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The model dependence of the g(1 'P~ ) production rate in annihile o e '
I uc o a e pp n i ation is examined. The predicted

r
~ ranging between M 3 and M is r

1
I Pp

3 p
is p resen ted, an d m ay be tested by an im

proved experiment at Fermilab.

PACS number(s): 14.40.Gx, 12.40.Qq, 13.25. +m, 13.85.Rm

masses of 1 P, states of heavy quarkonia provideThe 1

important information about the spin-spin interaction be-
tween heavy quarks and antiquarks [1,2]. Experimental
searches for the tj/(1'P, ) and f(1'P, ) states have been
tried at many laboratori. es. The R704 Group at the
CERN Intersecting Storage Rings (ISR) claimed a pre-
liminary result for finding a possible candidate of the

1 'P, ) state in pp annihilation in the mne+e h. 1

the r
ut wit poor statistics [3]. A theoretical calculat' fcua ion 0

Tu
e production rate in this process was given b Ky uang,

uan, and Yan [4]. They took the simple Cornell
Coulomb plus linear potential, and the obtained produc-
tion rate ( ) k

16rr 1 2l'&+ 7I

25 f (r) f (r)
462 lnf (r)
625 f (r)

spectra very well for AMs in the range 100—500 MeV.
We shall see that our new results for I (g(1 'P, ) —+pp,
B(g(1'P, )~J/tj/mm), and B(tj/(1'P, )~J/gm ) are
rather diFerent from those in Ref. [4], but the production
rates I + and Ir + r p + —are still of the same order of
magnitude. The main theoretical uncertainties in the cal-
cu ation are also discussed, and they do not a6'ect the or-
der of magnitude of the rates.

the form
The potential I proposed by Chen and K '5' kuang ' ' ta es

XB(g(1 'P~ )~J/Prr+tr )B(J/tt/~e+e )
where yz is the Euler constant, k =0.149 GeV, and

is of the order of 0.1 eV, which is consistent with the pre-

E760 rou a
iminary result by the R704 grou [3]. R 1,

group at Fermilab has been doing improved experi-
ments, searching for P(1'P ) state

' 'h'1a es in pp annihilation.
Further examination of how sensitive the theoretical pre-
diction is to the potential model is therefore needed. In
this paper we take a better and more QCD-like potential
proposed by Chen and Kuang [5] to do the calculation.
We shall consider the rate I:o

L-
C)

i I I I I

XB(g(1 'P, )~J/tj/tr )B(J/g~e+e ) 3. 415
I & f f I 1 I I
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as well to include the m e+e h l Thc anne. e potential is
of a form with explicit AMs dependence (where MS
denotes the modified minimal subtraction scheme) and
natural QCD interpretations, and it fits the cc and bb

Mailing address.

8, F, (GeV)

FIG. 1. Production rate I + predicted by the Chen-

Kuauang potential for M, , ranging between M, and M 3
1 2

The solid line (a =a& ) and the dashed line (a~ =2a& ) are ob-
tained by directly using (6) and (7); the dot-dashed line

(a =a&) and the dotted line (aM =2a ) are obtained b

p acing ln(4m, /~4m, —M, ~) by 1n(m, R, ) in (6) and (7).
1
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with AMs=180 MeV. The quark masses m, and mb depend slightly on the value of A—s. Numerical results show that
the variation of A—

s in the range 100—200 MeV causes only a few percent difference in the rate. In this paper we only

present the results calculated with AMs =200 MeV (the world averaged value [6]). The corresponding quark masses are

m, = 1.48 GeV and mb =4.88 GeV.
The calculation of the rates is similar to that in Ref. [4]. r(g(1'P, )~J/p~m), r(g(1'P, )~J/fn), .

r(f(1 'Pi )~pp ), and I „,(g(1 'Pi )) are calculated separately.
For the hadronic transition rates r(g(1 'P, )~J/pnm ) and I'(f(1 'Pi ) +J/—pn ), the approaches in Ref. [4] give

r(g( I 'Pi )~J/f~~) =
z lf iiiio+f iiio I (Mi iz2835~m,

(3)

r(y(1 p, ) J/y~ )=—1 1 aM aE
9 aE as

where

'2 '0 3 101 010
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f„m IP Ol s

md+m„ m
(4)

f ii'jo —=g&Riolr IR„"i &&R„"iIr 'IRii &/(Mi i+ E„"i),—
n 1

(5)

in which R ii and R,o are, respectively, the radial wave functions of P(1 'Pi ) and J/g; E„",and R„', are the energy ei-
genvalue and radial wave function of the intermediate state. (The rate is not sensitive to the model for the intermediate
state [7]. Here we take the string model approach [8,9].) The phenomenological coupling constant aE can be deter-
mined by taking the well-measured rate r(g -+ J/1(nv) [6] as input, and in the Chen-Kuang model, aE =0.51. This is
close to the commonly accepted value of a, (m }; thus, we take a, (m )=aE in (4). There is no proper input to deter-
mine a yet. A reasonable theoretical estimate is az ~ aM (2—3)aE [4].

The rate r(g(1 'P, )~PP ) can be related to the measured rate r(rl, ~PP ) by [4]

r(1((1 'P, )

»(4m,'/14m, ' —M', i, I )
1

as9~ ' ~4,
1 Pl

—,'a,'Iy„(0)I'/M'„
(6)

where 1(„(0}and g', i (0) are, respectively, the wave function at the origin of rl, and the derivative of the wave func-
ic 1 PI

tion at the origin of g(1 'P, ), and the QCD coupling constant a, at the scale M i is taken to be a, (M i )=0.22,
1 P, s 1 P)

corresponding to a, (Mr )=0. 17 [4].
To calculate r„,(f(1 'P, ) ), we need to know the rates for the main decay channel of p(1 'P, ). Following Ref. [4], we

have

r(f(1 'Pi )~light hadrons) =
ln(4m, /I4m, /I4m, —M, , I )

1

a 3

9~ ' ~4
1

(n 9)a, I q»~(0) I

—/M,'«
I (J/$~3g), (7)

r(f(1 'Pi ) y+light hadrons) = I (g(1 'P, )~3g )
5 a, (8)

(from Ref. [10]),where a is the fine-structure constant and

I (J/t/i 3g) =I, ,(J/f)[1 (2+R)B(J/g e+e )]—
(from Ref. [4]).

The estimate of the radiative transition rate I (g(1 P, )~yg, ) is uncertain. Following Ref. [4], we estimate
I (g(1 P, }myri, ) =330 keV, which is one-half of the value predicted by the nonrelativistic potential model [11]. With
all these, we have
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TABLE I. Rates predicted by the two potential models. The numbers in the parentheses are obtained from replacing
ln(4m, /14m, —M, 1) by ln(m, R, ) in (6) and (7). The results of the Cornell model are calculated with new experimental data [6].

Rates

I ($(1 'P, )~J/Qrrrr) (keV)
QM —Qg

QM =2Qp
I (P(1 'P, )~J/1(m. ) (keV)

QE

QM —2QE
I (t((1 'P, )~pp) (keV)
1(g(1'P, )~hadrons) (keV)
I {g(]'P, )~y+hadrons) (keV)
I „,(t/i(1 'P, ) ) (keV)

QM =Qz
QM 2QE

ntj'r(1 'P, )~pp)B(f(l 'P, )~J/grr+rr )B(J/P~e+e ) (eV)

QM =QE
QM 2QE

I (1P(1 'P, )~pp)B(P(1 'P, )~J/Prr )B(J/P~e+e ) (eV)

QM Qp

QM 2Qg

Chen-Kuang model

7. 1

14.2

0.58
1.16

0.044 (0.080)
19.3 (35)
2.1 (3.7)

360 (377)
367 (384)

0.061 (0.11)
0.120 (0.21)

0.005 (0.009)
0.010 (0.017)

Cornell model

4.7
9.3

0.29
0.57

0.15 (0.14)
51 (51)

5.7 (5.5)

392 (391)
398 (397)

0.12 (0.12)
0.25 (0.23)

0.008 (0.007)
0.015 (0.014)

I...(]((] 'P, ) =)I'(g( ]'P, ) yg, )+I (q(] 'p ) J/g )+I-(g(] &p ) J/g 0)

+I (f(] 'P, ) light hadrons)+I (tt(]'P, ) y+light hadrons) .

»r any given value of M ~, we can obtain all the above rates by taking the experimenta] data [6] I- (q') =243+43
t

keV, B(t/i'~j/Pter)=(5Q. 8+5.3)% I „,(J/g)=68+10 keV, B(j/gee+8 )=(6.9+Q.9])X]0
rt, ( l, ) = 10.3+3'4 MeV, and B(g,~pp ) =(1.04+0. 19)X 10 as inputs. The center-of-gravity va]ue Mcoo of
P(] PJ ) states is McoG =3.5254+0.0005 GeV [6]. The calculated rates for M, , =Mcoo are listed in Tab]e I. We see

]

that some rates are rather model dependent. The Chen-Kuang potential predicts a larger I (]](] 'p& ) J/tt~tr), but a
much smaller I (]]'(1 P, )~pp), so that the obtained production rate I + is smaller than that in the Come]] mode]

by app«ximate]y a factor of 2. This is mainly due to the logarithm factor in (6) and (7), ]n(4trt,'/14m, 2 —M2, 1), which
1

&s sensitive to the value of m, (I,=1.48 GeV in the Chen-Kuang model, while m, = ].84 GeV in the Come]] mode]).
To avoid the singularity in ]n(4m,'/14m, ' —M', ~ 1) at M, , =2m„Remiddi suggested to estimate it by ]n(m, R, ),

I 1

where R, is the radius of the 1((] 'P, ) state [12]. In Table I we list the rates with ]n(4m, /14m, ~ —M~, 1) rep]aced by
1

]n(m, R, ) in (6) and (7) in the parentheses. We see that the final production rates predicted by the two potential models
are close to each other with this replacement.

The main theoretical uncertainties in this calculation are due to (a) lack of a reliable determination of aM/az, (b)
different possible estimates of the logarithm factor in (6) (model dependent), and (c) lack of a reliable estimate of
I (1](] 'P~ )~yr), ). Each of them may cause an uncertainty about a factor of 2 (cf. Table I), and the last uncertainty
may be reduced if relativistic and coupled-channel corrections are carefully taken into account [13]. Anyway, both the
model dependence and the above uncertainties do not affect the order of magnitude of the predicted production rates
l + and 1 o +,which are of the order of 0.1 and 0.01 keV, respectively, for M, ]p MCQQ.

The production rate I + for M ] ranging between M, 3 and M
~

3p is given in Fig. 1. This is expected to be
7r7Ie e 1 P] 0 2

compared with the improved experiment at Fermilab.
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