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Abstract

With the prospect of large numbers ofJ/Ψ decay events becoming available in the near future, it is interesting to search for
symmetry violating effects as probes of new physics and tests of the standard model.J/Ψ decay events could provide the first
observation of weak effects in otherwise strongly decaying particles. We calculate a T-odd asymmetry in theJ/Ψ decay into
photon plus lepton pair due toZ boson exchange. Extensions to hadronic final states are also discussed.

 2001 Published byElsevier Science B.V.

1. Introduction

In the US and China it is possible that current ac-
celerators could be adopted to becomeJ/Ψ factories
with an initial annual yield of 109 J/Ψ . Such ma-
chines could provide the first laboratory for the inter-
play of weak and strong forces leading to parity and ul-
timately time reversal violating effects in the hadronic
final states. Although parity odd correlations should
be easily observable in such machines, the observation
of true standard model time reversal violations will be
quite challenging and probably will require further lu-
minosity upgrades beyond those of the first generation
machines. Some consideration of weak effects inJ/Ψ

decay have already been made in final states other than
those considered here [1]. Tests of T-violation will re-
quire a careful separation of pseudo-time-reversal vi-
olation coming, not from T-violating terms in the La-
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grangian, but from final state interactions and particle
width effects.

In leptonic decays final state interactions are ex-
pected to be negligible. However the fact that unsta-
ble particles decrease in amplitude rather than increase
causes a possible T-odd asymmetry to appear in lep-
tonic final states even in the absence of T-odd terms
in the Lagrangian. In the current article we calculate
theJ/Ψ decay to photon plus lepton pair includingZ
boson intermediate states.

In Section 2 we calculate the standard model elec-
troweak decay of theJ/Ψ to photon plus lepton pair
and present the distribution in photon energy. Sec-
tion 3 is devoted to a discussion of the T-odd asym-
metry defined by a forward–backward asymmetry of
the normal to the plane defined by the lepton pair.
In the current calculation this asymmetry is propor-
tional to theZ width and is below the sensitivity of
the first generationJ/Ψ factory proposals. Neverthe-
less it serves as a background calculation for possible
new physics searches such as an electric dipole mo-
ment of the charm quark as well as a model for larger
though theoretically more complicated hadronic final
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state effects. Conclusions and some discussion of re-
lated opportunities atJ/Ψ factories are presented in
Section 4.

2. Standard model amplitudes for J/Ψ → photon
plus lepton pair

The lowest order electroweak Feynman graphs for
J/Ψ are shown in Figs. 1 and 2. C invariance requires
that in the amplitudeM2 the lepton pair is produced
by an intermediateZ boson with axial coupling at
the charm quark line. Therefore, in Fig. 2, the virtual
photon and the vector coupling of theZ do not
contribute. The matrix element is

M2 = 4M0eqaAqiε(ε, λ, ε
γ , k)

k · PDZ(q)

(2.1)× ū(p1)γλ(aV l + aAlγ5)v(p2).

Here we neglect the lepton mass in numerator factors.
We have defined in terms of the totally antisymmetric
Levi-Civita symbol

(2.2)ε(a, b, c, d)= εµναβa
µbνcαdβ.

We employ the Bjorken–Drell sign conventions in
which

(2.3)ε0123= +1.

The electric charges of the quark and lepton areeq =
2/3, el = −1. TheZ couplings to a fermionf are
written

(2.4)L = eZλf̄ γλ(aVf + aAf γ5)f,

with standard model values

(2.5)aVf = I3f − 2ef (sinθW )2

sin(2θW)
,

(2.6)aAf = −I3f

sin(2θW )
.

We write for the denominator of theZ propagator

(2.7)DZ(q)=M2
Z − q2 − iMZΓZ.

HereP , p1, p2, k, respectively, are the four momenta
of the J/Ψ , the negatively charged lepton, the posi-
tively charged (anti)lepton, and the photon. In addition
we have putq = p1 + p2. We use the non-relativistic

color singlet model for theJ/Ψ where the quark mo-
mentum and mass in theJ/Ψ areP/2 andM/2, re-
spectively. The model, based on the positronium for-
malism, was extended to quarkonia some twenty years
ago and has been successfully employed in a number
of applications [2]. The non-relativistic quark model
specifies the insertion of the wave function factor

(2.8)FW = Ψ (0)T 0

√
12M

(γ · P +M)γ · ε,

into the charm quark trace. In Fig. 1 a trace is taken
over the Dirac and color matrices,T 0 being the 3× 3
unit matrix in color space.

The wave function at the origin is then related to the
electronic decay rate of theJ/Ψ .

(2.9)

∣∣Ψ (0)
∣∣2 = Γ (J/Ψ → e+e−)M2

(16πα2e2
q)

≈ 0.0044M2 GeV.

The wave function at the origin squared has dimen-
sions[E]3. The empirical scaling with mass is indi-
cated allowing our result to be also extended to other
vector quarkonia. In terms of the fine structure con-
stant,α, and theJ/Ψ wave function at the origin, the
normalization constantM0 is given by a trace around
the quark line in Fig. 1 together with a collection of
coupling constants. Namely

M0εµ = 2(4πα)3/2 TrFWγµ

(2.10)= (4πα)3/2
√

3MΨ(0)εµ.

The corresponding amplitude for the Feynman
graphs of Fig. 1 is

M1 =M0elū(p1)

×
(

2

(
p2 · εγ
p2 · k − p1 · εγ

p1 · k
)
γ · ε

+ γ · εγ · kγ · εγ
p2 · k − γ · εγ γ · kγ · ε

p1 · k
)

(2.11)× (A+Bγ5)v(p2).

HereA contains the vector couplings of the photon
andZ whileB is the axial term.

A= −eqel

M2
+ aVqaV l

DZ(P )
,

(2.12)B = aV qaAl

DZ(P )
.
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Fig. 1. Feynman diagrams with vector couplings only on the quark line.

Fig. 2. Feynman diagrams with an axial coupling on the quark line.

In electron–positron annihilation theJ/Ψ is produced
transversely polarized. Consequently the average over
theJ/Ψ helicities is given by

1

2

∑
λ

εβ(λ)ε
∗
γ (λ)

= 1

2

(
−gβγ + PβPγ

M2 − δβδγ

M2

)

(2.13)= −1

2
gβγ + peβ

peγ + peβpeγ
M2

,

whereP is theJ/Ψ momentum andpe, pe are the ini-
tial state electron and positron momenta, respectively.
In addition we have put

(2.14)δ = pe −pē.

Because of the symmetry of the spin summation one
can choose a basis in which theJ/Ψ polarization
vector is real.

We neglect here a small departure from transverse
polarization due to production through theZ whose
effect on the distributions we calculate is subleading
in (M/MZ)

2. Similarly we treat theJ/Ψ as a pure
vector state neglecting any possible weak mixing
with the axial vector quarkonium state that is several
hundred MeV higher in mass. To adequately treat
theseP wave states one must allow some relative
momentum between the quarks in the charmonium
wave function.

The matrix elements squared summed over final
state spins are then

(2.15)

|M1|2 = 16(|A|2 + |B|2)
p1 · kp2 · k M2

0e
2
l

× (−ε · ε[(p1 · P)2 + (p2 · P)2]
−M2[(p1 · ε)2 + (p2 · ε)2]),
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(2.16)

|M2|2 = 128M2
0e

2
qa

2
Aq(a

2
V l + a2

Al)

(P · k)2|DZ(q)|2
× (−ε · εp1 · kp2 · k

+ k · ε[p1 · εp2 · k + p2 · εp1 · k]),
2 ReM2M∗

1

(2.17)

= 64M2
0aAqeleq

k · P
×
(
D2ε(P, ε,p1,p2)

(
p1 · ε
p1 · k + p2 · ε

p2 · k
)

+ F2

(
ε · ε[k · P −M2]
− k · P

[
(p1 · ε)2
p1 · k + (p2 · ε)2

p2 · k
]

+ k · ε
[
p1 · Pp1 · ε

p1 · k

+ p2 · Pp2 · ε
p2 · k

]))
.

Here

(2.18)D2 = Re
i(aV lA

∗ + aAlB
∗)

DZ(q)
,

and

(2.19)F2 = Re
aV lB

∗ + aAlA
∗

DZ(q)
.

Performing the spin average and partially integrat-
ing over the phase space, we find the double distribu-
tion in photon energy and angle relative to the incident
electron as a sum of three terms corresponding to the
two direct terms and one interference term

d2Γ11(Ψ → l+l−γ )
dk0d(cosθ)

(2.20)

=E11

(
2 sin2 θk

(
M

k0
− 2

)

+ (
1+ cos2 θk

)(−1+ ln
M(M − 2k0)

m2
l

)

×
(

−2+ 2
k0

M
+ M

k0

))
,

where

(2.21)E11 = 12Ψ(0)2α3(|A|2 + |B|2)M,

d2Γ22(Ψ → l+l−γ )
dk0d(cosθ)

(2.22)=E22
k0

3M

(
1+ sin2 θ

(
1

2
− 2

k0

M

))
,

where

(2.23)E22 = 96α3M
∣∣Ψ (0)

∣∣2e2
qa

2
Aq

(a2
V l + a2

Al)

|DZ(q)|2 ,

d2Γ12(Ψ → l+l−γ )
dk0d(cosθ)

(2.24)=E12

(
1+

(
1

2
− 2

k0

M

)
sin2 θ

)
,

with

E12 = 2aAqeleq
|M0|2
(2π)3

F2

(2.25)= 48α3M
∣∣Ψ (0)

∣∣2eleqaAqF2.

In spite of the presence of theZ, there is no
forward–backward asymmetry in the photon direction.
This is due to the assumed pure vector nature of
the J/Ψ which results in its spin summation being
symmetric under the interchangepe ↔ pē .

3. T-odd asymmetry

In principle one could search for T-violation in the
l+l−γ final state inJ/Ψ decay. A possible T-odd ef-
fect might be a forward backward asymmetry of the
normal to the plane of the final state leptons. This
could come from an electric dipole moment of the
charm quark or other new physics effects. In the stan-
dard model, there is no T-violation in theZ cou-
plings, however T-odd effects could come from fi-
nal state interactions or particle instabilities which are
not, of course, evidence for T-violation in the La-
grangian. By restricting our attention to non-hadronic
final states, we avoid strong final state interactions.
However, since unstable particles decrease in ampli-
tude rather than increase, width effects in propagators
can mimic T-violation. Thus one could expect a T-odd
asymmetry inJ/Ψ decay or in other processes due
to intermediateZ bosons. Such effects will be propor-
tional to theZ width to mass ratio. In this section we
calculate this T-odd asymmetry in the standard model
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for its own sake and as a background to new physics
searches.

The appearance of the Levy-Civita tensor in (2.17)
is such a T-odd effect since the coefficientD2 is
proportional to theZ width.

Averaging this term overJ/Ψ polarizations using
(2.13) we have

∣∣ M∣∣2 = −−32|M0|2aAleleqD2

M2

ε(P, δ,p1,p2)

k · P
(3.1)×

(
p1 · δ
p1 · k + p2 · δ

p2 · k
)
.

The contribution to theJ/Ψ decay rate is

(3.2)dΓ = 1

2M

∣∣ M∣∣2dΩ3,

with the standard Lorentz invariant phase space differ-
ential:

(3.3)dΩ3 = d3k

2k0

d3p1

2p10

d3p2

2p20

δ4(P − p1 − p2 − k)

(2π)5
.

One may use the 4D delta function to eliminatep2
and afterwards it is convenient to do thep1 integral in
the rest frame ofP − k with the k direction defining
the z axis and theδ direction taken to be in the
xz plane. Relative to this coordinate system thep1
polar and azimuthal angles areθ1 andφ1, respectively.
The result can be put back into a manifestly Lorentz
invariant form allowing one to then do thek integral
in the J/Ψ rest frame with theδ (or pe) direction
defining thez axis. In this latter frame the energy and
polar angle ofk arek0 andθk , respectively. There can
be no azimuthal dependence.

In terms of these variables andw = 2k0/M we have

(3.4)

dΩ3 = M2

64(2π)4
wdwd

(
cos(θk)

)
d
(
cos(θ1)

)
dφ1,

and

dΓ = M

4

|M0|2aAleleqD2

(2π)4
√

1−w

(3.5)

× sin(θk)sin(φ1) dwd
(
cos(θk)

)
dθ1dφ1f,

where

f =w cos(θk)sin2(θ1)− 2
√

1−w cos(θ1)

(3.6)

× (
cos(θk)cos(θ1)+ sin(θk)sin(θ1)cos(φ1)

)
.

A T-odd parameter is any function,y, of the final
state momenta that is odd inε(P, δ,p1,p2). In the
J/Ψ rest frame this is proportional to the cosine
of the angle between the normal to the final state
lepton plane and the initial state electron direction.
From an experimental point of viewε(P, δ,p1,p2)

itself is not the optimum variable to consider since
the corresponding distribution has an (integrable)
singularity at the origin. A better variable from this
point of view is

(3.7)y = sin(θk)sin(φ)= − ε(P, δ,p1,p2)

M
√

2p1 · kp2 · kp1 · p2
.

One may then define

(3.8)
dΓ

dy
=
∫
dΓ δ

(
y − sin(θk)sin(φ)

)
ε(k · δ).

The factorε(k · δ) implies that the events with the
photon momentum in the forward hemisphere relative
to the incident electron are to be counted negatively.
Without such a factor the distribution would vanish
identically upon integration over the photon direction.

The integral can be easily done by Monte Carlo
methods. In Fig. 3 we plot 1

ΓJ/Ψ

dΓ
dy

versusy. The dis-
tribution is too small to be seen at the first generation
J/Ψ factories where of order of 109 events are pro-
jected. This means that a search for ay asymmetry is
sensitive to new physics such as, perhaps, an electric

Fig. 3. Asymmetry distribution (times 1011) in the region of positive
y (see text).
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dipole moment of the charm quark. Most models for
electric dipole moments, such as supersymmetry, pre-
dict an effect proportional to the mass of the fermion.
Thus the electric dipole moment of the charm quark
can be expected to be orders of magnitude greater than
any effect in the light quarks [3]. We leave a full cal-
culation of the T-odd asymmetry inJ/Ψ decay in the
presence of a charm quark electric dipole moment to
a later paper. At present we know of no experimental
limits on charm quark electric dipole moments.

It is clear from Eq. (3.8) that the distribution is
antisymmetric iny. To leading order in(1/MZ) it can
be written analytically.

dΓ

dy
= 11α3|Ψ (0)|2aV laAq(eleq)2ΓZ

5M3
Z

(3.9)× y ln
1+√

1− y2

1−√
1− y2

.

Integrated over positive values ofy and expressed
relative to theJ/Ψ total width this is

1

ΓΨ

1∫
0

dy
dΓ

dy
= 11α3|Ψ (0)|2aV laAq(eleq)2ΓZ

5M3
ZΓΨ

(3.10)= 1.617× 10−11.

4. Conclusions

We have calculated the photon spectrum and an-
gular distribution in the standard model decay of the
J/Ψ into photon plus lepton pair including the effects
of an intermediateZ boson. In addition we have plot-
ted the T-odd asymmetry distribution of the normal to
the final state lepton pair relative to the beam direc-
tion. A small but non-zero effect is found proportional
to theZ boson width. The effect is proportional to
the vector coupling of theZ to leptons which is sup-
pressed by the closeness of sin2(θW ) to 1/4. This sug-

gests that a significantly larger result might be found
in photon plus hadronic jets. Some discussion of such
effects in exclusive channels has already appeared [4].
In the photon plus leptons channel, the current calcu-
lation provides a good bound on standard model back-
grounds to a search for genuine T-violation inJ/Ψ
decay due, for example, to a possible electric dipole
moment of the charm quark for which no experimen-
tal bounds have as yet been published.
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