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The mass spectra and electromagnetic decay rates of charmonium, bottomoniuBg, madons are com-
prehensively investigated in the relativistic quark model. The presence of only heavy quarks allows the
expansion in powers of their velocities. All relativistic corrections of ongéc?, including retardation effects
and one-loop radiative corrections, are systematically taken into account in the computations of the mass
spectra. The obtained wave functions are used for the calculation of radiative magnetic didoleagd
electric dipole E1) transitions. It is found that relativistic effects play a substantial role. Their account and the
proper choice of the Lorentz structure of the quark-antiquark interaction in a meson is crucial for bringing
theoretical predictions in accord with experimental data. A detailed comparison of the calculated decay rates
and branching fractions with available experimental data for radiative decays of charmonium and bottomonium
is presented. The possibilities to observe the currently missing spin-sBwaietP states as well ab states in
bottomonium are discussed. The results By masses and decays are compared with other quark model

predictions.
DOI: 10.1103/PhysRevD.67.014027 PACS nuni®er12.40.Yx, 12.39.Ki, 13.40.Hq, 14.40.Gx
. INTRODUCTION to a theoretical uncertainty in th@Q potential at large and

intermediate distances. It is just in this region of large and
The investigation of the properties of mesons composethtermediate distances that most of the basic meson charac-

of a heavy quark and antiquarklg, cc, ch) gives very im-  teristics are formed.

portant insight into heavy quark dynamics. Heavy quarkoniath At present, a dVS_SfF set :)fdexperim?r;]tal data is ivai_lab:ﬁ on
have a rich spectroscopy with many narrow states lying un- € masses and direrent decays ot heavy quarkonia. How-

der the threshold of open flavor production. Excited stat?iver’ not all states predicted by theory have been observed

: i td hich th diati et, while the others need confirmation. Such missing or un-
;axpquncet ! Ieren Ieca}ys_??ort'\r? w 'E | ere ;”‘re_ ra k:al onfirmed states are present both in charmonium
ransitions to lower levels. The theoretical analysis showg,1g "11p 11p,, 1D, and bottomonium (spin-

that many properties of heavy quarkonia, including masg;,qiet 15, and 1P, statesD states. The different possibili-
spectra_a_nd_ radiative decay ratgs,_ are s_lgnn_‘|cantly influenceghs for their experimental observation are proposed and
by relativistic effects. Thus their inclusion is necessary forwidely discussed in the literatufé—6]. Radiative transitions
the correct description of the spectroscopy and the determirom the spin-triplet levels witdC=1"" to these states as
nation of quarkonium wave functions. Radiative decays argye|| as their subsequent radiative decays play an important
the most sensitive to relativistic effects. Some of these der0|e in these prop03a|s_ The missing charmonium states can
cays, which are forbidden in the exact nonrelativistic limitalso be searched iB meson decays and identified by their
(so-called hindered transitionslue to the orthogonality of radiative transition§1,2]. For this purpose, reliable relativ-
initial and final meson wave functions, have decay rates ofstic predictions for the masses of these states and for the
the same order as the allowed ones. In the relativistic derates of radiative transitions involving them are necessary.
scription of mesons an important role is played by properties The properties of thé8, meson are of special interest,
of the confining quark-antiquark interaction, in particular itssince it is the only heavy meson consisting of two heavy
Lorentz structure. Thus comparison of theoretical predictiongjuarks with different flavor. This difference of quark flavors
with experimental data can provide valuable information onforbids annihilation into gluons. As a result, the excitggd

the form of the confining potential. Such information is of meson states lying below tH&D production threshold un-
great practical interest, since at present it is not possible tdergo pionic or radiative transitions to the ground pseudo-
obtain theQQ potential in the whole range of distances from Scalar state which then decays weakly. There should be a
the basic principles of quantum chromodynam(i@ED). As  rather rich set of such narrow states which are considerably
it is well known, the growing of the strong coupling constantmore stable than corresponding charmonium or bottomo-
with distance makes perturbation theory inapplicable at larg@ium states. The Collider Detector at Fermil€®DF) Col-
distanceg(in the infrared regioh In this region it is neces- laboration[7] reported the discovery of th; ground state
sary to account for nonperturbative effects connected witlin pp collisions. More experimental data are expected to
the complicated structure of the QCD vacuum. All this leadscome in the near future from new hadronic colliders.
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The purpose of this paper is to give a detailed analysis of ) [M2—(m;+m,)2][M2—(m;—m,)?]
mass spectra and radiative transitions in charmonium, botto- b*(M)= AM? .
monium, andB, mesons with the comprehensive account of

the relativistic effects. This will allow one to get valuable 1o kernelN/(p,q:M) in Eq. (1) is the quasipotential op-
information about the Lorentz structure of confining quarke aior of the quark-antiquark interaction. It is constructed
. : . CUONSyith the help of the off-mass-shell scattering amplitude, pro-
W'th available exper|mer)tal da}ta. On th? o.ther hand, it W'”'ected onto the positive energy states. Constructing the qua-
indicate the processes in which the missing states can potential of the quark-antiquark interaction, we have as-
searched for. . . .. sumed that the effective interaction is the sum of the usual
The paper is organized as follows. In Sec. Il we descr'b%ne-gluon exchange term with the mixture of long-range

our flat'\.”s“c kquark _model._ The. ExEressmn for %he lhpfa.vyvector and scalar linear confining potentials, where the vec-
quar —T\ndtl_quar qléaslpote#t|a ng t elaccounc:.o. relativis-ior confining potential contains the Pauli interaction. The
tic (including retardation effectsand one loop radiative cor- quasipotential is then defined by0]

rections is given in Sec. lll. There it is applied to the calcu-

lation of the charmonium, bottomonium, aBd meson mass -

spectra. In Sec. IV pseudoscalar and vector decay constants Y(P.d;M)=u1(p)uz(—p)V(p.q;M)us(q)uz(—q), (5)
of the B, meson are calculated with the account of rel(:ltivis-wi,[h

tic corrections and compared with other theoretical predic-

tions. In Sec. V the relativistic expressions for the radiative 4

transition matrix elements in the quasipotential approach ar MY — wo vV o s
given. They are used for the calculation of the decay rates o (P.GiM) = 3 5D 1, () 7172+ Veord KT T2, Veond k).
radiativeM1 andEL1 transitions in Secs. VI and VII, respec- ) . .

tively. The role of relativistic effects in these transitions is Where as is the QCD coupling constanD ,, is the gluon
investigated. Special attention is payed to the influence of thBropagator in the Coulomb gauge

Lorentz structure of the quark potential on the relativistic

(4

corrections to decay rates. Pure vector and scalar potentials At - Am( . Kk

as well as their mixture are considered. The obtained results ~ D®(k)=——-, D'(k)=— —2< = —2) :

are compared with available experimental data, and the pos- k K k

sibilities for searching the missing states in bottomonium are S

discussed. Finally, our conclusions are given in Sec. VIII. DY%=D%=0, (6)

and k=p—q; vy, and u(p) are the Dirac matrices and
II. RELATIVISTIC QUARK MODEL

spinors
In the quasipotential approach a meson is described by the
wave function of the bound quark-antiquark state, which sat- 1
isfies the quasipotential equatif8)] of the Schrdinger type Ay < [€(P) M A
e(p)+m
( b2(M)  p? ) d%q with e(p) = Vp?+m?. The effective long-range vector vertex
-5 —|¥ =f V(p,q;M)W¥ : is given b
2un 2 VMPI= ] s VPEMIV(@ given by
() .
()= Yt e, K ®
where the relativistic reduced mass is " Bo2me R
where k is the Pauli interaction constant characterizing the
E.E» M“—(mi—mﬁ)2 anomalous chromomagnetic moment of quarks. Vector and
MRTE ¥E, aM3 , () scalar confining potentials in the nonrelativistic limit reduce
to
andE,, E, are given b
1 Epareg y Vy(r)=(1-¢)Ar+B,
M2—m3+m3 M2—mZ+m3
e ——— - - < Vg(r)=eAr, 9
E, oM . E, M . (3) s(r) 9)

reproducing
Here M=E;+E, is the meson massn, , are the quark

masses, ang is their relative momentum. In the center of Veon( 1) =Vs(r)+Vy(r)=Ar+B, (10)
mass system the relative momentum squared on mass shell
reads wheree is the mixing coefficient.
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The expression for the quasipotential of the heavy quarkofrom the consideration of the heavy quark expansion for the
nia, expanded iw?/c? without and with retardation correc- semileptonicB—D decays[15] and charmonium radiative
tions to the confining potential, can be found in R¢f)]  decayd14]. Finally, the universal Pauli interaction constant
and[11], respectively. The structure of the spin-dependeni= —1 has been fixed from the analysis of the fine splitting
interaction is in agreement with the parametrization of Eich-of heavy quarkoniP;-states[10]. Note that the long-range
ten and Feinberffl2]. The quasipotential for the heavy quark magnetic contribution to the potential in our model is pro-
interaction with light antiquark without employing the ex- portional to (1+ «) and thus vanishes for the chosen value of
pansion in inverse powers of the light quark mass is given inc=—1. In the present paper we will take into consideration
Ref. [13]. All the parameters of our model such as quarkthe retardation corrections as well as one-loop radiative cor-
masses, parameters of the linear confining poteAtahdB,  rections.
mixing coefficiente, and anomalous chromomagnetic quark
momentx are fixed from the analysis of heavy quarkonium
masseq 11] (see Sec. l)l and radiative decayfl4] (see
Secs. V-VI). The quark massesn,=4.88 GeV, m,
=1.55 GeV and the parameters of the linear potential The heavy quark-antiquark potential with the account of
=0.18 GeV¥ and B=—-0.16 GeV have usual values of retardation effects and one loop radiative corrections can be
quark models. The value of the mixing coefficient of vectorpresented in the form of a sum of spin-independent and spin-
and scalar confining potentiais= —1 has been determined dependent parts. For the spin-independent part we [Hahle

IIl. HEAVY QUARKONIUM AND B. MESON MASS
SPECTRA

2 2
mp m;

_4ay(p?) 4 Boak(u?) In(ur)
3 3 2w r

4

2 r 8

1 4 ay
2m;m, 37 |P

ay(u?) 4 Boa(u?) In(ur) 1( 1.1
r

2+ (p r)2

+(1—e)(1+2k)Ar|+ 5
r

3 21

} 4 Boad(p?)
W

In(ur )2 (In(ur) 1 1- 1 1 -r)?
x[pz (M)+(p2)( w)__” A e _3(_2+_2 N 2—(p2) ]
r r r r mim;  4\m2 mj r W
1/ 1 1 Bp? 11
2\ ) T, PP D
1 2
|
where For the dependence of the QCD coupling constafj.?)
on the renormalization point? we use the leading order
result
— a;  YeBo| as(u?)
ay(p?)=ag(p?)| 1+| 7+ = ) SW :
P —— (13
31 10 2 Al ) = '
=5 -5, Bo=11-gny. (12) Boln(u?IA?)

Heren; is the number of flavors and is a renormalization In our numerical calculations we set the renormalization
scale. Note that for a quantity quadratic in the momenta wécale u=2mim,/(m;+m,) and A=0.168 GeV, which
use the Wey! prescriptiofL6]: gives a¢=0.314 for my=m,=m; (charmoniun; «as
=0.223 form;=m,=m, (bottomoniun); and as=0.265 for
m;=m;, my=m, (B, meson.
1 The spin-dependent part of the quark-antiquark potential
Nl N for unequal quark masses with the inclusion of radiative cor-
f(r)yp'ptw=={{f(r),p't,p'}. ! -
P’ Phw 4{{ (r).p}p'} rections[17,18 can be presented in our model as follows:
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3
Vsp(f)=a L-S+b r_z(Sl'r)(Sz'r)_(Sl'Sz) tC §-S+d L-(5-S), (14
101 1\|4adu®)(  adpd)][7 B B B A
a:Z(m_§ %)[5 - (1+ - {g—1—;+7E(70—3)+7°In(ur)—3ln(vm1m2 r)})—;
1 4ayu® a(p?) 1 Bo Bo 3| Bo 3
3 (“ - [a—?WE(TE)*?'“W"z'”“mlmzfﬁ)
1 1\e?wd) m, 1/1 1)2 A
1 [4ayp? (p)[29 1
bzsmlmz{ ar3M (l+a: [E_Z’BOJFYE(%_:% +%In(,ur),—3ln(\/mlm2r)})
A
+(1+K)2(1—8)?], (16)
4 [8may(u?) adp?) 5 11 [m;—m, 1 mg+m,] m,
€= 3m1m2{ 3 ([1+ ™ (1_2 3 |[mptm, 8 m-m, Inm—l)}bﬁ(r)
2 | 21 _ [In(y/ A
+as(:) _%V2< n(,urr)-l-yE +EV2( n( mlran r+ve +(1+K)2(1_8)?]1 17
101 1\ Jaadu?) |,  adu?)[7 B B B
d=2(;§—;§)[§ 3 (1+ - {g—l—;erE(?O—S)+?0In(,ur)—3ln(\/mlm2r)b
A Al (1 1)\2egu®) m
—7—2(1+K)(1—.s)?}+a1 m 2mr My (18

whereL is the orbital momentum an8, ,, S=S,+S, are
the spin momenta. For the equal mass casg={m,=m)
the second order img contribution of the annihilation dia-
grams

 8az(u?)

Sc= (1-1n2)8%(r) (19

3m?

must be added to the spin-spin interaction coefficeantEq.

(17).

substitute the quasipotential which is a sum of the spin-
independentll) and spin-dependeiii4) parts into the qua-
sipotential equatioril). Then we multiply the resulting ex-
pression from the left by the quasipotential wave function of
a bound state and integrate with respect to the relative mo-
mentum. Taking into account the accuracy of the calcula-
tions, we can use for the resulting matrix elements the wave
functions of Eq.(1) with the static potentidl
4 Ofv(l/«z)
r

3

VNR(r):_ +Ar+B. (20)

The correct description of the fine structure of the heavy ]
quarkonium mass spectrum requires the vanishing of th&S @ result we obtain the mass formula

vector confinement contribution. This can be achieved b
setting 1+ =0, i.e., the total long-range quark chromomag-

netic moment equals zero, which is in accord with the flux 2R

tube [19] and minimal ared 16,20 models. One can see
from Eq.(14) that for the spin-dependent part of the potential

this conjecture is equivalent to the assumption about the sca-

lar structure of confining interactior21].

b2(m

2

)

:W+<a><L-S)+<b>< %(S_L'r)(SZ'r)

—(S1°S)

> H(ENS-S) +d(L-(S-Sy)), (21)

To calculate the heavy meson mass spectra with the ac-IThjs static potential includes also some radiative corrections. The

count of all relativistic correction§ncluding retardation ef-
fects of orderv?/c? and one-loop radiative corrections we

remaining radiative correction term with logarithm in Ej1), also
not vanishing in the static limit, is treated perturbatively.
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where ve=0.5772 is the Euler constant aag=5.2. The resulting
bottomonium mass spectrum with the account of this correc-
(p?) tion is given in Table Il. We found that the small shift of the
W=(Vs)+ 2uRr’ (22 QCD parameterA from our previous[11] value 0.178 to

0.168 GeV(with all other parameters remaining fixedl-
The first term on the right-hand side of the mass fornfaa  '0Ws us to get a good fit to the bottomonium mass spectrum
contains all spin-independent contributions, the second anffith the account of finite charm quark mass corrections. The
the last terms describe the spin-orbit interaction, the third/ifférence between the theoretical and experimental data is
term is responsible for the tensor interaction, while the fortl€SS than 3 MeV. Very recently CLEO Collaboration pre-
term gives the spin-spin interaction. The last term is not zergented 32] the first evidence for the production of the triplet
only for the unequal mass case,#m, and leads to the Y(1D) state in the fom_Jr pho_ton cgs_cades starting from
mixing of triplet and singlet meson states with the total an-Y (35). In Table Il we give their preliminary result for the
gular momentund equal to the orbital momentuin mass ofY (1D,) state which is consistent with our predic-

In Table | the calculated charmonium mass spectrum 0N o o

compared with experimental data. For meson states we use FOr the mesons consisting of quarks with different flavors
the notatiom 25*1L,, wheren=n,+1 andn, is the radial (M1#My), such as thé. meson, the coefficiend (18) in
quantum number. Our predictions agree with Particle Datdh® SPin-dependent part of the quark potentid) is not
Group (PDG) [22] data within a few MeV. Our model cor- equal to zero. This results in the mixing of singlet and triplet
rectly reproduces both the position of the levels and their find” States withJ=1,
and hyperfine splittings. In this table we also give the recent

[A——— 3 H
Belle Collaboration datd23] on pseudoscalan(1 1Sy) nP1"=n"P,c0s0pp+n~P;SiNbpp,
and 7.(2 1S;) states observed iB decays. The measured e 3
mass of the ground spin-singlet stagg(1 'S,) is in good nP1=-n"P;sinfnp+n~P1C0Sbp, (24)

agreement with world averages and predictions of our model, .
while the radially excitedy/(2 1S) state lies considerably and ofD states withJ=2,
higher than previous experimental indications and most of
the theoretical predictions. If these data are confirmed, it will
be difficult to accommodate such a small hyperfine splitting — 3
~32 MeV (almost four times smaller than 117 MeV splitting nD2=-n"D5sinf,p+n~D,C0Sp - (25
for the ground stafein the framework of the quark mod#l. B )

Our prediction for the mass di (1 1P,) is consistent For the B, meson the values of the mixing angles in our
with the data from the Fermilab Experiment E7gZ5] on ~ model are

pp—h¢(3526)— 7%J/¥ which, however, need confirma-
tion. The same is true for the indication of aD, state with
mass 3836 13 MeV in #*N—J/ 7" 7~ + anything[26].

For the calculation of the bottomonium mass spectrum itm
is also necessary to take into account additional one-loog
corrections due to the finite mass of the charm quak—
30]. We considered these corrections within our model in
Ref. [31] and found that they give contributions of a few CT : . "
MeV and are weakly dependent on the quantum numbers ¢ eavier in our model. The fine and hyperfine splittings are

. . also consistent with each other. All these predictions for the
the bottomonium states. The one-loop correction to the static *
— o o o ground state pseudoscalBg and vectorB; meson masses
SQ[ potejamal in QCD due to the finite quark mass is given satisfy the bounds found by Kwong and Rosf@T];
y [29,3

nD2'=n1D,c0s6,p+N°3D,sinb,p,

01p=0.357, 6,p=0.405, 6;5=—0.627. (26)

In Table Ill we compare our model predictions for the
ass spectrum of thB, meson with other quark model re-
ults[33—36. We see that the differences between the pre-
dictions in most cases do not exceed 30 MeV. The only ex-
ceptions are masses oDlstates, which are 5070 MeV

6.194 Ge\xMp <6.292 GeV

4 aZ(p)
AV(r,me)=—g ———[In(Vaomer)+ ye+Ea(vamer)l,
(23
6.284 Ge\KMg+<6.357 GeV.
where ¢
. In Ref.[38] the ground stat®, mass was evaluated in per-
= _, dt (—x)" turbative QCD. Experimental daf&2] at present are avail-
Ex(0=| e' —=—yg—Inx=2 —,
« t “ n-n! able only for theB, ground state and have large error bars

Mg =6.4+0.4 GeV.

In the following sections we apply the masses and wave
2The position of theP’ (2 3S,) can in principle be influenced by functions of ', Y, and B, mesons for the calculation of
the nearby threshold of the open charm production. their decay constants and decay rates.
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TABLE I. Charmonium mass spectrum GeV). TABLE Il. Bottomonium mass spectruiiin GeV).

State Experiment State Experiment

n2sti Particle Theory PDG22] Belle [23] n2sti, Particle Theory PDG22] CLEO[32]

11s, Ne 2.979 2.9797 2.979 115, Mo 9.400
1°3s; I 3.096 3.09687 133, Y 9.460 9.46030
1 3P, Xco 3.424 3.4151 1 3P, Xbo 9.863 9.8599
13p, Xe1 3.510 3.51051 1°3pP, Xb1 9.892 9.8927
13pP, X2 3.556 3.55618 1°p, Xb2 9.913 9.9126
1P, he 3.526 1P, hy, 9.901
2 1g, 7L 3.588 3.593 3.654 21s, 7 9.993
2 3s; P 3.686 3.68596 2 3g; Y 10.023 10.02326
1°D, 3.798 3.7699 13D, 10.153
13D, 3.813 1°D, 10.158 10.162
13D, 3.815 13D, 10.162
11D, 3.811 1D, 10.158
2 3P, Xeo 3.854 2 3P, Xbo 10.234 10.2321
2 3%p, X1 3.929 2 3p, Xo1 10.255 10.2552 10.2556
23p, Xez 3.972 2°3p, Xb2 10.268 10.2685 10.2688
2P, h! 3.945 2P h 10.261
315, n 3.991 31s, n 10.328
373, P 4.088 4.048 33, Y" 10.355 10.3552
&This value from Ref[24] is included only in the PDG listings.
bMixture of SandD states.
/ 12 d3p e(p)+me vz ep(p)+my, w2
IV. PSEUDOSCALAR AND VECTOR DECAY CONSTANTS fov= Mp,\,f (27r)3( 2ec(p) 2en(p) )
OF THE B, MESON ,
The B, meson and its first excitations which lie below the X{1+Npy P Dpy(p),
BD threshold are stable against strong decays, since they  [ec(p)tme]lep(p) +myp])
cannot annihilate into gluons. They can decay via electro- (29

magnetic and pionic transitions into the lightest pseudoscalar
ground statéB. . The significant contribution to thB, total

decay rate comes from the annihilation of thguark ando ~ Wwith A\p=—1 and \y,=1/3. In the nonrelativistic limit
antiquark into the vector bosow™ which decays into a p*m?—0 these expressions for decay constants give the
lepton and a neutrino or a quark-antiquark pair. The weakvell-known formula
annihilation decay rate is determined by the pseudoscalar
constant of theB. meson.
The decay constants and fy, of the pseudoscalaiP) NR NR 12
and vector(V) mesons parametrize the matrix elements of fpr=1fy"= M—|‘I’p,v(0)|, (30)
the weak current between the corresponding meson and the Py
vacuum. In the case of th®. meson they are defined by
whereW¥p ,,(0) is the meson wave function at the origin
e =i © =0.
(Olby"ysclP(K))=if pK*, @0 The calculated values of the pseudoscalar and vector de-
cay constants of thB, meson in our model using the rela-
<O|Hy"c|V(K,s)>=fVMvs”, (28) tivistic formL!Ia (29) are displayed in 'I_'able IV. They are
compared with the ones calculated using the nonrelativistic
expression(30) and other predictions of the nonrelativistic
where K is the meson momentun® corresponds to the quark model§33,35, QCD sum ruleg34], and lattice non-
pseudoscalaB, andV to the vectoB} mesons, and* and  relativistic QCD (NRQCD) [40]. We see that inclusion of
My are the polarization vector and mass of the ve&pr relativistic corrections reduces the pseudoscalar decay con-
meson. stantf B, by 20% and produces the difference between vector
In the relativistic quark model the decay constants can band pseudoscalar decay constants of approximately 70 MeV.
expressed through the meson wave functias(p) in the  The calculated values of these decay constants are consistent
momentum space and are given [13@] with lattice [40] and QCD sum rulg¢34] predictions.
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TABLE Ill. B. meson mass spectru(m GeV). Fﬁf)(p,q)
State _ o A(lf)(ki) o
n#stiL, Ours [33] [34] [35] [36] =e1U1(p1)uz(p2) V(Dz‘Qz)m?’ﬂ’l#
1WRg W41
115, 6.270  6.264  6.253  6.286 =6.2196
13s, 6.332 6337 6317 6341 =6.2786 AP )
1 3P, 6699 6700 6.683 6.701 =6.6386 Y (k) Feg(py) Y2V P2 G2)  Ua(dn)Uz(a2)
1P1 6.734 6730 6.717  6.737 =6.7012
1P 6.749 6736 6729  6.760 =6.7012 +(1-2). (34)
13p, 6.762 6.747 6.743 6.772 =6.7347
H th k ch ki=p—A; ki=
2 1s, 6.835 6.856 6.867 6.882 ere e;, are the quark chargesk;=p;—A; K;=0;
2 3s, 6.881 6.899  6.902 6914 TA; A=P-Q;
1°D, 7.072 7.012 7.008 7.019 0, .0
—I'm + 0
1D2 7077 7.009  7.001  7.028 AC)(p)= ep)—[my"+y Wp)], e(p) = JpZrm2,
1D2’' 7079 7.012 7016  7.028 2¢(p)
13D, 7.081  7.005  7.007  7.032 and
2 3P, 7.091 7.108 7.088
2P1 7.126  7.135  7.113 s _
— Pa + (i) i
2P1 7.145  7.142 7124 P12= El,z(p)M_—Zl n*(pa)p,
2 3p, 7156  7.153  7.134 A
315, 7.193 7.244 b 3
3 B . .
3 3s, 7.235  7.280 q1'2:€1’2(q)|\/|_5ii21n(l)(pB)ql’

(i) g i
V. RADIATIVE TRANSITIONS IN HEAVY QUARKONIA wheren'” are three four-vectors given by

AND B, MESONS p p'p)
Drp)y=1{— Y N N— = /p? 2
To determine the rates of radiative decaggs{A+ vy) it i (p) M’ ot M(E+M)|’ E=vp M,
is necessary to calculate the matrix element of the electro-

magnetic current], between the initial(B) and final (A) i,j=1,2,3,
meson states. In the quasipotential approach such matrix el- o
ement has the forrfé1] psg=(Eg,Q) and pp=(Ea,P) are four-momenta of initial

and final mesons.
s o It is important to note that the wave functions entering the
d°pd°q_— current matrix elemen(31) cannot be both in the rest frame.
(AlJ,.(0)]B)= f (27)8 Y ar(P)T (P Q) Weo(a), In the initial B meson rest frame, the finAlmeson is moving
(31  With the recoil momentunA. The wave function of the mov-
ing A meson¥ , , is connected with the wave function in the

whereT" ,(p,q) is the two-particle vertex function ani g rest frame' ¢="V'» by the transformatiop41]

are the meson wave functions projected onto the positive W aa(p)=DYARM)DIARY )W po(p), (35)
energy states of quarks and boosted to the moving reference A A
frame. The contributions tb' come from Figs. 1 and 2. The \hereRY is the Wigner rotationL, is the Lorentz boost

contribu_t!onl’(z) is the consequence of the projection Onto oy the rest frame to a moving one, and the rotation matrix
the positive-energy states. Note that the form of the relat|vD1/2(R) in the spinor representation is given by

istic corrections resulting from the vertex functiéi? ex-
plicitty depends on the Lorentz structure of the (1

_ 0 12 bWy _ o1

QQ-interaction. Thus the vertex function is given by 0 1) D13ARC)=S "(p12S(A)S(p), (36)

where

I(p.a)=TP(p.a)+TP(p,q)+---, (32
e(p)+m

2m

ap
e(p)+m

where S(p)=

(1) = 3 is the usual Lorentz transformation matrix of the four-spinor.
I.7(P,q) = €3U1(P1) 7,U1(d1) (27)°8(p2— 2) + (1= 2), To calculate the radiative transition matrix element we
(33 adopt the following procedure. We substitute the vertex func-
tionsT'™ andT'® given by Eqs(33) and(34) in the decay
and matrix elemen{31) and take into account the wave function
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TABLE 1V. Pseudoscalar and vector decay constants ( 0
=fBC, fV:fBz) of the B, meson(in MeV).

Constant  Relativistic NR [33] [34] [35] [40]

o, 433 562 500 46860 517 420-13 1 1
fg* 503 562 500 46660 517
= B A
transformation(35). The resulting structure of this matrix 2 2
element is rather complicated, because it is necessary to in-
tegrate both oved3p andd3q. The & function in expression FIG. 1. Lowest order vertex functioR® corresponding to Eq.

(33) permits us to perform one of these integrations and thu&33- Radiation only from one quark is shown.

this contribution. canzbe eas_ily c_alcglated. Thg _calculation of After inserting the vertex functionE® and T® from

the vertex functlorF_( ) contribution is more difficult. Here, Eqgs (33) and(34) in the decay matrix elemeri81) with the
instead of aé function, we have a complicated structure, account of the wave function transformatié86), we carry
containing theQQ interaction potential in the meson. How- out the expansion in inverse powers of the heavy meson
ever, we can expand this contribution in powers of the heavynassesMg 5, which are large due to the presence of two
quark velocities»?/c? and then use the quasipotential equa-heavy quarksig \~mq+mg, . Then we calculate the ma-
tion in order to perform one of the integrations in the currenttrix element of the magnetic moment operatd8) and get

matrix element. It is easy to see that the vertex funcliéh (a) for the vector potential
contributes already at the first order of th&/c? expansion. e
We consider two main types of radiative transitions. M :f P X?A(p) !
(a) Magnetic dipole {11) transitions which go with the (2m)® 2e1(p)

spin flip of the quark AS=1, AL=0) and thus the initial

and final states belong to the same orbital excitation but have %
different spins. Examples of such transitions are vector to
pseudoscalam( 3S;—n’ 1S,+y, n=n’) and pseudoscalar

to vector fi 1Sy—n’ 3S;+ vy, n>n’) meson decays.

(1—&)(1+2k)[pX[ oy X p]]
2€1(p)er(p)+my]
(1-e)(1+x)[pX[oXp]]

oy

(b) Electric dipole €1) transitions in which the orbital e1(p)Lea(p)+my]
quantum number is changed (=1, AS=0) and thus the &(p) Mg—e1(p)—ex(p)). 9
initial and final states belong to different orbital excitations M 1+(1-¢) i Xa—
but have the same spin. Examples of such transitions are B €1(p) P
n 3S,—n’ 3P;y (n>n’) and n °P;—n’ 3S;y (n=n") ( o o H]
+ —|pX|pX -
decays. 2Mg [P [P e+ my ~e(p)+m,
VI. RADIATIVE M1 TRANSITIONS XWg(p)+(12), (39
A. M1 decay rates (b) for the scalar potential
The radiativeM 1 transition rate is given bj14] _ f dp — - e;
® , S @2mE M 2a(p)
[(B—A+y)=-—(2'+1)|Mgy*, where
3 o el<p)+e2<p)—MB)( e(p)
X 1+ g,
) ) €1(p) Mg
M B MA
e T 37 . ﬁ}) e [px[o1Xp]]
B Xi|pX—||—
ap 2e1(p)Lex(p) +my]
Mg andM , are the initial and final meson massés,is the " "
total angular momentum of the final meson. The matrix ele-
ment of the magnetic momeuv¥t is defined by
1 : 1 1 . 1
i|d
Mep==3| 72X (AIOIB)| . A=P-Q, B 4B 4
2| 0A A—0 I I
- ! 2 2 ! 2

3y
' ' FIG. 2. Vertex functiorl"® corresponding to Eq34). Dashed
where(A|J,(0)|B) is the matrix element of the electromag- lines represent the interaction operadrin Eq. (5). Bold lines
netic current between initigB) and final (A) meson states denote the negative-energy part of the quark propagator. As in Fig.
with momentaQ andP, respectively. 1, radiation only from one quark is shown.
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TABLE V. RadiativeM 1 decay rates of charmonium. For decays involvifigre give in parentheses the
results obtained using the recent val@g] of its mass. The valueB®*® are taken from Ref22].

® [NR rv rs r rexe
Decay (MeV) (keV) (keV) (keV) (keV) (keV)
I g— ney 115 2.73 1.95 3.13 1.05 1.33.35
W' —nly 91(32) 1.26(0.055 0.850.03% 0.71(0.03)) 0.990.043 0.6 - 3.9
b — ey 639 0.23 0.61 0.35 0.95 0.840.19

ne— Iy 463514 0.260.36 0.7000.95 0.370.5)) 1.121.53

&This value from Ref[24] needs confirmation and is included only in the PDG listings.

1 o, o ) Mg  (p?) (p?)
Jr2MB x| px el(p)+m1_ez(p)+m2 } ] MS_ZZmQ 3_m_QjLSmQ_CSMBmQ ’ (44)
XWg(p)+(1l—2). (40

Note that the last terms in Eq$39),(40) result from the B. Results and discussion

wave function transformatioi35) from the moving refer- The resultingM1 radiative decay rates of charmonium,
ence frame to the rest one. It is easy to see that in the limibottomonium, andB. are presented in Tables V-VII. In
p/m— 0 the usual nonrelativistic expression for the magnetidhese tables we give predictions both for allowed 35,
moment follows. —n’ 1S,+ v, n’=n) and hinderedrf>n’) decays. For the
Since we are interested in radiative transitions betw&en calculation of allowed decay rates we use expanded expres-

state (vector and pseudoscalamesons, it is possible to sions (41)—(44). For the hindered transitions, which are
evaluate spin matrix elements using the relatioo) strongly suppressed in the nonrelativistic limit due to or-
=—(o,). Then, taking into account that both quarks arethogonality of the initial and final state wave functions, rela-
heavy Q andQ’), we further expand Eq%39),(40) in in-  tivistic effects are decisive. Thus for their calculations we
verse powers of the heavy quark masg up to the second use unexpanded expressiaB9) and(40). In Tables V-VII

order corrections to the leading contribution and get we present the photon energy, the decay rates calculated
(a) for the purely vector potentiale(=0) discarding all relativistic correctionENR, as well as using
relativistic expressions for purely vectb, for purely sca-
€o 2(p?) 1+x(p?H[ 1 1 lar I'S, and for the mixture9) of vector and scalar potentials
My= - > m I with e = —1. Note that in all these calculations we use the
2mQ 3m 3 Mo \ Mo mg L . .
Q Q relativistic wave functions found calculating the meson mass

[ 1 1 spectra in Sec. Ill.
- —+ —) } —(Q«Q’), (41 The M1 radiative decay rates are very sensitive to rela-
6Mg | Mg Mg/ tivistic effects. Even for allowed transitions relativistic and

) nonrelativistic results differ significantly. An important ex-
(b) for the purely scalar potentiak¢=1) ample is the decay/y— n.y. It is well known that the
nonrelativistic predictions for its rate are more than two

) Mg—mg  (p?) [ 1 1 times larger than the experimental data. As we see from
Mg= 2— + _— ; : o .
2mq Mg 2mg\mg,  3mq Table V, the inclusion of the relativistic corrections for
purely scalar or purely vector potentials do not bring theo-
p? [ 1 1 retical results in agreement with experiment. For the purely
oMl me T~ (Q=Q"). (42 scalar potential the decay rate even increases by 15%. On the
BlTR Mg other hand for the purely vector potential relativistic effects

rgjecrease the decay rate by 25%, but such decrease is not
nough: the theoretical result still deviates from experimental
ata by more than @.2 Only for the mixture of vector and
Scalar potentialg9) we get the necessary decrease of the
decay rate which brings theory in agreement with experi-
mental data for thd/¢— 7.y decay rate. For the hindered
decayy’ — 7.y the decay rate calculated for the mixture of
vector and scalar potentials is also in good agreement with
experiment while the rates for pure potenti@specially the

Here(- - -) denotes the matrix element between radial meso
wave functions. For these matrix element calculations we us§
the meson wave functions obtained calculating their mas
spectra.
For the quarks of the same flavomg=mq, €q
=—eqg) andk=—1 these expressions reduce furthi4]
(a) for the purely vector potentiale(=0)

e 2 2 2
My=2-22 01— ) (pD | 43
3This is compatible with the estimate that relativistic effects can
(b) for the purely scalar potentiakE& 1) give contributions of order of 20%—-30% in charmonium.
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scalar ongare lower than the experimental value. In Table V TABLE VI. Radiative M1 decay rates of bottomonium.
we give predictions for decays involving the first radial ex-

citation of the pseudoscalar statg(2 'S,) as well. Since g N v r 5:4
there are two contradicting experimental measurements of itgecay (Mev) (ev) (eV) (eV) (eV) (1079)
mbe;s_s Wde ca}lculated :hg Irla'[eslusmg both vall_Jes. Thethresu@sﬂ - 60 97 87 122 58 11
(s)is ained using recent Belle val{i23] are given in parenthe- Y ply 33 16 145 150 140 0.32
In Table VI predictions foM1 decay rates and branching ..~ 767 27 09 o8& 08 08 030

fractions of bottomonium are given. Since the hyperfineY,H”W 604 L334 13 64 15
516 2.4 6.3 2.5 11.8

splitting in bottomonium is predicted to be sméround 60 7o Y

MeV, see Table )ithe photon energies and hence decay rate 7Y 91125 62 31 105 40

of allowedM1 transitions are very small. This is one of the 7= Yy 831 58 143 71 240

main reasons why no spin-singl8wave levelsp,(n 'S,) Y —my 389 02 06 01 15 057

have been observed yet. Our results show that relativistien— Y'Y 301 04 11 02 28

effects for the favored mixture of vector and scalar potentials

further decrease the allowéd1 decay rates. 5
Recently it was argued by Godfrey and Rosf#f that _ . o

hindered transitions could be more favorable for discovering Dga= 1 aA<A|J°(O)|B>|A=°’ A=P=Q, (49

the »,. Their analysis of different quark model predictions . ]

showed that most nonrelativistic models favor thg(1S) ~ Where(A[J,(0)[B) is the matrix element of the electromag-

production fromY (2S) decays, while the account of relativ- Netic current between initiglB) and final(A) meson states

istic corrections makes prospects for discoveripg1S) in ~ With momentaQ andP, respectively. L

Y (39) radiative decays comparable to thoseYii2S) de- We substitute expressiort81)—(34) in the definition of

cays. Our present relativistic consideration of these decayd'€ electric dipole moment46) and take into account the

supports this observation. Indeed we see from Table VI thaflativistic transformation of the wave functidB5). Then,

relativistic effects significantly increase rates of hinderegdiscarding some terms of ordef/c* and higher, we get the

transitions. The hindered decay'(3S)— 7,(1S)y has the following expressions for the electric dipole momedg

largest branching fraction 4010 4, which is almost 2.7 [43] (indices 1, 2 are changed @ Q'):

times larger than th&’(2S)— #,(1S)y decay branching (a) for the purely vector potential
fraction. Very recently CLEO Collaboratiof%2] searched

for 7,(1S) in such hinderedM 1 transition fromY"(3S). dp _ eqi(p) 0
No evidence ofY"(3S)— 7,(1S)y transitions was found szf ——Va(pleg) i —

X L . . (277)3 MB ap
and rather strict upper limits on the branching fraction were

set: B(Y"(3S)— 5,(1S) y)<6x 10"*, which rule out many
previous phenomenological predictions reviewed in R&f.

[ogXp] ( _EQ(D)

Our model result for the branching fraction of this decay is 2€q(p)[€q(p) +mg] Mg
below but rather close to this experimental upper limit. 2[Mg— eq(p)— €gr(p)]

In Table VII we give predictions for decay rates bfL + )
radiative transitions of th&. meson in our model in com- Ma
parison with previous nonrelativistic quark model analysis [og Xp]

[33—35. We see that relativistic effects play an important -
role in B, mesonM 1 radiative decays. They reduce the rates 2Mp[ eq(p)+mq-]
of allowed decays and increase the rates of hindered tran
tions. The largest rates are predicted for the latter deca
which are increased by relativistic effects almost by the fac-

]‘I’B(p)—(QHQ'), (47)

Sj- .
Jg)) for the purely scalar potential

3
tor of 3 and thus they are an order of magnitude larger than Ds=f d°p VAol €o(p) 9
the rates of allowed/1 transitions. (2m)3 Mg dp
VII. RADIATIVE E1 TRANSITIONS -5 ( [)([TQ>(<p)] ](1_ e(ﬁ/fp)
€ € +m
A. E1 decay rates QiPILEolP Q B
The radiativeE1 transition rate is given bj43] _2AMe—eqlp)— EQ’(p)])
Mq
P(B Aty = |Dg? wh M3~ M3 [ 1
—A+ty)=5_|Dgal®y Where w=-—F8F—", oo Xp ,
37 2Me - . ]‘I’B(p)—(QHQ ). (48)
(45) 2M B[eQ/(p)-i-mQ/]

Mg andM, are the initial and final meson masses. The ma-The operatoii 9/ dp in Eqgs.(47),(48) corresponds in the co-
trix element of the electric dipole momebt 4 is defined by  ordinate space to the operator All other terms in these
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TABLE VII. Radiative M1 decay rates of thB. meson.

) 'NR rv rs r T [33] I' [34] I' [35]
Transition (MeV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
135,—1 1Sy 62 73 48 66 33 135 60 59
2 35,2 15y 46 30 24 32 17 29 10 12
235, -1 155y 584 141 412 398 428 123 98 122
2 15,—2 33y 484 160 471 454 488 93 96 139
equations are relativistic corrections. Thus in the nonrelativ- e 2(M—mo—mg/) P2 p2
istic limit the standard expression for the electric dipole mo- BS(p?)= Q2 1- Q Q7. >
ment is recovered. 4mg Mq 4mg  MgMg:
It is easy to see that there are three different structures )
with respect to the orbital variables in Eq&7),(49): _ &y 1- 2(M —mq—mq/) L P
r, [(6q+ 0g)xp] and[(oo— o) X p]. Thus the matrix 4mj, Mo 4mg,
element of the electric dipole moment for the electromag-
netic transitiomJMLS—n'J'M'L’S'+ y can be presented p? egteg | 1 1 p?
in the form + Ty m a1
QOQr B Q mQr
Dy,s=(n'J'M'L'S'[A(p*)r—BYS(p*)[Sx p]—C"S(p?) 101
x| ===, (53
X[(Sq—Sg/) X pl[nIMLS), (49) mg My
where functionsA(p?), BYS(p?), andC""S(p?) up to order CS(p?) = eq (1 2(M—mg—mgq) N p? p
2, 2 . - 2 - 2
p /mQ(Q,) are given by 4mj Mg 4mi  mgmg:
2
2 eQ/ Z(M_mQ_mQ/) P
A(pz): eQmQr_eQer eQmQ_eQerr P + 4m2 ( 1— - + 4m2
Mg Mg 2memg: Q' Q' Q’
(50) p? egteq | 1 1 p?
- TV e —y
2 QOQ' B Q mQr

2(M—mg—mg)  7p p? )
T A2 2
4mg My

€
BY(p2)=—% <1+
4mQ

Mg
_ eg (1+ 2(M—mg—mg,) 7p? _p_z)
2 2 2
4mQ, Mgy 4mQ, mq
_Goteg |1 1 pff1 1
4Mg |Mg mg 4 \mj mg, '

V(o2 = eo (1+ 2(M—mg—mg/)  7p _p_2
Q Mo

(=RY 2(M—mg—mg,
+—2| 1+ ( QMo
4m
) eQ+eQ, 1
4Mpg mQ Mgy

: (52

2 1
LA N
4(mQ m,)

(54)

1 1
X\ —=Z+—=3||

mQ mQ
The last structure in Eq49) proportional to[ (Sp—Sy)
Xp] IEads to the spin-flip transitions. It vanishes for e
andbb mesons, consisting of the quark and antiquark of the
same flavor fg=mq:, eg=—€q/) since in that case
CV'S(p?) =0. The functionsA(p?), BYS(p?) then simplify
and coincide with the ones found previou§f3]

2m p?
2 Q
A(p9)= eQ(_M +MBmQ)
2(Mg—2m 11p?
BY(p?)= 142 - o) lpz),
ma Q 4mQ
e 2(Mg—2m 5p2
B2 =~ | - 2Me 2o pz).
mg Mg 4mg

In the case of th&, mesonCV-5(p?)#0 and thus relativistic
corrections lead to spin-flip transition§'(=S=1) but only
for decays involving mixed statesP1, nP1’ (24) or nD2,
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nD2' (25). For all other transitions the spin-flip correction where
vanishes due to momenta relatidisee Eq.(57) below].

’ ’ 2
Using the Wigner-Eckart theorem and relations for matrix - _ , , S
elements of the tensor operator between coupled functions, C(I" L IS =maxL’,L)(2] +1)[ J L 1l
one can rewrite Eq49) in the form
3 1 3 The reduced matrix elements can be expressed through the
Di:(_l)J’+J+L+SM’( _ ) usual matrix elements over radial wave functidjg (r):
-M" i M (a) for the transitions betweeR and S states
xV(23+1)(27+1) (n0[[p|In1)=—(R},dRap).
L sttty 1
X SS n'L’ pT)rin ’ " "
J L 1 <n O||p2p||n1>:<Rn's|RnP>+2< Rn's F RnP>
—7(3',L",3,L,8)(n"L’||B(p?)pl|nL))
1
-2(R,{ 5|Rnp); (59)
—x(J',.L",3,L)8sso(n'L[C(p?)plInL) |, < " “P>
(55) (b) for the transitions betwee andP states
where , 1 )
<n 1||p||n2)=—\/§ Rn’PF Rnp _<Rn'P|RnD> )
73" L' J.L,S)=(~1) " e[ S(S+1)(25+1)]"
J S L 1
’ ’ -1 ’ "m "
X L J S J/ S L/ <n 1||p2p||n2>:_\/§(<Rn’P|RnD>+<Rn’P F RnD>
bt 1 1 1 |
L1
(56) —6{ Ryp 2 Rnp
’ ’ _ L+L’ 2 J L 1 1
XULLLIL=(=1) Voj+1l1 1 L' +6{ Ryp 3 Rip ) | (60)
(57)
Here where the prime means differentiationRfwith respect ta.
J S L B. Results and discussion
J 13 L' J s _ _ _
, , , and{J S L The results of numerical calculations of charmonifrh
-M" q M J L1 1 1 1 radiative decay rates using Eq%$6)—(60) are presented in
Table VIII. For calculations of photon energias we used
are 3-, 6j-, and §-symbols,(n'L’||---||nL) are reduced the experimentally measured masses of charmorgamdP
matrix elements. states’ For masses db states we used our model predictions
The totalE1 decay rate of theJLSstate is obtained by from Table I. We give predictions for decay rates calculated
summing the decay raté45) over all possible values ol in the nonrelativistic limitTNR, for relativistic decay rates
for a fixed value ofM. The resumng expression is with pure VeCtOITV and Scalafs potentials as well as for
the mixture(9) of vector and scalar potentials with =
I'V'S(nJLS—n'J'L'S +7y) —1. As in the case oM1 decay rates calculations, we use
the relativistic wave functions in our numerical analysis.
4 The results presented in Table VIII show that relativistic
— _ 3 12 qr | 1 r_
—34 @ 9ss CTILLLILS) (L) effects play an important role iB1 decays of charmonium.

The most sensitive to the relativistic corrections are decays
X (R [A(P?)F| Ry W' (2S)— xc3(1P) + y. Their account leads to the consider-
able reduction of the decay rates. The rates for the vector

B n(J,'LI'J'L'S)(n’L’||BV'S( 2)plnL) potential are reduced more significantly than for the scalar
/maxL’,L) PP one. As a result, there arises an approximately twofold re-

2
V,S( 2
- 5SS’t1X(‘J,1L’r‘]uL)<n,L/||C (p )p||nL>} d “For decays involving/(2S), as in the case dfl1 transitions,
we use both experimental values of its mass, giving a prediction for
(58 the recent Belle valug23] in parentheses.
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TABLE VIII. Radiative E1 transition rates of charmonium. For decays involvipigwe give in paren-
theses the results obtained using the recent @8gof its mass.

) R rv rs r ree[22]
Decay (MeV) (keV) (keV) (keV) (keV) (keV)
2 35,—1 3Pyy 259 51.7 34.6 44.0 26.3 26:13.2
2351 %P,y 171 44.9 30.1 38.3 22.9 25:3.0
2 35,1 3P,y 128 30.9 22.9 28.1 18.2 20:.5
2 '55—1 Py 68(128 8.6(57) 6.2(41) 6.2(41) 6.2(41)
13P,—1 %S,y 305 161 151 184 121 16536
1°%pP;—1 %S,y 389 333 285 305 265 29151
1°%P,—1 %S,y 430 448 309 292 327 38952
1'P;—1 1Sy 504 723 560 560 560
1°3D,—1 3Pyy 361 423 344 334 355
1°3D,—1 3P,y 277 142 127 120 135
1°3D,—1 3P,y 234 5.8 6.2 5.6 6.9
1°%D,—1 3P,y 291 297 215 215 215
13D,—1 3P,y 248 62 55 51 59
13D;—1 3P,y 250 252 163 170 156
1'D,—1 P,y 275 335 245 245 245

duction of decay rates for the mixture of vector and scalatess than in charmonium. The contribution of relativistic cor-
potentials with the value of mixing parameter — 1, bring-  rections does not exceed 10% almost for all decays. The only
ing theoretical predictions in good agreement with experi-exceptions are decay¥”(3S)— xp3(1P)+ 7y, where the
mental data. The large influence of relativistic correctiondeading contribution is substantially reduced due to the sig-
originates from the fact that the zero of th€ @ave function nificantly different number of zeros in initial8and final 1P

is close to the maximum of thePLwave function. This re- wave functions. For al5— P+ vy transitions we find good
sults in a reduction of the leading order decay matrix elemenagreement of our model predictions with experimental data.
(1P|r|2S]). Therefore relatively small relativistic correc-  The comparison of the theoretical predictions for the ra-
tions produce such a large effect. This observation is condiative decays oP states of bottomoniuny,(nP) with the
firmed by the calculations of thg.;(1P)—J/#+y decay experimental data is complicated by the fact that the total
rates. Here both initial and final states do not have zeros andecay rates of these states are not measured yet. Experiment
relativistic contributions have usual values and lead to amives only branching fractionsB=I[x,(nP)—Y(n'S)
approximately 25% reduction of the decay rate. All theoret-+ y]/T'°® (n=n’) for these decays. Thus for this compari-
ical predictions are in nice agreement with data. In Tableson it is necessary to get theoretical predictions for the total
VIl we also give predictions foE1 decay rates of charmo- decay rates of,(nP). The main decay channels of the bot-
nium 1D states. At present only the 3D, state is experi- tomoniumP states are inclusive strong decays to gluon and
mentally observed. This state is considerably broader, since uark states and radiative decays. The strong decays were

lies above theDD threshold. The observed stale(3770)  extensively studied in the literatur¢45,46 including
can also have a significant %5, state admixturg44]. If we leading-order QCD corrections. The two-gluon annihilation
consider it to be a purB state, then using its measured total rates of®P, states with the account of relativistic corrections
decay rate, we get the following predictions for the E1 radia-are given in our model47] by
tive decay branching fractions:
B(13 3 1 E0/- 3 3 — 0 RO/ 3 _ 8a§
(13D;—1°%Pyy)~1.5%; B(1°D;—1°P;y)~0.6%:; I'(3Py—gg)= T

f d°p mé[ P eg(p)+p
— n
(2m)3 Mp|eg(p)  €o(p)—p
M )(2_6Q(p)|n6Q(p)+p)
2eq(p) p €q(p)—p
2
) (612)

B(1°D,—13%P,7)~0.03%.

+11

On the other hand, the tensor®D, and 1 D, charmonium

states are under the threshold of open charm production,

since their masses are slightly below ®* threshold, and X ¢p(P)

the decay of these states ID is forbidden by parity and

angular momentum conservation. Thiag radiative transi-

tions are the main decay channels of these states. To include leading-order QCD correctiof¥6] this expres-
The calculated decay rates Bfl radiative transitions in sion should be multiplied by (410.0xs/m) for xpe and

bottomonium are presented in Tables IX and X. The influ-(1+10.2a5/7) for x{,. The corresponding expression for

ence of relativistic effects in bottomonium is considerablytwo-gluon annihilation rates ofP, states reads §47]
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TABLE IX. Radiative E1 transition rates of bottomonium.

w 'NR rv rs r ree[22]
Decay (MeV) (keV) (keV) (keV) (keV) (keV)
2 35,—1 3Pyy 162 1.65 1.64 1.66 1.62 1.60.37
235,—1 %P,y 130 2.57 2.48 2.51 2.45 240.6
2 35,—1 %P,y 109 2.53 2.49 2.52 2.46 3.88.6
2 15—1 Py 98 3.25 3.09 3.09 3.09
1 3Py—1 %Sy 301 29.5 30.6 31.3 29.9
1°%P;—1 %S,y 422 37.1 37.0 37.4 36.6
13P,—1 %Sy 442 42.7 39.8 39.3 40.2
1'P;—1 1Sy 480 54.4 52.6 52.6 52.6
3 35,2 3Py 123 1.65 1.51 1.52 1.49 1.42.25
333,-2 %Py 100 2.65 2.43 2.45 2.41 2.90.43
335,—2 P,y 86 2.89 2.69 2.71 2.67 3400.45
3152 Py 73 3.07 2.78 2.78 2.78
335,—1 *Pyy 484 0.124 0.040 0.054 0.027
33%5,—1 3Py 453 0.307 0.097 0.134 0.067 0.040.029%
335,51 %P,y 433 0.445 0.141 0.195 0.097 0.060.045%
3 15,—1 Py 427 0.770 0.348 0.348 0.348
2 3Py—2 33y 207 11.7 11.1 11.2 11.0
2 %p,—2 33y 230 15.9 14.8 14.8 14.7
2 3p,—2 33y 243 18.8 16.7 16.6 16.7
2P, —2 1S,y 262 23.6 21.4 21.4 21.4
2 3Py—1 3,y 743 7.36 7.58 8.41 6.79
2 %P, —1 %Sy 764 8.01 7.90 8.33 7.49
2 3p,—1 3S)y 776 8.41 7.61 7.20 8.02
2 'p—1 1Sy 820 9.9 9.36 9.36 9.36

@Needs confirmation.

. 8ag d®p mgeq(p) P eP)tp eq(p), eq(p)+p mq
I'(°P—g9)= + n - n
5M?2 (2m)® Mp eq(P)  €q(P)—p P &P —p 2eq(p)[eq(p) +mg]
2
~ 2p? ouip)| 41 f d°p my| P PP [ P) PP
3eg(P)eq(p)+mgl| " F 6() (27)3Mp|eg(p)  eo(p)—p P ep)—p
_eQ(p)(z_ﬂ)(z_ cq(P) | €a(P)+P P (2—ﬂ) g(eq(p) IneQ(p)+p_2)
Mg Mg p €q(P)—p/ Mgl eg(p)+mg] mg/\ 2\ p €q(pP)—p
3¢5(p) ’
X(l— SZ +1] [#p(p)| |, (62)
|
with leading-order QCD correction{gl6] accounted by the 8a2|R’ (02
factors (1-0.1lag/m) for xp, and (1+1.0ag/m) for x;,. F(3P2—>gg):% (64)
Here ¢p(p) is theP state radial wave function in momentum Smg

space. In the nonrelativistic limjg/mg—0 andM—2mg,
Egs.(61) and(62) reduce to the known expressiof#s]:
The calculation of radiative and relativistic corrections to the

annihilation decay rates ofP; and P, states is a very

602 R.p(0)|2 complicated problem which has not been solved yet. Thus to
'(3Py—gg)= +, (63)  estimate their hadronic decay rates we use the tree-level non-
Q relativistic expressionp46]
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TABLE X. Radiative E1 transition rates of bottomonium in-

volving D states.

) ['NR rv rs r
Decay (MeV) (keV) (keV) (keV) (keV)

3p,—1 3D,y 117 0.036 0.034 0.034 0.035
%p,—1 %D,y 111 0.454 0.446 0.443 0.449
3p,—1 3Dyy 108 234 236 237 235
p,—1 D,y 102 2.62 243 243 243

1°3D,;—1 %Pyy 280 242 234 234 234
1°D,—1 %P,y 256 12.9 12.7 127 127
13D,—1 3P,y 235 067 069 069 0.69
1°3D,—1 3P,y 262 248 233 233 233
1°3D,—1 3P,y 241 6.45 635 635 6.35
13D;—1 3P,y 244 267 246 246 246
1'D,—1 P,y 254 302 284 284 284
2 3Py—1 3Dy 81 1.17 1.16 116  1.17
2 %P, —1 %D,y 104 062 061 060 0.615
2 %P, —1 %D,y 98 1.56 1.56 156  1.56
2

2

2

2

PHYSICAL REVIEW D 67, 014027 (2003

3 J— 8a§nf , P
I'(°P;—qqg+g)=——|Rip(0)[?IN(my(r)), (65)
97TmQ
) 200l ,
r(*P;—gg9= 7 |Rup(0)[“In(me(r)), (66)
97TmQ
1 36 ,a
I'(*P1—gg+y)=zeq_I'("P1—~9gg9). (67)
S

From the relativistic consideration of the decays 3th0,2
states, which shows that relativistic effects givd0% con-
tributions to thebb decay rates, we can expect that these
formulas give a reasonable estimate of the corresponding de-
cay rates. For numerical calculations of hadronic decay rates
of x,, states we use = 0.18 obtained from the experimental
ratio of I'(Y —ggvy)/I'(Y —ggg) [5]. The calculated partial
decay rates and branching fractions fd? and 2P states of

the bottomonium are compared with available experimental
data in Table XI. There we give both PO0@2] averages and

TABLE XI. Partial decay rates and branching fractions fé* &nd 2P states of bottomonium.

Bexp (%)
Level Decay T (keV) B (%) PDG[22] CLEO[32]
1 3P, gg 653 95.6
135,+y 29.9 4.4 <6
5 =
1°%pP, aq+g 57 60.9
135, +y 36.6 39.1 358
13p, gg 109 73
1385, +y 40.2 27 224
1P, ggg 36 40.1
ggt+y 1.2 13
118+y 52.6 58.6
2 3P, gg 431 95.8
2 38+ 11.0 2.4 4621 2.59-0.92+0.51
13%5,+y 6.8 1.5 0.9-0.6 <1.44
1°%D,+y 1.17 0.3
2 3P, ag+g 50 67.2
2385, +y 14.7 19.8 214 41.5+1.2+5.9
135+ 7.5 10.0 8.51.3 11.6-0.4+0.9
1°%D,+y 0.6 0.8
1°%D,+y 1.6 2.2
2 %p, gg 76 73.4
2 38+ vy 16.7 16.1 16.22.4 19.3+1.1+3.1
138+ 8.0 7.7 7.11.0 7.08:0.4+0.8
13%D,+y 0.04 0.03
1°%D,+y 0.5 0.5
13D+ 2.4 2.3
2P, ggg 31.5 47.9
gg+y 1.1 1.7
2 1S+ 21.4 325
118+y 9.4 14.3
11D,+y 2.4 3.6
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TABLE XII. Predicted branching fractions of four photon de- tions are consistent. In the analysis of Réf], the dominant
cays of Y (3S) involving 1D states corresponding taS3-2P+ vy decay is 33%5,—2 °P;+y—1 3Dy+ yy—1 3Pi+ yyy
—1D+yy—1P+yyy—1S+yyyy—e e +yyyy transition. _,1 3sl+ vyyy—ete +yyyy, while in our model the
The last line gives the sum of all decay channels. above and 3*S,—2 3P,+y—1 3D+ yy—1 3P,+ yyy
—1 33+ yyyy—ete +yyyy transitions have almost

2 °Pystate 1°D, state  1°P, state Boure B [6]6 the same rate and dominate. In the last line we give the sum
(X107°)  (X107°)  of gl these decay channels. Both theoretical predictions
2 3P2 1 3D3 1 3P2 15.2 7.8 agl’ee W|th CLEO measurement. ] ) )
13D, 1%, 0.7 0.3 An important pro.blem qf qyarkonlum physics is the
13p, 3.9 27 search for bottomonlum spin s!nglet sta}te§(n 1s,) and '
13D, 13p, 0.0 0.0 hp(n 1P1)._ In. the previous §ectlon we discussed the possi-
13, 01 01 bilities of finding », in radiativeM 1 decays._From Table.XI
1%, 00 00 we see that these two_ s_tates can bf dlscovereq simulta-
5 3p 19D 13 29 25 neously. Indeed the radiative decay(1 “P;)— 7,(1 “Sp)
1 2 1 3P2 15; : 2(') 1 + v with the photon energy of 480 MeV is the main decay
1D 1 3Pl 0'1 oi channel ofh,, (the branching fraction of this decay exceeds
1 1 3P2 2‘4 3'3 50%). Thus production of a fewh, states, e.g., through
L spl . o Y"(3S)—hy(1 *Py) 7w or Y"(3S)—hy(1 *P,) 7 decays,
5 5 sl : : which branching fractions are predicted to be about
2 "Po 17Dy 1 3P2 0.0 0.0 0.1%—1%[48], will give a good possibility of findingy, .
1 3P1 0.5 0.3 In Tables Xl and XIV we compare our results for thd
1°Po 0.0 0.0 radiative decay rates of tH&. meson with other quark model
all all all 418 37.6 predictions[33—35. Comparison of the calculations using

relativistic I' and nonrelativisticT'NR formulas for decay

very recent CLE(J32] data. We see that our predictions for rates shows that relativistic corrections do not exceed 20% in
the branching fractions for radiative transitionsyg{nP) to ~ Bc MesonE1L decays. Most of the theoretical predictions for
Y(n'S) states are in good agreement with experiment. Thé&1 transitions betweeR andS states o8, mesons given in
only discrepancy (of 2.50) is the CLEO value for Table XIII are compatible with each other. The largest dif-

B(xp1(2P)— Y (2S) + y) transition which is approximately fer(_ances occur .for decays _invc_)lvinal and Pl’_ states

two times larger than our model prediction and PDG valueWhich are the mixtures of spin singlet and spin triplet states
The CLEO Collaboratiofi32] measured also two photon de- (24) due to different mixing angles used by the authors. Note
cays ofY (3S) via x,(1P;) states. They report the branching that for such transitions there are additional relativistic spin-

fraction for Y (3S)— xu(1P;)+ y— Y(1S) + yy transitions flip contributions to decay rateg58) proportional to
summed over all thd states: x(J’,L",J,L) (57) which are specific only foB. mesons. In

general, our predictions are closer to the ones of [3f.
B(Y(3S)—Y(1S)+ yy)=(2.14-0.22+0.21) X 10 3. In Table XIV we present th&1 radiative decay rates of
(68) B. mesons where either the initial or final state iD avave
state. Here we find rather large variations in theoretical pre-
dictions. The main reason of these distinctions is the differ-
ence in values oD state masses, which for some states

Using our model results in Tables IX—XI for corresponding
decay rates, we get

B(Y (3S) = xuo(1P) + y— Y (1S) + yy)=1.4x 105, reaches 70 Me\(see Table Ill. Since 2 and 1D states of
the B, are rather close, such a difference significantly influ-
B(Y(3S)— xp1(1P)+ y— Y (1S)+ yy)=9.97X 10 4, ences the energy of the emitted photon and thus the decay
rates. For decays involving the mixed spin singlet and spin
B(Y (3S)— x12(2P) + y—Y(1S) + yy)=9.96x 104, triplet statesP1, P1’ (24) andD2, D2’ (25) the additional

relativistic spin-flip contributiong58) are important, espe-

and the sum over all thé states is equal to cially for transitions where both initial and final states are

B(Y(3S)— Y (1S) + yy)=2.04x 1073 mixed states.
in accord with CLEO dat#68). VIIl. CONCLUSIONS
The CLEO Collaboratiof32] presented recently the first '
evidence for the production of the trip¥t(1D) states in the In this paper the mass spectra and radia/g andE1

four photon transitions S—2P+y—1D+yy—1P+vyyy  decay rates of charmonium, bottomonium, admesons
—1S+yyyy—ete +yyyy. The measured product were calculated in the relativistic quark model based on the
branching fraction for these five decays is equal to (3.3juasipotential approach in quantum field theory. Special at-
+0.6=0.5)x 107 °. In Table XIl we give the theoretical pre- tention was devoted to the role of the relativistic effects in
dictions for the branching fractions of such four photon de-these processes. Since both quarks in the considered mesons
cays in our model and in the recent quark model analysis ofire heavy, the/c expansion was applied. In the mass spec-
Godfrey and Rosndi6]. In general, both theoretical predic- tra calculations retardation as well as one-loop radiative cor-
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TABLE Xlll. Radiative E1 transition rates of th8. meson.

w I'NR rv rs r (33 T [34 T [35
Decay (MeV) (keV) (keV) (keV) (keV) (keV) (keV) (keV)
1 3Py—1 3S,y 355 75.5 74.1 81.3 67.2 79.2 65.3 74.2
1P1—1 %S,y 389 87.1 82.9 87.1 78.9 99.5 77.8 75.8
1P1'—1 335,y 405 13.7 12.6 11.6 13.6 0.1 8.1 26.2
1°%P,—1 %S,y 416 122 105 102 107 112.6 102.9 126
1P1—1 1Sy 447 18.4 16.3 14.4 18.4 0.0 11.6 325
1P1'—1 1syy 463 147 134 136 132 56.4 131.1 128
2 35,—1 3Pyy 181 5.53 4.36 5.00 3.78 7.8 7.7 9.6
235, -1P1y 146 7.65 5.98 6.98 5.05 14.5 12.8 13.3
235, -1P1'y 130 0.74 0.62 0.61 0.63 0.0 1.0 2.5
2 35,—1 P,y 118 7.59 5.99 6.86 5.18 17.7 14.8 14.5
2 1S5,—1P1y 101 1.05 0.94 0.86 1.02 0.0 1.9 6.4
2 15—1P1'y 84 4.40 3.77 3.82 3.72 5.2 15.9 13.1
2 3Py—2 33y 207 34.0 28.8 28.4 29.2 41.2 25.5
2P1—2 %Sy 241 45.3 37.6 37.3 37.9 54.3 32.1
2P1'—2 33,y 259 10.4 8.45 7.86 9.07 5.4 5.9
2 %P,—2 %Sy 270 75.3 58.9 60.6 57.3 73.8 49.4
2P1-2 1Sy 285 13.8 11.1 10.5 11.7 8.1
2P1'—2 1Sy 303 90.5 73.2 73.8 72.5 58.0

rections were taken into account. We also included the oneslightly shifted value of QCD parametér. The calculated
loop correction due to the finite charm quark mass to themass spectra of charmonium and bottomonium agree with
bottomonium mass spectrum. It was found that this correcthe experimental data within a few MeV. Comparison of our
tion is rather small31] and its inclusion allows one to obtain results for theB, meson mass spectrum with previous calcu-
an even better fit of the bottomonium excited states with théations showed that different predictions for ground state and

TABLE XIV. Radiative E1 transition rates of th8. meson involvingD states.

o 'NR rv rs r T [33] I [34]
Decay (MeV) (keV) (keV) (keV) (keV) (keV) (keV)
2 %P,—1 %Dy 84 0.035 0.031 0.027 0.035 0.2 0.1
2 %P,—1D2y 79 0.285 0.245 0.222 0.269 3.2 1.5
23P,-1D2'y 77 0.139 0.114 0.116 0.113 0.5
2 3P,—1 3Dy 75 2.08 1.64 1.69 1.59 17.8 10.9
2 3Py—1 3D,y 19 0.041 0.034 0.033 0.036 6.9 3.2
2P1—1 3Dy 54 0.204 0.174 0.165 0.184 0.3 1.6
2P1'—1 %D,y 73 0.070 0.062 0.052 0.073 0.4 0.3
2P1—-1D2y 49 0.517 0.420 0.422 0.418 9.8 3.9
2P1-1D2'y 47 0.023 0.019 0.018 0.021 1.2
2P1'—1D2y 68 0.172 0.142 0.135 0.149 11.5 25
2P1'—>1D2'y 66 1.49 1.20 1.20 1.20 35
13D, —1%Pyy 365 133 119 110 128 88.6 79.7
13D, —1P1y 331 65.3 63.7 54.2 73.8 49.3 39.2
1°3D,—1P1'y 315 7.81 6.91 6.20 7.66 0.0 3.3
1°3D,—1 %P,y 303 3.82 4.27 3.17 5.52 2.7 2.2
1D2—1P1ly 335 139 112 113 112 88.8 44.6
1D2—1P1'y 319 14.9 13.4 12.7 14.1 0.1 18.4
1D2'—1Ply 338 7.10 6.70 6.17 7.25 25.0
1D2'—1P1'y 321 143 116 117 116 925 46.0
1D2—1 3P,y 308 23.6 23.4 19.7 275 24.7 12.2
1D2'—1 3P,y 310 12.6 11.4 10.1 12.8 6.8
13D;—1 3P,y 312 149 112 122 102 98.7 76.9
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low excitations agree within 30 MeV. transitions. However, for some decays, eff..— x.;v, the

The pseudoscalar and vector decay constanB ofieson  consideration of the mixe@) vector and scalar potentials
were calculated using the relativistic wave functions ob-(with the same value of =—1) is important for bringing
tained during the mass spectrum calculations. It was foundecay rates in accord with experimental data. In general, all
that relativistic effects reduce these constants by approxieur predictions for radiative decay rates and branching frac-
mately 20% and produce the splitting between them of abouiions of charmonium and bottomonium agree with measured
70 MeV. values. In the case of th&, meson radiativeel decays an

It was shown that relativistic effects play a significant roleimportant additional relativistic correction to decay rates
in radiative decays of mesons. Their form strongly dependsvhich causes the flip of the quark spin was found. This con-
on the Lorentz structure of the quark-antiquark interactiontribution (57) to the radiativeE1l decay ratg58) is specific
The most sensitive are radiati1 decays, where even for only for transitions involving mixed statesP1, nP1’ (24)
allowed transitions they significantly influence predictionsor nD2, nD2’ (25) of B and is caused by the difference of
for the rates. An important example is thay— 7.y transi-  the ¢ andb quark masses. Finally, a comparison of various
tion, which is overestimated by a factor of more than 2 if thequark model predictions for the radiati1 andE1 decay
nonrelativistic approximation is used. It is argued that therates ofB. has been performed. These radiative transitions
inclusion of relativistic corrections for a pure scalar or vectoralong with pionic ones are the main decay channels of the
confining potential is not enough to bring theoretical predic-low lying excitations in theB, meson.
tions in accord with experiment. Only for the specific mix-
ture of these potential®) with the mixing coefficients =
—1, the agreement can be obtained. For other decay rates
this mixing of scalar and vector potentials also gives the best The authors express their gratitude to A. Martin, M.
results. The hinderet1 transition rates are dominated by Mduller-Preussker, and V. Savrin for support and discussions.
relativistic contributions and are significantly enhanced byWe are grateful to J. L. Rosner for stimulating correspon-
them. The comparison of the allowed and hindevét rates  dence and quoting some of our preliminary results on botto-
in bottomonium shows that the latter provide better opportumonium radiative transitions in Ref4]. Two of us(R.N.F
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