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Three-reggeon phenomenology in the reaction p+p—p+ X
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A statistical analysis has been carried out of data on the reaction p+ p—p+ X in the region [ < 0.6
(GeV/c)? and x> 0.85. All three-reggeon contributions have been taken into account, including the
interference terms. Two sets of parameters have been found which characterize the three-reggeon vertices.
In order to explain the deviation of the calculated curves from the experimental energy dependence at low
energies and the x dependence for x < 0.85, a number of diagrams not taken into account in the analysis
are proposed. Comparison of the parameter values found with the predictions of the one-pion-exchange
model shows good agreement. A discussion is given of a number of processes whose study may provide
additional information on the structure of the three-reggeon vertices and the contribution of cuts.

PACS numbers: 12.40.Mm, 12.40.Rr, 13.80.Kp

1. INTRODUCTION

Interest in the experimental and theoretical investiga-
tion of the reaction

ptp>p+X (1)

at high energies is due to the possibility of carrying out
a three-reggeon analysis of the energetic part of the
spectra of scattered particles and determining the val-
ues of the three-reggeon coupling constants.

The differential cross section for reaction (1) can be
related by the unitarity condition to the contribution of
three-reggeon diagrams, as shown in Fig. 1, where
diagrams with exchange of a pomeron P and reggeons
f=P', w, p, and A, are summed. In view of the close-
ness of the trajectories of the second poles, the contri-
butions of the latter are difficult to separate and they
are usually replaced by the contribution of an effective
pole R.

The expression used in the analysis for the cross sec-
tion of reaction (1) has the form

dZU s ax(0)=1 dlo-
= Y G (t—ymormemso (L) T (D)
Sara Y Gunlt) (1-2) 5 St dz ) a

(2)
Here M is the effective mass of the shower produced, ¢
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is the square of the 4-momentum transfer, x=p./Pmax
=1 - M?/s (p, is the longitudinal component of the mo-
mentum of the scattered proton, pu., is its maximum
value, and s is the square of the total energy of the col-
liding particles in the c.m.s.). The last term in Eq.
(2) corresponds to the contribution of one-pion exchange
and is equal tof!]

aN (_"t)

dzﬁ _-———g — ) t1—-aa’t SR
(sd—w‘(?t—) ap = (IMI): Ula(w(1 I) t eRM, (3)

Here p is the pion mass, g2/4n~15, and R®~3.3 (GeV/
c)2.

The main purpose of the present work is to determine
the phenomenological functions G;;,(f) by comparison of

Eq. (2) with the experimental data. Preliminary results
have been published previously.

Among papers previously published on the questions

2 I ARN
i
< x A
|

FIG, 1.
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being discussed, we must note Refs. 3-5, where the
need of taking into account the three-pomeron term in
Eq. (2) was demonstrated for the first time, and also
Refs. 6 and 7, where the entire set of experimental
information on the process (1) was analyzed statistically.
However, in the studies published earlier the contribu-
tion of interference terms in Eq. (2) was neglected, the
analysis procedure contained some weak spots, and the
. uniqueness of the solutions found was not checked, so
that some good solutions were lost. The sum rule for
finite masses used in Refs. 6 and 7, which was used to
extract information from the low-mass region, cannot
be considered a reliable source. As can be seen from
our results, the contribution of the RRR diagrams is
determined with high accuracy from the experimental
data in the region of large effective masses, and there is
no need to bring in additional information for this pur-

pose.

2. PARAMETRIZATION OF THE FUNCTIONS G (t)

For the parameters of the trajectories «;(f)=a;(0)
+ajt in accordance with the data on binary processes
we took the values (a’ is in units of (GeV/c)?)

ap(0)=1, a’=0.3, az(0)=05, az’=0.75.
The contribution of 77P diagrams was determined™’ on
the basis of data on the reaction p+p—~n+X.

All the functions G;;,(?) except the interference terms
Gpri(t) (see below) are represented in the form

Gin(t) =Gia(0)exp(Rint), Gin(0)=0. (4)

The parameters characterizing the interference terms
Genn(t) +Grra(t) =2Re Gom (), (5)

cannot be considered free, since they are related by the
Bunyakovskii-Schwarz inequality to the values of the pa-
rameters in Gpp(f) and Ggg,(?).

In order to obtain these limitations, we neglect the
contribution of p and A,, since their coupling constants
with the nucleon are small.

In the RPP interference diagram, which does not con-
tain an s dependence, w exchange is forbidden. There-
fore we can limit ourselves to discussing fPP diagrams.
Since the complexity of the fPP contribution is deter-
mined by the signature factors of f and P, the Bunya-
kovskii-Schwarz inequality reduces to the following:

2Re Gpp(t) <2c0s {/2m[otp (t) —ats (£) 1} [Grip (1) Gorn () 1™ (6)
Since Gysp(f) < Grgp(f), we have
Re Grpe(t) <cos {1/2:" [ap(t) —ar(t) ]} - [GRRP(t) Geee(t) 1™ (7)

Taking into account (6) and (7), we choose for Ggpp the
following parametrization:

Re anp(t) =V—2 Re GHPP(O) exp (R:PPt) Ccos {l/zn[ap(t) —0Or (t) ] ) . (8)
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Substituting (8) into (7), we obtain the limitations on the
parameter values:

2[Re Grer (0) 1°<Gnp (0) Grpp (0) expl (Rippt Rane—2Rren) t].  (9)

The necessity of introducing limitations on the quan-
tity Grpr(?) is not so evident, since R exchange is not
dominant in the absorptive parts in Fig. 1. Neverthe-
less, it can be separated if we utilize the concept of
duality and replace integration over the momenta of the
created particles in Fig. 1 by summation of the cross
sections for resonance production. Then the Bunya-
kovskii-Schwarz inequality can be written individually
for the terms which do not depend on energy.

The contribution of the PRR diagrams consists of two
parts: Pff and Pww. For each of them there exist lim-

itations:

2Re G/ (£) <2[ Gy (1) Grm (£) 1% cos [ Yo (an(t) —, (£)) ] (10)
and

2Re Gpm,(t)<2[Gmu,,(t)6p§,(t) 1% sin [om (ap(t) —au(t)) 1. (11)

The difference in expressions (10) and (11) arose as the
result of the difference in the signatures of the w and f.
For the same reason Gy, ,(f) =0 and Ggrg = G5 + Guuy-
Having added equations (10) and (11), we obtain

Re ann(t) < [Gnnn (t)Gpm (t) ]”'~ (12)

Thus, in contrast to Eq. (9), a convenient parametri-

zation for the quantity Gprr will be

Re GPRR (t) = Re Gpar (0) exp (R:mzt) . (1 3)
From Eq. (13) the following condition arises for the pa-
rameters of the interference contributions:

[Re Grrn (0) I*<Gra (0) Gorn (0) expl (Rrpnt Rune—2Roms)t].  (14)

This parametrization corresponds to the variant of

strong coupling theory. ' In weak coupling theory'®’
all functions G;;,(f) except Ggg,(f) must go to zero as
t-0. We have carried out an analysis of the data on
reaction (1) also in this parametrization of the functions
G;i;(1). However, the parametrization of G;;(?) in such
a simple form has no deep significance as the result of
the strong dependence of G;,;(¢) on the contribution of
cuts. %7 Therefore in the present work we limit our-
selves to discussion of the strong-coupling variants.

3. DATA ANALYSIS PROCEDURE

The statistical analysis of the data was carried out by
minimization of the functional

(N,—1)*

YA +; (@))% (A0,

=V (v -NY T A+
% Z[ /(A% 2
(15)

Here ¥, is the i-th experimental point for the cross sec-

tion of process (1), ¥{"*T ig its theoretical value given
by Eq. (2), A¥,; is the experimental error, and N, is the
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TABLE 1. Three-reggeon phenomenology in the reaction p+p

—p+X.
s, Gev? ' 1, GeV/e)? AN, % { N (D N (11)
CERN — Holland — Lancaster — Manchester [']
929 0.24<|t|<0.55 15 0.86+0.03 0.86+0.03
551 0.15< ¢ <0.55 10 0.89£0.03 0.91+0.03
930 0.35< |t <0.55 10 1.09£0.03 0.07+0.03
1995 0.55<[t| <0.59 1 1
Imperial College — Rutgers [!2:13]
. | t]-=0.33 25 0.98+0.03 0.94+0.03
80--480 O oy % 0.92+0.03 0.88+0.03
r 0.14<C | ¢ <0.18 15 0.95%0.03 0.96+0.03
108, 213, 285, ) 0.18< |t]|<0.22 15 0.95+0.03 0.95+0.03
503, 752 1 0.22<[¢[<0.28 15 0.92£0.03 0.91+0.03
[ 028<|e|<038 15 0.87+0.03 0.85+0.03
ANL ~ FNAL [%]
386 | 0.02<|t|<037 | - | 1 | 1
Michigan — Rochester [!%]
193 | O.l)5<‘t <0.5 10 1.05+0.05 1.04+0.04
762 0.05< [t <0.5 25 0.86+0.07 0.72+0.07
Bonn — Hamburg — Miinchen [!¢]
46.8 | 0.05<|t]| <0.43 | 10 | 1.27+0.04 | 1.24+0.04
CERN - Roma ['7]
4638 I 04<|e|<04 | 10 | 132004 |  1.27+0.04
E. W. Anderson et al. ['¢]
584 | 0.16<|t]| <0.43 | 10 | 0.98+0.03 | 0.96+0.03

normalization factor which is introduced for the k-th
set of experimental points (see Table 1). To assure
that the Bunyakovskii-Schwarz inequalities are satisfied
in the interference contributions in Eq. (15) we intro-
duced the last term, where

®;=exp (BA)),

and the subscript j enumerates the inequalities (9) and
(14). The quantity A;, for example for Eq. (9), has the
form

A=[Re Grpp(0) 1*~*/:G1nr (0) Gorr (0) exp[ (Rumo+ Ropo—2Rnep) t].

By choosing a sufficiently large value for the coef-
ficient B we can easily make possible the assumption
that with the necessary accuracy

O>1 forr A0, O;<1 for  A;<<0.

Thus, as the result of the last term in Eq. (15), the
value of x® rises sharply as soon as inequalities (9)
and (14) are violated. The magnitude of the error A®;
is chosen sufficiently large (A%;~ 1) that the contribu-
tion of the last term in Eq. (15) is small in the final
solution.

In the analyses of data carried out previously by the

TABLE 2. Solution I*.

Parameter Gigi (0)2, R?v‘k' -2
mb/GeV (GeV/c)

Gppp 3.24+0.35 4.25+0.24

Grrp 7.2+1.9 -1.2+£0.5

2 Re Grpp 6.9+1.1 8.5+3.7

Gppr 3.2+£0.6 1.7£0.4

Grrr 51.9+7.8 0

2 Re Gprr —9.3+2.2 0

* x2/x=091.
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TABLE 3. Solution I*,

Gy (O, R
meter ik ijk’
Para mb/GeV? (GeV]/c) -2
Gppp 3.23+0.35 4.2+0.3

Grrp 13.2+0.9 0

2 Re Grep 5.7+49 19.5+16.1
Gppr 2+1 1.8+1.1
ZRRR 23.6+5.0 0

2 Re Gprr 13.4+45 9.7£7.6

* y2/32=093.

X2 method, the experimental norms N, either were fixed
or were assumed to be free parameters. In the pres-
ent work the norms were varied with allowance for the
normalization errors in the experimental studies. For
this purpose the norms were introduced into the anal-
ysis program as free parameters and with each of them
we compared an “experimental” point having a nominal
value of 1 and an error equal to the experimental error
in the normalization.

In Table 1 we have listed the experiments whose re-
sults were used in the present analysis and some of
their characteristics, including the value of the normal-
ization error used.

4. RESULTS OF STATISTICAL ANALYSIS

The maximum value of || and the minimum value of
x for which final results were obtained were determined
by analysis of the data with different locations of these
limits. The optimum values of | #| and x were chosen
so that on decrease of the limit in |Z| below | £| ., and
the limit in x above X;, the parameter values did not
change within the experimental errors. As a result of
this procedure we adopted the values '

[£] mes=0.6 (GeVI)*, Zin=0.85.

The upper limit in ¥ was determined by the energy
value at which Regge behavior of the cross sections be-
gins. We chose the value M%,,=5 GeV®. Together
with %y,, this determined the lower value of s in Table
1.

It should be noted that the leading protons can be the
decay product of the A(1236) resonance. Description of.
such events by means of the RRk diagram has meaning
in the spirit of duality. However, the contribution of &
production reaches a maximum at x= 0.6 and is negli-
gible in the chosen region x> 0, 85, 191

In the interval of x and ¢ values indicated above, the
data from Table 1 contained 554 experimental points.
Of the solutions obtained, we have listed in Tables 2 and
3 two sets of parameter values which permit a statisti-
cally satisfactory description to be obtained. We have
also given the corresponding values of x®. The val-
ues of the normalization factors for each solution are
given in Table 1.

The quality of description of the experimental data
for the reaction pp~ pX by the three-reggeon formula
(2) with parameters from solution I is demonstrated
graphically in Figs. 2-6.

Yu. M. Kazarinov et al. 600
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FIG. 2. Data from the CERN-Holland-Lancaster -Manchester
Collaboration'!!! for the reaction pp—pX: a—for s=930 GeV?,
b—for s =551 GeV2. The value of ¢ on the curves is given in
units of (GeV/c)% ’

In addition to the parameter sets given above, we
also found solutions with x?= 2 but with large values of
Grrr(0)= 600 mb/(GeV/c)? and Rz, =30 (GeV/c)™2.
From the point of view of evaluation of the three-reg-
geon vertices, as presented below in Sec. 7, this re-
sult is completely in disagreement with the theoretical
expectations. Therefore these solutions are not given
here.

5. SOME PREDICTIONS

Using the parameter values obtained above, we can
make certain predictions and check them by invoking
the data of experiments whose results were not used in
the analysis. ’

s d*as ) mb
,Egtdﬁz (GeVic)? d’s  mb

| & dtam?’ (GeV/(:)z
T4 |
M Sp oerean
7=
101 30
8t i&‘m _L_r]“/rw
6 @ TEtereedr 4 {
4 1 l [ 0i6<-t<022
00 200 300 4005, GeV? gl .
18]

15l }

of 1
Ty e
2- 3 zaghyl
10F 3 : 1

= LAJ)/ 7% o 028<-t< 038

8

10y : —
rs 101 6 ;—e—r—ﬁ’”’h
ol

S S — I L L I
085 090 095z 086 088 090 092 z

"

FIG. 3. Data of the Imperial College-Rutgers Collabora-
tiont 13111, 3) @—x=0.82, t=—0.33 (GeV/c)%; 0—x=0.93, ¢t
=-0.45 (GeV/c)?; b) ® —s =100 GeV?, t=-0.33 (GeV/c)%; o—
$=360 GeV?, t=—-0.33 (GeV/c)?; a —s =100 GeV?, t=—0.45
(GeV/c)?; a—s=360 GeV?, t=—0,45 (GeV/c)%; c) ¢—s =108
GeV, a—gs=752 GeV? (t on the curves is giverf in units of
(GeV/c)?).
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FIG. 4. Data of the ANL-FNAL
Collaboration™), s =386 GeV?
(M? is given in GeV?.

The experimental results at p,,,=69 GeV’/c (Ref. 20)
and at s=565 GeV? (Ref. 21), which were published -
very recently, are shown, together with our predictions,
in Figs. 7 and 8.

The reaction p+d—- X+d at small ¢ values has been
studied by Akimov etal. '??? Predictions for this pro-
cess can be made with certain stipulations. First, in
Eq. (2) it is necessary to omit the contributions of the
P diagram and also of the p and A, terms. The latter
have a small coupling constant with the nucleon and can
be neglected. Then it is necessary to multiply Eq. (2)
by the square of the deuteron form factor and by a cer-
tain factor; this factor may differ from the square of
the ratio of the total cross sections for interaction of
pions with deuterons and protons as a result of the fact
that the Glauber corrections in the inelastic reaction

a0y, mb(GeV/c)?
100[

& o<plent

{

of

axpt<0z

FIG. 5. Data of the Michigan-
Rochester Collaboration!®; @ —
$=193 GeV?, ® —s =762 GeV?; ph
is given in (GeV/c)?.

10}~ 02¢p2<04

0./4<,L‘,?< a6

0 L I 1
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z
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b
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Q85 Q87 089z

are given by a different set of diagrams than in the case
of elastic scattering. We actually found that this factor
is =~ 20% smaller than (ofe,/0}5)?. Thus, the Glauber
corrections in the reaction p+d—d + X are about 10%
larger than for elastic scattering. Our predictions,
normalized to the data of Ref. 22, are shown in Fig. 9.

6. SOME DIFFICULTIES AND POSSIBLE
EXPLANATIONS

A. The main consideration in choice of the limit
Xmin=0. 85 is the rapid rise found in Refs. 12 and 13 of
the inclusive spectrum on decrease of x below X;,.

The behavior cannot be described by means of Eq. (2)
and evidently is due to other mechanisms. Equation (2)
corresponds to the three-reggeon diagrams, i.e., to

a model with simple Regge poles. However, it is clear
that the P-P and R-P cuts also effectively contribute
to Eq. (2). In regard to the R—R cut, its effect is not
contained in Eq. (2) as a result of the specific x de-
pendence. The effect of the R—~R cut, not reducible to
Eq. (2), can explain in principle the behavior discussed
above of the spectrum below x=0.85. In order to check
this, let us evaluate the contribution of the diagram in
Fig. 10.

If for simplicity we replace R by f and use the quasi-
eikonal mode, then we can obtain for the contributions
of the diagrams of Fig. 10 the expression

A ( d’c 2z(z—A+n/4)

d*o
sarar )~ (@) BT (16)
where
464y , mb/(GeVc)?
500
a
100
501
°¢ Iy FIG. 7. Comparison of the experi-
101 mental data?!) at p,,,=69 GeV/c and
sL—L L 1 1 the results of a calculation with the
00} parameters from solution I: a—for

0<p%<0.1 (GeV/c)?, b—for 0.1<pk
<0.2 (GeV/c)?

1 |
-1 -05
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s  mb/(GeVle)?
200

100

ﬂ_ FIG. 8. Comparison of the experi-

b mental data®?) at =565 GeV? and M?
=40 GeV? with solution I.

1 1 I
0 a1 02 03 2
—t, (GeV/c)

_ €00
32n

z (1—z)"e™*?,  A=R,—az In(1—z).

Here it is assumed that f exchange occurs between the
protons and one of the fast (in the laboratory system)
particles in the shower produced. It was assumed that
the coupling constants of f with particles are the same
as for the pomeron. Thus, we chose 0,= 30 mb and Rﬁ
=1 (GeV/c)%. The expression (sd%0/dM?dt)ggp in the
right-hand side of Eq. (16) represents the contribution
of the RRP diagram, which is written out in Eq. (2).
The quantity C; is a factor increasing the contribution
of the f—f cut as a result of inelasticity in the inter-
mediate states. In Fig. 11 we have shown the x depen-
dence of the quantity A(sd20/dM?dt) for different values
of C;. It is evident that for C,= 8 it is possible to de-
scribe the experimental data for x=0. 85.

In comparison with the value of the shower multiplica-
tion factor for vacuum branches Cp <2, the value C;
found above appears surprisingly large. One can, how-
ever, give arguments favoring such a difference. If we
utilize the idea of duality, the correction to the eikonal
as the result of creation in the intermediate state of
resonances and showers with low effective mass can be
evaluated, carrying out the substitution shown graphical-
ly in Fig, 12. If we take into account the contribution of
the Pff and fff diagrams to the imaginary part of the am-
plitude and limit integration over M? to the value M ﬁ
=4 GeV?, we obtain

C, ~ [ 1+ ( 3Grrr (0) 2Gzrr (0) )
' Rfmp+2aﬂ/ In(s/s) Rimn+2aﬂl In (s/s,)
2 ! 2 2 (1 7)
% 32n[R*+as’ In(s/so) ] . [1 + 16z (3Grns+2Gnnn) ] )
860" S o’

If we now substitute into (17) the parameter values from
Table 1, we obtain C;=9. Thus, the evaluation we have
carried out has confirmed the possibility of a large con-
tribution of ff branches to the inclusive spectra. From

d%s mb
dtd’ (Gev)c)2Gev?
05+
FIG. 9. Comparison of the experi-
| 4 mental data for the reaction p +d
oz —~ X +d at pia= 275 GeV/c and ® —M?
=11 GeV?, o—M?=22 GeV? (Ref. 23)
ot t ¢ with solution I. See the text for de-
w5 +é tails.
1 L 1
0 005 010 015
It], Gevic)?
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FIG. 10.

Fig. 12 and Eq. (17) it is clear why C; is large in com-
parison with Cp. This conclusion is the consequence of
a more general result: Diffraction inelastic processes
(PPP and PPR) are suppressed in comparison with the
Reggeon contributions (RRP and RRR). This is evident
from Tables 2 and 3 and will be discussed in the next
section.

Thus, the R—R cuts cannot be neglected in the region
x=0.85. At the same time the significant compensation
of the contributions of diagrams a and b in Fig. 10 per-
mits us to hope that the effect of R-R cuts for x20.85
is small.

B. As was noted above, the normalization factors for
the experiments at comparatively low energy s=40-60
GeV? differ by about 20% from unity. The casue of this
may be the existence of mechanisms which have not
been taken into account and which lead to a more rapid
dependence on s than given by Eq. (2).%

The observed small departure from an s}/ depen-
dence may be due to the contribution of the Deck mech-
anism to the p+p— p+ N+7 process; the diagram of this
process is shown in Fig, 13. The contribution of this
diagram to the spectrum in x dies out rapidly with en-
ergy as s, but at low energies may amount to ~10%. ¢!

We note that the diagram shown in Fig. 14 does not
contribute to the cross section, since its absorptive
parts are reduced for various means of cutoff of the
lower reggeons (the amplitude with «,(0)=0 is real).

C. For sufficiently large values of s and M % and with
increased accuracy of the data a departure from Eq. (2)
appears in the energy dependence of the spectra. It is

d’s mb

5 )
TN (Gevie)?

- T SO S R R AR B
052 08 086 08 090 092
X

FIG. 11. The data of the Imperial College-Rutgers Collabora-
tion'1?! at s =752 GeV?, |%| =0.16 (GeV/c)?. The thin solid
line is the theoretical value of the cross section according to
Eq. (2) with the parameters from solution I. The dashed
curves are the result of a calculation with Eq. (16) for differ-
ent values of C;, The solid continuous line is the combined
cross section for C; =8.
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natural to expect that the total cross section for interac-
tion of reggeons with nucleons, as occurs also for other
hadrons, will begin to increase with energy, which is

not taken into account in the pole parametrization (2).
However, in the interval of M ¢ where the present anal-
ysis was carried out and with the accuracy achieved in
the experimental data, this effect does not appear.

7. COMPARISON WITH THE ONE-PUIN-EXCHANGE
MODEL

Let us compare the parameter values found in Sec.
5 with calculations in the one-pion-exchange (OPE) mod-
el. Calculation of the three-reggeon vertices in the
OPE model has been carried out in Refs. 24-26. In ad-
dition, Boreskov etal. °1 utilized a Reggeized OPE mod-
el to calculate the cross section for the inclusive reac-
tion (1).

We shall present a simpler derivation than given in
Ref. 24 of the expression for the three-reggeon vertices
in the OPE model. In this model the diagram in Fig. 1
is converted into the diagram of Fig. 15.

At t=0 the following expression for G;;, corresponds
to this diagram:

Gijh (0) =g1\'N,g.\:\'ng\:\'kgnmgnn_vgnnh']i(O) n;’ (O) Lij, (1 8)

where gyy; and g,q; are the coupling constants of reggeon

i with the nucleon and pion, 7(f) is a signature factor,
and

a®

IiJh

2__ oy
Lol ) F(u)

B 3 0 du —u/(—u) M2 g (Mlz-
o (47[)‘30 _‘[ (uz‘u)z( So M )

()
(19)

Here u is the squared four-momentum of the virtual
pion, u is its mass, and M, is the energy correspond-
ing to 7, exchange.

o

Let us explain the structure of expression (19). The
factor 3 takes into account the different charge states of
the pion, and (u% - )2 is the square of the virtual-pion
propagator.

The energy which is assigned to 7; and 7; exchanges
is (u2+w2)s/(M? - M%), where %, is the transverse com-
ponent of the momentum of the created pion. Therefore
it follows from comparison with Eq. (2) that the factor

[ (w2 ®) M s (MP—M *) ]

must be included in G;;,. It is easy to show also that

7 FIG, 13.
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FIG. 14.

Wit (ni—u) (1-M /M), (20)
As a result in Eq. (19) there remains the factor [(u?
—u)/ 5] %04,

The form factor F(u) takes into account the departure
from the mass shell. It was chosen in the form F(u)
=exp(R%), where R®~1 (GeV/c)2, U9

Since the minimum value of | u| is
|ulimo=M i (M=),

integration over Mf/M2 in Eq. (2) is bounded by the
value — u/(u® - ).

The values of G;;;(0) calculated in accordance with
Egs. (18) and (19) are given below

Gppp (0) =4,
Gppn (0) =54,

Gnmr (0) =17, 2 RB anp(o) =107,
Grrr(0)=27.4, 2ReGpra(0)=15. (21)

In these calculations only the contribution of the f was
taken into account, since the p and A, contributions are
suppressed and w exchange is forbidden in the diagram
of Fig. 15. In addition, it was assumed that

i an
Bxxi8ant~ENNpBaxp=5:Ct0t .

Comparison of the above values (21) with the results
of a statistical analysis of the experimental data on
reaction (1) with the aid of Eq. (2) demonstrates good
agreement with the parameter values. The fact that
Gppr<< Ggrp receives a natural explanation, since for
7, =7;=R the expression (19) becomes singular as p?
- 0.

The dependence of the functions G;;,(#) on £ predicted
by OPE is steeper than that observed experimentally.
This is not too surprising, since the contribution of cuts
was not taken into account. For the w contribution in
R it is necessary to take into account, for example, the
diagrams shown in Fig. 16. The contribution of dia-
gram a in Fig. 16 is suppressed several times in com-
parison with the contribution of diagram b. This is ex-
plained by the singularity noted above at u?- 0 in ex-
pression (20) for the ffK diagram. In order to evaluate
the role of diagram b in Fig. 16, we will utilize data on
the photoproduction of 7° mesons and vector dominance.
Then it is easy to show that

FIG. 15,
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FIG. 16.

3gxsiam [ AoV (s/M?) 5\
Gom(0)= — wohs
0= (@t ) dna @ =0 (MZ) Lo (22)
where
0
exp(R“u) mpz_u 200 —u 1+ax
Toon=| d .
* _-[( “ (n2—u)* ( So ) (m,ffu) 23)

Here f, is the constant of the transition y—=p and « is
the fine-structure constant. After simple calculations
we find from Eqs. (22) and (23) that G, ,(0) is about an
order of magnitude smaller than G,(0). Thus, one of
the main predictions of OPE is f-dominance among the
secondary trajectories (in contrast to the exchange de-
generacy in binary processes).

8. WHAT IS INTERESTING TO MEASURE?

Interest is naturally presented by the separation of
the contributions of the poles f, w, p, and 4,. Let us
consider the energy-independent diagram Gggp(f). We
emphasize first of all that the contributions of poles
having different quantum numbers do not interfere in
this case:

GnnP=G!!P+GwP+Gppp+GA.A.p- (24)

Hence it follows immediately that the vertex Gzgp in the
reaction with antiprotons 5+ p~ p+ X must be the same
as in process (1). The contribution of w, p, and 4; in
Eq. (24) can be found, for example, by studying the
energy-independent contributions to the spectra of the
reactions
Y+p>a'+X, at(no)+p>at+tX  atp-n't+X. (25)
Special interest is associated with the study of polar-
ization effects in the process (1). The measurement of
spin effects is most sensitive to the contribution of
branchings in the complex-angular-momentum plane.

Polarization effects in inclusive reactions are differ-
ent in the beam and target fragmentation regions. If,
for example, the target is polarized, then in the beam-
fragmentation region there is no asymmetry in the inter-
action cross section if we take into account only three-
reggeon diagrams. ¥"1 Therefore the polarization ef-
fects in this case are most sensitive to the contribution
of the cuts. In Fig. 17 we have shown the diagrams
which contribute to the asymmetry of the process.

We note that diagram a in Fig. 17, and also a number
of diagrams with a larger number of rescatterings which
are not shown here, lead to an interesting dependence of
the asymmetry value on the multiplicity of the particles
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produced. If we select events with a number of particles
a factor of two greater than the average multiplicity (for
a given M%), then all diagrams contributing to the cross
section of the process will lead to asymmetry in the
scattering (for example, diagram a, in which both lower
reggeons are cut off). Consequently, the asymmetry in
the cross section for such events is substantially greater
than in a process with normal multiplicity. Thus, the
asymmetry should be a rising function of the multiplicity
of produced (for fixed M?),

We shall briefly discuss a number of properties of
the dependence of the asymmetry on s, £, and x. We
note first of all that since the vacuum branches give a
small amplitude with spin flip, it is necessary to have
P-Rbranches, which lead to an energy dependence of
the asymmetry proportional™® to s"'/2, It is also
known that the main contribution to the amplitude with
spin flip is from the reggeons p and A,. However, in
contrast to elastic pp scattering, in diagrams a, b, and
c of Fig. 17 instead of exchange p-A, degeneracy we
should expect p dominance (see Section 7). Therefore
the contribution of these diagrams should change sign
on the substitution p— p. This mirror property will be
broken by a small admixture of A, contribution and by
the contribution of diagram d, where p-A, degeneracy
exists. At the same time on the substitution p— n of the
diagrams in Fig. 17 change their sign. Consequently,
the asymmetry in the process n+ pt—~ n+X differs in
sign from the asymmetry in process (1). We note also
that p dominance leads to the result that the contribu-
tion to the asymmetry of diagrams a and b in Fig. 17
should in the region x—~ 1 have a behavior of the double-
zero type in the region £=-0.6 (GeV/c)?, like the polar-
ization in elastic 7P scattering. It is true that a branch-
ing contribution strengthened in comparison with elastic
scattering can produce a shift of the zero in the residue
in the region of small | {| values.

Diagrams c and d in Fig. 17 do not have a double zero.
The mirror properties noted above and the presence of
a double zero at £=—0.6 (GeV/c)? occur also for such
processes as Tp— 1*X, K*p—~ K*X,

Let us now discuss the target-fragmentation region.
Here polarization effects are possible even without the
contribution of branches. In addition, a part of the
polarization exists which is independent of energy.
However, as noted above, the secondary reggeons do
not interfere in the energy-independent part. Therefore
in the pole approach the effect is due only to f-P inter-
ference and should be small, since f and P lead to a
small amplitude with spin flip. The main effect should
be expected from the contribution of branches. In this
case for x— 1 the energy-independent contribution to the
polarization should die out as (1— x)12*"#¢,
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9. CONCLUSION

The analysis which we have carried out has shown
that three-reggeon phenomenology permits one to obtain
a good description of the experimental data on process
(1) in the region

z=0.85, |t|<0.6 (GeV/c)?, M*>5GeV?

For the vertex functions a parametrization was used
which corresponds directly to the strong-coupling vari-
ant. The good qualitative description achieved is not,
however, an argument in favor of this variant. With
weak coupling the large contribution of the cuts radically
changes the ¢ dependence of the vertex functions and

simulates the variant of strong pomeron interaction. [*%!

In contrast to the previous studies, we have taken in-
to account interference diagrams and carried out the
statistical analysis more carefully. As a result we
have found several solutions—parameter sets. The
predictions obtained on the basis of these solutions are
in good agreement with the new data at small ¢ values.
Comparison with data on the process p+d—d+ X indi-
cates an appreciable difference in the elastic and in-
elastic Glauber corrections.

We have discussed additional mechanisms which can
lead to appreciable corrections. The Deck diagram
leads to a different s dependence; R-R cuts can pro-
vide an unusual behavior in the variable x.

The results of calculation of G;;,(0) in the OPE mod-
el have been compared with the results of the statistical
analysis. Good correspondence of the calculations with
the parameter values found has been established. We
have noted the set of reactions which must be studied in
order to separate the contributions of the various sec-
ondary trajectories in the energy-independent part of
the three-reggeon functions.

Polarization effects in inclusive processes are dis-
cussed with the aim of studying the contributions of
cuts. We have pointed out features in the energy de-
pendence, the / dependence, and also the mirror-sym-
metry property for a number of inclusive processes,
which are due to the contribution of two types of cuts.

The authors are grateful to Ya. I. Azkimov, E. M.
Levin, L. A. Ponomarev, and V. A. Khoze for helpful
discussions.
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Translated by C. S. Robinson

Direct measurement of the rates of formation of the
molecules pp. and pd. in gaseous hydrogen

V. M. Bystritskii, V. P. Dzhelepov, V. I. Petrukhin, A. |. Rudenko,
V. M. Suvorov, V. V. Filchenkov, G. Chemnitz, N. N. Khovanskii, and

V. A. Khomenko

Joint Institute for Nuclear Research
(Submitted November 18, 1975)
Zh. Eksp. Teor. Fiz. 70, 1167-1177 (April 1976)

A gas target filled with H,, H,+Xe, and H,+ Xe+D, (xenon concentration 3 107, deuterium ~7%) at
a pressure of 40 atm in the muon beam of the JINR synchrocyclotron has been used to measure the rate of
formation of the mesic molecules ppp and pdp, and also the ratio of the rates of transfer of the muon

from the proton and deuteron to xenon. The following results were obtained:

Appu = (2.34%0.17)-10° sec ™",
Apay = (5.53£0.16)-10° sec™!,
B =1.62£0.05.

PACS numbers: 36.10.Dr

With the coming into operation of high-current ac-
celerators—meson factories—we have a real possibility
of accomplishing such fundamentally important experi-
ments as precision measurements of the rate of u cap-
ture in gaseous hydrogen and deuterium. For choice
of the optimal conditions and correct interpretation of
the data of these experiments, it is necessary to know
the parameters of the mesic-atom processes occurring
in hydrogen—formation of ppu and pdu molecules. It
is important to emphasize that the determination of
these parameters must be carried out specifically in
gaseous hydrogen, in view of the possible nontrivial
dependence on the density of hydrogen.

The experimental and theoretical values of the rates
of formation of the mesic molecules ppu (A,,,) and pdp
(Apa,) are given in Table 1. Until recently no direct
measurements of A, , had been made in a gas. In ear-
lier work by some of the present authors'!®! an attempt
was made to evaluate A, on the basis of the measured
yield of muons from the catalysis reaction (1a) in the
pdu molecule
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_He?* +p~ +5.3 MeV (1a)
Ve
pdu\ )
He?w + 9+ 5.5 MeV (1b)

it being necessary for this purpose to utilize various
data on reactions (1a) and (1b) obtained in experiments
with liquid hydrogen. In our recent work'®’ the value
of A,,, in a gas was found by analysis of the time dis-
tribution of the v rays from reaction (1b) with use of
the value obtained by Bleser et al.t!! for the rate of
reaction (1b) and with the assumption of a statistical
nature of the population of the spin states of the du
system. The purpose of the present work was direct
measurement of A,,, and A,q, in gaseous hydrogen. In
the course of the work we also obtained the ratio B of
the muon transfer rates from the proton and deuteron
to xenon,

METHOD OF MEASUREMENT

The work utilized a method similar to that described
elsewhere'®* and based on use of a mixture of hydro-
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