zitnitsky, Phys. Rept. 112, 173 (1984); Brodsky and

Lepage, PRD24, 2848 (1981).

The QCD leading term will contribute when A;+A,=0, while
the next to leading order contribution will be suppressed by

a factor of A%5cp/m,?



Helicity selection rule

An alternative description of this selection rule with the
guantum number named “naturalness”

o= P(-1)’

The selection rule requires that

O_zmtzal = 5105

Take the process Jy-> VP as an example (o
Moo v o v v e e (X NP (0
YRS Ay )= VAV ) P(Ap) T “MVQUV@D‘ID\PIP”‘ZW V=V AP

initial
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7~ 0102)

In the rest frame of initial state, it requires A,,=0 at leading twist

accuracy. g, can be approximately expressed as a linear
combination of the final state momenta, which then results in a

vanishing amplitude.



S- and P-wave charmonium exclusive decays

= -" . forbidden by angular-
PF PV momentum and parity

VY
conserv.
e - {"I-"r.l' @ “¢” :toleading twist order

w(3770) forbidden in pQCD
: {ﬂ I::.I"'Ill] “" : to leading twist order
X ol -...-" - allowed in pQCD

X o - “()" : either G-parity or

{ﬂ = iIsospin are violate
xa | v | | \p o

v(3770) non-D D
Feldmann and Kroll, PRD62, 074006 (2000) decays into VP

- >

BR(x. — KPK™©) = (1.64+0.4) x 1073 PDG2008

The helicity selection rule seems to be violated badly in
charmonium decays!



w(3770) non-D D decay

-- IML as a mechanism for evading the
helicity selection rule



16JPCYy = 0—(1— )

¥(3770) MASS

OUR FIT includes measurements of My(25) My(3770) and M., (3770) — Ma(25)"

Y W
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3772.9240.35 OUR FIT Error includes scale factor of 1.1.

3775.2 £1.7 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram

below.

3772.0 £1.9 L ABLIKIM 08D BES2 ete~ — hadrons
37756 +£2.4 +0.5 57 AUBERT 088 BABR B — DDK

3776 5 =4 68 BRODZICKA 08 BELL B+ — DUDUK+
3778.8 =£1.9 +=0.9 AUBERT O7BE BABR eTe— — D D~

Particle Data Group 2008




¥(3770) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT
27.3+ 1.0 OURFIT
27.6+ 1.0 OUR AVERAGE

30.44+ 85 4 ABLIKIM 080 BES2 ete™ — hadrons
27 +10 45 68 BRODZICKA 08 BELL B+t — DYDYK+
285+ 1.240.2 ABLIKIM 07E BES2 e e~ — hadrons
235+ 3.740.9 AUBERT 07BE BABR eTe— — DD~

26.9+ 2.4+0.3 ABLIKIM 06L BES2 eT e~ — hadrons
24 + 5 SCHINDLER 80 MRK2 eTe—

24 £+ 5 BACINO 78 DLCO e e

28 + 5 RAPIDIS 77 LGW eTe™

4 Reanalysis of data presented in BAI 02C. From a global fit over the center-of-mass energy
region 3.7-5.0 GeV covering the /(3770), /(4040), +/(4160), and 1(4415) resonances.
Phase angle fixed in the fit to 6 = 0°,

Particle Data Group 2008




¥(3770) DECAY MODES

In addition to the dominant decay mode to DD, ¢/(3770) was found
to decay into the final states containing the J /v (BAIl 05, ADAM 06).
ADAMS 06 and HUANG 06A searched for various decay modes with light

hadrons and found a statistically significant signal for the decay to ¢n only

(ADAMS 06).
Scale factor/
Mode Fraction (I;/T) Confidence level
rh DD (85.3 +£3.2 )%
[ p° DY (48.7 £3.2 ) %
M5 DD~ (36.1 £2.8 )%
4 J/pata— ( 1.93+0.28) x 103
e J/Yn9a° (8.0 £3.0 ) x 10~4
e J/vn (9 +4 )x1074
, J/ya° < 2.8 x 104 CL=90%
s Yo (73 +09 )x 103
Fo  YYe1 (29 +06 ) x 103
Fm Y X2 < 9 x 10—4 CL=90%
{1 ete” ( 9.7 £0.7 ) x 106 5=1.2
[ &7 (3.1 £0.7 ) x 10~4

Particle Data Group 2008




3 w(3770) non-D D decay

B Experimental discrepancies:

Exclusive D D cross sections are measured at BES and CLEO-c:

M. Ablikim et al., Phys. Rev. Lett. 97, 121801 (2006); M.
Ablikim et al., Phys. Lett. B 641, 145 (2006); M. Ablikim

et al., Phys. Rev. D 76, 122002 (2007); M._Ablikim et al.,
Phys. Lett. B 659, 74 (2008).

obs
DD_(607:I:040:I:0 35) nb

S. Dobbs et al., Phys. Rev. D 76, 112001 (2007).

Quantity Value
alete” — D'DY) (3.66 = 0.03 = 0.06) nb
olete” = DD) (2.91 = 0.03 = 0.05) nb
alete” — DD) (6.57 = 0.04 = 0.10) nb

alete” =D D ) /olete” — DPDY) 0.79 = 0.01 = 0.01




Inclusive non-D D hadronic cross sections from BES
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3.65 3.7 3.75 3.8 3.85
Eem [GeV]

BES Collaboration / Physics Letters B 659 (2008) 74-79



« BES-II: non-D D branching ratio can be up to 15%

obs _ N 1
o 5= (1.08+£040=£0.15) nb
* CLEO-c: BR,37700—pp = (103.0 = 1.472:0)%

The lower bound suggests the maximum of non-
D DDb.r.is about 6.8%.

Updated results from CLEO-c : 1004.1358[hep-ex]
B(1(3770) — non-DD) = (—3.3 £ 1.47%%) %
< 9% at 90% confidence level




B Theoretical discrepancies:

In theory

Y. P. Kuang and T. M. Yan, Phys. Rev. D 41, 155 (1990).
Y.B. Ding, D. H. Qin, and K. T. Chao, Phys. Rev. D 44,
3562 (1991).

J.L. Rosner, Phys. Rev. D 64, 094002 (2001).

J. L. Rosner, Ann. Phys. (N.Y.) 319, I (2005).

E. Eichten, S. Godfrey, H. Mahlke, and J. L. Rosner, Rev.
Mod. Phvs. 80. 1161 (2008).

M. B. Voloshin, Phys. Rev. D 71, 114003 (2005).

N.N. Achasov and A. A. Kozhevnikov, Phys. At. Nucl. 69,
988 (20006).

Z.G. He, Y. Fan, and K. T. Chao, Phys. Rev. Lett. 101,
112001 (2008).




BR(non-D

pPQCD calculation:

€ Short-range pQCD transition;
€ Color-octet contributions are

D) < 5% .
) included;

0.5

0.4 -

0.34...

I'(°D,—->LH) (MeV)

0.2 -

0.1 |

€ 2S-1D state mixings are small;
€ NLO correction is the same
order of magnitude as LO.

—_____ NLO 4 Results do not favor both

———— CLEO and BES
€ NNLO ?

e Lo Q: How about the long-range

.../ non-pQCD mechanisms?

1.0

1.5 2.0 2.5
Wme

Z.G. He, Y. Fan, and K. T. Chao, Phys. Rev. Lett. 101,

112001 (2008).



1 Recognition of possible long-range transition

mechanisms
PQCD (non-relativistic QCD):

®1f the heavy ¢ c are good
constituent degrees of freedom, ¢
and c annihilate at the origin of
the (c c) wavefunction. Thus,
NRQCD should be valid.

€ pQCD is dominant in w(3770)
— light hadrons via 3g exchange,
hence the OZI rule will be
respected.

— y(3770) non-D D decay
will be suppressed.

Non-pQCD:

® Are the constituent ¢ ¢ good
degrees of freedom for y(3770) —
light hadrons? Or is pQCD
dominant at all?

& If not, how the OZI rule is
violated?

— Could the OZIl-rule
violation led to §izeab|e
y(3770) non-D D decay?

= How to quantify it?



1 Recognition of long-range transition mechanisms

in w(3770) non-D D decays

Short-range pQCD transition Long-range OZIl evading transition

M1

via single OZI (SOZI) process
w(3770) C

M2



y(3770) decays to vector and pseudoscalar viaD D
and D D* + c.c. rescatterings

[ IIL [ f.ﬁ
B(3770) : X ‘<><
(a) (b)
Vv .V D r
5(3770 N L B(3770 y B(3770 '
i E Y(3770) I Y(3770) \D(D) Y(3770) )

DL, P DN, P - P

D

(a) (b) (c)

FIG. 2. The ¢- [(a) and (b)] and s-channel (¢) meson loops in (3770) — VP.

Y.-J. Zhang, G. Li and Q. Zhao, Phys. Rev. Lett. 102, 172001 (2009)



The V - VP transition has only one single
coupling of anti-symmetric tensor form

Transition amplitude can thus be decomposed as:

Long-range non-
Short-range
pQCD amp. 0QCD amp.

A L

Mpy = ME+ P MO = i[g; + g5 Fs(py)]

X EH‘B#,,P‘; Eﬁpﬁf? mez??m:




B Effective Lagrangians for meson couplings

Lypp = &yppiDd,D — d,DD} i+,
Lvpp = —i8Vpp€apurd® VPI*D*' D + H.c,,
Loppp = —i8pp b €apuvd*DFo*D" P + H.c.,
Lppp = gppptDd,P — 0,DPID** + H.c.,

Coupling constants: yiroptp- — 1271 8y@amoprn® = 12.43

2 gp

L & D D

SD'Dr _f S~/ Mphip*, Sp'prw — [
T n

S5D'Dp — \Eﬂgp: SDDp — gﬂ’ﬂpﬂﬂz

where [ = 132 MeV 1s the pion decay constant, and
Mp = \/mpmp- sets a mass scale. The parameters g,
respect the relation g, :ffipffw [20]. We take A =

0.56 GeV ™' and g = 0.59 [21,22]. Cacalbuoni et al, Phys. Rept.
(1997).




I) Determine long-range parameter in y(3770) = J/y n.

y(3770) == Jhy
y(3770) Jhy
>
' M

op - —4 1'12 — ?: 2

BR} ), = (0.0 =4) X 10 F(q?) :( : m.:x)}
A= —¢g*

where A = Meax + Hi‘xQCDa with J'\QCD = 0.22 GeV.

€ Soft n production a = 1.73

€ n-n’' mixing is considered
€ aform factor is needed to kill the loop integral divergence

The cut-off energy for the divergent meson loop integral can
be determined by data, and then extended to other processes.



II) Determine short-range parameter combing y(3770) = ¢n
and y(3770) = pm.

Relative strengths among pQCD transition amplitudes:

0 0 &4 ! !
pim | KVK . o, on,  én oy
s -8s -85 -85 -85 -85

= l:l:cosap:sinap:(— sinap): COSa p

{ n = cosap|nn) — sinap|ss),

n' = sinap|ni) + cosapl|ss),

With @« = 1.73 fixed, we can then determine the other
two parameters gg¢ = g?ﬂﬂﬂ = (0.085 and 6 = —66° by
experimental data, 1.e., BRgy, = (3.1 £ 0.7) X 107 [8]
and BR . < 0.24% with C.L. of 90% [28].




III) Predictions for y(3770) - VP.

BR (X107%) t channel s channel  SOZI Total
J/ iy 8.44 0.13 9.0

J/ o’ 0.1 2.58 X 1072 4.4 X 102
P 34.45 7.69 X 107> 8.53 24.0
K"K~ +cc 10.97 6.83 X 107 572 8.91
K* KV + ¢c¢ 1 1.80 438 ¥ 1077 5.72 9.9()
dn 1.25 .13 X107 1.16 3.1
on' 0.87 2.53 X 107> 1.86 3.78
wn 6.83 0.64 X 107 1.88 4.69
wn' 0.58 2.87 X 1073 097 0.39
pn 1.88 X 1072 1.77 X 107 1.8 X 1072
pn’ 1.08 X 1072 1.54 X 107° 1.0 X 1072
wr’ 257X 1072 1.82 X107 ~--- 25xX10°°
Sum 75.34 0.16 25.84 63.87

By var}'ing_ §, but keeping the ¢n rate unchanged (i.e. gs will be changed),
we obtain a lower bound for the sum of branching ratios ~ 0.41%.



X. Liu, B. Zhang and X.Q. Li, PLB675, 441(2009)

BR (%)

08 10 12 14 16 18 20 \ 22

Z.G. He, Y. Fan, and K. T. Chao, Phys. Rev. Lett. 101,
112001 (2008).




B Further evidence for the role played by IHL

€ “pr puzzle’ in Jy, y(3686) 2> VP.

[Zhao, Li and Chang, PLB645, 173(2007); Li, Zhao, and Chang, JPG
(2008); Zhao, Li and Chang, arXiv:0812.4092[hep-ph], and work in
progress]

€ Isospin-violating decays as a probe for IML, e.g. v —» J/y n°,
h.m°, etc.

[Guo, Hanhart, and Meissner, PRL103, 082003(2009); Guo et al,
1002.2712[hep-ph], and also talk by Hanhart at this conference]

€ An analogue to the y(3770) non-D D decay: the ¢(1020)
non-K K decay

[Li, Zhao and Zou, PRD77, 014010(2008); Li, Zhang and Zhao, JPG36,
085008(2009)].



® Helicity selection rule evading in y.,2VV, x.,2VP, and n,
Yeo» N 2 B B,
[Liu and Zhao, PRD81, 014017(2010); arXiv: 1004.0496]

€ More to be studied in order to gain systematic insights into
the underlying mechanisms ...
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Backup slides




Long-distance contribution

Intermediate charmed meson loop transitions
N y.,2 VV




Wavefunctions and effective Lagrangian based on heavy
guark symmetry and SU(3) flavor symmetry

The spin multiplet for these four P-wave charmonium states are expressed as

1+ :”r. O 1 P 1 11— ?'r.
Fee = (T) (:"ffa Yo+ 5Euvapt™Y Xer + T2 (1" — F)Xeo + R "-*’“) (T) |

The charmed and anti-charmed meson triplet read

14+9Y\ s
Hy,; = (Tﬁ) D"y — Diys],

_ _ 1—p
Hy = [ﬂi#’}‘p—pﬂ'a ( 5 )-.

where D(® = (D“':*},DH*]',D:(*}}.

Effective Lagrangian for the P-wave charmonium couplings to charmed
mesons:

L1 = ig]TT[PfEErQI'"}‘“EH] + H.c.



The effective Lagrangians describe the couplings of charmed

mesons to light hadrons read

Lppy = —fgﬂnvﬁgpﬂj(l)”)iy
LoDy = —2fp-DVEwas(@V")i(Dia DI —D;P5 D;),

Lp-p-yv = igp-pvD;" 8,05, (V*)ij +4ifp-p-vD;*(8.V. — 8, V)i D},
'ED‘D'P = —ng;Dp{ﬁiﬁpﬂjP;” — f’:”ﬁ‘p'ﬂ-jﬂj},

1 & L e A *
Lp«p-p = §QD*D*PEpmﬁﬂt— 0" Pi; 0 Pj'aﬁ
1 (50 + *+
# (P +w) p K
V= p- (=" +w) K
K*~ K 0]
V%{?TD + 1) Tt K+
_ 1 0 0
K- K" —\/ 37



Transition amplitudes for ., > VV

With an effective Lagrangian method considering heavy quark symmetry
and SU(3) symmetry, the IML amplitudes are expressed as

oY XS s S ; = / Lil.‘_/ i/ 4 N2 I 54 : v 24 2/ 4 N LU D A-—IG/U:'J

o (B B 2 N A A2 1 (2)
o \NJ s A /"7U'/\J 1414/7U/ DbDlDQ' N\ L 7/

The phenomenologically introduced form factor:
2 2

oy (M =AY
i \%‘2 — A7 )

where A; = m; + al\gep

J

T( A2\
\Y )




Couplings for y., and y., to
charmed mesons

}:f.'f

GDD=*y.1 — Qiﬁﬂlﬁ'mﬂmﬂ*'mxﬂ,
QD"D‘I{:Q — 49.1?“15'* kY .mxf:ﬂ"

ﬂlx () 1

g1

3 freo Casalbuoni et al, Phys. Rept. 281,
145(1997); Cheng, Chua, and Soni,
with  fu., ~ 0.51 GeV PRD71, 014030 (2005)
cO -



Numerical Result for ., 2VV

BR (x107%) [K*"K*"| pp W o

Exp. data 16 = 4

Meson loop 12 ~ 20|26 ~ 54 (8.7 ~ 18|2.7 ~ 4.6 | <mem _0 3 ~ 0.33

SU(3)(R = 1) 16.0 26.8 8.5 6.3

SU(3)(R =0.838) 16.0 32.0 10.6 1.0

The results of a simple parameterization method based on SU(3)
flavour symmetry are also presented in the table, where

|
N/
IAC

T |

N/ 4
IAC

-

T

T
~
4 U

N
~
LD

—\ Ve
c ) {
O II \\

~—’

1 1 /7 \ \
\ /{( Vv | 1)
/7 \\ /7 Vol 1/

RS]|

“\ V4
Vx> [ Y

JAVARR,
1

WK

'rri Ve
VA | g

I72l

/
{
\

WK

e}  r Q
qgs)v, \ S
1

N

and R~ fr/fKk

Liu and Zhao, PRD2010



Model-dependence on o

0.1 ¢ . .

- & & PF‘

0.2 0.3 0.4



D
Xe2
D=
D
X2
D
D
X2
-
D*-
X2
D+

Y2 VP
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p° X
D=
R T
(a)
i
P Do
- X
f }x[]
L T
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D X
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K0 :
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K 0 B
e
I J: )y
Ko D+
S S —

.
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=)
., K
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K
(d)

€ Further suppressed
by approximate G-parity
or isospin/U-spin
conservation.

€ Decay to neutral VP
Is forbidden by C-parity
conservation.



Transition amplitudes for ., > VP

I-" d‘i
Mza = 2igp-D+xoo fD-DVID-DPEL €5+ (@) HvesPi Faf + 9%
£ £ B, 2 n Xy 2 1 2
x (9" —qiqy /mb-)(g" —ngﬂ’mp}j:, DIDEF(Q ),

1. d'q
Moy = —EEQD D*xc29D=D+ PEEE et | (2m)d

X [~gp-p-v(qir +¢-)9"° — 4fp-p-v (P9 — pig))]

Epﬂ'aﬂpg (q& - QE&)

y ) 1
. { 3 -
x (g% — diql /mb-) (9" — @35 /mD-) (9% — &0 /mb) 555 F(4)
ELS1 L2



Y2 VP

BR(x107 %) [K*"K" + c.e. | K*T K~ + c.c. g 4+ e
Meson loop|| 4.0 ~ 6.7 4.0 ~6.7 [(1.2 ~2.0) x 1072
Exp. data

1E-3 | | ]

- & m

 — KK e
Tp +cC.c

1E-8 [

0.3
o

0.4

a=0.3 ~ 0.33



Summary

€ The long-distance rescattering effects can give sizeable
contributions to the processes y.,2VV and ., VP, which are
supposed to be suppressed according to the helicity selection rule.

€ With the parameter a constrained by the measured BR(y,
> K*K*0) | BR(y.,2VV ) are predicted to be at least at the order of

104, and BR(y., > K*°K+c.c. ) is at the order of 105 that may be
detectable.

€ The P-wave charmonium decay should be ideal for examining the
evading mechanisms of the helicity selection rule. The huge data
sample accumulated by BESIII provide a good opportunity to check
this.

€ Similar mechanisms via intermediate hadron loops are also studied

IN Mg X0 Ne 2 B B.
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