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Abstract We revisit the calculation of the width for the 'p = 1Sy + y, €))

radiative decay of a 17~ heavy Q Q meson via the channel
1™~ — 0~ " +y in the covariant light-front quark model. We
carry out the reduction of the light-front amplitude in the non-
relativistic limit, explicitly computing the leading and next-
to-leading order relativistic corrections. This shows the con-
sistency of the light-front approach with the non-relativistic
formula for this electric dipole transition. Furthermore, the
theoretical uncertainty in the predicted width is studied as
a function of the inputs for the heavy-quark mass and wave
function structure parameter. We analyze the specific decays
he(1P) = nc(18)+y and hp(1P) — np(1S)+y. We com-
pare our results with experimental data and with other theo-
retical predictions from calculations based on non-relativistic
models and their extensions to include relativistic effects,
finding reasonable agreement.

1 Introduction

Heavy-quark Q Q bound states play a valuable role in eluci-
dating the properties of quantum chromodynamics (QCD).
Since the discoveries of the J/v¢ in 1974 [1,2] and other
cc charmonium states, and the Y in 1977 [3,4] and other bb
states, we now have a very substantial set of data on the prop-
erties and decays of these quarkonium states. Some reviews
include [5-15]. The goal of understanding these data moti-
vates theoretical studies, in particular, studies of the decays
of QQ states.

Among various decay channels, radiative decays are a very
good testing ground for models, since the emitted photon
is directly detected and the electromagnetic interaction is
well understood. An electric dipole (E1) transition is one
the simplest types of radiative decays. Here we consider E1
transitions of the form
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where a spin-singlet P-wave Q Q quarkonium state decays to
a spin-singlet S-wave Q Q state. In terms of the spin J and
the charge and parity quantum numbers P and C, indicated
as JPC this has the form 17~ — 0=+ + .

Several theoretical analyses of these El transition rates
have been carried out, using various models [16-26]. A
number of these models utilize the non-relativistic quantum
mechanics formula for an E1 transition, involving the calcu-
lation of the overlap integral of the quarkonium wave func-
tions of the initial and final states. The quarkonium wave
function is obtained from the solution of the Schrodinger
equation with non-relativistic potentials, such as the Cornell
potential, V. = —(4/3)as(mq)/r + or. The first term in
this potential is a non-Abelian Coulomb potential represent-
ing one-gluon exchange at short distances, where o (mq) =
gs(w)?/(47) is the strong coupling evaluated at the scale of
the heavy-quark mass, mq, and the second term is the linear
confining potential, where o = 0.18 GeV? is the string ten-
sion. Current data yield a fit to o (10) such that org >~ 0.33 at
the scale © = 1.5 GeV relevant for cc states and og >~ 0.21
at the scale © = 4.7 GeV relevant for bb states [27]. Rel-
ativistic corrections have also been calculated by replacing
the Schrodinger equation by the Dirac equation, and com-
puting corrections in powers of v/c, where v is the velocity
of the heavy (anti)quark in the rest frame of the O O bound
state.

It is of interest to study the radiative decays (1) with
a fully relativistic approach, namely the light-front quark
model (LFQM) [28—41]. This approach naturally includes
relativistic effects of quark spins and the internal motion of
the constituent quarks. Another advantage of the light-front
quark model is that it is manifestly covariant. Hence it is easy
to boost a hadron bound state from one inertial Lorentz frame
to another one when the bound state wave function is known
in a particular frame [32]. The light-front approach has been
used to study semileptonic and nonleptonic decays of heavy-
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flavor D and B mesons and also to evaluate radiative decay
rates of heavy mesons [42—46].

In this paper, we extend our previous work with Ke and
Li in Ref. [45] on the study of the radiative decays

he(1P) — nc(18) + v, ()
and
hy(1P) — np(1S8) + y. 3

We present several new results here. We carry out the reduc-
tion of the light-front amplitude to the non-relativistic limit,
explicitly computing the leading and next-to-leading order
relativistic corrections. This shows the consistency of the
light-front approach with the non-relativistic formula for this
electric dipole transition. Furthermore, we investigate the
theoretical uncertainties in the predicted widths as functions
of the inputs for the heavy-quark mass and wave function
structure parameters. As in Ref. [45], we compare our numer-
ical results for these widths with experimental data and with
other theoretical predictions from calculations based on non-
relativistic models and their extensions to include relativistic
effects, extending [45] with further study of the theoretical
uncertainties in our calculations. Specifically, we compare
our numerical results with results from [9,11,20-23,25,26]
as well as latest experimental data [27].

The paper is organized as follows: In Sect. 2, we review
the formulas for the radiative decay 17~ — 17T + y.
In Sect. 3, we analyze the reduction of light-front formu-
las when applied to heavy-quarkonium systems to non-
relativistic limit and compare these with non-relativistic
quantum mechanical electric dipole transition formula. In
Sect. 4, we present our numerical results for the decay widths
of hc(1P) — n.(1S)+7y and hy,(1P) — ny,(1S5)+y includ-
ing an extended analysis of the theoretical uncertainties. Our
conclusions are given in Sect. 5.

2 Light-front formalism for the decays 17~ — 0~ 4+

2.1 Notation

We first define some notation, retaining the conventions of
[39,41]. In light-front coordinates, the four-momentum p is

pr=p".pT.pL). Q)

where p* = p®+p3andp, = (p', p?). Hence, the Lorentz
scalar product p? = pupt is

=" —p* = (") - (p*)* — IpLP
=ptp —IpL1- Q)

@ Springer

Consider a decay of a QQ meson consisting of two con-
stituent particles (quark and antiquark). The momentum of
the parent meson is denoted as P’ = p| + p2, where p/ and
p> are the momenta of the constituent quark and antiquark,
with mass m| and m, respectively. The momentum of the
daughter Q Q meson is written as P” = p{ + p, where p|
is the momentum of the constituent quark, with mass m?.
Here we have m| = my = m” = mq. The four-momentum
of the parent meson with mass M’ can be expressed as P’ =
(P, P'",P)), where P? = P'TP'~ — |P'||> = M".
Similarly, for the daughter meson with mass M”, one has
P2 = M"?, as shown in Fig. 1 below. (Vector signs on
transverse momentum components are henceforth taken to
be implicit.)

The momenta of the constituent quark and antiquark (p{,
p{ and py) can be described by internal variables (x2, p/|)
thus:

4+ / + !/
2 =x P, 2 =xP'T,

piL=xiPL+ P\, p=x2P —p,

X1 +x2=1. (6)
Explicitly,
er — pl p.+e
x| =——=, xp== , (7
e, t+e el t+e

where ¢}, ¢/ and e, are the energy of the quark (antiquark)
with momenta p/, p{ and py:

¢y = m +p+p2,

72 2 2
my”+p°+plt

er =/m3+p?+p2. (®)

With the external momentum of the photon given as g =
P’ — P, p'| can be expressed as

el =

Pl =7r) —xq.. 9)

Here p’ and p! can also be expressed as functions of internal
variables (x2, p’ ), and explicit expressions can be found in
Appendix B.

2.2 Form factors

Define external momentum variablestobe P = P'+P",q =
P’ — P”, where q is the four-momentum of the photon that
is emitted in the radiative transition. The general amplitude
of the radiative decay (1) of the axial vector 17~ 1P meson,
denoted as A, to the pseudoscalar 0+ 1So meson, denoted
as P, can be written as [41]:

i (A(P") = P(P")y(q)) = &}i(q)e,(P)ia/"" .  (10)
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where

i/ = figDg" + PU fr@) P + f-(gDa’] . (D)
In the above expression, we have used the condition &}, (¢)g"
= 0 to eliminate terms that are proportional to g*. This

expression can be simplified further by using the transver-
sality property of axial vector polarization vector:

e (PP +¢q)" =0. (12)
Then the general amplitude can be written as

i/ — i/ = fi(aDg" + L@ P " (13)
where f>(g?) is linear combination of f (¢%) and f_(g?):
1@ = ~fr@®) + f-(g?) . (14)
Notice that in Eq. (13), f1(¢?) and f>(g?) are not indepen-

dent. Because of electromagnetic gauge invariance, they are
related by the following equation:

Q™ =0 — fi(@>) + f(gHP-q) =0. (15)

So the amplitude can be parameterized by fi(g?), which is
1
i = fi(g) [g“” - —P“q”] : (16)
(P-q)
After an explicit calculation, we have

Yoo P =2h6EH". (17)

polarization

Taking the physical value g> — 0 in the form factor f;(g?)
and averaging initial state polarizations, the radiative transi-
tion width of 17~ — 0" + y is given by

1 lq] 2 lql 2
r=-.-\"2_ 2 d1? = O, 18
3 8wM”? polar |1 12 M2 |/1O)] (18)

where the energy of the emitted photon is related to the
masses of mesons as |q| = (M2 — M"?)/2M’).

2.3 Calculation of radiative decay amplitude

In the covariant light-front quark model, the vertex function
of the axial vector meson A (17—, L P}) is given by

. 1
—iH) [W(P/l - Pz)ﬂ:| J/S ) (19)
A

Fig. 1 Feynman diagrams for radiative transition 17~ — 0~ +y in
the light-front approach

and the vertex function of the pseudoscalar meson P o=,
1'Sp) is given by

HLYS (20)

where H, and H}, are functions of p| and p,, and W/, can
be reduced to a constant, which we will discuss later in this
subsection.

In the light-front framework that we use [39,41], atleading
order there are two diagrams that contribute to the A —
P + y transition amplitude. These give the corresponding
contributions to this amplitude

id*(A— P+y)=id" (a)+iad" (b) (21)

where i &/*V(a) and i o/*¥ (b) correspond to the left and right
diagramin Fig. 1, respectively. The contribution to the ampli-
tude from the right diagram can be obtained by taking the
charge conjugation of left diagram (see also [46]). So we
discuss the left-hand diagram, where the corresponding tran-
sition amplitude is given by

eN, N, H H"
=i [ @
7 1V V2

where

" =Te [y @+ mDy )+ mi)y (g +mo)|
1 P+gq\"
x— (ng - J)
A 2

4 P+q\'r » /
=W <2Pi - T) [Plu(pi -p2) + "] p2)
A
1, /
=y Py - p) +mymap " + mimapl* + m’lm’{p’{]

1 P+q\’
== <2p/1 — 7;‘]) {2p’1“ [M’Z + M — g2 - 2N,
A

= = mo)? = G = m)? + (= w2

+9" [a% = 2M™ + N| = N{/ +2N3 + 200} = m»)?

— (), — m/{)z]—}—P“ [q2 —N| = N{ = (m, — m’{ﬂ} ,
(23)

@ Springer
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Nj = pt —mf} +ie,
N{/zp//z—m/l/z—"-lg

Ny = p3 —m3 +ie. (24)

Here N,/ [ (e) TEpresents the electric charge of quark with four-
momentum p1 (p2). Here we have Ne/ (ey) = €Q- In Eq.(23),
we have already applied the followmg relations:

% ’

P1=P1—49,

p2=(P+q)/2—p),

2p) - pa=M? = N{ —m}? — Ny — mj,

ZP,I/'PZ_ //2 N{/_ //2 ]\]2_1/’127

2p) - pl = —¢* +N1+m1+N{’+ m{?. (25)

Then we integrate over pf by closing the contour in the
upper complex p/f plane, which amounts to the following
replacement [39,41]:

H/ H//
4 aflp
/d ﬁ N N//N yuugu‘gv -

h/ h//

_ix / and’pl, A I (26)
where
N{ — Nj =x1(M”? — Mp),
N{/ - ]\7{/ — xl(M//z //2)

X1x2 1
Hy — Wy = (M? — M) T —==p(P), x2),
, xixo 1

H;; h;; (M//Z //2) \/_M/,q)(pl, X2),
WA — w% =2. 27

In the above expressions, ¢,(p’|,x2) is the light-front

momentum space wave function for initial P-wave meson

(" Py),and o( Pl , x2) is the wave function for the final S-wave

meson, | So. Some details concerning the wave functions are

given in Appendix A. The explicit forms of M, M, M(’) and

M} are listed in Appendix B. The definitions of &*
&,* are given in [39,41].

, & and

After the integration over pg_, we have the following
replacement for p; , and N, in %" in the integral [39,41]:
~ 1 1
Pl — PP +q,45"
A 2 2
BBl = gAY + PuP AT

2 2
+ (P[qu + CI/LP\))A( ) + q;LQVAg )a

A(Z)]

P
+ quqy [Ag 17,424~ A“’A(2>] (28)

1
p]MNz - qu |:A< )Z —I—

2
ply,plvN2 - guvA )Zz

@ Springer

where the explicit expressions for A;i) (i,j=1~4)and Z»
are listed in Appendix B.

Combining Eqgs. (26), (27) and (28), we get 7/ — A1,
where the explicit form can be found in Ref. [45]. Finally, we
obtain i.27*V(a) as a function of the external four-momenta
P and g with the following parameterization:

i/"(a) = fiq%) [g’” - P“q”] : (29)

(P-q)
where the form factor f}' (¢%) is given by

eeqN, dx,d?p’ 4
fla(qZ) _ fLQ C/ Ly w2

A~ A~ A P
1673 NN} w'y

% {A(lz)[M/z + M —q — () — my)?
— (] = m)? + (m; —m)*] =242 22}

_ eeQNC/ d)czdzp/l , o, 4

~ ., altp—
1673 NN} w'y

(P -q.)*

X [[M’z—i-M”z—qz— (m' —m)? —(m| — my)?

+ (my —m)*] = 2N| — 2m'? + 2m?3

—2(1 = 2x)M? = 2(¢> + ¢ - P) qu'qu_ }
eeqQ dxgd2
~lon3 | x M/M//‘PP(PQXZ)(P(PL,xz)

x [—pf - —(ch;z‘“) } [(2x1 — M2+ M

+2x1M —q —2(q +q-P)——

PJ_ CIJ_ i|
(30)

Similarly, for the right diagram in Fig. 1, we have the corre-
sponding amplitude:

g™ (b) = (g% [g’” P”q”} : 31)

(P-q)
This can be obtained from the result of the left-hand diagram
with the replacements m| < m}, m| < m/, my < my,
Ne’l <> N,,. The total form factor f; (¢%) is the sum of con-
tribution from two diagrams:

i@ = 1@ + gD . (32)

Taking the physical value g> — 0 in the form factor, we
can obtain | f1(0)|?> and compute the decay width using Eq.
(18). The numerical calculation of the decay width will be
discussed in Sect. 4.
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2.4 Comments on effects of zero modes

As discussed in Refs. [39,41], there are two classes of form
factors for the amplitude discussed in this section. One class
of form factors like f (qz) is associated with zero modes and
another class of form factors is free of zero-mode contri-
butions. In this paper, the form factor that contributes to the
radiative transition 17~ — 0~ 4y, namely fi(¢?), belongs
to the first class and contains zero-mode contributions. In
this case, the substitution in Eq. (28) is not exact and con-
tains residual spurious terms that are proportional to a light-
like four-vector w = (2, 0, 0). These terms are not Lorentz
covariant. As discussed in Refs. [39,41], the zero-mode con-
tribution cancels away the residual spurious w terms. Fur-
thermore, form factors like f(g?2) receive additional residual
contributions, which can be expressed in terms of the B

(n)

and C ((Z')) functions defined in Appendix B of Ref. [41].

However, this problem has already been carefully ana-
lyzed in Ref. [41]. In fact, by comparing our expression for
f1(¢g?) inEq.(30) with the expression for f (¢?) in Eq. (B4) of
Ref. [41], we find that the integrand of f;(¢?) is proportional
to the 1/wy, term of the integrand of f (q%) inRef. [41]. Thus,
we follow the same analysis in Ref. [41] of f (qz) to address
the possible zero-mode problem of fi(g?). The B((Z;) and

C ((Z;) functions do not appear in the expression for f1(g?), so
we can still use the substitution in Eq. (28) because, first, we
utilize the relation C 1(1) — 0 inthe integrand, and second, the
amplitude associated with fi(¢?) in &/*" is contracted with
the transverse polarization vector of the photon. Explicitly,
our numerical calculation shows that all of the functions B((Z;)
are numerically negligibly small, and hence we can neglect
all of the residual contributions to the form factors in the

present analysis.

3 Reduction to non-relativistic limit in application to
quarkonium systems

In this paper, we use the light-front formula discussed in
Sect. 2 to study the radiative decay (1). For this decay, the
non-relativistic electromagnetic dipole transition formulas
are widely adopted [9]. Thus it is interesting to investigate
the consistency between the LFQM and the non-relativistic
dipole transition formulas in the non-relativistic limit. In this
section we analyze the reduction of the light-front formula
for the decay width in the non-relativistic limit. This limit
is relevant here because (v/c)? is substantially smaller than
unity for a heavy-quark Q Q state. For a Coulombic poten-
tial, g ~ v/c, and current data give og = 0.21 at a scale of
my = 4.5 GeV, yielding (v/c)> ~ 0.04 for the Y system.
There are several aspects of the non-relativistic limit for the
decay of a heavy-quarkonium system:

1. Masses of bound states. The masses of initial (M’) and
final state (M) are close to the sum their constituents,
and the deviation is & (m&z) corrections:

2 M//2

o =1+ 00mgy). 76 =14+0mg").  (33)

Here and below, by ﬁ(méz) we mean ﬁ(|p|2/m(22),
where p is a generic three-momentum in the parent meson
rest frame.

2. No-recoil limit. In non-relativistic quantum mechanics,
the final state after the E1 radiative transition is assumed
to carry approximately the same three-momentum as the
initial state [47]. So the matrix element of this E1 transi-
tion 18

(r) oc (fPIrli(@)), p"=p". (34)

In our analysis, we will adopt this no-recoil approxima-
tion.

3. Normalization of wave function. In non-relativistic quan-
tum mechanics, the momentum-space wave function is
given by

(pln,Im) = Ry (p)Yim (6. @) (35)

with the normalization of the radial wave function
* 2
/0 dp p"Ry(p)Ru(p) =1, (36)

where here p = |p|, and the normalization of the angular
wave function

/dQ Y (0, )Yy (0, ¢) = 81178y (37)

In this paper we use harmonic oscillator wave functions
for the quarkonium 1P and 1S states. The general formula
for harmonic oscillator wave functions in momentum space
that satisfy the usual quantum mechanics normalization in
Eq. (36) is given by [22,48]

L 2n
g3\ (n+1+1)

l 1 2 2
p I+5 (D p
<(5) e (oo () o
1
where Li:zl (p*/B?) is an associated Laguerre polynomial.
Here, B is a parameter with dimensions of momentum that

enters in the light-front wave function (A.7) (and should not
be confused with the dimensionless ratio v/c, which serves

Rnl(p) =

@ Springer
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as ameasure of the non-relativistic property of a heavy-quark
Q Q bound state.) Specifically, for 1S and 1P states, we have

2 p2
RlS(P) '3%7[% exXp <_2_ﬂ2> ) (39)
and

2 2 P>\ p
Rip(p) = 513%? exp <_W) I (40)

Notice that the normalization of these wave functions is dif-
ferent from the normalization of the light-front wave func-
tions discussed in Appendix A. For example,

1
= —=Ris(p). (41)

Vix

In non-relativistic quantum mechanics, the width of an El
decay of the initial quarkonium state ! P to the final quarko-
nium state ' Sy + y is given by [9]:

¥ (p)

r('e I, _4 2E3 L3P = 19) 42
1= Sotvy)=gee yI3(AP — 15)] (42)

where E, = |q| is the energy of the emitted photon, and
I3(1P — 18) is the overlap integral in position space, which
represents the matrix element of the electric dipole operator:

LAP = 15) = /OO dr PP Rip(r)Rig(r). (43)
0

Similarly, we can define Is(1P — 18), which appears in
the relativistic correction to the electric dipole transition
width [9]:

Is(1P — 18) = /oo dr rPRip(r)Ris(r) (44)
0

For later use, we also list the analogous integrals in momen-
tum space:

II(1P — 18) :/0 dp p>Rip(p)R}s(p), (45)

IJ(AP — 18) 2/0 dp P’ Rip(p)Ris(p). (40)

We are now ready to reduce the light-front decay width in
Eq. (18) when applied to quarkonium systems to the standard
non-relativistic formula in Eq. (42). Using the explicit form
in Eq. (30) and taking the limit g> — 0, the form factor in
Eq. (32), we can write

@ Springer

dxpd?p!,

1673 Wwp(lu’ x2)@(p'l . x2)

. 2
% [_Pf B (Pj_qqu_) i| ) [(le _ l)M/z +M//2

fi(g» = 2eeq

+2le0 —2(q
dx2d21u dp} |dp}
1M/ Mg\ dxa | dxp

e M Vi 2

X /M//I//P(pL:Pz)‘//(PL,PZ)Pl

><[(le—l)M/2+M”2+2x1M62—2( P)pl ql},
q°

47)

PJ_ CIL]

= —ee

where we use the explicit form of light-front momentum
space wave function in 1. This expression can be further sim-
plified in the no-recoil limit, which is a valid approximation in
the study of an electric dipole transition in the non-relativistic

! ’

My 1, M — M}and

limit [47]. In this limit, we have , M//

V(P2 pl*) — Y (p'?, p?). The corrections due to recoil
effect are suppressed by powers of (1/m):

e/l’M(/) 2 /p/’z—i—mé
\ e My \/p/z +md+ \/p,,z +m}
=1--

1 (p/2 //2) 2
8 m

1 12 _ 2
Q

+ ﬁ( 6, (48)

+ ﬁ’(m63). (49)

The last term in Eq. (47), —(g - P)4,
careful treatment. It seems that linear p’, terms will not make
contributions after integrating over p’, , but the Taylor expan-
sion of the functions of p/ in the integrands will generate a
term that is proportional to (p', - ¢ 1), and this can combine

requires a more

with —(g - P)~ iq L term to produce a g2 independent term,

which is non-zero in the physical > — 0 and no-recoil limit.
Firstly we should expand p'| in powers of inverse of mq:

"o I 1 P;
Pl =D —XqL=p; —4q1 §+ > ~
2, /mg + pT + p?
1 1 pl
=p| —=qL — -~ o(ma?). 50
PL— 541 2mQCIJ_+ (mg”) (50)

We find in the physical limit g> — 0, the dominant con-
tribution to the (p/ - ¢1) term comes from the expansion
of ¥(p'|, pl). Since ¥ (p'/, p!) is the wave function of
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the 1S state, it is a function of p”<. Hence, we can write
72

v(p'|. p!) = v (p'% p’*) and expand it as follows:
dy _
W(Plz p;/2) ~ W(Pl PZ ) -plqL [@} + ﬁ(sz)

)+ 0my?),

D

1
=y PP+l -quz—ﬁzllf(pf, p

where we use the explicit form of ¥ (p'/, p’) o exp[— p//2 /
(2p? )] to calculate its derivative. Plugging the expansion of
Y (p'[, pY) into the integrands, we find the contribution of

the —(q - P)% terms is

/ W], pl) [ - Py ‘“]u,m

e [ [e]

- 2—ﬁ2<q~P>/~-1/f<p;,p;>5pf.

(52)

After this calculation, in the physical g> = 0 and no-recoil
limit, the form factor fi(g> — 0) is given by

dp/d2p/
£1(0) ~ —eeq / A AT
0

x [ 2x; = DM + M +2xMF +2(q - P)4ﬂ2 /2}

= —eeQ/ddezpll/fp(pL,p;)w(pi,p;)pf

2M/2
X 2 /2
M//2 _ M/2
+
2(my + P+ p2) = 2pl/mg + 't + p?
+ 2|q|M’ 1 P2

piyfmg + P+ p? "

(53)

(mg + pT + p?) —

where we use the kinematic relation (g - P) = 2|q|M’. In the
non-relativistic limit, it is more convenient to use notation of
wave functions in non-relativistic quantum mechanics. Using
Eq. (41), f1 (q2 — 0) can be rewritten as

2 Loy L Y2
fi@> = 0~ -2

. , 2M/2
xeeQ/d P Ris()Ris(p)pt- |2+

4(mg +p?)

M//Z _ M/2
+
20mg +p?) — 2p\/my + p?
2/q|M’ 1
to T G
(mg, +p?) — pLym +p?

3.1 Leading-order non-relativistic approximation
In the leading-order non-relativistic approximation, we
neglect the ﬁ(maz) contributions in Eq. (54), so fi (q2 — 0)

is given by

V2
fi(g® = 0) ~ —4x - 5 eQ f &' Ris()Ris@)p?

x [2 + 2M” + M- MP | 2gM L +0(mg )}
2 2 2 482 L
4mQ 2mQ mg 48
1 V2 _
== Q| EPRIs@IRIS®IPE 4+ Omg?)
(55)

This integral can be simplified by using symmetric property
of functions in the integrands. For functions F' (p?) that have
spherical symmetry, the following relation is satisfied:

1
/ d*p Fp*pip; = 30 / d*p F(pHp*. (56)

So Eq. (55) can be written as

4 V2 3 2
fiO) = -~ 5 e d’p’ Ris(p)Ris(@)p’t
2 4 V2 3
_ . T Na o' R YR N /2
3 ar B eeqQ P Ris(p)Ris(p)p
2 V2 % )
=34 5 e dp’ p"Ris(P)Ris(p) .

(57)

where p’ denotes the radial coordinate in the three dimen-
sional momentum space (and should not be confused with a
four-momentum). Using the definition of wave function in
Eq. (40),

R /_1\/§R N oA
IP(P)—,E 3 1s(pHp’,

we find that this integral is proportional to I3p (1P — 19):

(58)

2 2 o /14 / /
fl(o):_§'4 — - eeqQ ; dp’ p"Ris(p)HR1s(p)
3 2 > 7 73 / /
__ z.5.4.\/§.eeQ \ dp’ p”Rip(p)R1s(p)
3 2 J4
- _ 5.5.4.\/§-eeQ~I3(1P—>IS). (59)
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Now I{ (1P — 18) is proportional to I3(1P — 15), which
is evident in non-relativistic quantum mechanics, where we
have the operator relation:

p

— =i[H,r], (60)
m

so that

I<f|—|l (fLH, r]li)| = (E;i — Ep)|(fIr|i)]. (61)

In the non-relativistic limit, the mass can be interpreted as the
reduced mass of the Q Q two-body systemm = p’ = mq/2,
and in non-relativistic quantum mechanics the photon energy
is the difference of energy levels between initial and final
state, E; — Ey ~ |q], so we have

IY(AP — 18) = |q| - (1P — 15). (62)

Then f1(0) can be expressed as

3 2
f1(0)=—\/; 34 V2-eeq- I3(1P — 15) - q|i’.
(63)

Plugging this expression of f1(0) into the formula for the
decay width in Eq. (18), we get radiative decay width of
AlP) > PSSy + y in the leading order non-relativistic
and no-recoil approximation:

laPu? 3 4
127M?22 9
1611-/2

M2

I'NR = 162 eQ| AP — 18)

4
'3 caeglql’ - [P — 19)?

g aeglal - [P — 18)]*- (14 6(my?)
4

caeylql’ - [P - 19, (64)

O

where we have made use of the approximate relations of
masses:

16 72
,/z%, M/ZZmQ,—>|: H }:1. (65)

Equation (64) matches the non-relativistic electric dipole
transition formula for transition !P; — 1Sy in Eq. (42),
which proves the validity of light-front framework in the
non-relativistic limit in the application to heavy-quarkonium
systems.

3.2 Next-to-leading order correction

We next include the & (m62) contributions in Eq. (54) with
the no-recoil approximation. In this case, fi(g> — 0) is
given by

@ Springer

1 V2
AO)~ - Y2 eeQ/d3p’Rls<p)R1s<p>pL

4

2M/2 2 M//2 _ M/2 2lalM’ 1
24 M (o) MM 2V e
4mQ mg 2mQ 4B

1 V2

-2 eeqfd*p’kls@)Rls(p)pE

P
><4[1 S —
2
2 mgy
1 V2
=——.-= eeQ/dSP’Rls(p)Rls(p)

lql 1

R 0 ,
mo 4/32114- P15 + O(mg )}

4z

2 1pt  210ql 1 4 —4
4|2 (1+R 2o i ;
x [3 (I+Rip1s)P 32 + 15 g 5P +00my")

2
—V3-eeq-4- 3 1 (1P — 15)

11 1lq 1\ Fapr—1s) 4
x [ 14+R —— -+ O0(mgy ") |
s <2m6 5mq 52> (1P — 1) "

2
=—V3.eeq-4- 3 lqlp’ - 3(1P — 15)

12 1\ ISP — 1) 4
14+R —q? (=5 -2 2 o ,
X [ I+Rip15s — |9 (Zmé smg ) Bap 1S)+ (C)

(66)

where we have made use of the symmetry property of the
integral for the function F (p?), which has spherical symme-
try:

/d3p F(P*)pip; pipi
1 3 2\ 4
= 1—5(5;/5k1 +8ikdj1 +8udjr) | dp F(p)p”, (67)
and R;p,1s is given by

9 2 2 _ 2

R MM M 4my
1P,1S_ 8 2 8
mQ mQ

~ ﬁ’(maz). (68)

Combining Eqs. (66) and (18), we obtain the next-to-leading
order (0 (maz)) formula for the radiative decay width for
the heavy-quarkonium systems (! P; — 'Sp) in the non-
relativistic and no-recoil approximation:

1 2 1 /
InLo = Pnel1+ Ripas — g (5% B §i>
mQ mQ
Is(1P — 15)
S+ OO (69)

X
L(P — 1)

4 Analysis of radiative transitions of z#.(1P) and
hy,(1P)

In this section we apply the radiative transition formulas for
the decay 17~ (' P;) — 0=t (1Sp) + y in the framework of
the light-front quark model, which we reviewed in Sect. 2, to
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Table 1 Decay width (in units of keV) of h.(1P) — nc(1S) + y in
the light-front quark model, denoted LFQM, as compared with experi-
mental data from [27], denoted exp.(PDG) and predictions from other
theoretical models, including non-relativistic potential model (NR)
[9,11,25], relativistic quark model (R) [20], the Godfrey—Isgur poten-

tial model (GI) [25], screened potential models with zeroth-order wave
functions (SNR) and first-order relativistically corrected wave func-
tions (SNR7) [26]. For experimental data, we use the PDG value of
the total width 'y (1py = 700 & 280 (stat.) £ 220 (syst.) keV and
BR(he(1P) — nc(18) + y) = 51 & 6% [27]

Decay mode LFQM Exp. (PDG) [27]

NR [9]

R [20] NR/GI [25] [11] SNRy,1 [26]

he(1P) — nc(18) +y 398 £ 99 357 £+ 280

482 560

498/352 650 764/323

500

s
® 450
<
=
>
+
X
(2]
-
~ 400
I3 Charmonium decay width
A T (he (1P) ->nc (18) +¥) (keV)
L m=1.5 GeV
o
=
=
£ 3501
[
300 L L L
0.55 0.60 0.65 0.70
B(GeV)

Fig. 2 Decay width for h.(1P) — nc(1S) 4+ y (keV) as a function of
,th(lP)(r]C)(lS) in LFQM, with m, = 1.5 GeV

440

Charmonium decay width
420} T (he (1B) ->ne (18) +7¥) (keV)

B=0.63 GeV

400 -

380

T(ho(1P)->nc(1S)+y) (keV)

1.40 1.45 1.50 1.55 1.60
m¢(GeV)

Fig. 3 Decay width for hc(1P) — nc(18) + y (keV) as a function of
m in the LFQM, with By, (1) (15)) = 0.63 GeV

study the radiative decay of the cc state i1 (1 P) via the chan-
nel hc(1P) — nc(1S) + y and the bb state hy(1P) via the
channel iy (1 P) — np(1S) 4+ y. We present the results of our
numerical calculations of decay widths. Our results extend
those which we previously presented with Ke and Li in [45].
For the charmonium % (1 P) radiative decay, we compare our
result with experimental data on the width, as listed in the
Particle data group review of particle properties (RPP) [27].
We also list the theoretical calculations from other models,
including non-relativistic potential model (NR) [9,11,25],
relativistic quark model (R) [20], the Godfrey—Isgur poten-
tial model (GI) [25], screened potential models with zeroth-

order wave functions (SNRy) and first-order relativistically
corrected wave functions (SNR) [26].

Although the PDG lists the width for the decay h (1 P) —
nc(1S) + y, it does not list the width for the hp(1P) —
np(1S)+y decay, only the branching ratio. Since our calcula-
tion yields the width itself, and a calculation of the branching
ratio requires division by the total width, we therefore com-
pare our results on the widths for these decays with predic-
tions from other models, including the non-relativistic poten-
tial model (NR) [9], the relativistic quark model (R) [20], the
Godfrey—Isgur potential model (GI) [22], screened poten-
tial models with zeroth-order wave functions (SNRg) and
first-order relativistically corrected wave functions(SNR7)
[21], as well as the non-relativistic constituent quark model
(CQM) [23].

First, we study the radiative decay hc(1P) — n.(1S)+y
in the LFQM, which depends on the corresponding harmonic
oscillator wave function (B (;.)) and the effective charm
quark mass, m. For the central values of m. and the wave
function parameters B, we use the central values of these
parameters suggested by previous study of LFQM [46]:

ﬂhc(nc) =0.63 £0.1 GeV. (71)

While Ref. [45] allowed a 10% variation in input parame-
ters, we investigate a somewhat larger variation, as indicated
in Egs. (70) and (71). We present our numerical results in
Table 1, with the uncertainties arising from the uncertain-
ties in the S parameters and the value of m.. We also plot
the predicted width as a function of the input values for the
charm quark mass m. and wave function structure parameter
Bhe(e) in Figs. 2 and 3. From these results, we find that the
main theoretical uncertainties come from variation of B, ().
With the same central value for B, (;.) as was used in [45],
we obtain a somewhat smaller central value for the width,
namely 398 keV as contrasted with 685 keV in [45]. As is
evident from Table 1, our current result for this width agrees
well with experimental data within the range of experimen-
tal and theoretical uncertainties. The experimental data have
substantial uncertainties, and our result is relatively close
to the central experimental value, compared to other non-
relativistic models. The reason that our current calculation of
the width T'(hc(1P) — nc(1S) 4 y) yields a smaller result

@ Springer
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Table 2 Decay width (in units of keV) of A,(1P) — np(1S) + y in
the light-front quark model, denoted LFQM, as compared with predic-
tions from other theoretical models, including non-relativistic potential
model (NR) [9], relativistic quark model (R) [20], the Godfrey—Isgur

potential model (GI) [22], screened potential models with zeroth-order
wave functions (SNRg) and first-order relativistically corrected wave
functions (SNR) [21] and the non-relativistic constituent quark model
(CQM) [23]

Decay mode LFQM NR [9] R [20] SNRy,1 [21] GI [22] CQM [23]

hy(1P) = np(18) + v 37575 27.8 52.6 55.8/36.3 35.7 43.7

than that obtained in Ref. [46] may be due to the fact that as|

the numerical integration that is necessary in the calculation

of the amplitude involves significant cancellations between s

different terms, and our current numerical integration routine if: ol

uses higher precision than was used in parts of the previous &

calculation in Ref. [46]. & Bottomonium decay width
Next we study radiative decay of i, (1 P) — np(15)+y in = my=4.8 GeV

LFQM. For the central value of the effective bottom/beauty & |

quark mass mp, we use the value suggested by the previ- =

ous LFQM study [45] (see also [46]). For the wave function

parameter By, (1P)(n,(15)), WE estimate this to be in the range 0 YT o o o

B ~ 0.9-1.3 GeV, which is suggested in [22], where B is
fitted by equating the rms radius of the harmonic oscillator
wave function for the specified states with the rms radius
of the wave functions calculated using the relativized quark
model. Our values for these input parameters are

mp = 4.8 +£0.1 GeV.
:Bhb(lP)(nb(lS)) =1.0£0.1 GeV.

(72)
(73)

We list the numerical results in the LFQM in Table 2. For
comparison, we also list other theoretical calculations from
various types of models, including the non-relativistic poten-
tial model (NR) [9], the relativistic quark model (R) [20], the
Godfrey—Isgur potential model (GI) [22], screened poten-
tial models with zeroth-order wave functions (SNRg) and
first-order relativistically corrected wave functions (SNR7)
[21] and the non-relativistic constituent quark model (CQM)
[23]. As can be seen from Table 2, with the given range
of uncertainties, our value agrees with predictions from the
non-relativistic potential model (NR) [9], the Godfrey—Isgur
potential model (GI) [22] and screened potential models
with relativistically corrected wave functions (SNRy) [21].
To show the theoretical uncertainties arising from uncertain-
ties in the By, (1P)(yy(15)) parameter and the value of myp, we
also plot the decay width for h,(1P) — np(1S) + y as a
function of these parameters in Figs. 4 and 5. We find that
the width is not very sensitive to the variation of my and
the main uncertainties arise from the uncertainty in the wave
function parameter By, (1) (15))-

These results show that the light-front quark model with
phenomenological meson wave functions (specifically, har-
monic oscillator wave functions) is suitable for the cal-
culation of quarkonium 'P; — 1Sy + y radiative decay
widths, since this model gives reasonable predictions for

@ Springer

B(GeV)

Fig. 4 Decay width for h,(1P) — n,(1S) + y (keV) as a function of
ﬂhh(lP)(Wb(ls)) in the LFQM, with my, = 4.8 GeV

39.0

385

Bottomonium decay width
T (hp (1P) -> 1y (18) +7) (keV)
B=1.0 GeV

3751

370+

T(hp(1P)->ns(1S)+y) (keV)

4.70 4.75 4.80 4.85 4.90
mp(GeV)

Fig. 5 Decay width for i, (1P) — n,(1S) + y (keV) as a function of
my, in the LFQM, with By, (1 p)(pp15)) = 1.0 GeV

these widths, as compared with experimental data and other
theoretical models.

5 Conclusion

In this paper we have revisited the calculation of the radia-
tive decay width of a 17~ axial vector meson A to a 0~
pseudoscalar meson P via the channel 17~ — 0= + y in
the LFQM approach, extending our previous work in Ref.
[45]. As part of our analysis, we have presented the reduc-
tion of the LFQM results in the non-relativistic limit and
have shown the connection with the non-relativistic electric
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dipole transition formula for heavy-quarkonium systems. We
have then applied the LFQM formula to the radiative decays
he(1P) = nc.(18)+y and hy, (1 P) — np(1S) + . We have
performed numerical calculations and have compared our
results with experimental data and other model predictions.
We have shown that our results are in reasonable agreement
with data and other model calculations.
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Appendix A: The wave functions

The normalization of the S-wave meson wave function in the
light-front framework is

/dxzdpi (2, p)I* = (A.1)

_
2(2m)3

Here ¢(x2, p1) is related to the wave function in normal
coordinates ¥ (p) by

 [ap. dp: _ eler
, =4r2 | — , — =———. A2
@(x2, p1) =4m dvs v(p) i - xxM] (A2)
The normalization of ¥ (p) is given by
f dp’ |y (p)|* = 4 f pHp (P = (A3)

The normalization for the P-wave meson wave function in
the light-front framework is [41]

/ deadp? oy (2 p)Ppip; = 8ij, (A4)

1
2(27)3

where p; = (px, py, p;). In terms of the P-wave wave func-
tion in normal coordinates,

3 |dp, dp; eles
X =4r: [ — , — =
$p(x2, pL) = ,/ s Yp(p) in  xx]

(A.5)

we have the following normalization condition:

D an OOW()F Yp=1 (A.6)
3 0 p\p)pap = 1. .

For the gaussian type 1P and 1S wave functions, we have the
relation

vp(p) = \/;W(p)

The explicit form of 1-S harmonic oscillator wave function
in the light-front approach is given by [41]

1\d 1 p?
Y(p) = (,82_71> exp (—§E> )

Appendix B: Some expressions in the light-front formal-
ism

(A7)

(A.8)

In the covariant light-front formalism we have

” 2 2 2
pL+my  pitm

=(¢j +e)’ = + :
X1 X2

72 72 "2 2

Py +my py-+m

//2 (e “1‘32) — ix + ix 2’
1 2

M) = \/M(’)z — (m, —my)?,

My = \/M(/)/2 — (m —m2)?,

,xmMy  mi+pl

e R T VA

xo M _m —i—p”z
el el w

The explicit expressions for A;i)(i ,j=1~4)and Z; are

A _ X _ P
1 — 2 ’ 2 T q2 ’
2 P, 90 1
AD = 2 qu L AD — (alhy2,
1
2 1 1 2 1 2
AD = ADAD | AD = Ay — zAg)’
AD Z ADAD 4B _ 44
AP — ADAD 4D Z AD42) (B.2)
Zr = 1\71/ -l—m/l2 —m%
”n I’l QL
+(1 =2x)M?* 4+ (¢*> +q- P) . (B.3)
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