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Phenomenological analysis of gluon mass effects in inclusive radiative decays of they and Y
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The shapes of the inclusive photon spectra in the procdéges yX andY — yX have been analyzed using
all available experimental data. Relativistic, higher order QCD, and gluon mass corrections were taken into
account in the fitted functions. Only on including the gluon mass corrections were consistent and acceptable
fits obtained. Values of 0.72§3% GeV and 1.185% GeV were found for the effective gluon masgesr-
responding to Born level diagramfor J/ andY, respectively. The width ratiok (V— hadrons)I'(V— y
+hadronsy=J/#,Y, were used to determings (1.5 GeV) andag (4.9 GeV). Values consistent with the
current world averagers were obtained only when gluon mass correction factors, calculated using the fitted
values of the effective gluon mass, were applied. A gluon na%s GeV, as suggested by these results, is
consistent with previous analytical theoretical calculations and independent phenomenological estimates, as
well as with a recent, more accurate, lattice calculation of the gluon propagator in the infrared region.
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[. INTRODUCTION mental evidencef the mass of the gluon. The processes
considered, the radiative decays of ground state vector heavy
As suggested by the inventors of QQD,2], the color quarkonia into a photon and light hadrons, are particularly
symmetry of the theory is, conventionally, assumed to bevell adapted to such a study, as the observed final state re-
unbroken, so that, theoreticallg], the gluon is supposed to sults from the hadronization of a pure two-gluon final state at
have a vanishing mass. It was also conjectured, by the santke lowest order in perturbative QCPQCD. These are the
authors, that the resulting infrared divergences of the theorygolden” physical processes for the determination of the
at large distance§infrared slavery”) might explain the con-  gluon mass, which may be compared to the neutral kaon
finement of quarks. As is also well known, in the contrary system for the study of P violation or tritium 8 decay for
case that gluons are massive, there is a possible breakdowfe direct determination of the mass of the electron an-
of renormalizability as well as violation of unitarity at high tineutrino. Indeed, the analogy between the procss
energy by certain tree level amplitudes. These problems are, yX and tritium 3 decay is a very close one. In both cases
common to all non-Abelian gauge theories with massive vec; is the study of the end-point region of a spectr(timt of

tor mesong4,5]. " .
’ . the electron for trit d , of the photon for the radia-
These problems may be solved, as in the standard elec—e electron for tritium decay, of the photon for the radia

troweak model, by the introduction, also for the strong inter-iV€ J/¢ decay that gives the mass limits on the or the

action, of spontaneous symmetry breaking and the Higggluon mass. Thé/ being the_Iightestqua_rIfonia is the most
mechanisni6]. Since, however, there is no experimental evi-S€Nsitive to the gluon mass, just as the tritindecay, with
dence for the existence of a Higgs boson for the strong in Very low energy release, gives the best direct limit on the
teraction, or for electrically charged gluons, which are alsove mass. Indeed, as will be shown below, the suppression of
predicted by some of these “broken color” theories, it is still the spectrum end point due to gluon mass effects is much
generally supposed, in spite of the infrared divergent naturgore severe in the case &fy radiative decays than for the
of such a theory, that the QCD color symmetry remains unheavierY state.
broken. Already in 1980, Parisi and PetronZin2] (PP had sug-
A possible way out of this dilemmé@nfrared divergences gested a mass 6£800 MeV for the gluon, on the basis of
if the gluon mass is zero, breakdown of renormalizabilty andhe strong suppression of the end point of the photon spec-
unitarity if it is not) was indicated by Cornwall7,8] who  trum in radiativeJ/ decays, as measured by the Mark Il
suggested that nonvanishing gluon mass might be dynamfollaboration[13]. However, in order to relate in a precise
cally generated in a theory in which the color gauge symmeway the shape of the photon spectrum to the gluon mass, two
try remained unbroken. Other auth¢810] pointed out that  other important physical effects, which also soften the shape
a gauge invariant, renormalizable, and infrared finite versiorf the photon spectrum, must also be properly accounted for.
of QCD with massive gluons is possible, provided that aThese are(i) relativistic corrections andii) higher order
suitable four-vertex Faddeev-Popov ghost field is introduced@CD corrections. Because of the only recently available
into the theory. complete next-to-leading-ordéNLO) PQCD calculation of
The aim of the present paper is not to pursue further thestie photon spectrum in the decays-yX [14] and a much
theoretical consideratiortsbut rather to seeklirect experi-  improved understanding of the phenomenology of relativistic
corrections based on several recent and independent potential
model calculations, the analysis presented below is the first

*Email address: john.field@cern.ch to take fully into account the important effe¢ts and(ii) and
The interested reader is referred to Réfl] for recent develop- SO confirm the conclusion of PP that the gluon mass is
ments, and citations of the related literature. =1 GeV. At the time of writing, no calculation yet exists in
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which the effects(i) and (ii), as well as that of the gluon way are unaffected by relativistic corrections. In Sec. VIII,
mass, are taken into account in a unified way, so the presetfte effective gluon mass values obtained in this paper are
analysis is inevitably a phenomenological one where the€ompared with other estimates of the gluon mass in the lit-
three different types of corrections are assumed, looselgrature. Finally, Sec. IX contains a brief summary and out-
speaking, to “factorize.” Since, however, it is clear that the look. Details of the method used to simulate the effects of
gluon mass effects are by far the most important, no largexperimental resolution on the inclusive photon spectrum are
uncertainty on the results obtained is expected to result frorgiven in an Appendix.
this approximation.

The results presented below also confirm the conclusions

. . . Il. RELATIVISTIC CORRECTIONS
of two previous, closely related, papers written by Consoli

and the present auth$t5,16 (CF1,CF2. Some brief com- Relativistic corrections to the van Royen—Weisskopf for-
ments are made here on these papers: some more detailedila [19] for the decay rate of a vector mesdhinto a
remarks are made in Sec. VIl below. charged lepton pair,

In CF1 effective gluon massesy determined from fits to
JIy— yX andY — yX were used, in conjunction with gluon 16ma(My)?
mass correction factors calculated by @Precalculated us- F(V—I1717)= 5
ing pure phase-space consideratjotessderive a large num- v
ber of a4 values from different charmonium and bottomo-
nium branching ratios. Agreement with the expected PQChOvere calculated by Bergstmet al. [20]. A relativistic cor-
evolution of ag from the scaleM;,,/2 to My/2 was only  rection factorfgc to the leptonic decay width (V—1717)
obtained when the gluon mass corrections were applied. Alspas found with the general form
only in this case was good agreement found between the
derived values ofrg and those obtained from deep inlastic 1 \2
scattering experiments. In this paper only the Photigtir§ fre(V—I1717)= ( 1- §r) (2.2
higher ordefHO) QCD correction(which is only applicable
in the end-point region of the photon spectrum, and does not
include real gluon radiation effe¢teas used, and relativistic Where
corrections were completely neglected.

The second paper, CF2, made essential use of the recently f d*p [E(p)—mg] ¥(p)

") 2m?® E(P  #0)

e2
o), 21

proposed nonrelativistic  quantum  chromodynamics r= 2.3
(NRQCD formalism of Bodwin, Braaten, and Lepage
(BBL) [18], in which both nonrelativistic and HO QCD cor-
rections(but not gluon mass effegtsvere treated in a rigor- andE, p, andmg are the energy, momentum, and mass of the
ous way, order by order in perturbation theory, using an opbound heavy quarky(p) is the wave function in relative
erator product expansion. As suggested by BBL, the valuesiomentum space, related to the spatial wave function at the
of ag and the leading relativistic correction parameter origin, #(0), by theexpression

=(v?) were treated as free parameters in fits to various char-

monium and bottomonium decay widths. Similar fits were d3p -
also performed to the inclusive photon spectrd/igg andY ¢(0)=f P(p). (2.9
decays. No consistent values oéind ag were found in the

absence of gluon mass corrections. When the latter were in-

cluded, consistent values af; similar to those found in CF1 In the approximation where the valence quarks of the vector
were obtained. However, in this case, the values ofere meson are considered to be symmetrically bound in the me-
found to be much smaller in absolute value than the expecson rest frame, so th&(p)=M,/2, it follows that

tations from potential model calculations, and eyes dis-

(2m)*

cussed further in Sec. VIII belowof the wrong sign. The _ [(2, 2_
conclusion concerning the inability of the NRQCD formal- M: i:m
ism to describe the experimental data, in the absence of E(p) My My/2
gluon mass corrections, was not, however, affected by the
incorrect treatment of relativistic corrections. p? 4
The structure of this paper is as follows. Sections II, I, = oMy +0(p%)
and IV are devoted to descriptions of the implementation of Q
relativistic, HO QCD, and gluon mass corrections, respec-
tively. Fits to the experimental data aif y/— yX and Y p? 4
— X to obtain, in each case, the corresponding effective =ﬁ+0(p )
gluon massny, are described in Secs. V and VI. Section VII Q
describes the determination af(m.) and ag(my) from the 5
experimental branching ratiod"(V— hadrons)I'(V— vy _ U—+O(U4) 2.5
+hadrons),V=J/¢,Y. The values ofag obtained in this 2 ' '
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Here € is the "binding energy’M,,—2mq andv is the ve-
locity of the heavy quark.Using Eq.(2.5), Eq.(2.2) may be
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TABLE I. Estimations of(v?) for the J/¢ and theY.

written as Reference NI Y
1 2 Bradley[29] 0.44 0.069
fre(V—I1T17)= 1——<u2>) +0(v") (2.6) Eichtenet al. [30] 0.20 0.096
6 .
Bergstraon et al. | [31]
where(v?) is the mean value of the squared velocity, which V(f)=(l)-2f —20.25/r 0.47 —
depends on the bound state potential. Similar relativistic cor- V(r)=3zrwgr? 0.21 —
rections were calculated for several decay processes of heavy V(r)=Tr—ag(r)/r 0.34 —

guarkonia by Keung and MuzinictKM) [21]. The calcula-
tion was based on a nonrelativistic reduction of the Bethe
Salpeter equatioi22] for the relativistic quark-antiquark

- Bergstran et al. Il [32]
V(r)=0.2r —4ay3r 0.47 —

bound state problem. The results of KM were presented as V(r)=0.163 —4a/3r — 0.47
O(v?) corrections to the decay rate rather than to the decay

amplitude, as in Eq(2.6) above. In the present paper all  Beyeret al.[28] 0.21 0.18
relativistic corrections are applied at the amplitude level so  chianget al. [25] 0.21 0.078
that additionalO(v*) terms are added to the results quoted chaoet al. [26] 0.26 0.13
by KM to “complete the square” and obtain a positive defi-  gchyler[27]

nite decay rate. This correction is important only for charmo- V(r)=\r”
nium decays where, because of the relatively large value of | __ 4 0.36 0.075
(v?), the corrected decay rate becomes negative for both »=0.0 0.32 0.066

small and large values af=2E, /My, if only the O(v?)
correction terms are retained. KM confirm the relativistic
correction factor forV—1*1~ given in Eq.(2.6) and find
also

ch(VH999)=ch(VHygg)=(1—2.16(v2))2+o(v(;)_7)

Of particular importance for the present study, KM also give,

in their Eqg.(3.5), the relativistic correction to the inclusive
photon spectrum inV— ygg. “Completing the square” to

v=0.3 0.25 0.048

corrections are completely specified by the single parameter
(v?). Although one may hope, in the future, to determine this
nonperturbative parameter by lattice QCD meth[dtiy, the

only existing estimates are derived from potential models of
the quarkonium bound state. Some of the estimatel® &f

for the J/¢ and theY that have been given in the literature
are presented in Table I. Usually in these papers the relativ-

obtain a positive definite differential decay rate yields theiStic correction factor for the decay—1"1" is quoted. For

spectrum
1dr 1| g@@?]?
I'dz Cy fo(2)+ 2,/f0(z)]
- [9(2)(v2)]?
= fo(2)+9(2)<U2>+W ,
(2.9
where[23]
5 ,[5 1(9m*—68)
Cn=(m —9) 1+<v > §_ZFT9)
~(m?=9)(1-4.32v?)) (2.9
and
5f f
9(2)= ‘;(Z)— 11(22) (2.10

The functionsfy(z) andf4(z) are reported in Eqg15) and
(16) of Ref.[16]. In the approximation used here, relativistic

2In units withc=1.

the entries in Table |, this is converted into a valug(of)
using Eq.(2.6). In the case of Chiangt al.[25] Eq. (2.7) is
used, and for Chaoetal. [26] the ratio fr(V
—090)/fre(V—1*17). Schulef27] directly calculated val-
ues of(v?) for a series of different charmonium and botto-
monium states as a function of the parametén a power-
law potential of the formiV(r)=N\r". The range of different
values of(v?) presented in Table | is very wide: 0.20—0.47
for the J/¢ and 0.048-0.47 for th& . Apart from the esti-
mates of Bergstm et al.[32] and Beyeet al.[28] the value
of (v?) is found to be significantly larger for th¥  than for
theY, as intuitively expected, given the smaller mass of the
charm quark. The near equality of the valuegwf) for the
J/¢ and theY and the very large value found for thé in
Refs.[32] and [28] may be a consequence of an extreme
choice of the parameters of the potential in the case of'the

In the present paper, more weight is given to the more
recent results of Chiangt al, Chao et al, and Schuler,
which are roughly consistent with each other. In the follow-
ing, the values taken ar@?)=0.28 for theJ/y and(v?)
=0.09 for theY, which lie near the middle of the range of
values obtained by these last three authors. As it will be seen
that the effects of relativistic corrections on the shape of the
fitted photon spectra are, after the inclusion of gluon mass
effects, small(as already conjectured in Refd5,16]), the
conclusions of the present work are not sensitive to the pre-
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cise values assumed f¢v?). The relativistically corrected 4
inclusive photon spectra for th# ¢ and theY calculated I N
using Eq.(2.8) are shown, in comparison with the lowest . \
order (LO) QCD prediction[33], in Figs. Xa) and 1b), re- : \
spectively. Also shown in Fig. (&) is the curve given by AdI” 3 a) / \
truncating the correction to the decay rate ab@@?). In I'dz | / |
this case the spectrum is set to zero if the prediction is nega-
tive. It may be remarked that E¢2.8) shows singular be- -
havior asz— 02 However, this does not affect any of the fits 2r
presented below, as no experimental measurements exist for I
z<0.2.

Ill. HIGHER ORDER QCD CORRECTIONS

To lowest order in perturbative QCD, the inclusive photon
spectrum is described by the proceégs-ygg. Assuming

massless gluons and neglecting relativistic corrections, the 00 02 Toa o6  os 1
shape of the photon spectrum is the same as in orthopositro- z
nium decay[33]: 251
1dr 1 4(1-2)In(1-2) 4(1-2)%n(1-2z) [ J
[ dz (m2-9) 2 (2-2)? ' 2pb) /
I'dz .

22(2—2z) 2z(1-2z)

+ >+ 5 1 (3.1
z (2—2)
The first estimation of higher order QCD corrections to the
spectrum was made by Fiel@4]. These QCD effects were
calculated using a parton shower Monte Carlo program in
which the procesg— gg was iterated. The invariant mass of
the cascading virtual gluons was cut off at the scale
=0.45 GeV and a value\=0.2 GeV was used for the
QCD scale parameter in the parton shower. Fatecays the
average, perturbatively generated, “effective gluon mass,”
i.e., the mass of the virtual gluon initiating the parton cas-
cade, was 1.6 GeV. Because of the low value of the cutoff
scale, the shapes of the photon spectralfgrandY decays .
were predicted to be similar. In both cases the average valug
of zwas found to be 0.57, and even in the case of the deca%?h
of a hypothetical state with a mass of 60 GeV, the avermge
!ncreased_ Onl_y t00.59. The Fld]6_4] spectrum forY decays ()2 term. In this case only the positive part of the prediction is
IS shown in Fig. 2 as the dotted line. The parton cascade USEHown. In(b), the LO QCD predictiorf33] is again shown as the
in [34] dogs.not take into a‘?COU”t QCD C(_)herence effects IRyot-dashed line. The solid line gives the prediction of £48) for
gluon radiation[35] usually implemented in parton shower (,2y_0 09. In both(a) and(b) the peak of the function in Eq2.8)
Monte Carlo event generators by an “angular ordering” an-at small values of has been suppressed.
satz[36]. The effect of this coherence, which is the QCD
analogue of the “Chudakov effec{37] in QED, is to sup- is thus to be expected that the neglect of QCD coherence in
press corrections due to real gluon radiation for kinematicathe parton shower used to calculate the Field spectrum will
configurations that yield photons close to the kinematical endesult in a too strong suppression of the spectrum in the
point. In this case the two primary recoiling gluons are al-end-point region. The comparison, shown below, with a
most collinear, forming an effectively colorless current fromcomplete NLO perturbative QCD calculation, where such
which the radiation of large angle secondary gluons iscoherence effects are taken into account, indicates that this is
strongly suppressed by destructive interferef88. The ra-  indeed the case. The Field spectrum gives a good description
diation of almost collinear gluons is not suppressed, but sucbf four out of five of the experimental measurements of the
radiation will hardly modify the shape of the LO spectrum. It Y spectrum(see Sec. VI beloy It will be seen, however,
that, for the case o8/ decays, the spectrum is much too
hard to describe the experimental measurements.
3The corresponding peaks near 0.0 are suppressed in Fig. 1. The second estimate of higher order QCD corrections to

FIG. 1. Theoretical predictions for relativistic corrections to the
clusive photon spectrum it® J/¢, and(b) Y, radiative decays.
(a), the LO QCD predictioi33] is shown as the dot-dashed line.
e solid line gives the prediction of E(.8) for (v2)=0.28. The
dashed line shows the prediction of E&.8) neglecting the order
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257 fects have been completely calculated only for the LO pro-
cessed/—ggg andV— ygg [39] (see Sec. IV beloyv

In the present analysis, the higher order QCD calculations
of Photiadis and Kiamer, made fo’Y' decays, are also used,
unmodified, ford/¢ decays. In fact it will be seen that the
observed end-point suppression of the photon spectrum of
the J/ ¢ is so large, as compared to the predicted effect of
both relativistic and higher order QCD corrections, that these
play only a minor role. Indeed, the value of the effective
gluon massny needed to describe the experimental spectrum
is little affected by the inclusion of these corrections. The
ansatz used to apply the higher order QCD corrections is to
multiply the relativistically corrected photon spectrum given
by Eg. (2.8 by the QCD correction factor

T
Ly

1dr 2|
Tdz |

15

0.5

_dlyo dl' o
QCD™ dz ' dz -

(3.2

FIG. 2. QCD predictions for the inclusive photon spectrum in
radiative Y decays. Dot-dashed, LQ33]; dotted, Field [34]; ] ] o
dashed, Photiadigl7]; solid curve, Kianer (NLO) [14]. In the case of fits witimy# 0, phase-space limitations are

taken into account by the replacement:z/zy,x in EQ.
the inclusive photon spectrum i decays was made by (3.2) where

Photiadis[17]. This calculation, expected to be valid near
=1, completely neglected real gluon radiation, which, as
discussed above, is strongly suppressed in this region, but
resummed to all orders ing the leading logarithmic terms of Zuax=1— —29’ (3.3
the form In(1-2) resulting from the exchange of virtual glu- My
ons and quarks between the two recoiling gluons of the LO
diagram. As shown in Fig. ghe dashed curyethese effects
give only a modest suppression of the LO spectrum mear  In view of the large value found for the ratiay/M,, for
=1. the J/¢, it is to be expected that phase-space suppression
The most recent result on higher order QCD correctionsffects will be even more important for the HO corrections
to the Y spectrum is the complete NLO calculation of than for the LO process. This will reduce even further the
Kramer[14] that is also shown in Fig. 2 as the solid curve. It effect of such corrections on the fitted valuenof.
can be seen that strong suppression occurs only very near to
z=1, and is much less marked than in the case of the Field
spectrum. IV. GLUON MASS EFFECTS
Since the Photiadis calculation does not include the ef- o ]
fects of real gluon radiation, it can be argued that the correc- 1he possibility of gluon mass effects in the decy)
tions calculated by both Kraer and Photiadis should be —¥X was first considered by PR2]. They noted that the
applied. This will double count virtual corrections of the type Very strong suppression of the end-point region of the photon
shown in Fig. 2c) of Ref. [14], but should give a better SPectrum measured by the Mark Il Collaborat|d3] could
description, particularly away from the end-point region, e explained by introducing a gluon mass of about 0.8 GeV.
than using only the Photiadis correction. The comparison of the PP pred|ctlon with the gxpenmental
To date, no calculations of the inclusive photon spectrunflata did not, however, take into account experimental reso-
in heavy quarkonia decays have been made that take infgtion effects, which are very large in this case. Also, rela-
account, at the same time, higher order QCD correctiondiVistic and higher order QCD_corrchons were not mclud_ed.
relativistic corrections, and genuine gluon mass effédts. The aim of the present paper is perform a 5|m|Iar_compar|son
on bothJ/¢ and Y radiative decays, as well as including
experimental resolution effects, relativistic corrections, and
“That is, including a fixed gluon mass in the calculation of bothNigher order QCD corrections. As the last two effects also
the invariant amplitude and the phase space, and taking into accoufitiPPress the end-point region of the photon spectrum, only a
the longitudinal polarization states of the gluons. This is to be concomplete quantitative analysis, including all relevant effects,
trasted with the parton shower model of Field where an effectivec@n show if the introduction of a nonvanishing effective
gluon mass(actually a timelike gluon virtualityis perturbatively ~ gluon mass is required to describe the experimental data.
generated from massless gluons. The distinction between “genu- Introducing an “effective gluon mass” in the calculation
ine” and “effective” gluon masses is discussed further in Sec. IV. of the Born diagram has two effect§) restriction of the
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TABLE Il. Photon energy resolutions of the different heavy quarkonia radiative decay experiments.

Experiment Decay process ny= oEylEy(GeV) ny atE,=My/2 (%)
Mark I1 I p— yX 0.12KE, 9.6
J' =t w (I —yX) 0.12KE, 9.6
N p—(y—ete )X 0.02E5%% 3.4
CUSB Y —yX 0.039E9% 3.2
ARGUS Y - yX 1/0.0052+0.0042E, 7.8
Crystal Ball Y — yX 0.027E5° 1.8
CLEO2 Y — yX 0.0035E%7%+0.019-0.00E,, 15

available phase space, i.e., modification of the boundary aihass will be limited to a small region near the boundaries of
the Dalitz plot;(ii) contributions to the amplitude from lon- phase space. In this case the tree level “effective” mass is
gitudinal gluon polarization states. As will be seen, effgct mainly generated perturbatively by splitting into gluon and
is by far the most important. quark pairs(as in the Field modeland is expected to be
The gluon mass is “effective” because it is defined only much larger than the “genuine” value. However, the “genu-
at the level of the Born diagram. When such a prediction isne” massM found by comparing the prediction of the all-
fitted to the data, which include QCD corrections to all or-orders PQCD calculation to the data is expected to be inde-
ders, the value ofny is expected to be different from the pendent of the mass of the decaying state. The above
value obtained if the gluon mass were correctly included alsargument also shows that, for some mass of the decaying
in higher order diagrams in the prediction. In fact, a “genu-state, the tree level “effective” mass and the “genuine”
ine” gluon massM g might be operationally defined as the gluon mass should be equal. It may be conjectured that this
effective mass corresponding to a hypothetical all-orderss almost the case for the.
PQCD calculation with massive gluons. If phase-space limi- The correction curves for the processE¥g/—ggg and
tations are very important, as in the case of dh¢, the tree  7.—gg calculated by PP and shown in their Fig. 1 took into
level “effective” value is expected to be lower than the account both the effec{s) and(ii), but no explicit formulas
“genuine” value that would be found in a fit that properly were given. In the present paper essential use is made of
included gluon mass effects at all orders. If, on the otheformulas including both effect§) and (ii) obtained by Liu
hand, the “genuine” gluon mass is small compared to that ofand Wetze[39]. For the decayw— ygg, the fully differen-
the decaying state, the effects of the nonvanishing gluomial spectrum is

1 dr 1 1
Fo dzdxdX, (72-9) 72(x})3(x4)?

8

25 2 7 2, 2 2
37\ 1= 5 n|(1=29)"+32(1-27)| 1= 2| 9"+ 2%(1-27)(1-69—67")

10
—2[z3+(x§)3+(xg)3](1—377—27;2 +7 1+g) L0492+ (x3)2(1— 87+ 2272+ 87%)
= ()20 2 [2+ () + (k) ]| 1+ g) , 4.0
|
where z=2E /My, nE(mg/MV)Z, X=2E; /My, X{=X; XJN< x, < xJ'ax, (4.9
— 27, andE;=gluon energy. Heré’ is the radiative width )
uncorrected for gluon mass effects. The allowed phase space max_ . Z 47
region is defined by the conditiohs X2 =1=511=\1=-7]| (4.5
2=7+X,+X3, (4.2 _ 4
szmzl z 1+ 1_1T7]Z . (4.6
O=sz=1-4n9y, 4.3 J
In the gluon mass dependent fits to be presented below,
the functionsfy(z) and f4(z) in the KM formula (2.8) are
Note thatz is defined differently here from in Ref16]. replaced by the functions
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100

max

fo(z,mg) = J');fin dx,fo(z,%2,my), (4.7
X

2

dN/dz
_._

f1(z,mg) = J:;fm dxof1(z,X,), (4.9
2

where fo(z,x,,mg) is derived from Eq.(4.1) of this paper
andf,(z,x,) from Eq.(3.5 of KM. Thus phase-space effects
are taken properly into account in both and f,, whereas
the effects of longitudinal polarization states are included
only in fy. As will be shown below, the latter effect is much
smaller than the former, so that the effect on the fit results of
the uncalculated contribution of gluon longitudinal polariza-
tion states on the relativistic correction coefficidntis ex-
pected to be completely negligible.

(a) Z= E/E
V. THE DECAY J/¢y—yX N 70
. . ) .%_ *
To date, the inclusive photon spectrumJih/ decays has % coll®

been measured by only one experiment, the Mark Il Collabo- *
ration [13]. Actually, in Ref.[13], three independent mea-
surements of the spectrum are given. The firsferred to
simply as “Mark 1I") uses the process

e"e” = Jly—yX

where the photons are detected in the electromagnetic calo-
rimeter of the detector. The second sample, “Martcak-
cade,” uses the process

efe” =y = ymm— yX7T.

In this case the acceptance and resolution are similar to those

in the Mark 1l measurement. The third data sample, “Mark (b) z=E/E
[l (conversion,” uses J/ ¢ radiative decay events where the N 70
photon converts into as™ e~ pair in the beam pipe or the '% 1
inner flange of the tracking chamber. Measurement of the %
momenta of thee™,e™ in the chamber yields a sample with
reduced statistics but much improved photon energy resolu- 50l ®
tion The photon energy resolutions for these three event
samples are given in Table II.

As well as these inclusive measurements, many exclusive
measurements have been made where a single resonant state
or an exclusive multihadron final state is produced in asso-
ciation with a hard photo[8]. These measurements are sum-
marized in Table 11l where the values pfor each exclusive
channel with a single particle recoiling against the photon are
given. As can be seen from Table (Hee also Fig. 59 of Ref.

[40]) the most striking feature of the photon spectrum near
the end point is the strong exclusive productionoénd »’
mesons: (©) z=E/E

I p—yn,yn'. FIG. 3. Fits, assumingiy=0, to inclusive photon spectra Iy

decays. Mark ll(top left), Mark Il cascade(top right, Mark Il
These two channels alone account for 13% of the tOtal:onversion(botton). Dash-dotted line, LO QCD predictiof83];

branching ratiqBR) for z>0.6 and completely dominate the dashed line, relativistic correctiofRC) included[21]; solid line,
end-point regiorz>0.85. Because of the large contribution RC and Photiadif17] HO QCD correction; fine dotted line, RC and
of these two resonances, it was not possible to obtain acceptramer [14] HO QCD correction; and dotted line, RC, Photiadis,
able fits to thel/y spectra using the function of EQR.9 and Kramer corrections.
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TABLE Ill. Composition of the hadronic final state in tldé radiative decaysd/¢— yC [3].

ChannelC z BRx 10* Relative BR
Resonances
a0 0.998 0.3%0.13 0.009
n 0.969 8.6:0.8 0.2
7' 0.904 43.13.0 1.0
7(1440)— pp 0.784 17.6:4.0 0.39
7(1440)—py 0.784 0.64-0.14 0.015
7(1440)— KK 0.784 9.1-1.8 0.21
7(1440)— pm* 7~ 0.784 3.0:0.5 0.07
7(1760)— pp 0.677 1.3-0.9 0.030
7,(1870)— 7 0.63 6.2:2.4 0.144
7(2225) 0.484 2.90.6 0.067
f,(1270) 0.832 13.81.4 0.32
f,(1285) 0.828 6.£0.9 0.14
f,(1420)> KK 0.790 8.3r15 0.19
f4(1500) 0.765 5.70.8 0.13
f,(1510) =yt~ 0.762 4512 0.10
f5(1525) 0.758 4.7 0.6 0.11
fo(1710) KK 0.695 8.5-1.0 0.20
f,(1950)—K* K* 0.603 7.0:2.2 0.16
f4(2050) 0.561 27.87.0 0.63
f3(2220)— 77 0.486 0.8:0.4 0.019
f,(2220) - KK 0.486 0.8-0.3 0.019
f1(2220)— pﬁ 0.486 0.15-0.08 0.003
Total BR (Resonance 180+ 10 4.17
Exclusive states
ata” w0am0 - 83.0:31.0 1.93
ata at e - 28.0=5.0 0.65
KK 7 m™ - 21.0+6.0 0.49
ks - 61.0+10.0 1.42
pp - 45.0+8.0 1.05
0w - 15.9+3.3 0.37
b - 4.0+1.2 0.093
K* K - 40.0+13.0 0.92
pp - 3.8:1.0 0.09
Total BR (Exclusive 302+ 37 7.0
Total BR (Resonancer+ Exclusive 482+ 38 11.2

even when HO QCD corrections and gluon mass effecting to fit the spectrum without explicitly introducing thg
were included. The procedure adopted was then to fix thand» contributions(i.e., withR,, =0) leads to an unaccept-
ratio I'(J/ y— y7')IT (3] y— y7) to the measured value 5.0 ably low confidence leve(C.L.) of 3x 10 3. However, in-

[3], and perform fits treating the ratio cluding their contributions, good fits are obtained for all
three spectra with consistent valuesRf, . Their weighted
R, =T'(3ly—yn")IT'(Iy—y continuum average is
as a free parameter, which include thé and » contribu- R, = 0.0754+ 0.0070.

tions at the appropriatevalues of 0.904 and 0.969, respec-

tively. Here “y continuum” refers to Eq.(2.8), including

also gluon mass effects and the Photiadis HO QCD correcthe Mark Il and Mark I{cascadg spectra yield consistent
tion. The other two parameters in the fit are an overall norvalues ofmy around 720 MeV, but the Mark (¢onversion
malization constant and the effective gluon mags The  spectrum gives a significantly lower (%8 value of 597
method used to fold in the experimental resolution functionMeV, indicating some systematic difference in the latter mea-
is described in the Appendix. As shown in Table IV, attempt-surement. The weighted average valu&gf corresponds to
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TABLE IV. Results of fits to determine the fractions df
—vyn',yn in J/ radiative decays.

dN/dz

n' fraction 7 fraction mg Xmin CL

Mark 1l (25 DOP
0.0 0.0 0.616:0.015 51.7 X103
0.07455% 0.015 0.726:0.012 175 0.86
Mark Il cascadg25 DOP
0.078'55% 0.016 0.722 5513 183 0.79
Mark Il conversion(22 DOP
0.073 5518 0.015 0.59%20.019  20.0 0.58

BR(J/¢— y+ continuumt 7+ ') = 0.063+ 0.0070,

which may be compared to the summed branching ratio of
all channels reported in Table Il of 0.0482.0038. So it is
estimated that 76% of all/ s radiative decays to light had-
rons are contributed by the resonances and exclusive chan-
nels listed in Table IlI.

The results of fits to the three inclusive photon spectra,
including the exclusiven’ and 7 contributions, estimated
using the weighted average value Rf, obtained above,
without including gluon mass effects, are presented in Table
V and Fig. 3. No acceptable fits are obtained, even after the
inclusion of of both relativistic and HO QCD corrections.
The best confidence levels obtained for the fits to the Mark
II, Mark Il (cascadg and Mark l(conversion spectra are

TABLE V. Results of fits withmy=0 to J/¢ inclusive photon
spectra. LO denotes the lowest order QCD predicfigg. (3.1)].
Rel. Corf' includes relativistic corrections calculated according to
Eqg. (2.8). QCD(P) and QCOK) denote, respectively, the Photiadis
[17] and Kraner [14] HO QCD corrections. QCD(RK) means
that both corrections are applied.

dN/dz

Fitted model Xhin C.L.
Mark Il (27 DOB
LO 666 <1073
Rel. Corf 336 <10 %
Rel. Corf, QCD(P) 279 <1073%0
Rel. Corf, QCD(K) 253 <1073
Rel. Corf, QCD(PxK) 224 <1073
Mark Il cascadg26 DOP
LO 348 <1073
Rel. Corf 183 1.5¢10°2%°
Rel. Corf, QCD(P) 153 5.9<10°%°
Rel. Corf, QCD(K) 136 7.3x10°Y (c)
Rel. Corf, QCD(PxK) 121 3.3x10° 14
Mark Il conversion(24 DOBP
LO 198 <2.5x10°%°
Rel. Corf 80.9 441075
Rel. Corf', QCD(P) 66.3 7.8<10°® FIG. 4. Fits, for the effective gluon mass,, to inclusive pho-
Rel. Corf, QCD(K) 50.8 1.1x10°° ton spectra inl/ decays. Mark ll(top left), Mark Il cascadgtop
Rel. Corf', QCD(PxK) 45.0 5.8<10 3 right), Mark Il conversion(bottom). Fit curves are defined as in

Fig. 3.
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TABLE VI. Results of fits with variablemy to J/¢ inclusive TABLE VII. Results of fits withmg=0 to Y inclusive photon
photon spectra. LW denotes gluon mass corrections calculated aspectra. See Table V for the definitions of the different fits.
cording to the calculations of Liu and Wet4@&9]. Relativistic and

HO QCD corrections are defined as in Table V. Fitted model Xﬁ”n C.L.
Fitted model mg (GeV) X2in C.L. CUSB (11 DOR .
LO 30.2 <15%x10°3
Mark Il (26 DOR Rel. Corf 10.9 0.45
LW 0.734+0.010 24.6 0.54 Rel. Corf, QCD(P) 14.7 0.2
LW, Rel. Corf 0.740°5,0% 22.6 0.66 Rel. Corf, QCD(K) 13.0 0.29
LW, Rel. Corf Rel. Corf, QCD(PxK) 21.3 0.03
QCD(P) 0.7215:539 17.5 0.89 ARGUS (19 DOP
LW, Rel. Corf LO 95.3 3.8 10 *?
QCDI(K) 0.665' 5013 19.9 0.80 Rel. Corf 62.6 1.5¢10°
LW, Rel. Corf Rel. Corf, QCD(P) 44.7 7.5¢10 4
QCD(PxK) 0.653 3918 16.9 0.91 Rel. Corf, QCD(K) 49.8 1.4<10°4
Mark Il cascadg25 DOR Rel. Corf, QCD(PxK) 37.6 6.710°3
LW 0.737° 3313 24.4 0.50 Crystal Ball(14 DOP
LW, Rel. Corf 0.740+0.017 21.9 0.64 LO 51.9 2.9<10°8
LW, Rel. Corf Rel. Corf 31.6 4.6<10°8
QCD(P) 0.719-0.019 18.4 0.82 Rel. Corf', QCD(P) 22.4 0.071
LW, Rel. Corf Rel. Corf, QCD(K) 24.6 0.039
QCD(K) 0.667+0.021 22.7 0.60 Rel. CorP, QCD(PXK) 18.9 0.17
LW, Rel. Corf CLEO2 (22 DOP
QCD(PxK) 0.655+0.021 20.0 0.75 LO 90.7 2.6¢10° 10
Mark Il conversion(23 DOP Rel. Corf 56.9 6.3<10°°
LW 0.623 5513 31.6 0.11 Rel. Corf, QCD(P) 32.1 0.076
LW, Rel. Corf 0.607' 5513 23.9 0.41 Rel. Corf, QCD(K) 48.8 8.5¢10 *
LW, Rel. Corf Rel. Corf, QCD(PxK) 29.5 0.131
QCD(P) 0.598" 3918 19.9 0.65
LW, Rel. Corf
QCDK) 0.537°092 225 0.49 as best estimate yields the result
LW, Rel. Corf'
QCD(PxK) 05267092 20.3 0.62 my=0.721"0005" 6ogs GV (/)

where the first error is statisticdrom the fit to the Mark Il
<10 %, 3.3x10 % and 5.8 10 3, respectively. Although, ~spectrum and the second is systematic, conservatively esti-
as expected from Fig. 1, the shape of the spectrum is drastinated from the full spread of the different fit results to the
cally modified by the relativistic correction, the change inMark Il data given in Table VI. In view of the size of this
shape, though qualitatively in the right direction, is by far notsystematic error in the Mark Il value, and the large observed
enough to explain the observed spectrum shape. As can Isystematic shift irmy obtained with the Mark liconversion
seen in Fig. 8), the estimated effects of HO QCD correc- spectrum, no significant improvement in the knowledge of
tions are even smaller than those of the relativistic correcm, is expected by combining the results of the fits to the
tion. three spectra. The less precise values provided by the Mark

A similar series of fits, but including gluon mass effects, Il (cascadpand Mark I(conversion data should then be con-
is presented in Table VI and Fig. 4. Good fits are obtained irsidered as consistency checks.
all cases, and it can be seen that the inclusion of relativistic It may be noted that the exclusive’ signal is clearly
and HO QCD corrections has only a minor effect on theseen in the Mark [lconversion spectrum shown in Figs(&
fitted values ofmy. For example, in the case of the largestand 4c). The shape of the observed peak is well described in
statistics data sampl@Mark Il), introducing the relativistic ~ Fig. 4(c) by the fit including the relativistic and Photiadis HO
correction increases the fitted value rof, of 734 MeV by ~ QCD corrections, and the experimental resolution function
only 6 MeV. Further applying either the Photiadis or Kier ~ given in Table Il. This agreement gives an important cross-
HO QCD corrections gives further shifts ef19 MeV or check on the method used hésee the Appendjxto fold in
—75 MeV, respectively, in the fittedhy value. In fact be- the experimental resolution effects.
cause of the relatively large value afy; as compared to In order to study the relative importance of phase-space
My, itis to be expected, as mentioned previously, that HOeffects and longitudinal gluon contributions in the gluon
QCD corrections will be much reduced by phase-space anthass fits, the fit to the Mark Il data, including both the rela-
propagator suppression effects. Choosing then the fit wititivistic and the Photiadis HO QCD corrections, is repeated
relativistic and the smallegPhotiadi3 HO QCD correction  settingmg=0 in the functionfy(z,x,,mg) of Eq. (4.7), thus
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FIG. 5. Fits, assumingly=0, to inclusive photon spectra it decays: CUSBtop left), ARGUS (top right, Crystal Ball(bottom lef},
CLEOZ2 (bottom righ}. Fit curves are defined as in Fig. 3.

removing the longitudinal contributions. A very good fit is relativistically corrected spectrum E@.8), possibly also in-

still obtained (confidence level 0.94 with myg=0.682 cluding HO QCD corrections as discussed in Sec. Ill and
+0.010-0.013 GeV. This is only 5.4% lower than the gluon mass effects as described in Sec. IV. Experimental
value my=0.721+0.010-0.009 GeV obtained including resolution effects are included in the same way as for the fits
the longitudinal contributions. Thus the gluon mass correcto theJ/ys decays described above. The photon energy reso-

tion is dominated by phase-space effects. lutions of the different experiments are given in Table II.
Results of fits assuming a vanishing effective gluon mass are
VI. THE DECAY Y — yX presented in Table VIl and Fig. 5, while fits tay and an

overall normalization constant yield the results shown in
Five different experiments have measured the inclusiveTable VIII and Fig. 6.
photon spectrum inY decays: CUSB[41], CLEO [42], As can be seen in Figs. 5 and 6, the CUSB spectrum
ARGUS [43], Crystal Ball [44], and CLEO2[45]. The differs markedly in shape from those of the later ARGUS,
CLEO measurement, which, like Crystal Ball, ARGUS, andCrystal Ball, and CLEO2 experiments. The suppression of
CLEO2, but unlike CUSB, is in good agreement with thethe end-point region, relative to the LO QCD predictitine
Field prediction, is not analyzed in the present paper as ndash-dotted curvgsis much reduced. The results of the fits
efficiency corrected spectrum was provided. to the CUSB data should be treated with caution as, unlike
Unlike for the case of thd/, no positive evidence has the other experiments, the published errors on the photon
been found for the exclusive production of single resonancespectrum are purely statistical. A relatively large systematic
in the radiative decays of the [3]. The efficiency corrected error is expectedas found in the other experimenfsom the
inclusive photon spectra measured by CUSB, ARGUS, Crys«? y separation procedure, especially at lower valuez of
tal Ball, and CLEO2 have therefore been directly fitted to the  Considering first the fits witmg=0 in Table VII, it can
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TABLE VIII. Results of fits with variablemy to Y inclusive  given by including both the Photiadis and Krar HO QCD

photon spectra. The descriptions of the different fitted models argorrections. The combined fit gives, howeve(,z/DOF

the same as in Table VI. =86/66 (C.L=4.7x103%). Thus no consistent overall de-

scription of the data is found fan,=0.

Fitted model m, (GeV) Xhin C.L. When the effective gluon massy is included as a fit
CUSB (10 DOF parameter it can be se€fable \{III) that fits with confidence '
LW 0.66+0.08 52 0.88 levels>1% are found for all fit hypotheses and all experi-
LW, Rel. Corf 0.64+0.09 6.1 0.81 mental spectrq. Howeyer, the ARGUS_, Crystal Ball, and
LW, Rel. Corf CLEO2 data give consistent values mof; in the range 0.9—
QCDP) 054+ 0.12 131 022 1.4 GeV, vyhereag significantly lower values 0.15—0.66 Gey
LW Rel. Corf are found in the fits to the CUSB spectrum. Because o_f this
QC‘ DIK) 0.16017 126 0.25 dlscrepancy and the neglect (@otentially large systematic
Y016 : ' errors in the latter experiment, only the results from the three
LW, Rel. Corf 018 most recent experiments are used to obtain the average value
QCD(PxK) 0.15%513 210 0.021 of my quoted below. For these experiments the best overall
ARGUS (18 DOR fit is given (as in the casany=0) by including both the
LW 1.39739%8 27.3 0.074 relativistic and the Photiadis HO QCD correction. This
LW, Rel. Corf’ 1.39+0.10 28.8 0.051 yields, for the weighted average value of the effective gluon
LW, Rel. Corf mass
0.11
SV(\;’,DQZ)L Corf L2701 233 018 my=1.18+0.06 GeV,
QCD(K) 1.19'975 34.4 0.011 where the error quoted is derived from fit errors of the dif-
LW, Rel. Corf' ferent experiments. Performing a fit to the ARGUS, Crystal
QCD(PXK) 1.06'973 28.8 0.05 Ball, and CLEO2 spectra, with, fixed at the above value,
Crystal Ball (13 DOP and varying only the normalization constants of the fitted
LW 1.21°9% 215 0.064 curves gives a good overall fit with’/DOF=59.0/55
LW, Rel. Corf 1.21°910 222 0.052 (C.L.=0.33). Making the same type of fit but including
LW, Rel. Corf CUSB data leads ty?/DOF=121.0/66 (C.L=4.3x10"°).
QCD(P) 1147012 18.0 0.16 The published CUSB data are therefore clearly inconsistent
LW, Rel. Corf with the value ofmy favored by ARGUS, Crystal Ball, and
QCD(K) 0.901019 235 0.036 CLEO2. This apparent inconsistency of the CUSB measure-
LW. Rel. Corf ment, is, however, very sensitive to the error assignement of
QC’D(PX K) No 2, o N the data. Increasing the quotgalrely statlstlca)l.errors by a _
min constant factor of 1.5 to account for systematic effects modi-
CLEO2 (21 DOR fies the last fit result quoted above j#/DOF=289.0/66
Lw 1.27 + 0.07 295 0.103 (C.L.=0.031). The CUSB measurement is now marginally
LW, Rel. Corf' 125067 30.4 0.08 consistent with the average of the three other experiments.
LW, Rel. Corf’ The theoretical systematic error am, is estimated in the
QCD(P) 1.1575:58 16.9 0.72 same way as fod/y decays. This gives
LW, Rel. Corf 0.07
QCD(K) 1.03'9% 34.5 0.032 my=1.18+0.06"g55 GeV  (Y),
LW, Rel. Corf ol where the first error is experimental and the second is a con-
QCD(PxK) 0.90013 22.5 0.37 servatively estimated theoretical error that includes the full

range of relativistic and HO QCD corrections in the fits to
the CLEO2 data in Table VIII.

be seen that the LO spectrum is ruled out, individually, by all  To investigate the importance of the effects of longitudi-
four experiments. Inclusion of the relativistic correction with nal gluon polarization states for the case of Miea fit is
(v2)=0.09 gives a good description of the CUSB data but isnade to the CLEO2 data including relativistic and the Pho-
ruled out with a confidence level of less than 0.5% by eactiadis HO QCD corrections, witing=0 in the functionf, of
of the other experiments. The best overall description i€q. (4.7). The fit givesmy=1.10+0.08-0.09 GeV with
given by combining the relativistic and Photiadis HO QCD y?/DOF=13.1/21 (C.L=0.91) to be compared withmy,
corrections. Low, but acceptable, confidence levels of 0.2=1.15+0.08-0.09 GeV  with x?/DOF=16.9/21(C.L.
0.071, and 0.076 are found for the fits to CUSB, Crystal Ball,=0.70) when longitudinal gluon contributions are included
and CLEO2 data, respectively. Only the ARGUS spectrumin f,. As in the case of thé/, longitudinal gluon states
(C.L.=7.5x10"% s inconsistent with this hypothesis. give only a small effect; they increase the fitted valuengf
However, combining the fits to all four experiments givesby only 4.5%.
x*/DOF=114/66 (C.L=2.3x10%). Finally in this section we make a few remarks on the
For ARGUS, Crystal Ball, and CLEOZ2 the best fits are CLEO measuremenf42], which is not included in the
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FIG. 6. Fits, for the effective gluon mass;, to inclusive photon spectra i decays: CUSRtop left), ARGUS (top right, Crystal Ball
(bottom lefy), CLEO2 (bottom righ}. Fit curves are defined as in Fig. 3.

present analysis. Relativistic corrections were not taken intonodel is slightly favored, all the fits have acceptable confi-
account in the theoretical predictions, which were suitablydence levels and no distinction between the different theoret-
modified to account for detector acceptance and resolutioital models is possible from this measurement.

effects before comparison with tliencorrecteglexperimen-

tal data. Fitting the LO QCD, Photiadis, and Field spectra to
the data yields? of 14.2, 10.0, and 8.1, respectively, for 11
degrees of freedorf¥2]. The corresponding respective con-  The strong coupling constani(mg) may be determined
fidence levels are 0.22, 0.46, and 0.70. Although the Fieldrom the experimental measurements of the branching ratio:

VIl. DETERMINATIONS OF ag(Mg)

TABLE IX. Experimental branching ratios used to determingm).

Branching ratio Experimental value Reference
I'(J/y—hadrons)I'y;,, 0.632+0.022 [3]

I'(J/¢y— y+hadrons)I'y;, 0.0624+0.0067 This paper
RYy, 10.13+1.14 Ratio of above
Ry 33.33+2.44 ARGUS[43]

Ry 37.04:6.17 Crystal Ball[44]
Ry 36.36+2.11 CLEO2[45]

Ry 35.46+1.51 Weighted average

013013-13



J. H. FIELD PHYSICAL REVIEW D 66, 013013 (2002

o~ 1
b
0.75 |
05
a
0.25 |- )
0.1}
0 | | |
0 L L 0 0.25 0.5 0.75 1
1 2 3 4 5 6 7
Z X,
Q GeV
[ 1
FIG. 7. ag(m;) andag(m,) values obtained from measurements x :
of R}, andRy compared to the world average valigashed curve %
with = 10 limits indicated by the solid curvesrom Ref.[3]. The i
crosses with error bars show values obtained assumjg0 and 0.75 [ LR
ul/mg=1.0. The effect of varying the renormalization scale in the )
range 0.6<u/mg<2.0 is indicated by the vertical boxes. The

square points with error bars are obtained by applying full gluon
mass corrections withmy=0.721 GeV for theJ/ and mg 05|
=1.18 GeV for theY with u/mg=1.0. NLO QCD corrections are
applied in all cases.

b)
0.25 |- .
R/ — I'(V—hadron$ _
V™ T'(V— y+ hadrons (.9
0 PR ST RS T S RRY ‘\*
o 0.25 05 0.75 1
where V denotes a vector heavy quarkonium ground state Z X,

(31 orY). Use ofR), has the advantage, as compared with
other branching ratios sensitive tog [for example, Ry
=TI (V—hadrons)I'(V—17"17)] that relativistic corrections
cancel in the apprOX|mat|or3 used in the pr:a_sent Paper. (b). For vanishing effective gluon mass, the full areas above the
In Eq. (7.2 the process V— y+ hadrons is upderstood dotted lines are kinematically allowed.
to be the heavy quark annihilation process into light hadrons,
for which the lowest order QCD process\is— ygg. Thus  direct(strong interactionprocess for which the lowest order
the nonannihilation procesé— yzq, Wheresq is the low- ~ QCD process i8/—ggg. The contribution of the radiative
est lying pseudoscalar heavy quarkonium ground state, is n@rocessV— y*— qq— hadrons(branching ratio 17% for the
included. Similarly, v— hadrons” is understood to be the J/¢) is, therefore, not included.

FIG. 8. Allowed regions of the Dalitz plots foY — ygg (open
area$ andV—ggg (cross-hatched areasorresponding to the ef-
fective gluon mass values 0.721 Ge¥ ¢) (a) and 1.18 GeV Y)

TABLE X. a4(mg) values obtained neglecting gluon mass corrections for different choices of the renor-
malization scalew. A(PDG) is the difference from the Particle Data Gro@DG) [3] average values:
ag(mMg) =0.357"5513 (M) =0.217"3393. “Deviation” is A(PDG) divided by its error.

ulmg 0.6 1.0 2.0
ag(mg) 0.178+0.011 0.184:0.015 0.2130.023
A(PDG) —0.1790.022 —0.173:0.024 —0.144+0.03
Deviation(o) -8.1 -7.2 —4.8
as(mp) 0.169+0.005 0.169-0.006 0.186:0.008
A(PDG) —0.048-0.008 —0.048£0.009 —0.031+0.01
Deviation(o) -6.0 -53 -3.0
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FIG. 9. The effect of gluon mass correctionsmy(
=0.721 GeV) on the differential decay radé'/dzdx [Eq. (4.1)]
for J/4— ygg decays.(a) Phase-space effects onlflg) inclusion

also of longitudinal gluon polarization states.

The experimental branching ratios used here to extract
ag(mg) are summarized in Table IX. For tiiéys the branch-
ing ratio I'(J/¢)— y+hadrons)I'y,,,, wherel'y, denotes
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FIG. 10. The effect of gluon mass correctionsmg(

=0.721 GeV) on the differential decay rat&'/dx,;dx, [Eq. (7.6)]
for J/4s—ggg decays.(a) Phase-space effects onlfh) inclusion
also of longitudinal gluon polarization states.

vy’ fractions [3]. The branching fraction I"(J/
—hadrons)I';,, is derived from the total hadronic width of

the total width of theJ/4, is obtained from the fits to the theJ/¢ given in Ref.[3] by subtracting the contributiof8]
branching ratioR,, presented in Table IV. The measured of the processl/¢— y*—qg— hadrons.

exclusive branching ratio intg»' [3] is used to derive, from
R, , the branching fraction for the y continuum” (see

n

Sec. V abovg The measured exclusiven and y#n' frac-
tions are then added to they“ continuum” fraction to give

weighted average value &, and the experimentat» and

In the case of th&" measurements, the branching ratio
Ry was directly measured by CUSB, CLEO, ARGUS, Crys-
tal Ball, and CLEO2. The values & obtained by the last
three of these experiments are reported in Table IX. In all
the full branching fraction intoy+ hadrons quoted in Table cases the extrapolation of the measured photon spectrum to
IX. The errors on this quantity are derived from that on thez=0 was done using the Field theoretical spectrum. As will
be shown below, the shape of this spectrum is in good agree-
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ment with the fit curves obtained in the present paper, whiclwvhere the number of active quark flavors,, is taken to be
take into account relativistic corrections and explicit gluon3 for theJ/ ¢ and 4 for theY. The values of the heavy quark
mass effects at the Born level. This shape is little affected bynasses are assumed to be.=1.5 GeV and m,
including HO QCD corrections according to REE7] and/or  =4.9 GeV. The parameter is an arbitary renormalization
Ref.[14]. To extractag(my), the weighted averag@lso re-  scale, andfyq4,f,qq are correction factors taking into ac-
ported in Table IX of the Ry measurements of ARGUS, count gluon mass effects. As previously pointed out, relativ-
Crystal Ball, and CLEO?2 is used. istic corrections cancel in the ratR,. For any given value

Consistent results foR). were found by CUSB, 33.4 of the renormalization scale, Egs.(7.2) or (7.3) are solved
+6.6, and CLEO(using the Field spectrum 39.4-3.6.  for ag(u). The corresponding value af,(mg) is then found
Since, however, the shape of the inclusive photon spectrurny use of the one-loop QCD evolution formula:
measured by CUSB is inconsistent with those measured by
the other four experiments, and the analysis of the CLEO 1 1 Bo. M
photon spectrum could not be performed, these two measure- — = —5=In—. (7.4

- : as(Mg)  as(p) 2w mq

ments are omitted from thRy average used here to deter-
mine ag(mMy). Thus, theag analysis is performed using only

) / : o Settingfyq4="F,q4=1 (i.€., neglecting gluon mass correc-
data from experiments for which a consistent determ|nat|or,Ei0nS) and choosing the valuBs:/mo=0.6, 1.0, and 2.0

of the effective gluon mass was possible. Including also the. :

CUSB and CLEO measurements in the weighted average felds the values odr(m) a_ndas(mb) reported |n'TabIe X.
;. . . can be seen that there is poor agreement with the world

Ry gives the value 35.941.36, which differs by only 0.35 average valueg];

from the weighted average of ARGUS, Crystal Ball, and '

CLEO2 quoted in the last row of Table IX. B 0.013
Taking into account NLO QCD radiative correctios] as(1.5 GeVY=0.357 g 015,
Fa\rzr\T/]vetz:]l(;1];50rg|nlquuc?gsmass correctiong,(mg) may be derived ay(4.9 Ge\/)=0.217f8j88‘7‘.
as(p) (3 M These are calculated using E§.5) of Ref.[47] and corre-
Sag(u) f [1 (550'”5—3-74” spond to four active quark flavors. Matching to the five-
s 999 c

, flavor region whereA (®=219"33 MeV [corresponding to
14 as(p) (Igomﬁ_ 6.68” the world average value,(Mz) =0.118+0.003 is done us-
™ me ing Eq.(9.7) of Ref.[47] at a matching scale of 4.3 GeV. For
(7.2 poth theJ/y and theY the best agreement is found for
ulmg=2.0, but the respective deviations are still ¢.8nd
[1+ QS(M)<§,3 Ini—4-90” 3.00. Figure 7 shows a comparison of the(m,) and
27 m, ag(mp) values quoted in Table X for/mg=1.0 with the

RJ/(//: 16« ng

;L Sag(u) fggg
Y7 4a fg

o Y99 [1+ as(pm)

ar

P present world average value af(Q) [3].
(ﬂo'na—7.45” The gluon mass correction factors are calculated by inte-
b (7.3 grating the differential distributions of gluon and photon en-
ergies of the decay processés- ygg or V—ggg over the

Here B, is the one-loop QCD beta function coefficient kinematically allowed regions of their respective Dalitz
plots. ForV— ygg it is convenient to use the photon spec-
B 2ng trum given by integrating Eq4.1) over the gluon energies
Bo=11— — .
3 [39]:
1dr 1 XX In(Xy /x_)

— = + 8(2n—1)%(2—4n+77%)+8(2n—1)(5—12n+ 102+ 25%)z+2(2
Todz 2_9| 2 22(_2+47]+Z)3[ (2n=1)%(2=4n+77")+8(2n—1)( n+107°+27°)z+2(27

(Ix_—1/xy)

—1)(— 17+ 109+ 679%)?+2(-5+ 29+ 29 28]+ ———
22(—2+479+2)?

[4(27—1)*(1+37%°) +4(27n—1)(3
—4n+27°+29%) 2+ 2(7— 189+ 109°+ 109°) 22+ 4(2+ ) (29— 1) 23+ (2+ ) Z*] |, (7.5

where

Equations(7.2) and(7.3) have no real solution fowg() when u/mg=0.5.
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[, 4
=1

For the decay¥y—ggg a two-dimensional integration is performed over the distribuf@ei:

1 dr 1 1

51
1— —=

15

T dxgdxodxs

(m2=9) (x1)*(x2)%(x3)?

16
_ _ 2 _ T 2
3 1(1=37) 477)

8

+((X))2+ (x5)2+ (x5)%) (1— 147+ 4872+ 257°)

—2[(x)%+ (xp)%+ (Xé)s](

LX) (xp)*+ (x3)*]

The allowed phase-space region is

2=X1t Xt Xz, (7.7
2Jnp=x;<1-37, (7.9
xPN<x, <xJ? (7.9
xma":l—ﬁ[l—D(x )] (7.10

2 2 1177 3 .
min_ _ﬁ
X2 =1 2[1+D(X117])]1 (71])
47 4n
D(xy,m)= \/(1_)(_%)(1—%). (7.12

The allowed regions of the Dalitz plots fd/¢— ygg
decays(open contour and J/¢»—ggg (cross-hatched con-
tour) for my=0.721 GeV are shown in Fig.(&. Similar
contours for the correspondingY’ decays and mj
=1.18 GeV are shown in Fig.(B). The phase-space sup-

17
1—-——

_n, 2
377377)

142

> |- (7.6)

contributions is a strong suppression of the decay rate for
J/y— ygg in the regionz=0.0, x,=0.0. As the experimen-
tal data analyzed here hare=0.3, this has no practical con-
sequences for the present work. Indeed, in the region of
smallz, the dominant mechanism of direct photon production
is expected to be the fragmentation of light hadrons into
photong 38,48, which is not taken into account in the NLO
QCD calculation of Ref[14]. As can be seen in Figs(l9
and 1@b) the other effect of the longitudinal contributions is
a modest suppression of the decay rate, near the center of the
allowed region of the Dalitz plot, relative to the boundaries.
The gluon mass correction factors given by integrating Eq.
(7.5 over z or Eq. (7.6) over x; and x,, are presented in
Table XI. The rows labeled “LW” use the complete formu-
las, and those labeled “Phase space” haye 0 except in
the equations defining the kinematic limits. It can be seen
that longitudinal gluon effects are negligible in the correction
factors forV—ggg decays for both thé/« and theY . For
V— ygg decays these effects incredsg, by 30% and 8%,
respectively, for the/ ¢ and theY . The errors quoted on the
correction factors are derived from the total errors rog
given in Secs. V and VI above.

The values ofxg(m;) andag(my) derived from Eqs(7.2)

pression factors due to gluon mass effects are the ratios &"d (7.3), taking into account gluon mass effects according
the areas inside the contours to the area above the dottd@ the values ofq4/f 44 given in Table XI, are presented in
line, corresponding teng=0. It is seen that the phase-spaceTab|e Xll (phase space corrections ongnd Table Xl (full

suppression is considerable far and very large ford/
decays.

The effect of the inclusion of longitudinal polarization
states for the gluons is illustrated in Figs. 9 and 10, whic
show decay rates as a function of photon and gluon energi
as given by Eq.(4.1) (J/¢y—ygg) and Eq.(7.6) (I
—ggg), respectively, fomy,=0.721 GeV. In Figs. &) and

10(a) the longitudinal gluon contributions are suppressed by

settingn=0 except in the equations defining the Dalitz plot

boundary, i.e., only the phase-space limitations due to the

nonvanishing value ofny are taken into account. In Figs.
9(b) and 1@b) the complete formulagt.1) and(7.6), respec-

tively, are used. The most dramatic effect of the longitudinal

TABLE XI. Gluon mass correction factors. “Phase space” indi-
cates that gluon mass effects are taken into account only in the
inematic limits. “LW” means that the complete calculation of Ref.
gg] is used. The errors quoted are derived from the total uncertain-
ies in the fitted values af,. Note thatf 4 ="fqq4=1 for mg=0.

f f fagq! T

799 999 agg’ g9
I Phase space 0.40°39]  0.18"3%  0.45 943
LW 05258 01853 035959
Y Phase space 0.74'g¢;  0.61°03¢  0.83 5%
LW 0.80°5%8 06158 077 5%
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TABLE XIl. ag¢(mg) values obtained including phase-space gluon mass corrections for different choices
of the renormalization scalg. See Table X for the definitions af(PDG) and “Deviation.” The quoted
errors include the effect of the uncertainties in the gluon mass correction factors.

mlmg 0.6 1.0 2.0 NoO(ag) correction
ag(me) 0.221°5,068 0.2985047 0.467°5715 05257513
A(PDG) —0.136+0.027 —0.059+0.025 0.11@0.120 0.1680.133
Deviation (o) -5.0 —-24 0.9 1.3

ag(my) 0.189°5,615 0193507 02217353 0.248 5655
A(PDG) —0.028+0.009 —0.024+0.011 0.004-0.016 0.032-0.025
Deviation (o) -3.1 —-2.2 0.25 1.2

gluon mass correctionsin each case the values fpi'mg the individual measurements and on the average value of the
=0.6, 1.0 and 2.0 are presented as well as those given bgther measurements with which they were compared. It does
neglecting theéd () corrections in Eqs(7.2) and(7.3). For ~ not at all contradict the results shown in Table X, which
all choices of renormalization scale, the agreement with th&how instead a poor consistency of values derived from the
world average values is improved as compared to the valuageighted average value & of the three latest experiments
presented in Table X, where gluon mass effects are newith the current world average value @f. The experiments
glected. The best agreemefdt the (0.3—-1.5) level] is CUSB, ARGUS, Crystal Ball, and CLEO all used the
found for u/mg=2.0, though almost equally consistent re- Brodsky-Lepage-Mackenzi€BLM) scale setting procedure
sults [deviations of (1.2—1.%] are found when th©(as)  [49] to determineas at a scale of 0.15Wy, i.e., 1.5 GeV.
corrections are neglected. The inclusion of longitudinalThese results, together with their weighted mean, are pre-
gluon effects, in the latter case, increases the valug@h,)  sented in Table XIV. The mean value ef(1.5 GeV) of

by 30% andag(m,) by 9%. These shifts are comparable to 0.228+ 0.019 differs from the current world average value of
the uncertainties o due to the experimental errors &),  0.357+0.013-0.019 by 4.8 standard deviations, and is con-
and the gluon mass correction factors. Similar shifts aresistent with the results forg(mp) given in Table X. The
found for u/mg=2.0 and somewhat smaller ones fofmg CLEO2 experiment used the principle of minimal sensitivity
=1.0. The values ofrg(m) andas(m) given by using the (PMS) [50] to determine

full gluon mass correction witf/mg=1.0 are compared, in
Fig. 7, with the world average value af(u), and the values
obtained for the same renormalization scale, but without

gluon mass corrections. where the first error is statistical, the second s i
; . , ystematic, and
Comparison of Tables Xll and XIll with Table X and the third due to the estimated uncertainty of the PMS scale

inspection of Fig. 7 Sh.OW that '_[he_ inclusion of e_ffectlve setting procedure. Evolving to the scafg=4.9 GeV using
gluon mass corrections is essential in order to obtain vaIueEq (7.4) gives

of ag(m) and ag(m,), derived from measurements Bf,,
that are consistent with the current world average determina-
tion of as(Q). _ as(My) =0.190' G536,

Each of the published experiments extracted a valuesof
from the measured values 8% . In all cases, good consis- This differs from the current world average value cited above
tency was found with other available measurementaof by only 1.3r, but also agrees within (0.19-1d )with the
This is due to the relatively large errors, at the time, both orvalues quoted in Table X. The latter, however, differ from the

ag(My)=0.163+0.002+0.009+0.010

TABLE XIII. a4(mg) values obtained, including full gluon mass corrections from R34, for different
choices of the renormalization scgle See Table X for the definitions af(PDG) and “Deviation.” The
quoted errors include the effect of the uncertainties in the gluon mass correction factors.

mlmg 0.6 1.0 2.0 NoO(«ag) correction
ag(me) 0.224°5'05 0.332' 0043 0.617 697 0.681" (g7
A(PDG) —0.133:0.019 —0.025-0.024 0.26@:0.178 0.324-0.187
Deviation (o) -7.0 -1.0 15 1.7

ars(m) 0.197 5018 0.205°5:65 0.239°5035 0.2715540
A(PDG) —0.020+0.009 —0.012+0.012 0.022-0.033 0.054-0.040
Deviation (o) —-2.2 -1.0 0.67 14
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TABLE XIV. Published values ofas at the BLM scale deter- but to predict a much harder spectrum than the fit curve for
mined fromY radiative decays. For CLEO, the measured spectrunthe J/4. In fact, the Field model, where the gluon mass is
is extrapolated using the Field prediction. The first error quoted inpertyrbatively generated using a low cutoff value of 0.45
each case is statistical, the second systematic. GeV, predicts that the spectra are very similar in shape for
the J/¢ and theY . This is clearly not the case.

Experiment as(mpim) =as(15 Gev) The very different shapes of the spectra for fii¢y and
CUSB 0.226'55%7 theY can only be understood if the scale introduced into the
ARGUS 0.225-0.011+0.019 kinematics of the process by the effective gluon mass is not
Crystal Balll 0.25-0.02+0.04 small in comparison with the mass of thg/. This condition
CLEO 0.27" 3934003 is very well satisfied, since the rest mass of the two effective
Weighted mean 0.2280.016+0.011 gluons of 2x0.721=1.44 GeV is 47% of thd/{ mass. As

previously discussed in CF1 and CF2, the stronger suppres-
sion of the end point iR/ decays can be understood as a
propagator effect acting on off-shell gluons if the genuine
gluon mass is=1.0-1.5 GeV, i.e., larger than the fitted
world average by (3.0-6.0) The results of the present value ofmgy for the J/¢, and similar to that found for th¥.

analysis and the combined average of those already pUlEforroborative evidence for this picture is provided by the

lished in the literature are thus in agreer_nent, and hecﬂ .structure of the hadronic final state. The dominance, for mas-
more below the world average. No consistent description is

obtained unless the effective gluon mass effects are taket|V€ 9luons, of the procegpg—qq over gluon splitinggg
into account. —0090,99909aqqq leads to a similar hadronic final state
in radiative J/¢ decays to that in the annihilation process

VIIl. DISCUSSION e"e”—qq at the same energyi3,16], consistent with the
experimental observations.

The inclusive photon spectrum fal/ys decays(dashed The huge difference observed in the shape ofitheand
curve and Y decays(solid curve obtained from the fits vy gnectra’in Fig. 11 is clearly at variance with the principle

performed here to all available experimental data are showgs |5c4] parton hadron dualityLPHD) where parton level

in Fig. 11. In both cases, the relativistic corrections and thEPQCD calculations are uséds in the Field modeldown to
Photiadis HO QCD correction are included. The values 0.72% 4les of a few hundred Mel52]. Indeed, in Monte Carlo
GeV and 1.18 GeV ofn, found in Secs. V and VI above, are ,qqe|s that give a good detailed description of hadronization
used for thel/¢s and Y, respectively. It is clearly seen that etfacs[53,54 the cutoff scale of perturbative QCD effects is
the end-point suppression is much more severe fodtle  , the range 1-2 GeV, comparable to the effective gluon

than theY. Also shown in Fig. 11 is the Field spectrum, 055 inY decays, and much larger than,cp. This point
which has been found to describe well all the measurementsii be further discussed below.

of the photon spectrum if — yX except that of CUSB. It is Some remarks are now made on the related work pre-
seen to be in good qualitative agreement withYht curve,  gented in CF1 and CF2. In this case fits were performed only
to the Mark Il data for thel/ s, and to those of ARGUS and
-~ Crystal Ball for theY . In the fit to thed/ «, only phase-space
I ; \ gluon mass corrections were included, with no HO QCD or
- / \ relativistic corrections. Thé&' fits used phase-space gluon
dr 2 I mass corrections and the Photiadis HO QCD correction, but
r'dz [ / ‘ no relativistic correction. The values obtained fioy, of
0.66+0.01 GeV! and 1.17-0.08 GeV, respectively, are
similar to those 0.7210.016-0.068 GeV, 1.180.09
—0.29 GeV, found in the present paper. The larger errors
quoted here result from a study of theoretical systematics
(relativistic corrections, different HO QCD correctionsot
done in CF1 and CF2. Because of a programming error, the
resolution functions used in these papers had a width that
was too large by a factoy2. This had the effect of destroy-
ing the sensitivity of the higlz part of theJ/ spectrum to
the processl/ ¢y— y7n'. A fit with an acceptable confidence
ollri vl level was then obtained without explictly taking into account
0 0.2 04 06 08 ! this decay channel as described in Sec. V above. An impor-
z tant difference between the present work and CF2 is an im-
FIG. 11. Inclusive photon spectra including gluon mass effects.
Dashed curveJ/¢— yX, my=0.721 GeV, solid curveY — yX,
my=1.18 GeV. The dot-dashed curve shows the i8] predic- "There is a misprint in CF1, propagated also to CF2, where this
tion for Y — yX. error is wrongly quoted as 0.08.

2.5

T
~
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TABLE XV. Estimates of the value of the gluon mass from the literature. For Donnachie and Landshoff, the inverse of the correlation
lengtha is quoted.

Author Reference Estimation method Gluon mass
Parisi and Petronzio [12] Il f— yX 800 MeV
Cornwall [8] Various 500-200 MeV
Donnachie and Landshoff [59] Pomeron parameters 687-985 MeV
Hancock and Ross [61] Pomeron slope 800 MeV
Nikolaev et al. [62] Pomeron parameters 750 MeV
Spiridonov and Chetyrkin [63] e, (TrG2,) 750 MeV
Lavelle [64] qg—qgq, (TrG2,) 640 MeV?/Q(MeV)
Kogan and Kovner [67] QCD vacuum energy,Tr wa> 1.46 GeV
Field [68] PQCD at low scalegvarious 1.5'33 GeV
Liu and Wetzel [39] e, (TrG2,) 570 MeV
Glueball current{Tr G2, 470 MeV
Ynduran [66] QCD potential 101%-20 MeV
Leinweberet al. [69] Lattice gauge 1.020.10 GeV
Field This paper I h— yX 0.721° 338 Gev
Y — yX 1.18"39% Gev

proved understanding of the effect of relativistic corrections.associated with a gluon mass sfl GeV is taken into ac-
As is clear from the discussion at the beginning of Sec. licount. In view of the small correction to the shape of the
above, the “binding energyE(p) —mq introduced by KM gpectrum due even to the full color singlet NLO correction
must be a positive definite quantity. The same conclusion cam 4] as compared to that resulting from gluon mass effects
be reached from simple physical reasoning. In the presencgee Figs. 3—6 the neglect of possible color octet contribu-
of the relativistic correction the heavy quark-antiquark anni-ions is not expected to modify, in any essential way, the
hilation process occurs over a finite spatial region around the . .| isions of this paper. In fact, according to H&B] the

origin of the radial wave function, instead of at the origin aS.0lor octet contributions are expected to strongly enhance

in the _stgtic Iimit_. As_the groun_d state wave function peaks a¥he rate in the end-point region, whereas what is observed is
the origin, relativistic corrections must always reduce the '

decay rate, not increase it. In CF2, following the NRQCDaCtua"y a strong suppression._ Indeed, both color octet _and
[18] approach, the corresponding parametems taken to be _color singlet NLO QCD corrections should be redon(_a, fcaklng
free, to be determined from experiment, and was allowed td't0 account gluon mass effects. Phase-space restrictions are
take positive or negative values. In the present paper th€XPected, in this case, to significantly reduce the NLO cor-
relativistic correction parametép?) is set to the fixed val- rections to both color singlet and color octet contributions,
ues 0.28 and 0.09, respectively, for thy and Y on the  €Specially ford/y decays. _ _
basis of potential model calculations. Finally, the NLO QCD  The values of the effective gluon mass determined, in the
correction to the inclusive photon spectrUmd] was not present paper, from radiativé¢s and Y decays are now
available when CF2 was written. compared with the results of other studies in the literature of
The analysis presented in this paper has neglected pogtuon mass effects. A number of representative estimates of
sible color octet contributions to the radiative decay ratesthe gluon mass are presented in Table XV. In the following
These have been calculated fiir decays at NLO in the the generic symboM g will be used for the genuine gluon
NRQCD formalism by Maltoni and Petrel[65]. In the re- mass, reserving the symboi, for the “effective mass” in
gion of interest for the fits performed in the present paperthe sense described in Sec. IV above, determined at tree level
z>0.3, the corrections to the LO spectrum were found to ben the radiative decays of heavy gquarkonia to light hadrons.
modest,=10-15%. In a more recent stud$6] in which Pioneering work in this field was done by PP2]. An
octet operators were resummed to yield the so-called shamgstimate of=800 MeV for the gluon mass was made from
functions[57] a much larger contribution was predicted in the observed softening of the end point of the inclusive pho-
the near end-point region. However, comparison with theon spectrum in radiativé/ ¢ decays. The work presented in
CLEO2 data showed that the color octet contribution, withthis paper is, in essence, a more refined version of the analy-
normalization fixed by the velocity counting rules of sis of PP, taking into account experimental resolution effects,
NRQCD, exceeds the experimental data by between one arahd includingY decays as well as the best current knowl-
two orders of magnitude. It may also be remarked that thedge on relativistic and HO QCD corrections.
result of the shape function calculation, in which clusters of The first extended theoretical discussion of gluon mass
“nonperturbative” soft gluons are summed, is expected to beeffects within QCD was made by CornwdB]. Estimates
drastically affectedreduced if the phase-space suppressionwere made of the possible value of a dynamically generated
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gluon mass by several different methods: phenomenological The gluon mass estimates presented in Table XV are, with
glueball regularization, considerations based on the gluoone exception, in the range from a few hundred MeV to
condensate, the glueball spectrum, and lattice gauge calculabout 1.5 GeV. The exception is the paper of Yniuf&6]
tions. In fact, many of the gluon mass estimates shown imwhich claims that experimental upper bounds in the range
Table XV are based on the use of the gluon condensate from 20 MeV to 10 ° MeV may be set. These limits are
based on considerations of the quantum mechanical potential
between a quark and an antiquark. This is assumed to be
X2 Coulombic for short distances [r<(AQCD)‘1] where
(TrG2,)=(0]asT[G,,(x)G**(0)]|0)=M¢f| — Agcp is the QCD scale parameter, linedr=Kr K
a ey =5 GeV] for (Agep) *<r<mg, and, finally, forr
' >m§1, to exhibit a Yukawa form=e'™¢/r. The linear por-
_ _ ) ) tion of the potential gives rise to a barrier of heidht,;,
introduced by Shiftman, Vainstein, and Zakhar(sV2) ~Km='. Yndurdn argues thak.,;; may be identified with

[58]. HereG,, is the gluon field tensor. The gluon mass is he highest energy at which unsuccessful searches for liber-
related to the inverse of the correlation lengtlof the glu- 5404 quarks have been performed. For examjig,;,
onic vacuum fields. In Ref58] the phenomenological deter- _ 540 GeV |eads to the limit

mination of (Tr wa) by the use of QCD sum rules is de-
scribed.
Donnachie and Landshdf%9] identified the Pomeron tra- M.~ K —25 MeV
jectory used to describe diffractive scattering with the QCD 9 200 Gev '
two-gluon exchange procef80]. They modified the pertur-
bative gluon propagator in the long distance region by intro-Other limits are given by applying similar arguments to the
ducing a finite correlation length. The value of the latter wasabsence of proton decay into free quarks,£20 MeV),
derived from phenomenological Pomeron exchange paran@nd the nonobservation of free quarks on cosmological
eters. In Table XV the reciprocal of the correlation length isscales (y<2x10 '° MeV). The arguments leading to
equated to the gluon mass. Other studies of the sensitivity ghese limits are clearly untenable because of the neglect of
the Pomeron parameters to nonperturbative modifications ¢he quantum field theoryQFT) aspects of the problefhin
the gluon propagator were made by Hancock and Re$s  fact, when a color field is stretched between a quark and an
and Nikolaevet al. [62]. Again, an effective gluon mass of antiquark, the number of color charges is not conserved. The
about 800 MeV was found. vacuum energy materializes as quark-antiquark pairs, which
Spiridonov and Chetyrkifi63] estimated the gluon mass form bound states of light mesons ( p, etc). This mecha-
by calculating power corrections to the polarization tensomism, as implemented in th&TseT Monte Carlo program
I1%7(q) of the electromagnetic current of light quarks, and[53], is found to give a good description of the observed
identifying them with the gluon condensate term in the op-hadron multiplicity ine* e~ — gqg— hadrons, where the final

erator product expansioi©PE for this quantity derived by  state is just a color singlefq pair of the type discussed by
SVZ. The calculation was later repeated by Liu and Wetzelyndurzan. This neglect of the QFT aspects of the problem
[39], who obtained a very similar, though not identical, resultyenders it unecessary to discuss further the contradiction be-
(see below tween Yndurin's upper limits and the other gluon mass es-
Lavelle[64], by considering a long-distance modification timates in Table XV. It is interesting to note, however, that
of the gluon propagator in the amplitude for quark-quarkihe paper of Ynddia is the only one cited on the subject of
scattering, established a relation between a running, dynaméxperimental limits on the gluon mass in the current “Re-
cally generated, gluon mass and the gluon condensate Qfew of Particle Properties[3].
SVZ. It was emphasized by Lavelle that the derived formula  The estimations of the gluon mass based on the phenom-
based on the OPE is valid only in the deep Euclidean regionenglogically determined value of the gluon conden$&g}
Even so, in a recent paper Mihara and NataN) [65]  cited in Table XV are, with one exception, in the range from
applied the running gluon mass formula of Lavelle to decays;00 to 700 MeV. As discussed above, such a value for the
of theJ/ andY to gggof ygg where the gluons are either glyon mass could not explain the much stronger suppression
on shell or have timelike virtualities. MN concluded that the of the end point of the inclusive photon spectrumJdiny
average effective gluon mass should be smallerYfothan  gecays, as compared ¥ decays. The exception, which is

for J/4 decays, at variance with the results of the fits pre-much more consistent with the gluon mass value suggested
sented in the present paper. The correction factors due to

gluon mass effect$,,, were calculated for thd/¢ and Y

and found to be. 0.470.30 and 0.940.03, respectively, to 8Interestingly enough, Yndlimmentions, near the end of his pa-
be compared with the values found hésee Table X) of per, the screening of the potential by quark pair production, but
0.18+0.08-0.02 and 0.6%0.16-0.06. The smaller gluon does not draw the conclusion that the existence of such effects
mass corrections found by MN are unable to explain thenvalidate his limits orm, derived from a pure quantum mechanical
large differences in the values afy(mg) determined from potential. In the real world it is impossible to deconfine a quark
Ry and the world average value afs (see Table X and since the production of low masgy pairs (mesonsis always en-
Fig. 7). ergetically favored.
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by the radiative decays, is the calculation of Kogan andThe valueM =750 MeV quoted in Table XV was obtained
Kovner [67]. This uses an analytical approach in which theby settingQ=10 GeV in Eq.(8.3), but the equation is ex-
vacuum energy of a gauge-invariant QCD wave functional ispected to be valid for any value @ in the perturbative
m@nimized. gt leads to the relation, for a pure &Y Yang- region. Substituting the value®,=2.88 GeV, as(Qg)
Mills theory, =a4(0)=0.27, andM,=1.0 GeV, which reproduce well
the measured value af,(M3) [68], into Eq.(8.3) gives, for
1 the gluon condensat(eTrGiV>=0.094 (GeV}, which may
(Tr wa)= 0. Mg. (8.2 be compared with the average value derived by Narig&h
of (TrG2,)=0.071x0.009 (GeV}. Liu and Wetzel[39]
o ) derived a formula identical to Eq8.3) except that the term
Substituting the value ofTrG,,,) of 0.038 GeV from Ref. 535 is replaced by 10. With the same parameters as quoted

(58] gives M, 148 Gev. This value is quite consistent gqye, the valugTrG2,)=0.053 (GeVy s obtained. In
with the effective gluon masses derived earfit8, 14 an view of the factor of=2 difference between the original

confirmed in the present study. It also agrees well with L : P

previous, independent, estimate of the present author, bas a/Z estimation of the numerical value ()T_rGM>, as com-

on a PQCD analysis of several processes with low physic ared to that of Narison, the overall consistency of the value
of (Tr wa) derived from the QCD sum rule approach and

scaleg68], and a recent lattice gauge estimgié]. X :
An effective gluon mass has also been introduced in th ;%rtgrt;e PQCD phenomenology of R¢68], is very satis-

context of the estimation of power- corrections to various h thouah dl & ectl
hard QCD processdg0]. This was already briefly discussed  1US, although gluon mass effects are odigectly ob-
servable in processes with pure gluonic parton-level final

in CF2. The leading correction to the mean thruseire™ . '
states, such as the radiative heavy quarkonia decays analyzed

annihilation into hadrons, for example, is found to be, detail in this paper, the existence of a gluon mass of order
=M,/+/s. The gluon mass appears as an intermediate paran)- . S
E Vs 9 P P GeV is already implicit in all PQCD analyses that use, as

eter in these calculations, but no explicit values are quoted; ) .

and to date no comparisons have been made with other es n infrared cutoff, the conventional parameter. Itis impor-
mates of the effective gluon mass, e.g., lattice calculation ant to stress, howevgr, that, as previously pointed out
Power corrections are an example of “higher twist” effects: 3,74, the scale at which PQCD is expgcte_d to b_reak down
in the language of the OPE formalism. In fact, it was pointed™> = gluon mass~1 GeV, nOtAQ_CD' which is typically a

out in Ref.[58] that, as a consequence of the dimensionalit actor O.f 5 smaller. It is interesting to.note that the same
of the relevant operators, physical systems described by a\q{)nclusmn has recgntly bgen reaphed In-a study of the five-
OPE(as in the case of QCD sum rujesre expected to have oop QCD '8_ funqnon, using Padeapproximant me_thods

a leading power correctior1/Q*. An OPE description, as [51]_' Ffo”ﬁ this point of view the SUCCess of PQCD’ In asso-
used in QCD sum rules, is not appropriate to describe highe(flatlon with the LPHD hypothesis, in describing observed

twist effects in the quarkonium radiative decay spectrum diSparticle multiplicity distributions, as well as their energy de-

cussed in the present paper. As can be seen by inspection %I?n\?eg;e, using cutoff sﬁa@% as I(.)W as 2;0 or et;/en 155)

Egs. (7.5 and (7.6) the leading higher twist effects are eV [52], seems somew at mysterious and may be acciden-

=(m,/Q)? whereQ=M, tal. As previously mentioned, Monte Carlo generators that
9 .

The gluon mass estimate labeled “PQCD at low scales,actually simulate in detail both the partonic and hadronic

- - - L hases of the space-time evolution of the final state use in-
in Table XV, is based on phenomenological argumésitsi- P

lar to those used later in Ige{B?]), propoged in F?e[.?l] and frared cutoff parameters of about 1-2 GeV, of the same order
further developed in Ref§68,72,73. In this approach, ef- 25 the observed gluon mass.

fective gluon and quark masses are related to the QCD Since the main effect of the inclus_ior_1 of a phenomeno-
parameter, which plays the role of an infrared cutoff of theIoglcal glyon mass on the QCD pre_d|ct|ons IS phase-spgce
theory. suppression, it is clear that the associated mass must be time-

It is interesting to note that the approach just mentionedl,'ke' mg=>0. This behavior is also consistent with an analyti-

which relates the\ parameter of PQCD to effective quark cal parametrization of the lattice results of Ré&Q]. Another

and gluon masses, is complementary to the SVZ approach gcent lattice study using a Coulomb gauge gluon propagator
/6] has suggested rather pure imaginary pole mass:

describing the perturbative/nonperturbative interface in term¢ " | ¢ X
of QCD sum rules. In this context it is interesting to consider! (275 124) MeV. This work is related to the suggestion of
Gribov [77] that color confinement is due to a long range

the relation between, (TrG2 ), andM, [63]: . .

s (TG, o [63] Coulomb force. In this model physicéiransversg gluons
disappear from the physical spectrum in the infrared region.
This would appear to be at variance with the essential role of

2 2
<TrG;2w>: aS(? ) Mg 3 |nQ_2 + 2_3_ 12£(3) |. massive, timelike, and dominantly transverse physical gluons
™ Mg 2 in the description of inclusive photon spectra that is demon-
(8.3 strated in the present paper. Actually, renormalizability re-
mains to be proved for the Coulomb gauge and, as pointed
out by the authors of Ref76], except possibly in a confined
That is, effects of quark fields are neglected. phase, in quantum field theory the square of a particle mass
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identified with the pole of a propagator must be real and Including gluon mass corrections yielded confidence lev-
positive. The author’s opinion is that pure quantum fieldels of greater than 1% for all the fit hypotheses trisde
theory studies of the type carried out by Gribov and Zwan-Tables VI and VII) and values of the effective gluon mass
ziger[78] are no better adapted than the quantum mechanicah of

potential model of Ynduia [66], discussed above, to under-
stand the physical mechanism of confinement. This appears
to occur via a transition beween partonic and hadronic
phases of matter, after which color charges are all confined
within hadrons, which are mostly bound states of quarks.  my=1.18"3%*3% GeV (Y)
Clearly quenched lattice calulations of the type done in Ref.

my=0.721 3 355 0063 GeV  (J/y)  (Mark ),

[76] are unable to describe such a mechanism. (mean of ARGUS, Crystal Ball, and CLEO2).
It has recently been pointed out that the introduction of a ] ]
term containing a tachyonic gluon mass with \2=  The first errors quoted are experimental, and correspond to

—0.5 GeV? in the OPE of QCD sum rules is able to explain the 68% error contour of the fit, while the second errors are

some long standing puzzles in the related phenomenologifeoretical, reflecting the spread in the best fit valuemgf
[79]. This approach was justified by evidence from latticefesulting from different treatments of relativistic and HO

gauge calculations for nonperturbative contributions Ieadind;QCD corrections. It is clear from the fit results shown in
to a linearly increasing term in the static QCD potential at 'ables VI and VIil that the shape of the photon spectrum for
short distance§80]. The connection of this gluon mass pa- Poth theJ/i and theY is completely dominated by gluon
rameter, which gives an economical description, within themass effects. Introducing the relativistic correction leaves the
QCD sum rule forma”sm, of a nonperturbati%ort dis- fitted VaIUeS. Ofmg almost Unchanged, -Wh|le the shifts pro-
tanceeffect, with the timelike effective mass discussed in theduced by different HO PQCD corrections are less than, or
present papetand all references cited in Table X\ un- comparable_ to, the fit errors. The gluqn_mass corrections are
clear. This latter mass describes rather Ity distancebe- ~ due essentially to phase-space restrictions. Including or ex-
havior of the gluon propagator. It is quite possible that bothluding contributions from longitudinal gluon polarization
the timelike and tachyonic gluon masses may be appropriatgates changes the fitted valuesngf by only = 5%.

and consistent phenomenological parameters within their dif- |t can be seen, from the theoretical photon spectra calcu-
ferent domains of applicablity. lated including the effects given by the experimentally deter-

mined values ofng (Fig. 11) that the suppresssion of the end

point of the spectrum is much stronger in the case oflilye

than that of theY'. This is in contradiction with the predic-
IX. SUMMARY AND OUTLOOK tion of the QCD parton shower model of Figl@4], which

In this paper a phenomenological QCD analysis has beeRdrees well with the measuré@ spectrum, but predicts, for
performed using all available data on the inclusive photorfl€J/#, @ much harder spectrum than that actually observed.
spectrum in the decays of thly (Mark Il Collaboration ~ Such a strong suppression of thi) end point, in compari-
and theY (CUSB, ARGUS, Crystal Ball, and CLEO2 Col- SON with that of theY, is pos_S|bIe onl_y if the gluon mass is
laborationg. The fits performed to the shape of the spectra=1 GeV. All these conclusions are in agreement with those
included, for the first time, the combined contributions of Of two earlier, closely related, papdf, 16}, in which it was
relativistic corrections, NLO PQCD corrections, and correc-conjectured, following the work of Parisi and Petronzi@],
tions due to the nonvanishing gluon mass. For the relativistiéghat gluon mass corrections must be much more important
correction, fixed values ofv?) of 0.28 and 0.09 were as- f[han either relativistic on HO. PQCD corrections in determin-
sumed for thel/ys and Y, respectively, in accordance with iNg the shapes of the inclusive photon spectra.
recent potential model calculations. Both the new, complete, 1heé QCD coupling constantsag(1.5 GeV) and
NLO PQCD calculation by Kimer [14] of the Y photon ay(4.9 GeV) were determlned from the experimental mea-
spectrum and the old resummed calculation of Photigigfs ~ surements of the branching raty, [Eq. (7.1)] for the J/y
(applicable only in the end-point regia=1) were used in andY, respectively. Use oRy, has the advantage of being
the fits. Gluon mass effects were estimated using the coninsensitive to relativistic correction effects. As shown in Fig.
plete tree level calculation of — ygg of Liu and Wetzel 7, even allowing for a variation of the renormalization scale
[39]. in the range from 0.8 to 2.0mg, poor agreemen(devia-

For neither thel/ s nor theY was any consistent descrip- tions of >4.80,3.00 for the J/4,Y, respectively is found
tion of the experimental data possible in the absence of gluowith the current world average value e£(Q). Using the
mass corrections. In this case, for the Mark Il data, no fit wagneasuredn, values to calculate the gluon mass correction
obtained with a confidence level greater than ¥0(Table  factors in the theoretical expressions R [Egs.(7.2) and
V). For theY, acceptable confidence levels of 0.17 and 0.137.3)] leads to values o that are consistent, albeit within
were found for some fits to the Crystal Ball and CLEO2 datamuch larger errorgédue mainly to the large theoretical error
but not for ARGUS where the best confidence level obtainedn mg), with the expected value afs(Q) (see Fig. 7.
was 6.7<10 2 (Table VII). However, the best confidence  The results obtained in this paper for the effective gluon
level for the combined fit to these three experiments wasnass in radiativel/ s andY decays are compared, in Table
only 4.7x10 3. XV, with some other estimates of the gluon mass that have
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appeared in the literature over the last 20 years. Apart from As was already evident from previously presented results
the upper limits of Ynduria [66], which have been critically [16], the usefulness of the NRQCD approach of Hé8]
discussed in the previous section of this paper, all the estiwill be very limited unless some means is found of incorpo-
mates lie in the range from 500 MeV to 1.5 GeV. The valuesating the numerically very important gluon mass effects
of my obtained here favor somewhat higher values of thewithin the formalism. Another important problem that this
genuine gluon masdd , of =1 GeV. In particular, there is approach must address is the possible double counting of
good agreement with the estimates of Kogan and KovnePQCD and relativistic correctiorig3].
[67] (minimization of the energy of a pure Yang-Mills QCD Finally, it should not be forgotten that the most dramatic
wave functiongl, a previous estimate of the present author,effects discussed in this pap@n the process/¢— yX) are
using a PQCD analysis of several processes with low physibased on the results of a single experimgli8] performed
cal scales, and the recent lattice gauge estimate of Leinwebearore than 20 years ago now. It is clearly important that this
et al.[69] with improved lattice sampling in the far infrared remarkable experimental result, strongly suggesting that the
region. It is also mentioned in the previous section that thegluon mass is=1 GeV, should be confirmed. In a world
conventional value for the phenomenological scale paramwhere half dozen or sbfactories(or their equivalentsexist,
eter A of PQCD of several hundred MeV actually implies a or are under construction, it is high time that theeharm-
gluon mass some five times larger. Since for scales less thajuark energy region be revisited with modern general-
Mgy A is actually a(calculable scale dependent parameter purpose detectors and much higher integrated luminosity
[71], there is no Landau pole in QCD at the sc@e A, but  than that which yielded the data from the Mark Il collabora-
rather a breakdown of PQCD at a much larger infrared cutoffion that have been analyzed in this pafjein view of the
scaleQy=1 GeV. less than perfect consistency of the different measurements
A model of confinement in which a purely imaginary of Y — yX, an improved measurement of this process, with
gluon mass is introducefi76] predicts the decoupling of at least an order of magnitude greater statistics, and reduced
physical gluon states at low physical scales. Such behavigystematic errors, would be of great interest. This is perhaps
would seem to be inconsistent with the radiative decay datpossible at existindp factories.
which can only be described by the contribution, in the same
infrared region, of physical gluons with a timelike effective

mass.
A contribution in the OPE of QCD sum rules correspond- ACKNOWLEDGMENTS
ing to a tachyonic gluon mass was recently propdséd to | especially thank M. Consoli for a collaboration that is at

describe some short distance properties of the QCD potentighe inception of the work described in this paper. | thank S.
suggested by lattice studi¢80]. This work has no obvious Catani, M. Kraner, M. Mangano, and D. Ross for their in-
connection with the present one where it is shown insteateresting critical comments. Finally, | am indebted to D.
that a gluon with a timelike effective mass apparently playsDuchesneau for a careful reading of the manuscript, and a
an important role in the long distance region. discussion that helped to improve the clarity of the presenta-
Since the theoretical uncertainties on the values of theion.
effective gluon massn, determined here are much larger
than the experimental ond¢he former are 9%l/«) and
23%(Y) as compared to 1.3%(y) and 5%({) for the
latter] the most urgent need is for improved theory predic-
tions rather than more precise experimental da#ss a first In the previously published analysis of tidéy and Y
step, NLO PQCD calculations should be repeated includingnclusive photon spectrgl6], resolution effects were simu-
gluon mass effects, as has been done at tree level by Parigted by smearing the theoretical distributions with a Gauss-
and Petronzio and Liu and Wetzel. Of even more interestan random number. In order to obtain stable fit results, an
may be the calculation of unsmeared histogram with a very large number of entries
was necessary, and the random number throwing had to be
repeated at each fit iteration, which both was time consuming
— and resulted in different statistical errors in the fitted function
Iy—yqq at each iteration. Even with-10° events in the histogram,
the determination of the exact position of tgé minimum
via the exchange of two massive virtual glud@stually a was quite difficult. To avoid these problems, a new, purely
NNLO process to test the conjectured dominance of this analytical smearing technique was used for the fits presented
process as already indicated by the structure of the hadronib this paper. The method was faster and eliminated all prob-
final state. lems related to the statistical errors inherent in Monte Carlo
methods.
A theoretical histogram of the inclusive photon spectrum,

APPENDIX

109t is interesting to note that the effective gluon mass is deter-
mined with a much better relative precision for thie than for the
Y. This is a consequence of the larger size of the gluon mass cor-!t seems, at the time of writing, that there is now a very good
rections for thel/y resulting in a greater sensitivity to,. chance that this will soon be doh&2].
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with bin index J, HO(J), is generated with a fine binning,
typically NBIN=1000. The corresponding resolution
smeared histogram with bin indeyg, HS(JS), is generated
according to the following algorithm:

NBIN
HS(JS) = le HO(J)F(J,JS)

where
1
ex;{—zA(J,JS)Z}
F(J,J9= o[z(3)] , —6=<A(J,J9=6
0.0, A(J,J9>6, A(J,J9<-6,
(A1)
and

PHYSICAL REVIEW D 66, 013013 (2002

2(J)—z(J9)
o[z(J)]

Herez(J) is the central value of the scaled photon energy in
bin J and o[ z(J)] is the photon energy resolution at energy
E,=2(J)M,/2. Values ofo[ E, |/E,, for the different experi-
ments analyzed here are reported in Table Il. In this way, a
Gaussian resolution smearing of the photon energy by up to
+60 around the true value is performed. Precise results
were obtained by normalizing the unsmeared histogram to a
million events:

A(JJ9=

NBIN

> HO(J)=10,
J=1

but, unlike in the case of a Monte Carlo simulation, the
execution time of the program does not depend on this
number. The bins of the smeared histogram are grouped to
correspond to those of the experimental histogram before
fitting [81]. In all the fits the relative normalization of the
experimental and the smeared theoretical histogram was al-
lowed to float.
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