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The model dependence of the ¢(1'P,) production rate in pp annihilation is examined. The predicted
production rate for M, ranging between M ;, and M 5, is presented, and may be tested by an im-
1 0 2

proved experiment at Fermilab.
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The masses of 1!P, states of heavy quarkonia provide
important information about the spin-spin interaction be-
tween heavy quarks and antiquarks [1,2]. Experimental
searches for the ¥(1'P;) and Y(1'P,) states have been
tried at many laboratories. 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 mme te ™ channel,
but with poor statistics [3]. A theoretical calculation of
the production rate in this process was given by Kuang,
Tuan, and Yan [4]. They took the simple Cornell
Coulomb plus linear potential, and the obtained produc-
tion rate
r_ .

Tme e

=T(y(1'P,)—pp)

XB(Y(1'P)) T /Yy 77 )B(J /p—e Te )

is of the order of 0.1 eV, which is consistent with the pre-
liminary result by the R704 group [3]. Recently, the
E760 group at Fermilab has been doing improved experi-
ments, searching for ¥(1'P,) states 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

L.+, -=T((1'P)—pp)

XB(WY(1'P)—>T /Yy7°)B(J /p—eTe ™),
as well to include the 7% "e ™ channel. The potential is
of a form with explicit Ayg dependence (where MS

denotes the modified minimal subtraction scheme) and
natural QCD interpretations, and it fits the ¢¢ and bb
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spectra very well for Ayg in the range 100-500 MeV.
We shall see that our new results for T'(¢(1'P,)—pp),
B(Y(1'P))—J /Ymm), and B(P(1'P)—J /¢7°) are
rather different from those in Ref. [4], but the production
rates I' . - and I o .+ - are still of the same order of
magnitude. The main theoretical uncertainties in the cal-
culation are also discussed, and they do not affect the or-
der of magnitude of the rates.

The potential I proposed by Chen and Kuang [5] takes
the form
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where y ¢ is the Euler constant, kK =0. 149 GeV ™2, and
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FIG. 1.
Kuang potential for M, ranging between M1 3p and MI 3p -
1 0 2

Production rate I‘"w+e, predicted by the Chen-

The solid line (ay =ag) and the dashed line (ay, =2ag) are ob-
tained by directly using (6) and (7); the dot-dashed line
(apy=ag) and the dotted line (o, =2ag) are obtained by re-
placing ln(4mf/14m3—M? 1, Dby In(m.R,)in (6) and (7).
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2
/(Aﬁ—s-r)] s (2)

with Al%i—s: 180 MeV. The quark masses m. and m, depend slightly on the value of Ayz. Numerical results show that
the variation of Ay 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 A35=200 MeV (the world averaged value [6]). The corresponding quark masses are
m.=1.48 GeV and m; =4.88 GeV.

The calculation of the rates is similar to that in Ref. [4]. T(¢(1'P))—J/¢mrm), T(H(1'P))—J/97°),
[((1'P,)—pp), and ', (¢(1'P,)) are calculated separately.

For the hadronic transition rates I'(¢(1'P,)—J /¢77) and T'(¢(1 'P,)—J /7°), the approaches in Ref. [4] give
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D(Y(1'P))—J /)= Do+ /% 12(M 1, —M,; ), (3)
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where
1p; ,
i =S AR IR (R IR, ) /(M P, —E;), 5)
n

in which R, and R, are, respectively, the radial wave functions of ¥(1'P;) and J /¢; 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 oy can be deter-
mined by taking the well-measured rate I'(¢y' —J /) [6] as input, and in the Chen-Kuang model, ay =0.51. This is
close to the commonly accepted value of a,(m . ); thus, we take a,(m)=ag in (4). There is no proper input to deter-
mine a,, yet. A reasonable theoretical estimate is ag <a,, <(2-3)ay [4].

The rate T'((1 'P,;)—Pp) can be related to the measured rate I'(17, —pp ) by [4]

’ 2
320 11, (O

o % v ln(4mcz/|4m02—Mf|P] B
1'p,

C(p(1'P))—pp)=

Ty, —pp) , 6)
3ally, (0)P/M]

where 1{1%(0) and ¢}, PI(O) are , respectively, the wave function at the origin of 77, and the derivative of the wave func-

tion at the origin of ¥(1!P,), and the QCD coupling constant a, at the scale M \1p, 1s taken to be a (M, )=0.22,
1 1

corresponding to a (M )=0.17 [4].
To calculate T, (¢(1 'P,)), we need to know the rates for the main decay channel of (1 'P,). Following Ref. [4], we
have

¥, (0)]?
320 ; "Ry 2 2 2_ g2
oy % _——M?lp In(4m?/|4m?/|4ml—M; P, D
T(¢(1'P,)—light hadrons)= m : I(J/y—3g), ™
B1s (T ey 0P/ MG,
C(¢(1'P;)—y +light hadrons)*—‘l?6 air‘(ll}(l 1P)—3g) @®)

(from Ref. [10]), where « is the fine-structure constant and
T(J /Y—38)=T o (J /P)1—(2+R)B(J /p—e e )]

(from Ref. [4]).
The estimate of the radiative transition rate T'(¢(1'P,)—y7,.) is uncertain. Following Ref. [4], we estimate

L(¢(1'P,)—ymn.)=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 1. Rates predicted by the two potential models.
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The numbers in the parentheses are obtained from replacing

ln(4mcz/|4m3—Mf I [) by In(m R, ) in (6) and (7). The results of the Cornell model are calculated with new experimental data [6].
!

Rates

Chen-Kuang model

Cornell model

C(Y(1'P)—J /Ymm) (keV)

ay=ag 7.1 4.7

ay =2ag 14.2 9.3
T(Y(1'P))—J /97°) (keV)

ay=ag 0.58 0.29

ay=2ag 1.16 0.57
C(Y(1'P)—pp) (keV) 0.044 (0.080) 0.15 (0.14)
[(¢(1'P,)—hadrons) (keV) 19.3 (35) 51 (51)
T(y(1 'P )—+y+hadrons) (keV) 1 (3.7 5.7 (5.5)

o (9(1 (keV)

ay= aE 360 (377) 392 (391)

ay=2ag 367 (384) 398 (397)
T(Y(1'P)—pp)B(Y(1'P\) T /a7 )B(J /p—eTe ) (eV)

ay=ag 0.061 (0.11) 0.12 (0.12)

ay =2ag 0.120 (0.21) 0.25 (0.23)
C(Y(1'P,)—pp)B(Y(1'P)) - J /Yy7°)B(J /p—eTe ™) (eV)

ay=ag 0.005 (0.009) 0.008 (0.007)

ay =2ag 0.010 (0.017) 0.015 (0.014)

Cio($(1'P ) =T (Y1 'P)—yn )+ T(W(1 'P)—J /prm) + T (W1 'P)—J /97°)
+T(¢(1'P,)—light hadrons)+'(#(1 'P,)—v +light hadrons) . 9)

For any given value of M we can obtain all the above rates by taking the experimental data [6] ", (¢')=243%43

1'p?

keV, B(y'—J /ymmw)=(50.8%+5.3)%, I'oi(J /9)=68%10 keV, B(J/{—e e )=(6.910.91)X 103,

[ (1.)=10.3%38 MeV, and B(n,—pp)=(1.04+0.19)X 103 as inputs. The center-of-gravity value M og of

Y(13P,) states is M oG =3.5254+0.0005 GeV [6]. The calculated rates for M\, =Mqg are listed in Table I. We see
1

that some rates are rather model dependent. The Chen-Kuang potential predicts a larger T'(¢(1 'P,)—J /¢77), but a
much smaller I'(¢(1'P,)—pp), so that the obtained production rate [+, is smaller than that in the Cornell model

by approximately a factor of 2. This is mainly due to the logarithm factor in (6) and (7), 1n(4m3/|4m3—Mf 1p 1), which
1

is sensitive to the value of m_ (m_,=1.48 GeV in the Chen-Kuang model, while m,=1.84 GeV in the Cornell model).
To avoid the singularity in 1n(4m2/|4m2—M2 |) at M1 ip =2m,, Remiddi suggested to estimate it by In(m R_),
1

where R, is the radius of the ¥(1'P,) state [12]. In Table I we list the rates with ln(4mcz/|4mcz—Mf ip |) replaced by
1

In(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 a,,/a, (b)
different possible estimates of the logarithm factor in (6) (model dependent), and (c) lack of a reliable estimate of
[(¥(1'P;)—y7n,). 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
r_ . +,-andT o . , which are of the order of 0.1 and 0.01 keV, respectively, for M| P, =McoG-

mTe e
The production rate I'__ . - for M, ranging between M 5, and M ;, is given in Fig. 1. This is expected to be
"’ 1 0 2
compared with the improved experiment at Fermilab.
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