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EM transition in charmonium. Theoretical description

For charmonium states below threshold for strong decay to
DD pair EM transitions are significant decay modes.
It is described theoretically in the framework of effective
field theory
Leading order therm for NRQCD for EM interaction

j · Aem = eQΨ†{{
−→
D ,

−−→
Aem}

2m
+ (1 + kQ)

−→σ ·
−−→
Bem

2m
+ . . .}Ψ

where first term produces electric, second magnetic
transitions, kQ - anomalous magnetic moment of heavy
quark.
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Transition amplitudes
Electromagnetic transition amplitude for charmonium is determined
by the matrix element of the EM current 〈f |jµem|i〉
The general for for transition amplitude is:

M(i → f ) = [M(1)(i → f ) + M(2)(i → f )] · εγ(k)

where

M(1)(i → f ) =
e

2m

∫
d3x〈i |Q+(x)(

−→
D , exp(i

−→
k · −→x ) +

(1 + kQ)−→σ ×
−→
k exp(i

−→
k · −→x ))|f 〉

is a term for c quark and M(2) is a term for antiquark c.
Expanding this in power of photon momentum generates electric and
magnetic multipole moments.
Although EM transition amplitude can be calculated from the first
principles using Lattice QCD, only potential model approach provides
the detailed prediction for strength of individual transition amplitudes.
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Helicity amplitude formalism

There are two equivalent description for transition between states: via
multipole transition amplitude and via helicity amplitude.
Helicity formalism have several advantages:

Sates are labeled by the component of the total angular
momentum along the direction of particle motion, which avoid
relativistic complication inherent in breaking up the angular
momentum operator into a spin- and orbital- part

For two-particle states within the centre-of-mass frame orbital
momentum is perpendicular to relative motion. ⇒ The
component of spin along the direction of motion is a component
of total angular momentum along this direction.

Helicity amplitude squared gives probability that a given eigen value
of Jz along the axis formed by decay products is observed.
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What can be learnt from angular distribution?

Determine to high accuracy the electromagnetic radiation
multipole structure for transition between charmonium
states. ⇒ These multipoles probe the electromagnetic
structure of the heavy quark and test quark model
including wave functions.
Measurement annihilation through possible helicity states.
Measurement of the angular distribution will serve to verify
the correct JP assignment for a newly detected states such
as the 1P1.
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hc discovery

hc is a singlet P-state
It was firstly claimed by E760 experiment
E835 has failed to confirm results
CLEO has observed hc in inclusive and exclusive
measurements of Ψ′ decay

Outline Status in 1982 Potential Models pp̄ Experiments Ongoing Experiments Some recent Developments

The hc

Discovery of the hc(1
1P1)

The hc is the singlet P-state

Claim of hc from E760

E835 fails to confirm this
result

In 2004 CLEO observes the
hc in inclusive and exclusive
measurements of Ψ′ decays.

hc Parameters (CLEO)

mhc = 3524.4± 0.6± 0.4 MeV
significance > 6.1σ

Sebastian Neubert and Quirin Weitzel Charmonium Spectroscopy - Part II
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hc angular distributions

pp → hc → γ1ηc → γ1γγ

The joint angular distribution for this process:

W (θ; θ′;φ′) =
∑

λ

B2
|λ|

∑
µ,µ′=±1

d1
λµ(θ)d1

λµ′(θ)A2
0
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hc angular distribution
Some information can be obtained from integrated distribution:

W (θ) =

∫
dΩ′W (θ; θ′;φ′)

For hc → γηc and E1 transition

W (θ) = W (π/2)(1 + α cos2 θ)

where

α =
3R − 2
2− R

R ≡
2B2

1

B2
0 + 2B2

1

measures the fractional distribution of the helicity-one production
process
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hc angular distribution

Due to C-parity conservation the B1 helicity state does not
enter into 1P1 production.
Since the 1P1 state is formed by pure R=0, the angular
distribution is

W (θ) = W (π/2) sin2(θ)

On the other hand if angular distribution has such a shape we
can confirm JP assignment.

P = (−1)L+1 C = (−1)L+S
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Results on hc γ angular distribution from CLEO-C

M�hc� � 3526 MeV]. Another way is to specify that the
mass recoiling against the photon and �0 for the event
should be near the mass of �c. Both approaches are inves-
tigated, leading to consistent results, as detailed in
Ref. [14].

A combined sample of generic  �2S� decay and signal
Monte Carlo events is used to optimize the criteria for the
final event selection. The resulting selection criteria deter-
mined were E� � 503� 35 MeV for hard photon accep-
tance in one approach and M��c� � 2980� 35 MeV in
the other. As a result of the Monte Carlo studies, a number
of selection criteria, in which the two approaches occa-
sionally differ, are made. These include requiring only one
�0 in the signal region, removing hard photons that recon-
struct � mesons with any other photon, accepting photons
in the calorimeter end caps, removing photons from the
cascade reaction  �2S� ! ��cJ ! ��J= , and the choice
of the background shape.

The recoil spectrum for the total Monte Carlo sample of
39:1� 106  �2S� (13 times the size of the data sample),
obtained in the E�-selection approach with its optimized
selection criteria, is shown in Fig. 2(a). A product branch-
ing fraction B Bh � 4� 10
4 was assumed. The corre-
sponding plot from the other approach is very similar. The
hc signal is evident. The overall efficiencies determined
from the Monte Carlo sample are 13.4% and 14.6% for the
two inclusive approaches. Input values ofM�hc� and B Bh

are well reproduced. Results of Monte Carlo studies lead to
the conclusion that the resonance fits to the data may be
expected to have significance levels of �4�, statistical
error on the mass of �� 0:6 MeV, and central values of
the mass are reproduced within �� 0:6 MeV of the gen-
erated M�hc�.

Figure 2(b) shows the data and the fit using the
Monte Carlo optimized criteria for the same inclusive
approach as in Fig. 2(a). Features in the Monte Carlo
scheme such as signal width, signal to background ratio,
and approximate background shape mirror the data faith-
fully. The recoil spectrum and the fit for the other inclusive
approach are very similar. Fit significance is approximately

3:8�. Results from the two inclusive approaches differ by
small amounts, with differences from the averages in
M�hc� of �0:5 MeV and in B Bh of �0:05� 10
4. The
average results are listed in Table I.

The hc yield from the recoil mass against �0 in the
inclusive analysis is studied as a function of the angular
distribution of the hc ! ��c photon. The hc yield, shown
in Fig. 3(a), is found to follow a 1� cos2� distribution
(�2=degrees of freedom � 1:7=2) as expected for an E1
transition from a spin 1 state. The background yield, shown
in Fig. 3(b), is uniform in cos�. The hc yield in the
exclusive analysis is not sufficient to draw any conclusions
regarding the corresponding angular distribution.

Systematic uncertainties in the two analyses due to
various possible sources have been estimated. Many
sources are common, such as choice of background pa-
rameterization, hc resonance intrinsic width (� �
0:5–1:5 MeV), �0 line shape, bin size, and fitting range.
The uncertainty in the branching ratio for  �2S� ! ��c
enters the systematic uncertainty for the exclusive analysis
only while the uncertainty on the number of  �2S� decays
applies to the inclusive analysis only. The estimated con-
tributions are listed in Table II. For the inclusive (exclu-
sive) analysis they sum in quadrature to �0:4�0:5� MeV in
M�hc� and �0:7�1:0� � 10
4 in B Bh. The largest sys-
tematic error for the exclusive analysis, B� �2S� ! ��c�,
cancels in the ratio and we obtain B Bh=BD � 0:178�
0:049� 0:018.

FIG. 2. Inclusive analysis: Recoil mass against �0 for
(a) Monte Carlo sample for 39:1� 106  �2S� and (b) data for
3� 106  �2S�. See text for details.

TABLE I. Results for the inclusive and exclusive analyses for
the reaction  �2S� ! �0hc ! �0��c. First errors are statistical,
and the second errors are systematic, as described in the text and
Table II.

Inclusive Exclusive

Counts 150� 40 17:5� 4:5
Significance �3:8� 6:1�
M�hc� (MeV) 3524:9� 0:7� 0:4 3523:6� 0:9� 0:5
B Bh �10
4� 3:5� 1:0� 0:7 5:3� 1:5� 1:0

FIG. 3. Inclusive analysis: Efficiency-corrected fit yields ver-
sus j cos�j for data with E� � 503� 35 MeV; (a) for hc yield,
the curve corresponds to the best fit / �1� cos2�� and (b) for the
nearly isotropic background yield.

PRL 95, 102003 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
2 SEPTEMBER 2005

102003-4
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hc. Channels under study

Exclusive process
pp → hc → γ + ηc

Neutral channel

hc → γ + ηc → γ + γ + γ (BR = 4.3 · 10−4)

Channels with charged particles

hc → γ + ηc → γ + φφ → γ + 2K + + 2K− (BR = 2.6 · 10−3)

hc → γ + ηc → γ + K 0
s K±π± (BR = 1.9 · 10−2)
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MC simulations

Eγ distribution from the DPM event generator at the energy
corresponding to hc production

In the range 530± 35MeV which correspond to hc → ηc + γ
transition there are γ′s for 1% of events
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Summary

Studying angular distribution in charmonium EM transitions
we can not only check predictions of the theory but also
determine quantum number for newly detected states
Preliminary results are positive about possibility to study
electromagnetic decay of hc in PANDA experiment.
Detailed Monte-Carlo studies for presented processes are
planned
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