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Contribution fromsS and P waves
in pp annihilation at rest
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Abstract

The annihilation frequencies of I8p annihilation reactions at rest obtained in different target
densities are analysed in order to determine the values df4lvave annihilation percentage at each
target density and the average hadronic branching ratios froand S-states. Both the assumptions
of linear dependence of the annihilation frequencies onPtheave annihilation percentage of the
protonium state and the approach with the enhancement factors of Batty are considered. Furthermore
the cases of incompatible measurements are discuss@001 Elsevier Science B.V. All rights
reserved.

Keywords: pp annihilation; Exotic atoms; Annihilation fractions frothand P atomic levels

1. Introduction

Antiprotons slowed down in &> target formpp atoms (protonia) in highly excited
states with principal quantum number~ 30 [1]. The highly excited atoms deexcite
through a number of processes including:

(i) chemical transitions (in highly excited states) where the antiproton can change the
partner proton during a collision,

(ii) radiative transitions with emission of X-rays,

(iii) Auger transitions,

(iv) Stark transitions caused by the noncentral electric field experienced by protonium
when crossing hydrogen molecules. The Stark effect mixes the angular momentum
states at highe, allowing the antiprotons to reach highS- and P-states (angular
momentum! = 0, 1). Here they annihilate before reaching the levgtates. The
annihilation in states with> 2 is unimportant because the overlap of thandp
wave functions is negligible.

The intensity of the processes (i)—(iv) and consequently the probability of annihilation
from S- and P-levels depend on the density of the target. Isolated (or at very low
densities) atoms deexcite only through radiative transitions which populate preferentially
levels with high! (~ n — 1); thereforepp atoms end up in the R level and P-wave
annihilation dominates. In liquid hydrogen the Stark effect mixes rapidly atomic levels
with the same: but a different. The admixture of-wave levels leads then to a premature
S-wave annihilation from highe levels. As a consequence ttfewave annihilations
dominate.

Annihilation from S- and P-wave atomic states can occur in singlet and triplet spin
states. Each state is identified by specific values of the quantum nuitbarsl J°¢ (see
Table 1). In isolated antiprotonic atoms the relative weights of the spin states are expected
to be statistical (see Table 1) while in dense targets they may be different.

20n leave of absence from Joint Institute for Nuclear Research, Dubna, Russia.
30n leave of absence from Shahid Behesty University, Teheran, Iran.



G. Bendiscioli et al. / Nuclear Physics A 686 (2001) 317-340 319

Table 1
Protonium levels from which the annihilation may occur

1so 351 ip 3Py 3p; 3p,

JPC o+ 1—— 1+— ot+ 1++ 2++
¢ ot 1~ 0~ 1t 0~ 1t ot 1~ ot 1~ ot 1~
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Fig. 1. Different behaviour of the fraction aP-state annihilation as a function of gas density
predicted by the Borie—Leon model [2] giving a best fit to the X-ray data Wigh= 1 (dashed
line) andKg = 7.6 (full line) and by [25] (dotted line). The points are derived in this work by the
linear fit C-low. The lines are taken from [4].

Several attempts to calculate tieand P-wave annihilation dependence on the target
density inpp atomic cascade models have been done [2,3]. A modified version of the
model [2] was used by Batty [4]. All these models predict the decrease af thvave
annihilation percentage from low pressure to liquid, but the decrease differs noticeably in
each calculation (look at Fig. 1).

Bearing this in mind, the probability that a specific reaction chapmpel> X occurs in
a target of density,

N
Fx(p) = (NX )
ann 0

(we call itannihilation frequency), can be written as follows (see, for instance, [5]):

Fx(p)=)_ f(n, L, p)BRyL(X), @)

n,L
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wheren is the protonium principal quantum numbet;=25t1 L;: f(n, L, p) is the
fraction of the population of the level with quantum numbersL) which annihilates; it
includes all the effects due to the protonium cascade and to the target density and satisfies
the equation:

Y f.Lp)=1.
n,L

BR,..(X) is the branching ratio of the channglfor the pure annihilation process in the
level (n, L); itis independent of the target density andidb], that is

BRy, L (X) = BRL(X).
Hence Eq. (1) can be rewritten in the form

FX(P)=Z(Z f(n,L,p)> BRL(X) =) f(L, ) BRL(X), 2
n L

L

where f (L, p) is the fraction of the population of levels with quantum numbemnd any
n which annihilates. The quantitigq L, p) satisfy the condition

Y fL.p=1 3)
L

If we assume that annihilation occurs only from the levels ulith: 0, 1, only the 6 states
shown in Table 1 are effective and Eq. (2) becomes

Fx(p) = f (%S0, p) BRis)(X) + f (1, p) BRss, (X)
+ £(*P1, p) BRip, (X) + £ (*Po. p) BRsp, (X)
+ £ (°P1. p) BRap, (X) + £ (3P2, p) BRap, (X). 4

The quantitiesf (L, p) can be combined in order to define the percentages-aind
P-wave annihilations:

fs(p) = £(%0.p) + £ (351, p).

frp) = f(*Pr o)+ £ (CPo. p) + f(PPr. p) + £ (3P2. ).

which obey to the conditiotfs(p) + fp(p) = 1.

Beside condition (3), additional constraints must be imposed on the quarftities)
due to the electromagnetic nature of the deexcitation process. As it was stressed in [5-7],
during the process of the atomic cascade the total spin of the protonium is conserved,
therefore thes = 0 andS = 1 sectors must be considered separately. As a consequence, as
the initial population is statistical, the following conditions must be added:

£ (S0, p) + f(*PL. p) = 1.
FCs1.p)+ f(PPo. o) + £ (3P p) + f(3P2. p) = 2. (5)

If two reactions A and B are allowed only from one subleyer only from one subleveP,
the ratioF4(p)/ Fp(p) is independent of the density (of the percentagg-afave); that is
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Fa(p) _ BRs(A) <Or Fa(p) _BRP(A)> ©

Fg(p)  BRs(B) Fg(p)  BRp(B)

In Eq. (4), Fx(p) is the measured quantity and the branching ratiog(ER are the
quantities to be determined. Reaching this goal is not trivial because the unknowns
BR;(X) are in general more than one and the coefficiefts, p) are unknown too.
In principle the problem could be solved considering a system of equations like Eq. (4)
obtained by measuring the annihilation frequencies in targets with different densities for
a number of reaction channels. In order to reduce the number of unknowns, reactions
with a small number of effective branching ratios should be chosen. Such a solution
would be independent of any assumptions (model independent). Unfortunately, this
goal is too ambitious for the amount of available data and for their accuracy. This
problem has been already attacked in the past in different ways by making additional
assumptions.

Some analyses [8-10] have assumed that the target density affects the relative
populations of thes- and P-levels, but not the relative populations of tSeand P-sub-
levels. The sublevels are assumed to be populated statistically according to Table 1. After
this assumption, Eq. (4) is written in this form:

Fx(p) = (1= fp(p)) - [3 BRugy(X) + § BRog, (X)]
+ fp(p) - [ BRup,(X) + 15 BRap, (X) + 5 BR3p, (X)
+ 5 BRsp, (X)), (7)

where the fractions M, 3/4, etc., are the relative statistical weights of the sublevels.
According to Eq. (7),Fx(p) dependdinearly on fr(p). By comparing Egs. (4) and (7)
we obtain

(S0, 0) = 21— fr(m),  f(31,0)=3(1— fr(p)), etc,

and Egs. (5) are satisfied automatically.
A recent analysis by Batty [4] has shown that the weights of Rheand S-sublevels
could be not statistical. Batty has assumed for Eq. (4) the form

Fx(p) = (1= f,(0)) - [3E(*S0, p) BRig (X) + $E(*S1, p) BReg, (X)]
+ fp(0) - [ZE(*PL, p) BRip, (X) + $E(*Po, p) BRap, (X)
+ E (P ) BRop, (X) + $E (P2, p) BRsp, (X)) (8)
with
ZE(*S0) + FE(%51) = L.
SE(P) + $ECPo) + HE(CP) + HECP2) = 1

The coefficientE (enhancement factors) measure the deviation of the sublevel population
from the statistical one. Egs. (5) take the form
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(1— fp)E(%0.p) + fPE(*PL p) =1,
(L= fP)E(%1, p) + f—; [E(%Po, p) +3E (%P1, p) +5E (°P2, p)] = 1. )

Assuming that the coefficients are equal to 1, Eq. (8) reduces to Eq. (7).

Batty evaluated the factoB(i, p) and fp(p) by using cascade calculations including
effects due to Stark mixing and strong interaction widths. The widths were obtained from
potential models and X-ray yield data. The valugg, o) and fp (o) obtained by the
cascade calculation were constrained by the measured yieldammd K protonium X-ray
lines. The best estimation of the behaviourfef vs. p is given by the full line in Fig. 1.

The factorsE (15p), E(3S1) and E(3P,), turned out to be close to 1. The value ©fPg)

was found to increase from 1 at low density t@3 at NTP conditions and ta2in liquid

(NTP means Normal Temperature and Pressure). The values of the fac&g and

E(*P1) were found to be less than one at high density, but the corresponding states do not
contribute to the two body reactions considered by Batty.

Subsequently Batty evaluated the valuegpfp) at different densities by using Eq. (8)
and fitting the annihilation fractions of two-body reactions in liquid, in NTP gas targets and
in coincidence with antiprotonic atoii+X rays. In these fits th& (i, p) values were those
evaluated by the cascade calculation, while the valugs g5) and of the partial branching
ratios BR were left as free parameters to be optimized by the fit. If the cascade model is
adequate and the data are correct, one expects th#ptkalues obtained from the fit are
equal to those given by the model. It turns out that the fiftedralues agree satisfactorily
with those predicted by the cascade model in liquid tar(fe8 £ 4)% against 16%) and in
NTP gas target(b8+ 6)% against 54%), but at very low density the fitted value is quite
smaller (80+ 6)% against 98%), revealing some discrepancy between model and data.
Unfortunately the errors on the fitted valuesff are quite large.

Itis also worth noticing that the good fit on the annihilation frequencies with high values
of E(3Pg) found by Batty is a direct consequence of the high value of the annihilation
frequencyF,o,0(liquid) (= 6.93 x 10~%) used in the analysis. As a matter of fact, there
are 7 experimental values @t o,0(liquid), which are not all consistent within the errors
(see Table 2). The use of a lower valueRyf o (liquid) in the analysis could lead to the
conclusion that also the value &f(Py) is compatible with (1). The problem of the data
consistency concerns also other reactions, in partictffgrand nn, produced from the
same states as well a¥7° (see Table 3), and 7.

We notice that the high value of (3P, liquid) predicted by Batty turns out to be
consistent with a recent analysis pfp — 7% %70 data in liquid and 12 bar gas
targets [11], where the ratio

_ EPo, liquid)/E (P, gag
"= ECPy, liquid)/E(XPy, gag

is found to be 246+ 0.15 to be compared to the valael.9 according to Batty.
In the following we will reconsider this subject considering that the number of
annihilation frequency measurements in different target densities is larger than in the past.
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Table 2

Annihilation frequency for nonstrange channels. In the tablendicates the reactions produced
mainly from P-wave whileS, P means that botl§- and P-waves are effectivedV is the average of
the values written above

Final F x 104 Ref. F x 104 Ref. F x 104 Ref.
states liquid NTP 5 mbak X
P
7070 25+0.3 [20] 127421 [19]
28404 t1 [21]
2.614+0.24 AV
2.0640.14 [22]
1.4+0.3 [41]
48+1.0 [42]
6.0+4.0 [43]
6.93+0.4 1 [23]
7% 46+13 [20] 34+0.7 [44]
1.334+0.25 [47]
2.124+0.12 [35]
0.90+0.20 [21]
m 1.6+0.8 [48] 27407 [44]
0.81+0.31 [47]
1.64+0.10 [49]
S, P
atn— 307+13 [35] 430+ 1.4 [36] 426+1.1 [15]
33+4 [38] 427+21 [39]  481+4.9x [36]
32+3 [40] 429+1.2 AV
31+3 [37]
3106+ 1.06 AV
atr—z0 536+ 27 [27] 516+ 26 [27] 489+ 28 [27]
582+ 43 [50] 520+ 35 [9] 485+ 50 [9]
549+ 23 AV 517421 AV
690+ 35 [32]
ot~ 719+ 74 [45] 628+ 34 [45]
660 60 [33] 682+ 74 [46] 703+ 1160 [46]
683+ 47 AV 637+ 31 AV

L—X-ray coincidencex fp =100%,<$ fp = (91.8+ 1.0)%, 0 fp = (86 6)%.
T New analyses from the same experiment [53] confirm this value.
T This value agrees with the result of a new analysis made on different data by the same group [55].

Firstly we will investigate whether the data are compatible with the more traditional
assumption of statistical annihilation from ttfe and P-sublevels, and then we will
consider them following the treatment suggested by Batty.

We have used the 110 values Bf (o) given in Tables 2 and 4. The data are different
for age, experimental technique, precision and accuracy. How to be sure of their reliability,
particularly when they are obtained in only one experiment?
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Table 3
Selection rules for nonstrange channels

Reaction 25+1p, 15y 351 ip 3Py 3P 3p,
channels JPC o+ 1 1+= ot+ 1++ o+t
/6 ot 1= o 1+ o 1t ot 1= ot 1= ot 1-

atn— - - - % = = % = = =% =
7070 T —
70 - - - - - = = % = = =%
nm - - - - - - s = = =% -
ata—z0 — * * — * — — — _ * _
ontr~ - % * - % = = % = % =

— Channels forbidden by selection rules.
x Channels permitted by selection rules.

When there are more than one measuremehkdbr a fp value, and they are consistent
within errors, we considered their consistency a sufficient guarantee of reliability and we
used their average value (given in the tables).

In the case of inconsistent measurementg'gffor a fp value, we looked for which
fp value the fit is better performed with the linear or the nonlinear hypothesis. For the
reliability we assumed a criteria of collective consistency: a set of values is considered to
be acceptable within the frame of a particular hypothesis when all together they fit well
that hypothesis.

As KK is produced only irf-wave, henc&kk, (fp = 1) =0, we have neglected in
the fits the X-ray coincidence value.{@+ 0.56) measured by [13].

2. Assumption of a statistical population of S- and P-sublevels
2.1. Dataanalysis

We consider separately the reactions where either Snlyave channels (a) or only
P-wave channels (b) or both (c) are effective due to the conservatidf‘obr to some
dynamics effect (see Tables 3 and 5).

(a) If only theS-wave interaction is effective, then BR;) = BR(°P;) = 0, and Eq. (7)

becomes

Fx(f») =1~ fp) - [$BRug,(X) + BRag (X)] = (1 - fp)Bs(X).  (10)

In this equation we have stressed the dependence on the percenfageast fp
instead of that on the density Bs(X) is theaverage value of the branching ratios
over the differentS-sublevels; it is independent of the densiy is O for fp =1
andBx (S) = Fx(fp =0).

(b) Similarly, if only the P-wave interaction is effective, then BBy) = BR(3S1) =0
and Eq. (7) becomes
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Table 4
Annihilation frequency for strangeness production

325

Final F x 10% Ref. F x 104 Ref. F x 10* Ref.
states liquid NTP 5 mbgk X
S
¢ 4.88+0.32 [27] 2474021  [27] 0924 0.10 [27]
3.0+15 [20] 19405 [10] 03+0.3¢ [10]
55+070°  [17] 2.46+023  [18]
5.02+0.27 AV 233+013 AV
KK 6.1+0.9 [29] 36+06 [13] 100+ 0.32 [26]
8.0+05 [30] 350+054  [26] 073+056+  [13]
9.0+ 0.6t [17] 355+ 0.42 AV
7.80+£0.76 [26]
7.8440.32 AV
n(14407 7~ 6.0+ 0.5 [28] 29404 [28] 10402 [28]
7.1+07 [30] 30409 [31]
6.37+0.41 AV 291+036 AV
K*KkQ. 37 F 85+05 [28] 48+0.2 [28] 20+0.2 [28]
KTK™n 7.00+0.29 [27] 389+025  [27] 193+0.27 [27]
468+035  [18]
4154020 AV
P
KsKg 0.04+0.03 [32] 03+0.1 [13] 037+0.14«  [13]
0.0444+0.050  [29]
0.041+0.026 AV
S, P
K*EKF 5.27+0.52 [27] 1324086  [27] 1844+ 1.1 [27]
¢t~ 46+0.9 [33] 54410 [10] 7.7+ 1.7x [10]
K*K9n¥ 316+4.8 [34] 364+55 [34] 432462 [34]
282+1.1 [51]
213+28 [52]
27.0+1.0 AV
KTk~ =0 237+16 [27] 303+20 [27] 315+22 [27]
KTK~ 9.9+ 05 [35] 6.92+0.41  [36] 46+0.3 [15]
9.6+0.8 [30] 287+051«  [36]
11+1 [29]
9.9+0.2 [37]
9.92+0.17 AV
) 6.63+ 2.30 [27] 30+1.1 [10] 42+ 1.4x% [10]

L—X-ray coincidencex fp =100%,<$ fp = (925+ )%, x fp = (86+ 6)%.
T New analyses from the same experiment [53] confirm this value.
o An updated value is given in [54].5+ 0.6.
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Table 5
Selection rules for strange channels

Reaction 2541y, lsy 35y lpp 3py 3p; 3P, References for
channels JPC ot 17— 1t= ottt 1tt 2+t dynamic effects
KTK— 70 * * * - * *

K*EKT * * * — * *

[10) * - — * * *

d)rr""rr_ * * * * * *

KtK~ - * - * - *

Kil('grr¢ * * - * *

0 - * x - - - [10,18]

on - * - - -

KsKj, - * - - - -

n (14407t~ * - - - x - [26]
KiKr?]isrerrr"'n_ * * * * * *

K+K_n * * * - * *

KS KS — — — k — k

— Channels forbidden by selection rules.
x* Channels permitted by selection rules.
x Channels permitted by selection rules but suppressed by dynamics.

Fx(fp) = fp - [15BRip,(X) + 15 BRap (X)
+ 25 BRap, (X) + 5 BRap, (X)] = fpBp(X) (11)

with Bp(X) = Fx(fp =1).
(c) If both S- and P-wave interactions are effective, Eq. (7) can be written in the form:

Fx(fp) = (1— fp)Bs(X) + fpBp(X)

Bs(X) + fp[Br(X) — Bs(X)]. 12)

We have fitted by Egs. (10)—(12) a number of annihilation data in order to determine
both the percentaggr in liquid hydrogen, in NTP — and 5 mbar — hydrogen gas and the
average branching ratidg (X) andBp (X). We have also fitted annihilation data obtained
in coincidence withL—X-rays from the deexcitation cascade of the antiprotonic atom.

We have taken into account that some reactions occur oiflywave or only inP-wave:
for these reactions we have used Egs. (10) and (11) and required that the annihilation
frequencies were measured at least at two diffeRemtave percentages for each reaction.

In the other cases we have used Eq. (12) and required that the annihilation frequencies
were measured at least at 3 differéhivave percentages for each reaction.

We have applied best fit procedures by the code MINUIT [12] on a number of equations
equal to the measured valuesBf (fp) with fp(liquid), fp(NTP), fp(5 mbar),Bs(X)
and Bp(X) as free parameters. The value ff of the LX-coincidence data were those
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given in the original papers, where the hypothesis of statistical annihilation was used in
the data analysis. Finally, we have considered 4 sets of reactions according to the effective
protonium levels:

Set A: 4 reactions KsK;, K**KF, n(1440x 7, ¢7°) without contribution from
the 3Py level plusKsK (other reactions could be considered in addition or in
substitution without significant change in the results).

14 values ofFy were used.

Set B: 5reactionsKtK—, w7, 7%9, 7%, nn) produced mainly fronP-levels with
possible contribution from th&Pg level.
13 values ofFy were used.

Set C: 18 reactions: set At set B+ K*K~ 7% K*K™n, ¢ntn~, K*Kon+,

KiKr?]ianEnJ“n’, oo, on T, w7 70,

56 values ofFx were used.
Set D: setC lessr%%0, % andnn.
The relation due to the charge symmetry between the branching ratia4dt and

ntw~ (i.e. BRp(7%7% = 1BRp(x*7~) has been used. For example, the equation
system for set B has the form:

Fg+x-(fp) = 1— fp)Bs(KTK™) + fpBp(KTK™),
Frin—(fp) = (1= fp)Bs(x™n™) + fpBp(ntn™),
Fron0(fp) = 3fpBp(7tn™),

Froy(fp) = fpBp(n°n),
Foy(fp) = fpBp(nn),

Fgrx-(fp) = Br(KYK"),

Frin-(f7) = Bp(n*n7),

Fron0(f5) = Bp(n°7°),

Wheref}f is the percentage af-wave for the measurements with X-rays coincidence; for
the reactions in set Bf Y = 1.

The reactionst %79, 7% and#nn, which are affected by inconsistent data as mentioned
in Section 1, affect heavily set B and are excluded from sets A and D.

2.2. Results

2.2.1. Percentage of P-wave

Our fit procedures were conditioned by two problems: one concerning the mentioned
inconsistency among the, (liquid) values forz°7°, 7% andnn and the other related to
the data on thet7 ~ production.
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The former problem concerns sets B and C. We made different fits using “low” values of
the annihilation frequencies in liquid far®z9%, 7% andyn (2.61x 1074, 0.9 x 10~* and
0.81 x 1074, respectively; see Table 2) and “high” valuesd®x 104, 2.12 x 10~ and
1.64 x 104, respectively). The two sets of results are labelled B-low and B-high (C-low
and C-high).

Ther ™7~ data affect the sets B, C and D. For this reaction in liquid target there are 4
measurements, which are consistent, so that their average may be considered very reliable.
Moreover there are two consistent measurements at NTP and only one at 5 mbar, which
have a low probability to belong to the same straight line with that in liquid. #the ~
data give a large contribution to the value of the fits. We made different fits considering
all the data and neglecting th&,+,- value at NTP or at 5 mbar alternatively: the
values reduce strongly in both cases, with a higher reduction in the B-low and C-low fits
than in the B-high and C-high fits. Anyway the minimum values are obtained neglecting
the F,+,- value at NTP. In the D fits thg? reduction is the same neglecting theéz ~
value at NTP or at 5 mbar, alternatively.

Our results are summarized in Table 6 and the fit C-low is illustrated in Figs. 2 and 3.

(a) Thefitonset A (whichis not affected by the above described problems) is very good,

but the value offp in liquid has a large error. The very smaff value indicates that

the measurement errors are overestimated. In a first fit on set A we have neglected
KsKs obtaining values offp with very large errors. To reduce these, we have
resorted to the constraints given by a reaction produced only frdavels, which
satisfies the conditiotiry (fp = 0) = 0. We have chosen the reacti@yKs as its

data are not ambiguous and turn out to agree very well with the linear dependence
assumption. We notice that the centyal values obtained with and without the

K s Ky data differ negligibly.

(b) Concerningfits B, a large difference is found in theliquid) values obtained from
the fits B-low and B-high(10.9 4+ 1.1)% againsi29.0 £ 2.3)%. The fp(NTP) and
fp (5 mbar) values from both B-low and B-high are in satisfactorily agreement with
those from set A.

The B-low value ofy? is significantly smaller than the B-high one. Thé values
decrease strongly if the value 6%+, - (NTP) or of F.+,- (5 mbar) is neglected.

(c) The fits C display features similar to those of fits B but jfevalues are much
better and, in the case of fit C-low, the agreement withfth@alues at the different
densities from fit A is very good.

(d) The fit on set D, where all the reactions except@d®, 7% andny are included,
give results in very good agreement with those from fit A.

We can summarize the above analysis by saying that, if “low” values of &, 7%

andnn production rates in liquid are used, the hypothesis of a linear dependerige of
on fp works well and is compatible with all the experimental data (excepted, perhaps, the
reactionttm ™).

Independently of the values of the annihilation fractions, fipevalues at different
densities do not agree with the predictions of cascade models. In particular, the predicted
fp values at low densities are somewhat higher than the fitted ones. In Fig. 1 our values
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of fp from fit C-low are compared with theoretical predictions; one can see that our
experimental points follow roughly the full line, but with significant deviations.

Recently also the reactignp — ¢n was experimentally studied at three target densities
(liquid, NTP and 5 mbar gas pressure) [14}; is produced only from thés; and'P;
levels. Ref. [14] (see Table 7) gives upper and lower limits of the annihilation frequencies.
The upper limit represents the maximum annihilation frequency for production from a
pure3S; level (F (351, p)), while the lower limit is the maximum annihilation frequency
for production from a puré Py level (F(1Py1, p)). The annihilation frequency fogn
production from an admixture ofs; and1 P levels can be written as
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Table 6

P-wave percentage. Results of the fits according tdither-in- fp assumption and results from
previous analyses. The labels (A), (B-low), (B-high), (C-low), (C-high) and (D) are explained in
Section 2.2.1

fp(%)
x2/N = x2 P(x?) Liquid NTP 5 mbar Ref.
2.23/7=0.3 95% 98+ 6.3 5854+ 3.7 849+18 (A)
109/5=22 7% 109+ 1.1 5454+5.3 737+6.8 (B-low)
0.88/4=0.2 92% 115+1.1 496+5.3 782+7.2 (B-low)**
221/23=1.0 50% 115+1.0 571+18 851+15 (C-low)
10.9/22=0.5 98% 119+ 1.1 564+1.9 852+15 (C-low)**
204/19=11 40% 101+6.9 567+ 3.8 849+19 (D)
149/5=3.0 1% 200423 607451 778467  (B-high)
297/23=1.3 20% 306+1.9 660+ 1.8 882+1.2 (C-high)
2742 69+ 4 77+5 [4]a
13+4 58+ 6 80+ 6 [4]b
16 54 98 [4]c
59+5 [10]
11.9 55.5 86.2 [44]
8.6+ 1.1 (%) 503+ 6.4 [36]
200+ 4.6 (A) [36]
28.8 23]
53+8 [19]

* Obtained WithF, o o(liquid) = 2.06 x 1074,

** The valueF,+, - (NTP) is excluded from the fit.
A Obtained withF, oo (liquid) = 4.8 x 1074,

a Obtained withE =1 in Eq. (8).

b Obtained using: factors from cascade models.
¢ Cascade models (see Fig. 1, full line).

Table 7
Upper and lower limits of the annihilation frequencies of gheproduction [14] ¢ x 10%)

Liquid NTP 5 mbar
F(3Sl, 0) 0.604+0.20 104+ 0.20 1054+ 0.26
FAPy, p) 1.01+0.33 153+ 0.29 162+ 0.40
F(p)= (1~ fp(0))F (31, p) + fr(p)F(*P1, p). (13)

Assuming thefp values at the three densities according to the C-low fit, the corresponding
annihilation fractions are given in Table 8 and Fig. 4. Our result in liquid target agrees very
well with that deduced from Refs. [16,17]. The values at NTP and 5 mbar gas targets are
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Table 8
¢n annihilation fractions

Liquid NTP 5 mbar
fp 115 57.1 85.1
F(p) 0.65+0.18 132+0.19 153+0.34
F(p) 0.66+ 0.19* 0.37+0.09 [10] 041+ 0.16 [10]t

* Deduced from the ratigpp — ¢n)/(Fp — ¢7%) [16] and the annihilation fraction dfp —
O [17].
T X-ray coincidence.

Flp) x 10 4

N
[9)]
T

0.5f

51656736 40 56 60 70 80 90100

pl /o

Fig. 4.¢n annihilation fractions vsP-wave percentage. Values are from Table 8.

about three times larger than those given by Ref. [10]. The discrepancy between the gas
target data was stressed already in Refs. [10,18].

In the following we will comment the results of other analyses presented in Table 6.
Ref. [4] considered data on the two body reactiofs®, 7 *7~, KsKs, KsK;, Kt K~
(produced only ir?S,2 Py and® P, levels) mainly in liquid, NTP gas target and in X-ray
coincidence; the relation between the branching ratiog-wave forz+7~ and %70
due to charge symmetry was taken into account. Two sets (a and b) of values from [4] are
shown in Table 6. Set a was obtained by settihg= 1 in Eqg. (8) and set b by using
values given by the cascade calculations. The two sets are not compatible in liquid, where
fp=0.27+0.02 (set a) against. 03+ 0.04 (set b).

Subsets of the above two body reactions were used also in the other analyses according
to the assumption of statistical annihilation. They show a tight correlation between the
Fo0,0(liquid) values and the usefb (liquid) values.

2.2.2. Branching ratios
The values of the average branching ratios according to the fit C-low are summarized

and compared to previous evaluations in Tables 9 and 10. Our results agree very well with
the previous ones.
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Table 9

333

Best fit values of average branching ratios for nonstrange channels from the linear fit C-low

Final state pp state Bg = F(0) Bp=F() Ref.
7070 3py, 3P, 0 (2.334+0.06) x 1073 (*)
0 (2.06+0.14) x 103 [22]

ata~ 354, 3pp, 3Py (3.02+£0.12 x 1073 (4.67+£0.12 x 1073 (%)
(3.194+0.20) x 103 (4.81+0.49 x 103 [g]

n0 3py, 3P, 0 (6.58+1.04 x 1074 (%)
nm 3py, 3P, 0 (5.13+113 x 1074 (%)
atn—70  1sg, 35y, 1Py, 3P, 3P,  (558+027) x 1072 (4844038 x1072 (%)
(6.6+0.8) x 102 (45+06) x 1072 [9]

ontr~ 18y, 38y, 1Py, 3Py (6.98+£0.60) x 1072 (5.95+0.80) x 1072 (¥)
(6.55+0.68) x 1072 (7.05+1.05) x 1072 [46]

(*) This work.

Table 10

Best fit values of average branching ratiesL(*) for strange channels from the linear fit C-low

Final state pp State Bg = F(0) Bp =F(1) Ref.
on0 351 5.61+0.26 0 *)
40+08 0 [10]

55+0.6 0 [27]

KsK 35, 8.74+0.36 0 *)
8.20+0.89 0 8]
1005+ 1.12 0 [44]

9.0+0.6 0 [17]

n(14407t 7~ 1sy 7.07+0.41 0 *)
KtK—n ip, 7.90+0.33 107+0.31 *)
KsKg 3p, 0 0.42+0.10 *)
0 0.48+0.50 [8]

KOK*n¥ 180, 351, 1Py, 3Py 2.45+0.14 461+ 0.61 *)
K*KF 150, 1Py 3.22+0.66 209+1.1 *)
KO o Fntn~ S, P (all) 9.90+ 0.50 072+0.30 )
KTK~ 70 180, 381, 1Py, 3P 2.27+0.19 341+0.23 *)
KtK~ 351, %P2 10.79+0.21 345+ 0.31 *)
108405 2874051 [13]

11.33+1.10 20+06 [8]

ontn~ S, P (all) 4.094+1.07 718+ 1.51 *)
47+11 66+15 [10]

do 180, 3Po.12 56+2.6 26+20 *)
' 53+22 29+14 [10]

(*) This work.
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Fig. 5. Ratio between the annihilation frequencie&dfk — and ofz T 7~ vs. fp. The band limited

by the full lines are according to thep and Bg values in Tables 9 and 10. The datafat= 38%
(16 atm), fp = 86% (5 mbar) ang'p ~ 88% (2 mbar) were not used in the fit procedures.

Table 11
Direct measurement of the ratio between the annihilation frequencies &fth#e~ and ther t 7~
reactions at different target densities

15 bai 5 mbar 2 mbdfr*

KtK—

R 0.205+ 0.016 [24] Q108+ 0007 [15] 01024 0.015 [15]
T

* fp =0.38+0.07.
** fp ~0.88.

We stress that Tables 9 and 10 gaxerage branching ratios. Branching ratios BR
are related to average branching ratiygp) by the statistical weights in Egs. (10)—(12). In
the cases where only orfesublevel and/or only on®-sublevel are effective, branching
ratios can be carried out immediately. For instance:

¢on% BR(S1)=%Bs,  ¢n:  BR(*P1) = 12B,.

Fig. 5 shows a comparison between the behaviour of the Fatiq.- / F;+,- VS. fp de-
duced by the best fit values 8f and Bp and three independent measurements in 2 mbar
and 5 mbar [15] and in 16 atm [24] gas targets (see Table 11). As shown, the agreement is
good.

3. Analysiswith enhancement factors

We have also fitted the available data set of the annihilation fractions using Eq. (8) with
values of the enhancement factors according to Table 4 of [4] (DR1 model). Since the
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Table 12
P-wave percentage. Results of the fits with enhancement factors from [4]. Set A and B include the
same reactions as in the linear fits

fp (%)
x2/N = x2 P(x?) Liquid NTP 5 mbar Data sample
1.81/5=0.36 87% 41+28 562+29 839+ 16 A
1.89/4=0.47 76% 55+0.9 495+5.3 744+6.1 B-low
6.54/13=0.54 92% 61+11 564+28 838+16 C-low
5.58/4=1.47 23% 155+25 558+5.3 754+54 B-high
16.8/13=1.29 22% 144+21 60727 853+15 C-high

Batty’s cascade model fixes both the enhancement factors and the valfieg18% in
liquid, 54% at NTP and 98% at 5 mbar), our fit allows to verify the consistence of the model
with the experimental data. The results finas free parameter are presented in Table 12.
We comment them considering firstly the results ©r(liquid). The data set A includes
reactions where th&Py level is not effective KsK 1, n(14407tn—, ¢pn°) plus KsK.

13 experimentalFy values are used. The fit on these data gives a valugpr@fquid)
smaller than that given by the cascade model of Batty£42.8% against 16%).

The reactions of set B are allowed from tha, initial state where one can expect the
biggest effect of the enhancement factors. The reactions are the same as in the linear fit and
the experimental values dfy are 14. Ther%; andnn production is allowed both from
3 Py and3P; initial states, but all the fits give a negligible contribution of & state. For
this reason the branching ratio in the st was finally set equal to zero.

The data set B has been fitted in two ways. In the first one (B-low) we have used the low
values for ther %79, 7% andnn production rates in liquid, in the second one (B-high), the
high values. The quality of the fit is acceptable in both cases, bytilalue is lower in the
case B-low; the highy2 value in the case B-high is due to the measuremenistaf — at
NTP andr %70 at NTP. If the reactiork s K s is included into set Bfp values are obtained
which are very close to those witholtts Ks. The main difference between B-low and
B-high fits is theP-wave annihilation percentage in liquid.f5t 0.9 against 1% 4 2.5).

The two values have a low probability to be consistent reflecting the incompatibility of the
data. The low value is consistent with that obtained by the fit on set A and the high value
is equal to that given by the cascade model of Batty.

The data set C includes all the 9 reactions from set A and set B, so that the total number
of Fx values used in the fitis 27. The results are very similar to those obtained in fits B.

It is worth remarking that the *~ data are fitted better with the enhancement factors
than with the linear hypothesis (compare fits B-low and B-high in Tables 6 and 12). The
same holds for the fit D (not given in Table 12).

Summarizing, we have an agreement between the fits on different sets of data (A and B
or C) if we use low values ofy (liquid) for the reactionsr%z°, 7% andnn, but we find
a value of fp smaller than that given by the Batty model (16%). If we use the high values
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of Fx(liquid) we find consistency between th® values from the set B (or C) and the
Batty value, but a disagreement between the values from the fit on g€tia better with

the low values. Thefp values in NTP gas target from the different fits are compatible
each other and with the value from the cascade model. Instead, there is a problem with the
P-wave percentage of thigp annihilation at low target density. The cascade model within
which the enhancement factors are calculated predicts about 9&4nvafve annihilation

at 5 mbar (see Fig. 1), while the fits give significantly lower values (about 85% in the fits A
and C and about 75% in the fits B).

4. Remarkson theinconsistent data

In principle, it is possible to check the reliability of some data in a model-independent
way; unfortunately, large errors forbid us to be conclusive.

The reactionk s K; and¢x® occur only in the3s; state; therefore their annihilation
frequencies must satisfy Eq. (6). Considering the values in Tables 2 and 4, the ratios

F¢n0 F¢n0
(—) = 0.64+0.04, ( ) =0.65+0.08
Fiski Jiquid Fksk, /NP

are really independent of the target density within the errors. We can therefore rely on the
above annihilation frequencies. Considering the isospin symmetry, we can carry out the
annihilation frequency in thés; state forr 7~ and compare it to th& s K; annihilation
frequency. In order to do this, we used the following equations:
Fro0 = fp [E (SP()) B o0 (Spo) + E(3P2) B_ o0 (3P2)] ,
Frin- = (1= fp)E(351) Br+n- (351) 4+ 2F 0,40 = Fr - (351) + 2F 050,
Frin-(381) = Q= fP)E(S1) Byt n-(351) = Frtn- — 2F050.
We can estimaté’, +,- (351) from the experimental values of the annihilation fractions for
ntx~ andz%79; we expect the ratio
Fr.n-(%S0)
Fx ok, (351)

to be independent of the target density. By using#gs..o(liquid) the “low” value 261,
we have

(Fn+7, (351)
Fkok, (351)
and, by using the “high” value.83,
(F,,+7, (351)
Frok, (351)

At NTP we have

> =3.294+0.20
liquid

> =2194+0.17.
liquid
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(F,,+,, s
Figk; (351)
Obviously, the two values in liquid are incompatible. It would be nice to understand which
one is more reliable by comparing them with the value at NTP. Unfortunately, this value
is higher than the others and has a larger error. It is more compatible with the first value
in liquid (within 1.20°) than with the second one (withirw2, but we cannot decide firmly
which one should be rejected. The high value at NTP could reflect a too high value of the
77~ annihilation fraction and/or a too low value of th€z° one.

The consistency between the data can be explored in a different way, which is
unfortunately not model independent. The fit D under the approximation of statistical
annihilation is affected by the* = ~ frequencies but not by the controversial datar8n©.

Hence it is possible to compare the values of the measured annihilation frequency of the
reaction %% with those which can be deduced from the averBgeave branching ratio
for 7 ¥ ~. The best fit D gives the value

) =493+ 1.37.
NTP

Bp(nTn™) = (4.68+0.12) x 103

which is the same as that given by fit C-low (see Table 9). Owing to the charge symmetry,

the annihilation frequency for%z° is

Fro0(fp) = friBp(ntn~) = fr (2.34+0.06) x 103,
Consequently we obtain:
Fo,0(liquid) ~230x 107, F,Lo,0(NTP) ~135x 107%,

These values must be compared with the experimental ones shown in Table 2. Clearly, the
deduced value at NTP is equal to the value measured from [197 ¢120~4) and the
deduced value in liquid is closer to the “low” value according to [20-2261% 10~%)

than to the “high” value from [23] (®3 x 10~%). It is worthwhile noting that the Crystal
Barrel Collaboration, which measured the higfv_ o (liquid) value, has recently confirmed

that result analyzing with different criteria different data sets [53]. Additional comments
on this intricate situation can be found in [53].

5. Conclusions

We have analyzed the annihilation frequencies op}Pannihilation reactions in three
target densities and in coincidence with LX-ray emitted by the deexcitation of antiprotonic
atoms.

Our goal was to determine the fraction Bfwave annihilationfp at different target
densities (in particular in liquid) and the hadronic branching ratios for the different
annihilation channels.

The full achievement of this goal is impeded by the large experimental errors, by the
inconsistency of some data on the same channel from different experiments, namely those
in liquid on 779, 7% andny, and by inconsistency on the dependence on the density
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of the annihilation frequencies of different channels (for instancer ~ andz°7°). In
particular,7%79, 7% andnn channels are characterized by “low” and “high” values of the
annihilation frequencyx (liquid), which are not consistent within the errors.
In spite of this, we try to come to some conclusions recalling the main features of the
results of our analyses.
We have analyzed the data on two assumptions.
(a) Assumption of statistical annihilation from S- and P-sublevels.
In this case the annihilation frequendyx depends linearly on theP-wave
annihilation percentaggp (see Eq. (6)). If, forFx (liquid) of the reactionsr%7°,
7% andnn, the “low” values are used, the linear dependence works very well
on all reactions (a little worse for*n~) and appears to be quite natural. In
particular, the fits on different sets of reactions gj¢evalues which are consistent
at each target density. According to the C-low fit the more reliable estimations are
fp(liquid) ~ 11.5%, fp(NTP) ~ 57.1% and fp(5 mbar)~ 85.1%. The previous
general consistency is lacking, if “high” values Bf (liquid) are used, because the
fits on the sets of reactions includindz®, 7% andnn give very high values of
fp(liquid). Finally, it is worth noting that the ratios

Fs(liquid) : £s(NTP): fs(5 mbaj =1:0.49:0.17

coincide with the values obtained from the analysig @nd K?K? production in
pp annihilation [28].

(b) Assumption of a deviation from a statistical annihilation according to Batty [4].

This assumption is based on a cascade model which evaluates the deviation from
the statistical annihilation through the enhancement factors. The model gives also
the values of theS- and P-wave annihilation percentages. We have fitféd data

by using Eq. (8), where the values of the enhancement factors were taken from [4]
and the fp values were free parameters. By using léw(liquid) values of the
reactionsz 70, 7% andnn we have obtained good fits on all the datat(~
included), but the value ofp (liquid) is much smaller than the value predicted by

the cascade model. By using the high valueggfliquid), the fits on the sets of
reactions including:°z°, 7% andnn give fp values higher than previously but in
agreement with the value predicted by the cascade model.

The above points (a) and (b) show that, independently of the assumptiorfs, viadues
at each density obtained from the reactiarfsr®, 7% andnn are consistent with those
obtained from the other reactions only if the “low” values o (liquid) for 7%, 7%
andnn are used. Therefore, if consistency is an indication of reliability, the “low” values
appear to be more reliable than the “high” ones.

Finally, independently of the data and the model used, the valye @it low pressure
turns out to be quite lower than that predicted by the cascade model. So the cascade models
which match well the X-ray yields at densities belowp{i@p are not consistent with the
low-density annihilation data.
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