PHYSICAL REVIEW C VOLUME 59, NUMBER 2 FEBRUARY 1999
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A detailed analysis of the radiati@annihilation is made in the framework of a two-step formalism; the
pHannihiIates into meson channels containing a vector meson with a subsequent conversion into a photon via
the vector dominance mod@fDM ). Both steps are derived from the underlying quark model. First, branching
ratios for radiative protonium annihilation are calculated and compared with data. Then, details of the isospin
interference are studied for different models of the initial protonium state and also for different kinematical
form factors. The isospin interference is shown to be uniquely connected tpﬁhmﬁ mixing in the
protonium state. Values of the interference terms directly deduced from data are consistent with theoretical
expectations, indicating a dominapa component for the'S, and a sizablenn component for the®S;
protonium state. The analysis is extended topﬁea y® transition, where the large observed branching ratio
remains unexplained in the VDM approa¢B0556-28139)00402-1

PACS numbdrs): 13.75.Cs, 13.40.Hqg, 12.40.Vv

I. INTRODUCTION AND MOTIVATION the relative signs of the generic strong transition amplitudes
for pp—Xw or Xp acting in different isospin channeléi)

Nucleon-antinucleonNIN) annihilation, due to the rich-  the presence of the initial-state interaction in the atom,

ness of possible final meson states, is considered one of tr\}v%ch mixes thquandnﬁconfigurations. Similarly, analo-

major testing grounds in the study of hadronic interactions. ; . o
Both quark|1] and baryon exchange modé2s-4] have been gous sources are responsible for the isospin interference ef-

applied toNN annihilation data. However, the task of ex- fects in the strong_a_nmhllatlon _react|0|psp—>}_<K [1'8'9]'
tracting information on the dvnami £ teN pr i Here, however, definite conclusions concerning the size and
acting nformation on the dynamics o Process Is sign of the interference terms depend strongly on the model
enormously complicated by the influence of initial- and used for the annihilation dvnamics
final-state interactions. Some of the simplest annihilation y ' N
In the present work we show how the determination of the

char)nels, where.the th.eoret|cal complexity qf tﬂubl annl-  interference terms in the analysis of the radiative decays can
hilation process is partially reduced, are radiative two-body

decay modes, where final-state interaction is negligible. ExP€ uniquely connected to the isospin mixing effects infipe

perimental branching ratios for radiative decay channels itomic wave functions. The extraction of the magnitude and

annihilation frompp atoms were made available by recenttsIgn l:?f the (;r:terferer:_ce tfrotrhn t.he egp((ejrlmen(tjal data tclan Itn .
measurements of the Crystal Barrel collaboration at CERNUM be used to investigate the 1sospin dependence, at least in

performing a systematic study of the reactiopgﬂyx an averaged fashion, of tigawaveN N interaction. We study

whereX=y,7°, 7,0 and ' [5]. Radiative decays of ﬂ‘ﬂa this ppint for qifferentl\!ﬁ interaction models.
atom where, in contrast to ordinary production of nonstrang Tfh|s pa}per |fs orggplfed gs foIIow?. In tSep. . vae Qevslc;p
mesonic final states, isospin is not conserved, are well suitet] © '0"'a1SM fof radiative decays of protonium. AS in Ret.
for studying interference effects in the isospin transition am/6] we adopt a two-step formalism, that jip annihilation
plitudes[5,6]. into two-meson channels containing a vector meson and its
The simplest and most natural framework in studying ra-Subsequent conversion into a photon via the VDM. Both
diative decay modes is the vector dominance m@deiM)  Steps are derived consistently from the underlying quark
[7]. In setting up the annihilation mechanism one adopts &nodel in order to fix the phase structure of the isospin-

two-step process where thmgsystem first annihilates into dependent transition amplitudes. We also indicate the deri-

two mesons, with at least one of the mesons being a vectdtion of the branching ratios for radiative decaysSefiave

meson p and w), and where the produced vector mesor]protonium, where the initial-state interaction of the atomic

converts into a real photon via the VDR6]. In this case, PP System is included. Section il is devoted to the presen-
production rates of radiative decay modes can be related f@tion of the results. We first perform a simple analysis to
branching ratios of final states containing one or two vectoghow that theoretically predicted branching ratios for radia-
mesons. A first analysigs] in the framework of VDM was tive decays are consistent with the experimental data. We
performed by Crystal Barrel, showing that the interference irfhen show that the isospin interference terms present in the
the isospin amplitudes is sizable and almost maximally de€Xpression for the branching ratios can be uniquely con-
structive for all channels considered. The phase structure afected to thepp-nn mixing in the atomic wave function,
the interference term is determined by two contributiqils: induced by initial-state interaction. We quantify the details of
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FIG. 1. Two-step processiN—MV—My with V=p° o and (a) (b)

M= 72 7,0%w,5’, v for radiative protonium annihilation.

o FIG. 2. Quark line diagrams correspondingN& annihilation
this effect for different models of th& N interaction and into two mesonga) and vector meson-photon conversidm.
apply the formalism developed in Sec. Il to extract size and
sign of the interference from data, which will be shown to be For the pI’OCGSSpE*)VM where V=p,0 and M
sensitively dependent on the kinematical form factors asso=7° 4, p, » and ' we apply the so-called A2 model
ciated with the transition. Furthermore, we comment on thg1], depicted in Fig. 2). In the discussion of annihilation
application of VDM on the tranSitiO[p)E—> v®, where the models based on quark degrees of freedom this mechanism
corresponding large branching ratio plays a central role irwas shown to give the best phenomenological description in
the discussion on the apparent violations of the Okubovarious meson branching rati¢$,13,14. In a recent work
Zweig-lizuka (OZI) rule. A summary and conclusions are [15] we showed that the A2 model combined with a corre-

given in Sec. IV. sponding annihilation mechanism into three mesons can de-
scribe pB cross sections in a quality expected from simple
Il. FORMALISM FOR RADIATIVE DECAYS OF nonrelativistic quark models. The transition-matrix element
PROTONIUM of pp—VM in the A2 model including initial-state interac-

In describing the radiative decays of protonium we applytion is given by

the vector dominance modg8,7]. We consider the two-step T (V(i1=DM(jl|O INN(1)
process of Fig. 1, where the primapp annihilation in a NN =VM™ J1= DM 21| OazNN(1))
strong transition into a two-meson final state, containing the

vector mesong andw, is followed by the conversion of the =2 (jai2mimpljm)(jlmmy| IM)- K] Y/ m, (K)
vector meson into a real photon. Here we restrict ourselves to .
orbital angular momenturh=0 for the initial pp state, cor- X(VM||Opnl INN(1J)) 1)

responding to the dominant contribution in the liquid-

hydrogen data of Crystal Barrgb]. Furthermore, we con- with the reduced matrix element defined as

sider the transition processepp— yX, where X _

=v,7%, 7,p,w and »', with X= ¢ presently excluded. The (VM[|Op2| INN(13)) =F(K){I3=VM)geB(1,).  (2)
final state¢y plays a special role in the discussion of the _

apparent violation of the Okubo-Zweig-lizuk®Zzl) rule,  The atomicpp state is specified by isospin componérind
where a strong enhancement relativediy was observed total angular momentund=0,1, the latter values corre-
[10]. Within the current approach the description of the first-sponding to the'S, and 3SD, states, respectively. The two-
step procespp— w(p)$ and its phase structure cannot be meson staté/M is specified by the intrinsic spify ,, the
accomodated due to the special nature ofdhea dominant total spin coupling, the relative orbital angular momentum

ss configuration. Later on we will comment on the possibil- |1=1 and the relative momentukn Equation(2) includes a
ity to explain the enhancedy rate within the VDM, as final-state form factorF(k), the spin-flavor weight(lJ
suggested in the literatufd 1], and on the implications of —VM)sr and an initial-state interaction coefficiei(1,J),
the analysis presented here. containing the distortion in the protonium stdtevith isospin

In the two-step process we have to introduce a consisterfomponent. Detailed expressions for these factors are sum-
description for either transition in order to identify the sourcemMarized in Appendix A.
of the interference term. In particular, the relative phase For the process/-— y [Fig. 2(b)], where the outgoing
structure of the strong transition-matrix elemepis— M  Photon with energk™ is on-mass shell, we obtain, with the

— . . details shown in Appendix B:
versuspp— p°M (M =70, 7,p,w and ') is a relevant input PP

in determining the sign of the interference. Basic($Ula- Y
vor symmetry argumentgl2] do not allow to uniquely fix Ty, = e S(m) Tr(Qepy) ——, 3
the phase structure, hence further considerations concerning ’ (2k0)1’2fp

spin and orbital angular momentum dynamics in g an- R .

nihilation process have to be introduced. Microscopic apwheree andS(m,), with projectionm,, are the polarization
proaches ta\N annihilation either resort to quark models vVectors ofy andV, respectively. The flavor dependence of
(for an overview see Refl]) or are based on baryon ex- the transition is contained in the factor Q¢y), whereQ is
change model§2—4]. Here we choose the quark model ap- the quark charge matrix angl, the QQ flavor wave function
proach, which allows us to describe both the strong transitiomf vector mesonV. In setting up the two-step process

of pp into two mesons and the vector meson conversion intdNN(1J)—»VM—yM we use time-ordered perturbation
a photon. theory with the resulting matrix elemefit6]
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2my tion indicated in Appendix C, we finally obtain for the
-I-NN(I\])~>VM~>)/M:;l TVHy 2 TNN (13)=VM » (4) branching ratios opp_) '}’X (X: 770,77,77’):

where the relativistic propagator for the intermediate vector

meson in a zero width approximation is included. We resort B(ym°) = 3 f(y,7°)A2 | B(0 1)(**sD,

to a relativistic prescription of the vector meson, since, with Al(J=1) 7 Py

the kinematical constrainys=0, V has to be treated as a 1 2
virtual particle, which is severely off its mass shell. Accord- —>P°7TO>SF+—B(1,1)<333 D1—>w770>s4 . (12
ingly, an additional factor &,, with the vector meson mass 3

my, has to be included to obtain the proper normalization.

From redefining Alternatively, B(y#°) can be expressed in terms of the

2my - . branching ratiosB(V=°) for the strong transitionsNN
TV_’YW—SE e-S(my)Ay,, 5 —Va?[Eq. (A12) of Appendix Al:
we generate the standard VDM expression of f(y 0) 1
B(y7°)=; (V’ oA, )| B(p°7°)+ 5B(0)
TNN(IJ)HVMHyMzg TNN(IJ)HVMg'é(ml)AVy- (6) 5
1
+ §COSBJ:1\/B([)O7TO)B(U)7TO) (13
The VDM amplitudeAy,,, derived in the quark model, is
v € . . .
\/—Tr (Qey) kO f , ) with the interference phase,;-, determined by
which in the limitm,~k° reduces to the well-known results Re(B(0,1)* B(1,1)} 14
Apy=€lf,=0.055 and Aoy=3R0y: ®  The same equations apply &=z and 5’ with 7° being

replaced by the respective meson. Here, a kinematical phase
The phase structure @, as determined by,,, is consis- space factoif is introduced, which can be identified with
tent with the corresponding definitions for the strongthose derived in specific mod€glEgs. (A11) and (C10] or
transition-matrix element. taken from phenomenology. Values for the branching ratios
In the radiative annihilation amplitude, the coherent sumon the right-hand side of E¢13) can either be taken directly
of amplitudes foV=p andw, arising from different isospin from experiment or determined in the quark model consid-

channels, has to be taken. This gives ered in Appendix A. Magnitude and sign of the interference
term, as determined by c@s_;, solely depends on the
Ta 3o = 8 TR 13Nt © 9 initial-state interaction for the spin-tripl®N state §=1),
NN =M v=§,:’,w NN(D) = VM= yM © as expressed by the coefficiel#él ,J=1). o
Similarly, for the branching ratios ofp p— yX (X

6 accounts for the two pOSSIb|e contr|but|ons to the ampll— 0) of protonlum we obtain
tude from an intermediate state with=M, mcludmg a
Bose-Einstein factor. For the decay width NN yX we

write
B(yp%) =

1 f((f,f,)) A;f;( B(p%w) + 2B(p %)

LNy yx= 27 Py > mm\lﬁupywz- (10

2\2
Mer.mz +%FCOSBJ—OVB(p°w)B(p°p°)), (15)

ps is the final-state density and the sum is over the final-state
magnetic quantum numbers of mes#n(m,) and of the

photon(with transverse polarizatioga;). The corresponding f(y,w) 2
branching ratioB is B(yw)= fV, V)Aiy B(p%w)+ gBlww)
(2J+1) 2.2
B(yX)= =3  Tnneay— 9 (11) +£COSBJ=O\/B(p6w)B(ww) . (18
AT o(J) 3

where a statistical weight of the initial protonium stateith
decay widthl',y(J) is taken. With the details of the evalua- and
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f(v.y) 4 0o, 2 o L on pE annihilation cross sections in the context of quark
B(yy)= —f(V,V)Apy B(p"p") + gBlwp’) + 57 B(ww) models was studied in Reffl3,20. Although contributions
3 involving annihilation fromNA andA A states can be sizable
2 242 [20], the overall effect on the annihilation cross section is
_ 0.0 -v= [ 0\ y
+gVB(p P )Blww) +—3=C0SB,-0VB(p w) strongly model dependent. In the case of the A2 miia),

] these contributions are found to be strong KN D-wave

% (17) coupling to channels with a virtual in the S wave, hence

dominantly for the'®SD, partial wave, where for isospih
_ _ _ =0 the tensor force induces strong mixing. However, for the
with the interference determined as radiative decay processes at rest considered here, the pos-

sible NA = AN configurations only reside in th#SD; state
18 (here 335D, — 7%w and 33SD,— 7p°). Due to the weak

D-wave coupling in thel =1 channel,NA configurations

lay a minor role and are neglected.
Again, the sign and size of the interference g0s are fixed i g

T : , : .. Alternatively, the strong transition amplitud®&&N— VM
gig]e initial-state interaction, here for protonium states WlthCan be derived in baryon exchange modeisd]. Here how-

Equations(13), (15), and (16) are analogous to those of ever, the analysis is strongl'y influenced by the presence both
Ref.[6]; this is also true for Eq17) in the SU3) flavor limit of vector and ten.sor.coupllngs of the vector mesons to the
with B(,popo) =B(ww). However, the essential and new fea- nucleon, by contributions of boﬂ% andAOeéchange(where
ture of the present derivation is that the interference term i hetlhatte(rjg_r:_e cor;tnbl:tesfto tipf@p . ande_Thp _cthanlnelia?d
completely traced to the distortion in the initial protonium y the addition ot vertex form 1actors. 1he interpiay between

state. The possibility to link the interference terms go® these additional model dependences complicates an equiva-

the initial-state interaction in protonium is based on the sepal-ent analysis. Due to simplicity we restrict the current ap-

rability of the transition amplitudél \y5)—vm- The sign proach to a certain c_Ias; of quark models, aIthqugh devia-
and size of cog, (J=0,1) will have a direct physical inter- tions from the analysis given below when applying baryon

pretation, which will be discussed in the following chapter. exchange models cannot be excluded.
We briefly comment on alternative model descriptions for

the strong transition amplitudeN—VM and its conse- lll. PRESENTATION OF RESULTS
guences for the interference terms in radiatppe decays. In Sec. Il A we discuss the direct application of the quark

Competing quark model approaches in the descriptiddf  model approach to the radiati"eN annihilation process. In
annihilation into two mesons concern rearrangement diaSec. Ill B we focus specifically on the isospin interference
grams as opposed to the planar diagram of the A2 prescrieffects occuring in radiative transitions. We show that the
tion of Fig. 2a). In the rearrangement model a quark- interference term is solely determined by the isospin-
antiquark pair of the initiaNN state is annihilated and the dependeniNN interaction, and give theoretical predictions
remaining quarks rearrange into two mesons. The quantuliyy the phase cog, in variousNN interaction models. Sign
numbers of the annihilated quark-antiquark pair are eithegnq size of cog, can be interpreted by the dominance of
tr;at I?f 3tge_\\,'a§u)lfn§3pr% vgrtlt[ai(é F;g)”}?]dtillé]z) (r)r: tgalt ?\]:va either thepﬁ or thenn component of the protonium wave
gluon (°S,-vertex, odell1o,13). € Od€L WO tunction in the annihilation region. Furthermore we show

ground-state mesons cannot be produced from an il that extraction of the interference term from experimental
state in a relatives wave; hence R2 is not applicable to the gata is greatly affected by the choice of the kinematical form
annihilation process considered here. The S2 model genefactor. Finally we comment on the applicability of the vector
ates transition-matrix elements f@p—VM, which are  gominance approach to thEp— y¢ transition.
analogous to the ones of the A2 model of E(fs.and (2),
but with different absolute values for the spin-flavor weights
(1J—VM)ge[18,19. However, the relative signs of the ma-
trix elements{l|J—pM) and(lJ— oM} are identical to the In a first step we directly evaluate the expression for
ones of the A2 model, except in the cade= » where itis  B(#°y) andB(Xy),X=7, o, 5’, p, andy, as given by
opposite. Therefore, results for branching ratigyM) of  Egs.(13), (15—(17), and(Al12). To reduce the model depen-
radiative decays expressed in terms of the branching ratiodences we choose a simplified phenomenological approach
B(VM) are identical both in the A2 and the S2 approach,as advocated in studies for two-meson branching ratios in
except forB(y7) where cog;-; changes sign. But, as will NN annihilation [21]. The initial-state interaction coeffi-
be shown later, the sign structure of gisdeduced in the cients3(1,J) are related to the probability for a protonium
framework of the A2 model is consistent with the one de-state with spinJ and isospinl, with the normalization con-
duced from experiment. dition |B(0,J)|?+|B(1J)|°=1. The total decay width of
Possible deviations from the formalism presented here instateJ is given byI',,(J) with the separation into isospin
clude contributions from virtuaNA = AN andAA states to  contributions ad™,,(J)=T1(J) +TI'1(J). We identify the ra-
the annihilation amplitudes as induced by the initial-statetio of isospin probabilitie3(0,J)|%/|B(1,J)|? with that of
interaction. The role of th& state admixture and its effect partial annihilation widthd"¢(J)/I"1(J). For our calculations

1
VB(p%p%) + 5VB(waw)

_ Re{B(0,0*B(1,0)}
C0SB)-0= |B(0,0B(1,0)|

A. Branching ratios of radiative protonium annihilation
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TABLE 1. Isospin probabilities B(I,J)|?. Values are deduced statistical or flavor symmetry estimatédynamical selection
from calculation of partial annihilation widths ofJprotonium with  ryleg, which in their full completeness cannot be described
Kohno-Weise potentigi23]. by existing models. Furthermore, theoretical predictions for
two-meson branching ratios can be strongly influenced by

State B(0,J)|? B(1.9)|? T'o(d) (keV o — , .
B0 B w9 (kev) initial-stateN N interaction(see for example Ref26]), as in

15, (J=0) 0.60 0.40 1.26 the case of radiative decays, but also by the possible pres-

3SD, (J=1) 0.53 0.47 0.98 ence of final-state meson-meson scattelfii§,27. Given

these limitations in the understanding of two-meson annihi-
_ _ . ~lation phenomena we will in turn dominantly focus on the
we adopt the 'SOSP'” probabilities d?dtfed from ProtoniuMy e ermination of the interference term present in radigtipe
states (iataln_ed with the Kohno-WeiséN potential [22], decays. HereNN annihilation model dependences are
wherepp—nn isospin mixing and tensor coupling in the the ayoided by resorting to the experimentally measured two-
3SD, state are fully included23]. The resulting values for meson branching ratios.
B(1,J) are shown in Table I. The kinematical form factor
f(y,X) is taken of the fornj24]

f(y,X)=kexp{—Ays—mg}, (19

B. Isospin interference and initial-state interaction

In a second step we focus on the determination and inter-
pretation of the isospin interference terms Bg€l=0,1)
given by Eqs(14) and(18), which in turn are related to the

NN initial-state interaction via the coefficien&1,J) in Eq.

wherek is the final state c.m. momentum with total energy
Js. The constanA=1.2 GeV ! is obtained from a phe-
nomenological fit to the momentum dependence of variou

multipion final states ipp annihilation[24]. Results for the A fyl| treatment of protonium states must include both
branching ratios in this simple model ansatz are given incoylomb and the shorter ranged strong interaction, where the

Table II. For the decay modegy and 'y we use a pseu- coupling ofpﬁand nﬁconfigurations is included. The isos-

dqscalar mixing angle o, =—17.3°[25] Thg model con- rPin content of the corresponding protonium wave function
tains a free strength parameter, corresponding to the stro

annihilation into two mesons in the two-step process. Sincé\(i;‘ap‘?mjS omr; for large distancesV approaches a purgp

we compare the relative strengths of the branching ratios, weonfiguration, i.e.W(1=0)=¥(I=1). Asr decreases be-
choose to normalize the entry f8(y7°) to the experimen- 10W 2 fm, ¥ starts to rotate towards an isospin eigenstate,
tal number. The A2 quark model prediction for the hierarchy'-e--‘I' takes the isospin of thE most attractive potential in the
of branching ratios is consistent with experiment. In particu-short distance region. ThAN annihilation process under
lar, the relative strength of transitions from the spin-singletconsideration here is most sensitive to the behaviol dor

(!Sy) and triplet £SD,) NN states is well understood. The <1 an where the strong spin- and isospin dependence of
results of Table Il give a first hint, that the VDM approach is the NN interaction may cause either the=0 or thel=1

a reliable tool in analyzing the radiative decays of proto-component to dominate. The consequences of the spin-
nium. Furthermore, all considered branching ratios are conisospin structure for energy shifts and widths of low-lying
sistent with minimal kinematical and dynamical assump-protonium states have been discussed in R3,28,29.

tions. We stress that the good quality of the theoretical fit toThe sensitivity of pa— nn mixing in protonium states to

the experimental data of Table Il should not be overempha‘-:hanges in the meson-exchange contributions to\tNein-
sized given the simple phenomenological approach wherg, ., tion was explored if21].

initial-state interaction is introduced in an averaged fashion. | ot ;s first discuss the physical interpretation of the inter-
Although the A2 model provides a reasonable accouMtNf  ference terms cqg8,. For a protonium state described by a

annihilation data, discrepancies remain in certain two-mesoBure pa wave function, the isospin-dependent initial-state
channeld1,21]. In particular, observed two-meson annihila- interaction coefficients are relatefi(1=0,J)=5(1=1,J).

tion branching ratios can show strong deviations from simple_. . . .
Similarly, for a protonium state given by a pum wave

function in the annihilation region, that i (I=0)=
—¥(1=1),B(1=0,J)=—B(1=1,J). Together with Egs.
(14) and(18), we obtain for the interference terms

TABLE Il. Results for branching ratioB for p6—> yX with X
=x% 75, p° o, 7', andy in the simple model estimate. The
entry forB(7%y) is normalized to the experimental value. Data are

taken from Ref[5]. +1 forpure pa

CcosB;= — 20
Channel BXx10° (mode) BXx10° (Expt) pa —1 for pure nn. 29
3D, — 7y 44 44+ 4
3SD,— ny 14 9.3x14 R _ _
1S—wy 68 68+ 19 Therefore, a dominamp component in the protonium wave
35D, s 1/ 8.3 <12 function leads to constructive interference in radiative anni-

11— 7Y . = L . . .

1S,— vy 0.14 <063 hilation, with cog3;=1. Destructive interference reflects the
1Sy—py 50 dominance of then component in the annihilation region of

the protonium state. Given this direct physical interpretation
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TABLE lIl. Isospin interference terms cgdy as calculated with The models used for describing tNEN initial-state inter-
the Is protonium wave functions of the KW, DR1, and DR2 poten- 4¢tion in protonium are characterized by a state independent,

tial models. Values in brackets denote the results where’Die complex optical potential due to annihilation. Potentials of
component of the atomigSD; state is included with the admixture

fixed by the A2 model. this type reproduce the Iow—energyﬁ cross sections and
protonium observables, such as energy shifts and widths,
KW DR1 DR2 fairly well. A more advanced fif31] to NN scattering data,

in particular to the analyzing powers for elastic and charge-
cospo +1.00 +0.83 +0.63 exchange scattering, requires the introduction of an explicit
cospy  —0.90(-0.76) +0.10(+0.39  —0.41(+0.53 state and energy dependence in the phenomenological short-

range part of theNN interaction. At present, lattéi N po-

of the interference terms, radiative annihilation serves as ntial[31] was not applied to the protonium system; hence
indicator for the isospin dependence of tN\ protonium € model predictions of Table Ill should be regarded as a
wave functions. first estimate for thggp—nn mixing mechanism in th&N

For quantitative predictions of the interference terms andinnihilation region.
for comparison, we resort to protonium wave functions cal-

culated[23] with three different potential models of théN C. Isospin interference from data

interaction, that by Kohno and Wei§22] (KW) and the two The VDM approach allows us to relate the branching ra-
versions of the Dover-Richari80,29 (DR1 and DR2 po- tjos of radiative annihilation modes to branching ratios with
tentials. The calculation of Reff23] takes fully into account  fing| states containing one or two vector mesons. Using these
the neutron-proton mass difference, tensor coupling, angheasured branching ratios in E¢s3) and(15)—(17) we can
isospin mixing induced by the Coulomb interaction. extract the interference terms g@gsdirectly from experi-
Results for the interference terms g&sas deduced from ment. However, conclusions on the sign and size of the in-
the three different pOtential models are giVen in Table “l.terference terms Strong'y depend on the Choice Of the kine_
The value of the range paramethy; in the initial-state form  matical form factorf(X;,X,), X; and X,=y or meson,
factor entering in Eq(A8) is adjusted to the range of the entering in the different expressions. A first analy&for
annihilation potential of the respective models. With thegetermining the interference terms from data was performed

choice of ds,=0.12 fif (KW and DR3 and da; by the Crystal Barrel Group, assuming a form factof3]
=0.03 fn? (DR1) the calculated ratios of isospin probabili- ,
(kR) )

ties | B(0,J)|%/|B(1,3)|? are close to those of partial annihi- 3

lation widthsT'o(J)/T'1(J) calculated in Ref[23]. Al three X0 X)) =K T kRy2
potential models consistently predict constructive interfer-

ence for radiative annihilation from the atomiS, state, wherek is the final-state c.m. momentum and the interaction
indicating a dominanpp component. For radiative annihila- range is chosen @&=1.0 fm. This form factor is appropri-
tion from the spin-triplet staté’S; predictions range from ate for small moments, taking into account the centrifugal
nearly vanishingDR1) to a sizable destructive interference, barrier effects near threshold. However, for radiative decays,
where latter effect can be traced to a dominant short-rangedith high relative momenta in the final state, the choice of
nn component in the protonium state. In Table Il we alsoEd: (19) is more appropriate, it contains an exponential
indicate predictions for the interference term ggswhere ~ Which restricts the importance of each decay channel to the
the D-wave admixture in théSD; state has been included. €nergy region near threshold. This can be regarded as a
The results are obtained for the specified valued gfwith ~ Manifestation of multichannel unitarity, that is the contribu-
an additional choice of hadron size parametéisat is tion of a given decay channel cannot grow linearly vkitfas
Rﬁ/RfA:O.G or<r2>§’2/(r2>,%,12: 1.2) entering in the expres- " the form of Eq.(2_1)], since other channels open_up_and
sion of Eq.(A8). The inclusion ofD-wave admixture in the compete for the available flux, subject to the unitarity limit.
initial-state interaction coefficient8(l1,J=1) as outlined in Also, the latter form factor is given a sound phenomenologi-

Appendix Ais a particu|ar feature of the A2 quark model. cal basis inNN annihilation analyses, for a more detailed
Hence, predictions for cg8, with the 3D, component of the discussion see, for example, RE83]. Extracted values for
atomic 3SD1 state included are Strong|y mode|_dependent{he interference terms C% with different J and different
and should not be overestimated. Generally, inclusion of th@rescriptions for the kinematical form factor are given in
D-wave component in the form dictated by the quark modeiTable 1V. We also include there a third choice for the kine-
tends to increase the values of the interference terms. ~ matical form factor[Eq. (A11)], as deduced from the A2
We also investigated the sensitivity of the interferencequark model description of thidN annihilation process. Al-
term cosB; on the range of the initial-state form factor, ex- though finite-size effects of the hadrons are included here,
pressed by the coefficiedty,. Although the absolute values through the harmonic oscillator ansatz for the hadron wave
for the initial-state interaction coefficient3(l,J) sensitively ~ functions the form factor is again useful for low relative
depend on the specific value fdg,, variation ofd,, by up  momentak. For the results of Table IV we use the measured
to 50% has little influence on sign and also on size of@0s  branching ratios ODB—> 700 [34], 0w, o, v, p'o
Thus, predictions for the interference terms o all three  [35], 5p [36] or [37], pw [38], and 5'p [33]. Values for
potential models considered, are_fairly independent on theosg, using the phase-space factor of K1) are directly
specific annihilation range of tHeN initial state. taken from the original analysis of Rd56]. Error estimates

(21)
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TABLE IV. Isospin interference terms cg@h as deduced from data. The label HQ refers to the kinemati-
cal form factor of von Hippel and Quigg as defined in E2{l). Similarly, labels VAN and A2 refer to the
form-factor prescription of Vandermeulen and of the A2 quark model, as defined in(E)sand (A11),
respectively. The analysis for c@s (HQ) is taken directly from Ref[5]. The first line of the analysis fopy
is done forB(7p°) = (0.53+0.14)x 10" 2 [36], the second line foB(7p°®) = (0.33+0.09)x 102 [37].

Channel co®; (HQ) cosp; (VAN) cosB; (A2)
3sD,— 70y (J=1) —0.75£0.11 —0.10+0.28 +1.00+0.38
3SD,— gy (J=1) —0.78+0.25 —0.47+0.72 —0.43+0.76
—0.58+0.48 —0.17+0.90 —0.12+0.96
1Sy—wy (J=0) —0.60+0.18 +0.15+0.38 —0.21+0.28
3SD,— 7'y (J=1) <-0.26 <1.65 <-0.12

for the other entries in Table IV assume statistical indepen¢22). The most notable case is tifey channel forpp anni-

dence of the measured branching ratios. For the radiativgij|ation in liquid hydroger{10], where data show a dramatic
decay channel;’y only an upper limit for co; can be violation of the OZI rule of up to two orders of magnitude,
given. that isR(X=vy)=0.3. Substantial OZI rule violations in the

tForta(IJ thrlee ch?lces of the k'netmzflcatlhf?r:m \f/aé:ﬁr, thereactionspp—>X¢> can possibly be linked to the presence of
extracted values of cgs are consistent wi N as- strange quark components in the nucl¢d8,40. However,

sumption as they correspond to physical values. However, parent OZI rule violations can also be generated by con-

9wdent from Table 1V, conclusions on sign and SI1z€ of Fheventional second-order processes, even if the first-order term
interference strongly depend on the form of the k'nemat'cal:orresponds to a disconnected quark gridh42]

phase-space factor._ Fo_r the preferred Cho.iC?’ i'e"(@' . In Refs.[42,1]] the apparently large value for the branch-
we deduce destructive interference for radiative annihilation —

from the 3SD; state, while for the'S, state the correspond- "9 ratio B(y¢) for pp annihilation in liquid hydrogen is
ing isospin amplitudes interfere i(())nstructively. This is inexplamed within the framework of the VD_'\Z" Using the ex-
contrast to the original analysis of R¢&], where the inter- perimental ratesiz)B(p¢)=(3..4i 1.0)x10°" and .B(w¢) .
ference term is determined to be almost maximally destruc-:(5'3i,2'2,)>< 10, [43] as inputs, the branching ratio
tive for all channels considered. Given the large uncertaintieB(7#) is given in the VDM by

for cospB; using the preferred form factor, the values deduced f(y, )
from data are at least qualitatively consistent with the theo- B(y¢)= V)

retical predictions of Table Ill, indicating a dominapﬁ

component for the'S, and a sizablenn component for the Since the¢w and ¢p channels also violate the OZI rule
3SD, protonium wave function. As discussed in Sec. Ill B, estimate,R(X=p)~R(X=w)~10"2 [33], the standardw
precise values for cqd; are rather sensitive to the isospin — ¢ mixing cannot be the dominant mechanism for the pro-
decomposition of the protonium wave function in the anni-duction of the¢w and ¢p channels and the formalism de-
hilation region. However, the current uncertainties in the exveloped in Sec. Il cannot be used to determine the phase
perimental data should be very much improved to allow astructure of the interference term ¢@gfor B(y¢). Conse-
more quantitative analysis of the isospin dependence of thguently, the interference term cBg extracted in theyw re-
NN interaction. action is not necessarily consistent with that of thg decay
channel. For maximal constructive interference (8ed)
D. Vector dominance model and thepp— y ¢ transition one obtains an upper limit fd(y¢) in the VDM calcula-

tion of
Measurements on nucleon-antinucleon annihilation reac-

tions into channels containing mesons indicate apparent B(y¢)=2.7x10"° forf=k3[11],

violations of the Okubo-Zweig-lizuk&OZI) rule [33]. Ac-

cording to the OZI ruleg can only be produced through its B(y$)=15x10"° forf givenbyEq(19. (24
nonstrange quark-antiquark component, h oduction . ) )

should vgnisqh for an idqeally mixeF()JI vector r;e:z?s%rn nonet. De1NiS is to be corpSpared with the experimental regi(y¢)
fining the deviation from the ideal mixing angty=35,3°  — (2:0£0.4)x10"> [10]. The possibility of explaining the
by a= 60— 6, and asssuming the validity of the OZI rule, one €XPerimental value ofB(y4) in VDM depends again

obtains the theoretically expected ratio of branching ratio$trondly on the cr;qice of the kinematical form factor. In Ref.
[1]: 11] the formf =k* is used, appropriate for relative momenta

k near threshold, resulting in an upper limit which lies
R(X)=B(NN— ¢X)/B(NN— wX) =tar? @~0.001-0.003,  Slightly above the observed rate f8(y¢). With the choice
(22) of Eq. (19) the upper value underestimates the experimental
number by an order of magnitude. When we extract the in-
whereX represents a nonstrange meson or a photon. Recetdrference terms cg®, from the conventional radiative decay
experiments[33] have provided data on thé/w ratios modes with the choicé=k?3, we obtain: cog;=—1.32 for
which are generally larger than the standard estimate of Egry, cosB;=—0.94 for 7y, and co$3,=—0.90 for wy.

(12.0+c0sB,8.5x10° 7. (23
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Hence, a near threshold prescription for the kinematical forndestructive. These predictions should be tested with more
factor in the VDM leads to maximal destructive interferencereanstic parametrizations of tmﬁinteraction[gl]_ Extrac-
for all channels considered, exceeding even the physicajon of the interference effect from data is greatly influenced
limit in the case ofry. This would indicate a nearly puren by the choice of the kinematical form factor associated with
component in the annihilation range of the protonium wavethe transition. Values of cg3;, determined for the preferred
functions for both thel=0 and 1 states. These results are inform of Eq. (19) are qualitatively consistent with our theo-
strong conflict with the theoretical expectations for Bgs retical study; however, a more quantitative analysis is re-
reported in Sec. Ill B, where at least qualitative consistencystricted by the present uncertainties in the experimental data.
is achieved with the kinematical form factor of HG.9). Within the consistent approach emerging from the analysis
Recent experimental resulfg4] for the reaction cross of nonstrange radiative decay modes of protonium, an expla-
sectionpp— ¢¢ exceed the simple OZI rule estimate by nation of the measured branching ratio for the OZI sup-
about two orders of magnitude. Therefore, in the context opressed reactiopp— y® cannot be achieved. New mecha-
VDM an additional sizable contribution to the branching ra-nisms, linked to the strangeness content in the nucleon, may
tio B(y¢) might arise, although off-shell, from th@¢ in- possibly be responsible for the dramatic violation of the OZI
termediate state. With an estimated cross sectiorppf rule in they® final state.
— ww of about 5 mb in the energy range of tie) produc-

tion experiment, the ratio of cross sections is given as ACKNOWLEDGMENTS
044! 04,,=35 ubl0.5 mb [44]. Given the measured
branching ratios ofww [35] and w¢ [43] we can simply This work was supported by a grant of the Deutsches

estimate the ratio of strong transition-matrix elements forBundesministerium fu Bildung und ForschungContract
annihilation into ¢¢ and w¢ from protonium of No. 06 Tu887) and by the PROCOPE cooperation project
VB(¢¢)/B(w$)~0.43. For this simple order of magnitude (No. 96043. We also acknowledge the generous help of
estimate we assume that; /o, is partial wave indepen- Jaum_e Carbongll fo_r providing us with the protonium wave
dent and phase-space corrections are neglected. With tiiénctions used in this paper.

VDM amplitudeA¢7=(\/§/3)AW we obtain an upper limit

of B(y$)~2.3x10 ° with f given by Eq.(19), where the APPENDIX A: NUCLEON-ANTINUCLEON
contribution of the¢ ¢ intermediate state is now included.  ANNIHILATION INTO TWO MESONS IN THE QUARK
Excluding an even further dramatic enhancement ofdige MODEL

channel forNN S-wave annihilation, inclusion of the¢ _
intermediate state does not alter the conclusions drawn from In describing the annihilation processiN— VM where
the results of Eq(24). Hence, the large observed branchingV=p,0, and M=7° 7, p, o, and ' we use the A2
ratio for y¢ remains unexplained in the framework of VDM. model of Fig. 2a). Detailed definitions and derivation of this
particular quark model are found in Ref4,13]. The initial
IV. SUMMARY AND CONCLUSIONS stateNN quantum numbers are defined by ILSIM(I is
__ theisospinL is the orbital angular momentur8,is the spin,
We have performed a detailed analysis of radiatiM@  andJ is the total angular momentum with projectibh). For
annihilation in the framework of a two-step process, that ishe final two meson staté¢ M we specify the angular mo-
pp annihilates into two-meson channels containing a vectomentum quantum numbers, wifh , indicating the spin of
meson which is subsequently converted into a photon via thenesons 1 and 3,the total spin coupling ant} the relative
VDM. Both processes are consistently formulated in theorbital angular momentum. For the transitions of interest the
guark model, which allows us to uniquely identify the sourcequantum numbers are restrictedlte=0 and 2, correspond-
of the isospin interference present in radiative transEionsing to pEannih”ation at rest in liquid hydrogei; =1, rep-
Based on the separability of the transition amplitudal resenting the vector meson, aha= 1, given by parity con-
— VM, sign and size of the interference terms can be linkedervation. Taking plane waves for the initial and final-state

to the dominance of either thep or thenn component of ~wave functions with relative momengaandk, respectively,
the s protonium wave function in the annihilation region, the transition-matrix element is given in a partial wave basis
hence constitutes a direct test of the isospin dependence af
the NN interaction.

. In .a. first step we dwet;tly applied the quark mpdgun a Tani)—vm={V(i1)M(j2)l{|Oa2l NN(i))
simplified phenomenological approach to the radiatii
annihilation process. Model predictions are consistent with
data and confirm the usefulness of VDM in the analysis of
radiative transitions. In a second step we discussed sign and

:Ej: (j1j 2mymy,|jm)

size of the interference term as expressed by 3563 X(jl mmf|JM>||Z|Y|fmf(R)YJLgT(EJ)
=0,1). Direct predictions of_chJ, as calculated for differ- o _
ent potential models of theN interaction, are qualitatively X(VM(j1.J2.0.10)[|On2 INN(D)). (A1)

consistent, in that a sizable constructive interference is de-
duced for radiative annihilation from the atomi&, state, The reduced matrix element of the two-meson transition is
while for the 3S; state the interference term is vanishing or given in the A2 model as
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TABLE V. Spin-flavor matrix elementéi —VM)gg for the de-

cay NN(L=0)—>VM in the A2 quark model. These are relative
matrix elements obtained from Rdfl]. Here, 7,4 refers to the

nonstrange flavor combination, 4= (uU+ dE)/\/E.

TNN(I3)—VM

=$ (3 2 2mamel im) (Gl imm IMY (K] Yy (K)

Decay channel (i—=VM)ge XF(k)(i—=VM)seB(1,9),

US— ww —/243 F(K)=exp( — da,3/4K2). (A7)
1150—>p0p0 _ \/ﬁS

815 — wp? — /1350 The distortion due to the initial-state interaction is contained
135, 7r0p0 + /450 in the coefficient3(l,J), which is simply the overlap of the
183, g + 450 i_sospin_decomposed pr(_)t_oniqm wave fur_u_:tion with the effec-
Bg, 700 +338 tive |_n|t|al form factor arising in the transition. By takmg thg
383, 7,40° + 338 Fourier transform of the initial-state form factor contained in

Eqg. (A2), these coefficients for theslatomic states of pro-
tonium are defined as

(VM| Opal INN(i )

B(,J=0)=F | _q; _1(2da,/3 ’3’2jwdrr2
=F ), prexp( — dap(3/4k2+ 1/3p2) (i = VM)gr.  (A2) ( )= Fr-0i-1(2dnaf3)

_ 32 1
The factorF | is a positive geometrical constant depending X exp(—3r7/(4daz))iooolr)  for °Sp,

on the size parameters of the hadrons for given orbital angu-

lar momenta_ andl;. The exponentials arise from the over- B(l,J=1)= FLOJfl{ (2dp,/3) 32
lap of harmonic oscillator wave functions used for the had-

rons with the coefficientd,, depending on the size

parameterf}y and Ry, of the nucleon and meson: Xf drr2exp(—3r2/(4day))¢h011(r)—C(1)
0
RARM .
TR 2Ry, A9 X(2003) 72 "drr exp(— 3171 (4dg)

The matrix elementéi —VM)gr are the spin-flavor weights
of the different transitions listed in Table V. Note that with X 111,211(r)J for 3SD;. (A8)
the flavor part of the vector mesons defined as

The partial decay width for the annihilation of a proto-

pozi(uj_ dd), w= i(u@r dd) (A4)  nium state with total angular momentuirinto two mesons
\/E V2 VM is given by
the matrix elementéi —pM) and({i— »M) have same sign. Ey

Ewm .
For the tensor force coupled chanm8D, the spin-flavor Popovm(l ) =27 —2 kj dkm ;m I TNy —vul?
matrix elements are simply related by a proportionality fac- 1

A
tor, dependent on the isospin channel, but independent of the (A9)
VM combination, that is where E is the total energy any y=\mg +k? is the

Frez—1(?"13D; = VM)gr energy of the respective outgoing meson vqiflh fixed by
o energy conservation. With the explicit form of the transition

=C(1)F_—q),-1(* TS =V M)gp, amplitude of Eq(A7), the partial decay width is written as

o 2\ Lppevm(1,9) = F(V M) —=VM)EAB(1,9)[* (A10)
' 5 1 (R{+RY)RY with the kinematical phase-space factor defined by

C(l)= 3= | (A5)

1 2\2 3 3I2RA+RZ, EE

' 13 f(v,M)=2w%k3exp(—3/2dA2k2). (A11)

In coordinate space the protonium wave function, includ—T K dmixt f initial stat . by their statistical
ing tensor coupling and isospin mixing, is written as aking an admixture ot initial states given by their statistica

weight, the branching ratio d&wave pp annihilation into

M the two meson final statéM is given by
Wpg(,9)= 2 dusirYLS (D). (A6)

svM)=B(ppovmy= S EF D el
Inserting this wave function into the expression for the PP &, ar,0)

transition-matrix element results in (A12)
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APPENDIX B: VECTOR MESON-PHOTON CONVERSION |¢(0)|2:(WR§A)*3/2, where the oscillator paramet&;, is
IN THE QUARK MODEL related to the rms radius &s%)Y?= \/3/8Ry,

Extending the outlined formalism to the physical decay

The transitionv Fi b)], whereV=p or w, can be
— 7 [Fig. 2b)}, po @ V—e'e” the decay width is given g#5]

formulated in the quark model, and related to the physicaP'0¢®S

process ofV—e"e”. An explicit derivation of the latter 16ma?

process can be found in R¢#5]. We just quote the main Iy ete-=—5—{Tr(Qey)}?|4(0)|? (B7)
results necessary for the discussion of the radiative decays of my

protonium.

with a=e?/(4m) and massm, of the vector meson. The
latter result can be compared to the one obtained in the vec-
tor dominance approach resulting for examplé dih

The QQy interaction is defined by the Hamiltonian

Hi=e [ @it (XA, ®Y
r 47 azmp 58

with the quark current pO—eter T T30 fi (B8)

JEA(X)=a(X)Qy q(x), (B2)  with the decay constarft,. Hence, we can identify
whereq(x) is the quark field and,(x) the electromagnetic , m
field given in a free field expansion. For emission of a pho- |4(0)] =52’ (B9)
ton with momentunk, energyk®, and polarizatiore,, from i
a vector meson with momentufn, we obtain which with the experimental result &f,0_,¢+.-=6.77 yields

f,=5.04 or equivalentlyRy, = 3.9 Ge\/h1 very close to the
K H V(B = (k=BT B3 preferred value obtained rn the analysis of strong decays of
(k. e)Hi[V(pv) = dlk=py) Ty, B3 esons. Hence, the matrix element for the conversion of a

with vector meson into a real photon is alternatively written as
/2
( )3/2 0 Ny iy TV~>7: g éTr(QQDv) eo Z/_Z . (Blo)
V—W/ (zko)l/z p,< |Jem(x )| > ( ) (Zk ) fp

For the conversion of a vector mesbdhinto a real photon  APPENDIX C: MATRIX ELEMENTS AND DECAY WIDTH
only the spatial part of the current matrix element contrib- IN RADIATIVE ANNIHILATION
utes. Using standard techniques for the evaluation of the cur-

rent matrix element we obtain In the following we present details for the evaluation of

the matrix element of Eq6), which is explicitly written as

eV - . _
Tvo,= sz -STr(Qey) ¥(r=0) (BY) TNN(IJ)HVMH)/M:; (j1j2mymy|jm)
1
with the quark charge matri and the polarizatios of the X(jl emmg| IMY (K], i, (K)
vector meson. Th&Q flavor wave functione,, is consis- _ .
tently defined as in EqA4) of Appendix A and contributes X(VM[|Op2|INN(13))€- S(my)Ay, ,
to the transition amplitude
(Cy)
= for p° wherel ;=1 andj =1, for the processes considered. The rela-
J2 tive final-state momenturk and the photon polarizatioé
Tr(Qey)= (B6)  are written in a spherical basis as
— for w.
3\2

. - 3 .

B [KIY1m ()= \/ 7 —km, and e S(my)=ep,, (C2)
The spatial part of th€ Q wave function at the origins(r

=0) is given within the harmonic-oscillator description aswhich together with Eq(C1) leads to the result

(€xK)y for j,=0,J=1(M=7°7),
3 — i
TNNID) = VM= yM = \/EAV7<VM||0A2||NN(IJ)>E (_)m2(6><|2) for j,=1, 3=0 (M=p°.w) (C3)
= 7m2 1 1 N

3
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Consequently, for the proces®!N—V,V,—y,y, the With the final-state density
transition-matrix element is determined as

— 2
TINN(13)—=V1Vo— y172) pf:Ewok f dk. cn
. Enn
=2 em,(2)Ay,, TINN= V1V, —71Vy)
2 ~
|k|=k, and the sum is over the two transverse photon polar-

1 — N~ - — .
— AV]_yAVly<VlV2||OAZHNN(lJ)) izations e and the total projectioM of the NN protonium

VA with total angular momenturd. Using
i Lo
X—(€e(1)XKk)-€(2), C4 PO
Rl €(2) ©9 > fdk|(e><k)|2:8wk2 (8
er,M

Whereg(i) refer to the polarization of the photan

The derivation of the decay widths for the radiative tran-ogether with the expression for the reduced matrix element
sitions is examplified here for the procedN— y7°. The in Eg. (2), we finally obtain
corresponding matrix element is obtained by a coherent sum
of intermediate vector meson staieand w as

(*SD;—p%7%)seB3(0,1)

— — 0\ A2
TNN)— y70= T13SD1_,po7To_)Wo+ Tssle_‘wo_, Ym0 Pane o=y m)A,

3 i N 1 2
— 0.0 13
= VEE(EX K)m{AL0,{p° 7| O pol| S Dy) +3( D1~ wm®)sB(1,1) (C9)
+Awy<w770||OA2||338D1>}' (CS)
_ with the kinematical phase-space factor defined in analogy to
The decay width foNN— y7° is then Eq. (Al1l) as
— 1 NI/ 0y1]2
TN 0= 27p1 2 55 [TINN() — ya°)| Epk?
.M c6) f(y,M)=27—¢ exp(— 3/2d,,k?). (C10
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