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Signals for the formation of the singlet D and P states of charmonium in pp collisions
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We calculate the angular distribution of the photons produced in the decays of the singlet D and
singlet P states in charmonium directly produced by unpolarized proton-antiproton (pp) collisions.
The reactions we study are (1) pp ~ D2 ~ Pi + p, (2) pp —+ Dq ~ 1 Sq + p, and (3)
pp -+ Pz ~ So + p. We also study the angular distribution of the electron (e ) in the cascade
process (4) pp ~ Pi ~ Q+ 7r ~ (e+e ) + (pipq). Simple and distinct expressions are found for
each case. The observation of the photon or the electron (as the case may be) with the appropriate
energy and the distinct angular distribution may be taken as a signal for the formation of the singlet
D or P state resonance in pp collisions.

PACS number(s): 13.40.Hq, 12.39.Pn, 14.40.Gx

The singlet D and P states of charmonium are inter-
esting in several respects. Even though the mass of the
singlet D state 1 iD2 is supposed [1,2] to be above the
charm threshold, it is expected to have a narrow width
since the strong transition D2 ~ D + D* or D* + D is
energetically forbidden. This is the case as long as the
1 D2 mass is below 3875 MeV. Both D2 and the singlet
P state Pi cannot be seen in e+e collisions either as
a resonance or through radiative transitions &om e+e
resonances. The best hope for producing these states
is through pp collisions now being studied by the E760
group [3] at Fermilab. In fact, the E760 group recently
reported [3] the discovery of the Pi state in pp collisions.
The hyper6ne splitting between the singlet P state and
the center of gravity (c.o.g.) of the triplet P state was
successfully predicted in several potential models [4]. The
experiments [3] have not yet established the 1 + quan-
tum numbers of the postulated P~ state with a mass
around 3526.2 MeV. In order to establish the J quan-
tum numbers of the postulated D2 and Pi states, one
must calculate the angular distribution of the decay prod-
ucts &om general model-independent methods and com-
pare it with experiment. In this paper we discuss the
angular distributions of the photons and the electron in
the following processes: (1) pp -+ D2 m Pi + p; (2)
pp ~ D2 ~ 1 St+pi (3) pp ~ Py ~ So+p; and

(4) pp -+ 'Pi m @+pro m (e+e ) + (2p).
%'e chose to discuss these cases because the angular

distribution in each case has a strikingly simple and dis-
tinct form, which should serve as a signal for the forma-
tion of these states.

Both processes pp ~ D2 and pp —+ Pi are forbidden
in perturbative @CD under some questionable approxi-
mations. By C and P invariance, the D2 and Pz states
can be formed only if p and p have the same helicities as
p and p. Now if we assume that the valence quarks and
antiquarks in p and p have the same helicities as p and
p and that the u, d quarks and u, d antiquarks are mass-

less, the formation of these singlet states is forbidden in
perturbative @CD since upi'"vg2 vanishes for massless
spinors when the helicity indices Ai and A2 are equal. But
this helicity selection rule is strongly violated as seen in
the observed processes g ~ pp and pp ~ Pi, etc. So
we expect a pp ~ D2 cross section comparable to the
production cross sections of other charmonium states.

I DECAYS OF THE iDz STATE FORMED
IN PP COLLISIONS

We previously [5] examined the angular distributions
in the following decay schemes of D2 '. (1) pp -+ D2 —+

Pi+pe ~ (1 So+f2)+ps, (2) pp ~ D2 ~ 1 Sz+p ~
(e+e ) + p. We have derived [5] the angular distribu-
tions of pi and p2 in process (1) and of p and e in
process (2). The angular distributions of the photon
in the processes (1) pp -+ 1 D2 —+ 1 Pi + pi and (2)
pp ~ 1 D2 ~ 1 Si + p can be obtained from the re-
sults of Ref. [5] by integrating over the directions of p2
and e in the cascade processes mentioned above. After
integrating over (0', gV) the results of Eqs. (29) and (41)
of Ref. [5], we obtain for either processes (1) or (2) the
following angular distribution function for pi or p:

~(0) = 1+ ~4~(2IAol + IA&I 2IA2I )l2o(0)
4m 7

+7&4~(6I&ol —4IAzl + l&2I )&4o(0) (1)

where Ao, A.i, and A2 are the angular momentum helic-
ity amplitudes as defined in Ref. [5], and 0 is the angle p
makes with p. These helicity amplitudes A„(v = 0, 1, 2)
are related to the E1., M2, and the E3 multipole ampli-
tudes aq, a2, and a3 by the orthogonal transformation:
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1 1
+p = ~ai+ ~a2+ 3 1 8

a3 Ax = —+z+
10 ~6 15

1 1
ay —~a2 + ~as (2)

Substituting Eqs. (2) into Eq. (1) we obtain

1 ~5 ~ 17 1 1 7 „4, 4
W(0) = —1+ 44~ 1 ——la~I' —-la21'+ -lasl'+ Re(aia2) —-Re(alas) — Re(a2as) &2p(0)

47r 7 10 2 5 ~5 ' 5

1 (8 2 1 10~5+-44~ -la21'+ -lasl + 6 Re(a~as) + Re(a2as) Y4p(0)
7 (3 3 3

We used the normalizations

l&pl'+ l&~l'+ l&21' = la~I'+ la21'+ lasl' (4)

where the expressions for the coeKcients a' and b' can
be obtained from Eq. (3). If we take the results of the
potential model calculation of Ref. [6] we have

In process (1) [pp ~ D2 —+ Pq + p], aq, a2, and as are
the E1, M2, and E3 amplitudes. On the other hand, in
process (2) [pp ~ D2 -+ 1 Sq+p], aq, a2, and as refer to
the Ml, E2, and M3 amplitudes. In process (1), a2 and
as are of order v /c compared to aq, whereas in process
(2) they are all of order v2/c since 1 D2 ~ 1 Sq+p does
not take place in the nonrelativistic limit because the
nonrelativistic Ml transition operator does not connect
the two states.

In process (1), a2 and as are of order k/m compared
to az, where k is the photon energy ( 300 MeV) and
m is the c quark mass. So ~a2~, ~as~, and Re(a2as)
can be neglected compared to ~aq~, and ~aq~ is nearly 1.
Furthermore, in potential models [6] a2 and as are purely
imaginary if aq is real. Therefore, Re(aj az) and Re(a&as)
vanish. As a result, the angular distribution of the p
photon produced in the process pp —+ D2 ~ Pq + p
will be

1 1 4' 1
W(0) —1 —— —Y2p(0) = (5 —3 cos 0),4' 2 5 16'

a~ i(0.083),
a2 —i (0.970),
as —i(0.229) . (7)

Therefore, the numerical values of a' and 6' will be

a' - 0.78, (8)

6' = 2.06. (9)

So

1
W(0) ——[1 + 0.78Y2p(0) + 2.06Y4p (0)]

4m
(10)

We expect the coeKcients of Y20 and Y40 to be very sensi-
tive to the potential models. So by measuring the angular
distribution of p in pp -+ D2 ~ g + p we can test the
different potential models.

(5)

where 0 is the angle between pq and the direction of p
in the pp c.m. frame. This pure Eq distribution of pq
with an energy of about 300 MeV can be thought of as a
signal for the D2 formation in pp collisions.

In process (2), aq, a2, and as are all of order v /c
or k/m. In fact, in potential models [6] a2 and as are
numerically much bigger than aq. Therefore, in Eq. (3)
we cannot neglect the coefffcient of Y4p(0). In fact, it
may be bigger than the coefficient of Y2p(0). The angular
distribution of p in pp —+ D2 —+ 1 Sg +p takes the form

II. DECAYS OF THE SINGLET P STATE (i')
FORMED IN pp COLLISIONS

Here we consider processes (1) pp —+ Pq ~ 1 Sp + p
and (2) pp ~ Pq ~ Q + m ~ (e+e ) + (pqp2).

Process (1): pp -+ Pz M 1 Sp + p. In this process,
the photon is pure E1 by angular momentum and parity
conservation and a calculation of the type described in
Ref. [5] will give the angular distribution of p by the
function

W(0) = —(1 —cos 0) .= 3 2

8'
W(0) = —[1 + a Y2p(0) + 6 Y4p(0)]

4m
(6) Process (2): pp -+ P, m @+~p m (e+e ) + (2p).
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Consider the cascade process

p(A&)p(A2) m'P~(v) m @(o)+~ m e (~i)+e+(~2)+~',

where Bg,p, are the angular momentum helicity ampli-
tudes which do not depend on the angles or the index v.
By C variance [7],

where the Greek symbols in parentheses after the particle
symbols represent their helicity indices. We will work in
the pp c.m. kame where Pq is produced at rest. So
the symbol v represents the value of the Z component
of the total angular momentum of Pz. The probability
amplitude for this process can be written as

By P variance [7],

1 2 2 1 (16)

(i7)

&&,'&,' =). p, (e (~I)e+(~2)ICI@(~)) p,

x P, 8 (~) 'IAI'P (~))
x. , (' P, (v) IBpl(A)p(A )) (i2a)

where each matrix element is evaluated in the rest kame
of Pq or the c.m. frame of the pp system. In Eq. (12a),
B, A, and t are the appropriate transition operators:

From Eqs. (16) and (17),

B+ ———B + ———B+ ——Bg ——0,

B++ ———B = Bp . (18)

P, (&(~)~'IAI'P~(~)) P,

There is only one independent B helicity amplitude and
we call it Bo. Since the momentum p' of g in the Pq
rest kame is along the positive Z axis,

v, o. = —1, 0, +1 . (12b)

The two-particle helicity state p(Aq)p(A2)) in the c.m.
frame of pp can be written as [7]

2J+1
Ip(e, y); A, A, ) = ) D', (y, e, —y)

JM
x lp JM; AgA2),

= (p'(o, o); ~OIAI iv)

= ) DM (0, 0, 0)(p'JM;o. OIAliv) .
JM

(19)

Since the transition operator A is rotationally invariant,
M is equal to v and J is equal to 1. So

where

A=Ay —A2, (14)

~ p~ ('R (~) IBlp(Ai)p(A2)). p,

and (e, P) represent the spherical polar angles giving the
direction of p momentum whose magnitude is p. We will
choose the Z axis along the direction of motion of @. So

,P, (y(~)~' IA'IP, (~)). P,
= —D.'".(o, o, o)A.',

3—b Ap.4' (20)

o
—A o.

C invariance is trivially satisfied in this decay. By P
invariance [7],

D.'~(& e —&)(»IBI» AIA2) So

Agp ——A gp ——Ag,

Aoo = Ao, (22)

p, (e (~~)e+(~2)lclq(~)) p, = ~(e (~~)"(~2)IU~('P~ y)cU~('P~ y)lq(~))~
= ~(e (~~)e+(~2) ICI@(~))~

where U~(A, B) is the unitary operator corresponding to a I orentz transformation which takes us from the B rest
frame to the A rest frame. In Eq. (23) we made use of the fact that

U~~( P„g)CUg('P), g) = C . (24)

Now we notice
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&(e (~ )e+(~2)ICI&(~))~ = (p" (0' 0') K K2ICll~)

) DMS(&' ~' &')(JM' & 2ICll )
JM

D—.'.(p', 0', —0')(1~; ~r~2ICll~)

Dl (yl gf yl)C (25)

where

K= K1 —K2

By C invariance [7],

By P invariance [7],

(26)

(27)

(28)

D ', D ', = ) (ji j2, m rm2IJM)(j] j2,'m]m2' , I
JM')

J
XDM (33)

We also use the relabeling

and

So we get

C++ ——C = Cp

C+ ——C ++C1. (29)

8=0+~
We then finally obtain

(34)

If g decays to e+e through a virtual photon, Co

& C1, where m and E are mass and energy of the electron.
Later we will neglect Cp compared to C1. So using

Eqs. (12a), (15), (20), (23), and (25), we obtain

—1,0,+1
T„"'„"'= Bp, p, C„,„, ) A D „(n')D „(n),

w(n;n') = —
I

—
I ) p~, )m(a)' '.

&4

Min(I ~,I 2)

) 1 — " ~,""y„""(n;n'),

(35)

where the coefFicients are

where n = (0, P) and n' = (O', P').
The normalized angular distribution function for un-

polarized pp collisions is given by

w(n;n') = —)
A1A2
Kl K2

): Ic-,-, l'l». ~. l'm (a)'
4 &4 r

Kl K2

pI.„=IBol (1100ILro),

0,1

eI„=) (—1) IC I
(11;a —nl L20)

—

ICOSI

(11;1 —ll L20),

)0 (
cad' ' = ) 1 — ' A.+a A*. , + A*.+, A. ~

I 2 2 2 2 2

s(d) X

(36)

(37)

—1,0, 1

x ) A A*,D'„(n')D', „(n')
CX) CJ

x D'~ (n) D', ), (n). (31)

8+ d
x 11;

2
L1d

8+0 8 —d
x 11'

2 2
Lgd (38)

Now we make use of the fact that
' —AD.'~ = (—1)

and

(32)

where

s(d) =
2 [1 —(—1) ], 2 [1 —(—1) ] + 2, . . . , (2 —d) . (39)

Finally the angular function y&
' '(n; n') is given by
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' = Dqg (O)Dqg (0') + D~g (A)Dqg (0')
4m 4m

21'+ 1 2L2+ 1

x[YL„„(A)Yj„g(O) + Yl.,g(A)YL„~(A )] . (40)

If we use the normalizations,

IAol + 2IAzl = l&ol = +ol + I+zl = 1, (41)

the explicit expressions for the nonzero coeKcients take
the form

moves along the negative z axis and since

cos (rr —8') = cos 8', (44)

we may also take 0' to be the angle between vr and the
electron as measured in the g rest frame. The angle
0' is also the angle between the total momentum of the
two p photons and the e in the g rest frame, since rro

decays into 2p and the total momentum is conserved.
The experimentahsts will probably measure the angles
in the pp c.m. kame. If 0' represents the angle between
the total momentum of the two photons and e in the
pp c.m. kame, it is related to 0' by the relations

00
0

20 020!0 —Ap

22
0
22

22
2

1

~3 '

(I —3I&ol ) =—1 z 1

6 6
1
3 )

—
3

(IAoI' —IA~I')

s (2IAol'+ IA~ I')

Re(A~A,*),

(42)

where

cos8' —P.oso' =
1 —P cos8'

(cos8' —P)sin8' = psin8' 1+P
(1 —P cos8')

(45)

The normalization constant N/4 is now l. If the exper-
imentalists can measure the angular distribution of the
electron and of m or, equivalently, that of the total mo-
mentum of the two p photons into which vr decays, one
can use Eqs. (35)—(42) and get the relative magnitudes
of the angular momentum helicity amplitudes Ap and Az
in the process ~Pq -+ @ + rro as well as the cosine of the
relative phase between the two helicity amplitudes.

If we do not measure the angular distribution of the
total momentum of the two p's we will integrate over
0 and then get the angular distribution of the electron
alone as

[MP~ —(Mg+ M 0) ][M2„—(My —M 0) ]

[M,2„+ (M~2 —M20)]

By measuring the angular distribution of the electron,
namely W (8'), one can estimate the ratio of the magni-
tudes of the two helicity amplitudes IAol and IAql. By
confirming the angular distribution given by Eq. (43)
we are also confirming the J quantum number of the
postulated pq state of charmonium.
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