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Novel analysis of the decays ' — h, 7" and 5. — y.o7°
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We show that in the transitions ¢’ — h.7° and 7. — y.7° the contributions from charmed-meson
loops are highly suppressed, in contrast to various other charmonium decays. We calculate the width of the
' — h,7°, which agrees with the recent BES-III data, and predict the width of the 5. — y o7°, ['(n. —
Xeom™) = 1.5 = 0.4 keV. A confirmation of this prediction would also provide additional support for a
recent analysis of ' — J/¢rm°(n), where loops are claimed to play a prominent role.
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L. INTRODUCTION

Recently, in a variety of calculations it was shown that
charmed-meson loops contribute importantly to the decays
of charmonia with and without isospin breaking (for a
overview, see [l]). For instance, using an effective
Lagrangian approach (ELA), the intermediate meson
loop contributions are found to be essential for understand-
ing the puzzling (3770) non-DD decays [2,3]. They are
also important in the J/¢ decays into a vector and a
pseudoscalar meson [4] and in the M1 radiative transitions
between two charmonia [5]. For isospin-breaking decays,
besides 7 — 7 mixing and electromagnetic (e.m.) effects,
one also expects the mass difference between the neutral
and charged charmed mesons in the intermediate states
(i.e. in the meson loops) to play a role. This effect, known
to be of particular importance near the continuum thresh-
olds, was studied in the decays ¢ — w7 [6,7], J/ —
¢n7° [8,9], and D*,(2317) — D7 [10-12].

In Ref. [13], a nonrelativistic effective field theory
(NREFT) was described, that allows one to study the role
of charmed-meson loops in charmonium decays in a sys-
tematic way. Applied to the reaction ¢’ — J/¢7°(n), the
formalism revealed that the contribution from charmed-
meson loops is enhanced by a factor of 1/v, with v = 0.5
being the charmed-meson velocity [14], compared to the
tree-level one. In this paper we apply NREFT to the decays
' — h.m® and n’. — y.7°. We will show that in these
two decays, the loop contributions are highly suppressed,
and hence the tree-level terms dominate the decay ampli-
tudes. Testing experimentally the predictions that emerge
here, especially for the partial decay width for 7. —
Xcom, would provide a nontrivial test of the NREFT and
is thus of high importance toward an understanding of the
properties of charmonia.

In this context it is instructive to compare the ' —
J/ ¢ a° decays to ¢/ — h,7° on the basis of power count-
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ing. Here, we follow the reasoning of Ref. [13]. For the
former decay, which happens in a p wave, the tree-level
amplitude scales as m,q, where g denotes the momentum
of the final particles in the ' rest frame and a quark mass
factor appears since the reaction is isospin violating. For
the same reaction the loops on the other hand scale as
v} /v*(m,/v?)[qv*] = gm, /v, where the factor v comes
from the nonrelativistic integral measure and the 1/v*
from the two nonrelativistic two-meson propagators.
Further, the term in the round brackets emerges, since
pulling out a factor of m,, which is an energy scale, has
to be balanced by a factor that characterizes the intrinsic
energy, v2. In addition, the [gv?] term contains the vertex
factors from the external pion coupling, ¢, and from the
two p-wave vertices in the loop. Thus, heavy meson loops
are enhanced by a factor 1/v ~ 2. For the s-wave decay
' — h.7°, on the other hand, the tree level scales as my,
while the loop here scales as v° /v*(m,/v*)[q/Mp]*. All
factors that appear are analogous to those discussed above
up to the factor g*>/M?3,. The origin of this is, on the one
hand, that the pion is produced in a p wave and, on the
other hand, that there is now only one p-wave vertex in the
loop (the ' decay) giving rise to a momentum factor at
that vertex. To obtain a nonvanishing result, however, that
momentum has to be proportional to ¢ [c.f. Eq. (15)
below]. The factor 1/M3 is then introduced to match
dimensions. Thus, for the reaction ' — h.7° loops ap-
pear to be suppressed kinematically, on the amplitude
level, by a factor ¢?/(M%v?) ~ 1/30. In case of the reac-
tion . — y.om°, we find from the same analysis a sup-
pression of the loops by factor 1/10—here the suppression
is weaker due to a larger phase space. Thus, we find on the
basis of the same power counting that heavy meson loops
are enhanced compared to the tree-level amplitudes in the
isospin-violating p-wave decays like ' — J/7°, while
they are strongly suppressed in s-wave decays like ¢/ —
h. 7. The latter observation allows us to predict the partial
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decay width of 5. — 7. A confirmation of this pre-
diction would at the same time provide strong support for
the analysis of Ref. [13].

The h.('P,) has been the last charmonium state below
the DD threshold that was confirmed experimentally; for a
comprehensive review of the charmonium physics, see
Ref. [15]. It was first established in the pp annihilation
by the E760 Collaboration at Fermi Lab in 1992 [16]. With
JP€ = 1%, this state cannot be produced in e* e annihi-
lation directly. Furthermore, due to the phase space restric-
tion, it cannot be accessed by ' decays into h,7. Instead,
the only open strong decay to 4, is via the isospin-violating
' — h.m° process. As a consequence, this branching
ratio is strongly suppressed. Recently, the CLEO-c
Collaboration with 24.5 X 10/’ events succeeded in mea-
suring precisely the product of two branching ratios
B(y' — 7°h.) X B(h, — yn,) = (4.19 £ 0.32 +
0.45) X 10~* in [17]. This combined branching ratio was
confirmed by the BES-III Collaboration [18] with 110 X
10° ¢’ events in the same channel, B(y' — 7°h,) X
B(h, — yn,.) = (4.58 £ 0.40 = 0.50) X 10~*.
Furthermore, they reported the first measurement of the
absolute value of the branching ratio for the ' — h.7° as
B(p' — 7°h.) = (8.4 £ 1.3 = 1.0) X 10+ [19]. Using
the PDG value for the total width of the ¢/, I'(¢/) =
309 + 9 keV [20], the partial width of the ' — h 7 is

T(y' — h,7°) = 0.26 + 0.05 keV. (1)

This experimental progress makes it possible to study
physics of the 4, to some extent of precision. In particular,
its production in the decay ' — h.7° appears to be an
ideal channel for investigating the isospin-violating
mechanisms and the pertinent nonperturbative QCD dy-
namics. The reaction ¢/ — h. 7" was first studied theo-
retically more than 30 years ago, using 7° — 1 mixing
[21]. In order to get an estimate of the width, the authors
estimated the coupling of the ' to the h. and 7 by
assuming it to be equal to the 'J/¢n coupling, which
was extracted from the measured ¢4’ — J/ ¢ width. As a
result, they obtained 5...30 keV for the partial decay
width of the ' — h, 7", which overshoots the measure-
ment significantly.

The QCD multipole expansion (QCDME) was applied
to this problem [22-25], and the following typical expres-
sion was obtained:

My’ — hor®] = 0.12%M kev, )
ap

where o and «, are the coupling constants for the color
electric dipole and magnetic dipole gluon radiation, re-
spectively. The phenomenological determination of the
ratio a,,/a has large uncertainties. By taking the ratio
in a range of 1...3, the partial width is about
0.12...0.36 keV, consistent with the experimental result.
In contrast, a later calculation [26] gives a larger value of
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0.84 keV, and the estimate by Voloshin gives a much
smaller value of 15 eV [27]. Suffering from a poor knowl-
edge of the coupling constants [27,28], the QCDME results
should rather be regarded as an order-of-magnitude
estimate.

In this work, we shall further investigate the isospin
violation mechanisms of ' — h,7° and its analogue,
the reaction 1’ — y,m°. In Sec. II, we will give the
tree-level decay amplitudes by constructing the effective
chiral Lagrangian. In Sec. III, we present the NREFT [13]
analysis for the heavy meson loops. As we will demon-
strate the explicit calculation supports the scale arguments
presented above, that heavy meson loops are highly sup-
pressed for the reactions under consideration. We also
checked that the results are qualitatively consistent with a
calculation using the ELA [2,6,7]—details will be pre-
sented elsewhere [29]. In Sec. IV, the results for the decay
widths are given. In particular, the width of the n. —
Xeom is predicted. Some discussions and a summary are
given in the last section.

II. TREE-LEVEL CONTRIBUTION

Since the mass difference between the initial and final
charmonia is small, the emitted pion is soft. Hence, one can
construct an effective chiral Lagrangian considering the
charmonia as matter fields. Since the charmonia are iso-
scalar and the pion has isospin one, the transitions violate
isospin symmetry. Isospin breaking has two sources. One is
the mass difference between the up and down quarks, and
the other one is of e.m. origin. For the transitions consid-
ered here, the e.m. effect can be neglected (for details, see
[29]). Defining xy = 2B, - diag(m,, m,), the quark mass
difference is contained in the operator y _, which contains
an odd number of pion fields,

X- = qu,\/qu - MXTM, 3)

where B, = [(0|Gq|0)|/F2, F, is the pion decay constant
in the chiral limit, and u parameterizes the pion fields as the
Goldstone bosons of the spontaneously broken SU(2); X
SUQ2)g.

— oxpf 12 (5
u exp(\ﬁFﬂ), b (77 _%> 4)

Using the two-component notation of Ref. [30], the field
for the S-wave charmonia ¢’ and 7. reads

J=4 5+, 5)

with ¢’ and n’. annihilating the ' and 7’ states, and & the
Pauli matrices. The field for the P-wave charmonia is

' ‘ . 1. 1 . ;
X = 0'/<_XL.12 - \/—Efl’k)(/& + \/—55”/\%0) +he,  (6)
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where x5, x%;» Xco» and h, annihilate the X.2, Xe1> Xeo»
and h, states, respectively.

The leading order (LO) chiral Lagrangian for the tran-
sitions ¢/ — h,7° and 5. — y.om° reads

L= %c[(;ﬁ 2 )+ (I XX Daa T He,, (D)

where C is an unknown coupling constant, - - -) is the trace
in spinor space, the subscript a = u, d is a flavor index, and
repeating indices aa means evaluating the trace in flavor
space. The spin symmetry is violated due to the presence of
the Pauli matrices between the two heavy quarkonium
fields. Note that the Lagrangian was first proposed in
Ref. [31] in four-component notation, and the coupling
constant C here is —4/B, times the one defined in that
paper. Working out the traces in both the spinor and flavor
space, one finds that only the two transitions considered in
this paper are allowed as dictated by conservation of
angular momentum, parity and charge conjugation invari-
ance,

Lo=ic' - hf + VBixl)x Jua + He,  (®)

and, after taking into account the 7 — n mixing which
contributes to the isospin-breaking transitions,

B
(X-)aa = 6iF—°(md —m)7 + ..., )
where 70 = 70 + €,0,7 is the physical pion field with

€0, being the 7" — 1 mixing angle. In the above equa-
tion, we have neglected the multipion terms. Now it is easy
to write out the tree-level amplitudes,

6
M@ — hem') = \[MWMhCF—Cé(W) - &(h,)

X By(my — m,),

63
Ml — xeom’) = \/MWQ,MX(.O F—CBO(md —m,). (10)

Note that the above amplitudes were multiplied by a factor
JM:M;, with M, being the mass of the initial (final)
charmonium, to account for the nonrelativistic normaliza-
tion of the heavy fields in the Lagrangian.

III. CHARMED-MESON LOOPS

In this section we investigate the contribution of
charmed-meson loops to the two decays. The relevant
diagrams for the reaction ¢’ — h, 7" with neutral inter-
mediate states are shown in Fig. 1. The coupling of pion to
the charmed mesons is described by heavy meson chiral
perturbation theory [32-34] (for a review, see Ref. [35]).
The fields for the pseudoscalar and vector charmed mesons
in the same spin multiplet can be written as H, = Va co+
P,, with V, and P, denoting the vector and pseudoscalar
charmed mesons [30], respectively, where a is the flavor
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FIG. 1. Diagrams of neutral intermediate meson loops contrib-
uting to ¢’ — h, 7. Their charge conjugate diagrams are im-
plied.

index with {P,, P,} = {D° D%} and similar for the vector
mesons. The LO chiral effective Lagrangian for the axial
coupling is [30]

Ly= —§<H3Hb& i), (11)

where the axial current is ii = —2d¢/F, + O(¢?), and
g the pertinent coupling constant.

The LO Lagrangian for the coupling of the S- or P-wave
charmonium fields to the charmed and anticharmed me-
sons can be constructed respecting parity, charge conjuga-
tion and spin symmetry. The one for the ¢’ and /. reads
[13]

! -
L£,= i%(]’fHa&- 9H,) + He, (12)
where A9B = A(6B) — (§JA)B, and H, = —V,- & + P,
is the field for anticharmed mesons [36]. The LO
Lagrangian for the P-wave charmonia spin multiplet is
[36]
L= i%(,\/“Hao-il-_Ia> + He. (13)
These Lagrangians were introduced in Ref. [37] in four-
component notation. The values of the coupling constants
g7 and g, in that paper are half of those introduced here.
Using these Lagrangians, one can work out the decay
amplitudes. For simplicity, we focus on diagram (a) in
Fig. 1—the analysis of the other diagrams is analogous.
The amplitude for ' — h, 7" from diagram (a) reads (for
the full amplitudes and calculation details, we refer to
Ref. [29])

g > > > >
F_glg/Qq &(h.)g - ()

X R[IV(g, D°, D°, D*°)
— I%(g, D*, D*, D*%)], (14)

M({p/ - hcﬂ-o)(a) =2

where ¢ is the pion three-momentum in the rest frame of
the initial charmonium, R = 1/Ml/,/M,,(MIZ)MD* is included

034025-3



GUO et al. PHYSICAL REVIEW D 82, 034025 (2010)

to account for the nonrelativistic normalization of the heavy fields, and we have labeled the loop function IV(g) by the
intermediate charmed mesons. It is obvious that the isospin breaking comes from the neutral and charged meson mass

differences. The loop function, evaluated in the rest frame of the decaying particle, is defined by

(15)

S0 = d*l ) I )
8mymams J 2m)* (10 — 1, (JI)(P° — 1° = To( I ~ ¢° = T5(1 = G1))
1 &l 4
~ 8mymyms ) )’ (E; - Ty(111) - Ty (I)E; — To(1) = 57 - 1)

where T;(p) = p*/2m; denotes the kinetic energy for the
charmed mesons with masses m, m, and ms, E; = M; —
my —my and Ey = My — my — m3 — E . denote the ener-
gies available for the first (before pion emission) and
second (after pion emission) two heavy meson intermedi-
ate state. For diagram (a), m; = my, = Mp, mz = Mp-,
M; = M/, and My = M,, . The loop function is conver-
gent [13,29]. Defining ¢ = 2u,by, and ¢’ = 2uy3by3,
with w;; = m;m;/(m; + m;) being the reduced mass,
b]2 = nmy + my _M¢/ and b23 =my +m3 +E7T _Ml/,/,
the loop function can be approximated by

a3 2"+ 2,/0)
my 3+ Jo)*

with N = w1y 03/ (167mmyms), where terms of order
g*/c' and higher have been neglected. The approximation
is reasonable because for either of the two decays consid-
ered here, the pion momentum is small and fulfills §> <
c.

We can now have another, more refined look, at the
order-of-magnitude estimate for the loop function. Since
JJc and Ve are approximately the momenta of the charmed
mesons in the loop, we count them as Mpv with v being
the velocity of the charmed mesons. It follows that b, ~
byy ~ Mpv?. For an order-of-magnitude estimate, one may
neglect the difference between ¢ and ¢/, and denoting them
by 2ub. Then, IV (g) ~ N/(4/2ub). Denoting the mass
difference between the charged and neutral charmed me-
sons by &, we have w, = u, + /2 and b, = b, + 26,
where the lower index n(c) means neutral (charged). The
amplitude for diagram (a) scales as

N{ o 1
M’ — ho70)@ ~ N, 92*( - )
(¢ )@ @9 4\2u,b, 2u.b,

1(g) =N (16)

N . ¢ N_1 g

N(a) 4 5Ub% N(a) 4 51)3 M%’ (17)
where N, = 2(g/F,)g182Rq - £(h,)G - €(4')/§*. Thus,
we confirm the parametric behavior derived in the intro-
duction on the basis of the NREFT. For the transition from
the ' to the &, the pion momentum in the ¢’ rest frame is
g = q, = 86 MeV, and hence /M3 =~ 2 X 1073, Taking
into account that the velocity v may be roughly estimated

as \/[2Mﬁ — (Mg + M,,)/2]/Mp = 0.4, with My, being

I
the averaged charmed-meson mass, the dimensionless fac-
tor
2

L2 o0 (18)

v M D
produces a significant suppression compared to the tree-
level amplitude. A similar though more moderate suppres-
sion happens in case of the 1. — y.7° also. For this
decay, the momentum of the pion is ¢ = g, = 171 MeV,
and the suppression factor is

1 ¢
— —=0.1. 19
v3 M%) (19

The numerical results support the above power counting
argument. If we only consider the contribution from the
charmed-meson loops, the widths of the ¢’ — h.7° and
Nt = X are

L' = hem)oop = 2.1 X 1077 g1g% keV,

I 0 — =5,2,2 (20)
F(m Xc0T )loop 1.0 X'10 8182 keV’

where the 7° — 1 mixing has been taken into account, and
the values of g, and g} are given in units of GeV~'/? and
GeV 32, respectively. We checked that the ELA gives
similar results, which confirms our analysis.

One may ask if the values of the coupling constants are
so large that the suppression gets invalidated. In fact,
because all the charmonia considered here are below the
DD threshold, the couplings cannot be extracted directly
from the decay widths. However, one may get a feeling
about their values from other sources or from model cal-
culations. Assuming the coupling of the ¢ to the charmed
mesons has similar strength as the one of the J/i¢, we
obtain g} ~2 GeV /2 from the ' — J/ym"(n) where
the charmed-meson loops dominate [13]. Values of the
same order of magnitude were obtained from various
model calculations, see e.g. Refs. [37-39]. In Ref. [37],
the authors estimated g; using vector meson dominance,
which gives g; = —4.2 GeV~!/2. Using these values, the
resulting width (' — h,7%)100p = 1 X 107° keV. It is
smaller by 4 orders of magnitude compared to the BES-
IIT measurement, and it confirms our power counting esti-
mate presented before.
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In addition, even without any assumption on the cou-
pling constants, from our analysis we can predict

F(T’lc - XcO'}TO)loop — 48 @21
F('wbl - hc'n'o)loop

As we will see, this ratio as derived solely from the loop
contributions, is much larger than the corresponding one
derived from including the tree-level amplitudes only.
Note, however, that because v =~ (.5, there might be size-
able corrections to this result. Thus, for the mentioned
decays it can be tested experimentally, if there is a domi-
nance from the loops or from the tree-level contribution.

IV. DECAY WIDTHS

As shown in the last section, the charmed-meson loops
can be neglected. Hence, the LO decay amplitudes are
given by Eq. (10). Then the decay widths are

q1My, 6 2
F(W - hcﬂ'o) = mCZ[F—vBo(md - mu)] ,
3QZM,\/(.0 C2[ 6

2
T(n) — xeom®) = O Bymy — mu)] .
87TM7]Q.

F

w

(22)

The pion momenta ¢; were introduced in the previous
section. The ratio of these two widths is free of any
parameter

[N 0 M, M,
Le = xo™) _ 342 MyaMu' _ 596+ 004 (23)
L' —hn®) g MyM,,

where the 15% uncertainty comes from neglecting higher
order terms in either the heavy quark expansion or the
chiral expansion

10) (AQCD) ~ (9(%) ~15%,

m. X

where A, =1 GeV, as well as heavy meson loops. Using
the experimental value of I'(¢y/ — h.7°), we predict the
width of the /. — y 7 as

L(n. — xom) = 1.5+0.3*0.2keV, (24)

where the first uncertainty is experimental and the second
theoretical due to neglecting higher orders. With the total
width of the 5%, I'(n.) = 14 = 7 MeV [20], the branching
fraction of the isospin-breaking transition is

B(n. — xom®) = (1.1 £0.6) X 1074 (25)

Note, as a contrast, if the reactions were dominated by
heavy meson loops, the predicted branching fraction would
be larger by a factor of about 5. The prediction, and there-
fore the dynamics underlying the decays, is testable with
PANDA at the Facility for Antiproton and Ion Research
[40].
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Furthermore, one may check if the tree-level contribu-
tion gives the right order of magnitude of the decay width
(¢’ — h,m°) through dimensional analysis. The tree-
level amplitudes of Eq. (10) are proportional to the dimen-
sionless factor \/M;M;C. Because the spin symmetry is
violated as can be seen from the presence of the Pauli
matrices in Eq. (7), one may write

Aqep

MM,C=C : (26)
. m

with the dimensionless parameter C being a number of
natural size, i.e. of order 1. Using the current knowledge of
the quark mass ratio [41]

M — 0.47 + 0,08, 27)

r=
mgy

and the LO relation between the pion mass and the quark
masses mfro = By(m, + m,) (neglecting strong isospin
violation), we get

1—
BO(md - mu) = ( r)mi.o

1+r
= (6.6 = 2.0) X 1073 GeV?, (28)

where the uncertainty is dominated by that of the quark
mass ratio. Using the value given in Eq. (28), the width for
the ¢’ — h 7 is

L(¢y' — h.7°) = (0.9 + 0.6)C? keV. (29)

Since C is of order 1, the above result agrees with the BES-
III measurement 0.26 = 0.05 keV well. The agreement in
turn supports the tree-level dominance argued for in this
paper. It is also consistent with the QCDME results re-
ported in Refs. [25,26].

V. DISCUSSION AND SUMMARY

We demonstrated that, based on a nonrelativistic effec-
tive field theory (NREFT), charmed-meson loops are
highly suppressed by a factor v§*/(Mpv?)? < 1in ' —
h.m® and 5. — x.om°, which are transitions between one
P-wave and one S-wave charmonia. The reason for the
suppression is that, due to the small phase spaces of the two
transitions, the pion momentum is much smaller than the
approximate kinetic energy of the intermediate charmed
mesons. The situation is completely different for the tran-
sitions between two S-wave charmonia. For the ' —
J/y7°(n), the charmed-meson loops are enhanced by a
factor of 1/v compared with the tree-level contribution
[13]. There is no factor proportional to g2, and hence the
relative size of the pion momentum to the kinetic energy of
the virtual charmed mesons does not have an impact. The
difference in these two cases is a consequence of the
difference in the quantum numbers of the J/¢ and h,,
which determine their coupling to the charmed mesons.
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We note in passing that it follows from our findings that
approximating the ¢'h.m coupling by that for ¢'J/ 7, as
done in Ref. [21], is not justified. In the light of this one
then understands why the estimate made there is much
larger than the measurement.

In summary, we have shown that intermediate charmed-
meson loops are highly suppressed in the decays ¢/ —
h.7° and 5! — y.o7°, which is completely different from
the situation of the ¢’ — J/y7°(n). We confirmed the
general power counting arguments given by explicit cal-
culations both within the NREFT as well as an effective
Lagrangian approach. By constructing the LO chiral
Lagrangian for the decays, and employing the experimen-
tal result for I'(¢y/ — h.7°), we give a model-independent
prediction for the width of the 7. — y 7", which can be
measured at PANDA, T'(n. — x.o7°) = 1.5 £ 0.4 keV,
where the experimental and theoretical uncertainties have
been summed in quadrature. Note, were the transitions
dominated by the heavy meson loop contributions, the
predicted partial decay width would be larger by a factor
of about 8. An experimental confirmation of our prediction
would provide a strong support for the NREFT employed.

PHYSICAL REVIEW D 82, 034025 (2010)

Having available an effective field theory that allows one to
study both direct transitions as well as those mediated via
heavy loops is an important step towards a detailed theo-
retical understanding of charmonium states.
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