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Radiative decays: A new flavor filter
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Radiative decays of the®D, orbital excitations of they,  and ¢ to the scalarg(1370), f,(1500) and
fo(1710) are shown to provide a flavor filter, clarifying the extent of glueball mixing in the scalar states. A
complementary approach to the latter is provided by the radiative decays of the scalar mesons to the ground-
state vectorg, o and ¢. Discrimination among different mixing scenarios is strong.
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INTRODUCTION ample, in a hybrid T~ theqaare in a spin-singlet, while for
the 0" they are in a spin-triplet: in each case this is the
The observation and confirmation of gluonic degrees ofeyerse of what one is accustomed to. In the case of the
freedom in mesonic states is of great significance for QCDscalar mesons a direct measure of their electromagnetic cou-
which predicts the existence of glueballsound states of pjings gives information about the flavor content of the sca-
gluons and of hybrids(quark—antiquark—gluon staje<al- lar states and could resolve the issueGofqq mixing.
culations in lattice QCD give estimates of the likely masses We have calculatefL3] the rates for the radiative decays
of glueballs[1] and light-quark hybrid$2], and evidence for V* s yM, where thev* are the B and 1D excitations of
the excitation of gluonic degrees of freedom has emerged iﬂ']Ep, ® :;mdqb in the 1.4 to 1.8 GeV mass range and Me

several processes. Lattice calculations predict that the light- . L — _

est glueball hagPS=0"* and is in the mass range 1.3 to 1.7 are positive C-parityqq states in the 1.2 to 1.7 GeV mass
GeV. Experimentallyf3] there is one more 0" state in this 'an9e- We label the vector statps, pp, ws, wp, ¢s and
mass range than can be accommodated by excited quark=P * iome O.f these vectorf dgca)és ?Ir?) predicted t:|o have
antiquark states. The natural inference is that there is a glu ranching ratios in excess of 19and wi e measuraple at
ball state presernt,5]. A clear exotic resonances;(1600), existing and plan_ne_d facilities, such ese annlhllatlon_by
with quanium numberdS=1-" which cannot be accessed Initial State RadiationISR) at Babar and Belle, by direct

by a pure quark—antiquark state, has been $§6iin the e’ e annihilation at the upgraded VEPP collider at Novosi-
' (958) channel in the reaction~N— (7' (958)m)N and birsk and by diffractive photoproduction following the up-

. o . / - grade at Jefferson Laboratory.
in the p°m~ channel [7,8] in the reaction 7 N These radiative transitions serve two purposes, exploring

— ("7 7 )N. Anomalously large hadronic decay modes the nature both of the initial excited vector state and that of

of light-quark vector mesons, that is, decays which are prege resultant meson. IfL3] we concentrated on the former

dicted to be very small in standard modEd, are observed aspect. Here we emphasize the latter and extend the calcula-

in e"e” annihilation around 1.6 GeV. A favored explanation tion to the radiative decays of the scalars to the ground-state

[10-12 is to include vector hybrids which, on the basis of vector mesons. There is again great potential for precise

the 7,(1600) mass, are expected to be in this mass regionmeasurement of these decays, for example, at CLEO via the
Apart from states with exotic quantum numbers, disentandecayJ/— yyV or at COMPASS via central production in

gling hybrids and glueballs from quark—antiquark states ishigh-energy proton-proton collisions.

difficult using only hadronic decay channels because of mix- Radiative transitions op* or w* to yM couple directly

ing. However, radiative transitions offer special opportuni-to the uu=+dd content ofM. In similar vein, the analogous

ties. The CO‘.*F’"“_Q to the_ charges and spins O.f ConStitue.ntﬁansitions involvingg* couple to thess content ofM. By
reveals detailed information about wave functions and dis-

o ) . ~comparing the relative rates for isovectdiM)=(1/
criminates among models. In the case of gluonic excitations — 0 — _ —
of the 7~ andp, that is hybrids, the spin structure differs from \/E)duﬂ)'lddﬁ and isoscalar |()=cos| s9+sini(1/
conventional excitations with the same overHif. For ex-  V2)(Juu)+|dd))] for a set of mesonM of positive C-parity
and the samdP it is possible in principle to determine the

relative amount oés and non-strange flavors in tié wave

*Email address: f.close@physics.ox.ac.uk function and hence to weigh the flavor content of the nonet.
"Email address: ad@a35.ph.man.ac.uk In the case where a glueball has mixed into the multiplet
*Email address: yulia@heron.itep.ru extending it to a decuplet, as is hypothesizéb] to be the
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case for thef(1370), fo(1500), andfo(1710), such transi-  mairix element of the momentugB|p|A), whereA is the
tions enable the role of the glueball to be disentangled an itial meson andB is the final meson. Using the operator
might even be able to estabish the mass of the “quenched L. - . LT
glueball[5]. Furthermore, as we shall show, radiative decayd€/ationp=img[Hr]/2, whereH is the Hamiltonian(1), one
of the scalar mesons to the ground-state veqi¢70) and obtalns, for the radial integrals of the wave functions the
¢(1020) are also sensitive probes of the glueball mixing inequality,
the scalars. .

img
THE MODEL (BlplA)=—~ o(B|r[A), ®)

The details of the radiative decay calculation are deyhere w=m,—mg=p is the photon energy. This equality

are found variationally from the Hamiltonian form, and yields the~ w3~p? law for the radiative decay
02 4 width as demanded by gauge invariance. This means that the
H= —4or—- —4+C (1)  wave functions and the meson masses should be taken to be
My 3T “exact” eigenfunctions and eigenvalues of the quark model

Hamiltonian(1), and there is priori concern about the sta-
bility of the calculations with simple variational wave func-
andd quarks and 0.45 GeV fa quarks,c=0.18 GeV and o1 This does not arise in the transitions we consider here,
as=0.5. The wave functions are taken to be Gaussian 0fg the approximation of harmonic oscillator wave functions
form exp(—p*/(2By)) multiplied by the appropriate poly- s “safe.” To check the quality of our wave functions we
nomials andBy, treated as the variational parameteHrior compare the left- and right-hand sides of the ).

each of the 5,1P,25,1D states. With Gaussian wave functions the radial integr@aig to a
In the non-relativistic quark model, the standard expresphasg for the 1P— 1S transition are

sion for the transition amplitude describing the decay at rest

with standard quark model parameteng=0.33 GeV foru

of the mesomA, with massm,, to the mesorB, with mass 1 5
mg, and a photon with three-momentymhas the form (BIpIA) = —=—=5=5 7
_ V2 BB
Ma_g=M{ g+M{ ;. 2
and

HereM}_ g andM}_ g describe the emission of the photon

. . 5/2 312
from the quark and antiquark, respectively, (Br|A)= i Ba"Bg ®
—
9 == [ PTr bl (k2 k)}(2k g
MAHB_Z_mqf [Tr{a(k—3p) pa(K)}(2k—p) where
~i Tr{ph(k— 2 p)oda(k)}xp] 3 82— 1 (24 B3 ©
and and
_ 1=
M/fi%s:Z—rfhf A3k Tr{¢a(k) pi(k+ 3 p)}(2k+p) Bi=3%(BA+B3). (10)
—i Tr{¢a(K) o di(k+ 3 p)}xp], (4  From[13], Ba=0.274 GeV,Bz=0.313 GeV and the mass

differencew=0.562 GeV. So we find

wherel ; andl are isospin factors an, is the quark mass.

The differential decay rate is then given by (Alp|B) — 0.658 (11
q
dr = ,
To0sd P2 Mazel?, ®
where the sum is over final-state polarizations. In G Eg o({A|r|B)
is the center-of-mass energy of the final meson &ad; —— =—0616 (12)

= I%is the isospin factor.
It was shown in[13] that this model gives good agree- The deviation between Eq§ll) and (12) is less than 10%
ment with exisiting data. S0, as the squares enter the widths, the uncertainty due to the
For radiative transitions there always exists the problenuse of Gaussian wave functions is about 20%. This is appre-
of electromagnetic gauge invariance. In particular, the leadeiably less than the effects we are considering.
ing electric dipole transition amplitude is proportional to the A similar exercise for D— 1P gives
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(B|p|A) VECTOR MESON DECAYS

=1.088 (13 . o o
My Our interest here is in the radiative decays of fhe,

which we identify with thep(1700) [3], to f3(1370) and
and fo(1510) and of théunobserve ¢, to which we assign a
mass of about 1.9 GeV, ti(1710). In the absence of glue-

o(B|r|A) ball mixing we predict [13] T(pp— yfy"(1370)
— — 1024 (14 ~900 keV, ['(pp— ¥f§"(1500)~ 600 keV (assuming that
one or the other is a purenn statg and I'(¢p

so in this case the uncertainty due to the use of Gaussiarr ¥fo(1710)~200 keV. These widths can be changed

wave functions is less than 10%. substantially when glueball mixing is included, the degree of
These results also imply that the low-eneggybehavior ~modification depending on the mass of the bare glueball.

of the widths is given approximately, but not exactly, for our  Three different mixing scenarios have been proposed: the

model wave functions. bare glueball is lighter than the bana state[27]; its mass

The pure electric-dipoleE1) transition is well-defined ;oo porween the baren state and the bargs state[27]; or it
for heavy quarks but is certainly a bad approximation for, ) —
light quarks. We include the magnetic quadrupoMd 2() is heavier than the bares state[28]. We denote these three

transition as well and there is a long history of success witfPossibilities by L, M, and H, respectively. [13] we identi-
this approach, even though thé2 terms are at the same f|ed _potentlally powerful ways of determmm_g glueball mix-
order inp? asE1 corrections proportional to the anomalousiNg in the scalar mesons through the radiative transitions
magnetic moment of the constituents, spin—orbit termsppo— ¥fo(1370) andyfy(1500). If the bare glueball is light
Thomas precession and binding effe¢ist,15. Some of (~1300 MeV) it will mix strongly with thef{"(1370) and
these corrections can be calculaféd—19; some can only  djlute the 900 keV width which will be pushed into the other

be estimated14]. In any case, going beyond the leading scalars, in particular into thE)"(1500) reversing the relative

apfigosx'git'?g dfo(; g}etheelefg:gn?ndnanrgenif‘lcthznglr:?gg;;- agnitudes of the radiative widths. At the other extreme, the
qui wiedg Z hatu ! ixing of a heavy glueball {1700 MeV) does not materi-

force. ly affect the radiative width to thé,(1370) but severely

The T“OSt notablg successes of this approach, namely.oepresses that to tHg(1500) to 100 keV or less. Thus the
calculating the leading terms for each of the relevant elecm?elative widths ofpp— yfo(1370) andpg— yfo(1500) are
and magnetic multipoles, have been in reproducing the ma%-1 Po= Y10 PD Y 0

nitudes and relative phases of over 100 helicity amplitude ensitive to the glueball mass. There is similar sensitivity in

- e decayspp— yf(1500) andpp— yfy(1710). For a light
for photoexcitation of the proton and neutri0,21. These glueball the former is essentially zero and the latter is pre-

give a clear indication of which amplitudes are large or3. ST
small, and of their relative sizes and signs. This success su%(ji-":teOI to be~170 keV. For a heavy glueball the situation is

ests that although corrections may be individually signifi- eversed, with the decayp— yfo(1500) predicted to be
gant, their coIIect%/e effect is small.y y sig about 260 keV and the decayp— yf(1710) to be essen-

It is possible to go beyond such an approximation, but a{ially zero. These branching ratios are challenging but impor-

the price of losing some predictive power. Within the generaf@nt as they open the possibility of weighing the andss

assumption that electromagnetic amplitudes are additive iffavor content of the scalar states and determining the bare

the constituents, it is possible to obtain relations among th&ass of the scalar glueball. The only question is whether

helicity amplitudes, angular distributions and widths for a sexperiment will be sensitive to such magnitudes.

of states by normalizing the reduced amplitude to some sub- [N the isovector-scalar sector only tlag(980) is well-

set of observableg22,23. established. The mass, and even the existence, of the
This is the philosophy that we shall adopt. First, within a0(1450) remains controversial. Its mass is a critical param-

the “leading multipole” hypothesis we can make two checkseter in mass matrices for the mixing of the scalar glueball

of our procedures. with the qa nonet. We predict I'(wp— yay(1450))
(i) We find that our result for the decdy(1285)—vyp is  ~610 keV andl'(pp— yay(1450)~85 keV. Of course in
in good accord with experimeif8,24,23. e*e” annihilation or diffractive photoproduction thg, will

(i) We predict that I'(f,(1270)— yp)<I'(f1(128H be produced at approximately nine times the rate ofdhe
—yp), which appears also to be in accord with experimentso the yay(1450) rates will be the same for both. Observa-
in that there is no evidence for the radiative decay of thetion of theay(1450) in radiative decays would have signifi-
f,(1270) in either the Mark 11[24] or WA102[25,26 ex-  cant implications, particularly when coupled with the radia-
periments, and both have strofig signals. Second, within tive decays to the isoscalar scalars.
the “single-quark-transition” hypothesis we can form a posi-  Although our emphasis is on the radiative decays to sca-
tivity constraint among a combination of the widths. This islars as a probe of their glueball content it is important to look
satisfied by our explicit model dependent calculations, buat other decays as a check on the model. We find that the
enables us to draw a more general conclusion, namely thatincipal radiative decay mode of the, is yf(1285), with
I'(fo—yp)~T(f1—vp). an estimated width13] of ~1100 keV. Although the decays
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of the f1(1285) are many-bodied, principally#and n#r, TABLE |. Effect of mixing in the scalar sector of the®P,

this is compensated for by its narrow width of 24 MeV. The nonet for radiative decays fpand . The radiative widths, in keV,
largest radiative decay of they is found to beya;(1260), are given for three different mixing scenarios as described in the
with a width ~1100 keV. Observation of these modes text: light glueball (L), medium-weight glueballM), and heavy
would confirm our calculations. The E852 experiment at9lueball(H).

Brookhaven has observé¢#9] the decayw(1640)— w 7. If

the w(1640)= wp then, in the®P, model, the partial width p(770) $(1020)
for this mode is predictef®] to be 13 MeV. Thus, if théP, L M H L M H
model is a good guide in this case, a measurak]£640)
— vya, is anticipated: as E852 have several thousand evenfs(1370) 443 1121 1540 8 9 32
in the wn channel, it is possible that there could be severafo(1500) 2519 1458 476 9 60 454
hundredya, events in their experiment. fo(1710) 42 94 705 800 718 78
SCALAR MESON DECAYS 2
P (fye V) = S ap 2 'B—F
Just as the radiative decays of excited vector states to the 2=y 3%Pm A M2
scalars provide sensitive tests of their parton content, so do a
the radiative decays of the scalars to the ground-state vectors. p? P p*
In our model these decays are given by 1I-N—+ E)\ | (19
B B
8 Egp’ p ? which is rather smaller than the others, due to the negative
T(fo—rV)= 3%Pm, _F A2 9 contribution of thep?/ 82 term. This predicts a width of 644

keV.

Experimentally this width is small as neither the Mark IlI
where A refers to the initial scalar mesoi to the final  [24] nor the WA102[25] experiments has any evidence for
vector (V) meson, it. The branching fractions for the radiative decayJof to

f,1(1285) and f,(1270) are comparablg3], at (6.1
2 +0.9)x10 4 and (1.3%0.14)x 10 3, respectively, so the
:%' (16)  hon-observation of any,(1270) signal in the decay/y
2(Bat Ba) — y(yp) is meaningful. A similar situation holds in central
production in high-energy proton—proton interactidi2§]
and one can dedud®6] an upper limit on'(f,— yp) of
(17) 500 keV at 95% confidence level. So it is reasonable to sup-
pose that our results for thig radiative decays are valid.
Following[13] and the discussion in the preceding section
we consider three possibilities for the bare glueball mass: it
is lighter than the baran state(denoted by I; its mass is
between that of the baren state and the bares state(de-

From [13], =0.274 GeV,B;=0.313 GeV for nn
tat [ ]_0'83%7 GeV _0'83855 GeV forssstates. | noted by M); it is heavier than the bares state(denoted by
states angB,=0. ev,Bg=0. evilorssstates. In- ) - The predicted widths for the decays of

the absence of glueball mixing it givds(f,(1370)— yp) f4(1370), fo(1500), andfo(1710) toyp andy for each of
NZTSr?O ki}/r’] ar;d;](foé1710)—>1zé¢s))~ 870 i<eV. d and these possibilities are given in Table I.
_(;a wi tho IE N ﬁcayl(d I T)r?yé’ IS measure ban It is clear from the table that the discrimination among the
provides a check on the model. This decay Is given by different mixing scenarios is strong. The decgy(1500)
— yp is perhaps the most interesting because of its compara-

4 p2
"= 583 ’Zex‘“(_swiwé)'

WhereB is given in  Eq. (9) andl is an isospin factor; for
nn—yp and$ for ss— ye.

8 ,32 tively narrow total width of~120 MeV. This enhances the
I'(f;—yV)= —ap—B —F radiative decay branching fraction, which42% for a light
Ma mq glueball, ~1% for a medium glueball and-0.5% for a

) 4 heavy glueball. The absolute magnitudes may vary by
p- E 2P ~20% due to the uncertainties in the model, but the relative
1+N—+2zA I (18 . .
2 strengths manifested in the pattern above should be robust.
Even allowing for the intrinsic uncertainties, there appears to
. be a solid conclusion that these rates are worth pursuing
which for annn state predicts a width of 1400 keV. This experimentally.

compares well with the experimental valy8,24,25 of We now assess further the robustness of these results by
1320+ 312 keV. looking at the more general structures that follow from the
The decayf,(1270)— yp is given by single-quark-transition property of the dynamics.
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SINGLE QUARK TRANSITION 2

E.=
1 \/gmq

The results above depend upon the rather general assump- F (25

tion that electromagnetic amplitudes are additive in the con-
stituents. Independent of details of binding dynamics, it isgnq
possible to obtain relations among the helicity amplitudes,
and hence angular distributions and widths, that depend only Ap?

on the assumption that the mesons are describejd asates Er=—M= 2_32E1' (26)
in the P and S states, respectively.

For example, in the electric-dipole approximation, theFor the general case, consider first the dedaysyf;. For
relative widths for transitions fronfi;— yp would be equal, equal phase space and equal form factors, we can eliminate
apart from phase space corrections. Given the magnitude dfie [M|2 term by the combination B(V— yf;)—T(V
one as input, the others immediately follow. While such re-— yf,). This leaves cross terms betweEn and Eg which
sults are a good approximation for heavy flavi8} for the  are in general of indeterminate sign. However, these too can
lighter u,d,s flavors, significant magnetic-quadrupole may be eliminated by includind”(V— yf,) and a combination
be expected, as is confirmed by the explicit calculationformed that is proportional to the sufi,|?+ |Eg|?>=0.
above. (Electric octupole contributions, while allowed in  Thus, for equal phase space and equal form-factors, one
general forf,— yV, will vanish if, as assumed here, the would have
vectorV is a pure®S; state, and thé, is a pure®P, state
[22].) I'(p(29)— yf2) + 7T (p(2S)— yt)=3I'(p(25) — yf1).

Within this assumption that the electromagnetic transition (27)
amplitude is additive in the constituen2,23 and that the

relevantqq states can be classified 8sand P levels, sum
rules can be obtained. We can of course check that these sum
rules are satisfied in particular explicit models.

In terms of helicity amplitudes\, , A=0,1,2, the width | 5 straightforward to verify that27) is satisfied by Egs.
for the decays/— yf, is (17) to (19) of [13] and that(29) is satisfied by(15), (18),
and(19) of the present papér.

Given that empiricallyl’(f;— yp)~ 1500 keV, Eq.(28)
implies that one or other of thie, or f; must have a radiative
width of at least~1000 keV. To the extent that there is no
and for the decay$;— yV is clear sign of thef,— yp decay in either the data sets of

[24,25 one may anticipate that tHg— yp could be large, in
Eg 1 line with our specific calculations. In any event, such states
I'(f;— YV)=2pam—A| 2371 ; |ALI% (21)  should be sought iny— yyp.

Similarly for the decays of punaﬁfJ states,

SI(fo—yp) + 70 (fo—yp)=9 (f1—vyp). (28

Eg 1
T(V=yf)=2pa 213 3 |A? (20
A A

The helicity amplitudes are defined in such a way that the CONCLUSIONS

low-energy~p® behavior of the widths is reproduced, i.e.,  Our computations show that radiative decay rates can be
A\>p asp—0. The most general decomposition of the he-jarge for some transitions. The limitation for detection of
licity amplitudes into electric-dipole and magnetic- these processes seems to be one primarily of acceptance.

quadrupole terms is given {117,18. For °S;—°Py, These processes should be borne in mind when detectors for
future experiments, for example at Hall D in Jefferson Lab,
Ao= \/§(E1+ 2ER), (22 are being designed. We advocate that existing data be mined
to seek evidence of radiative decays, for example in E852
for 35,-3P,, where the decaw(1640)— ya; should be present at a rea-

sonable rate. If radiative transitions are observed, then the
Ao=+3(E;+Eg+M), A;=+3(E;+Er—M), (23) use of radiative decays will be proven as a viable technique.
It is important to compare photoproduction agide™ an-
and for 35, 3P,, nihilation as these give 9omplementary informatioq on the
vector-meson wave functions. Jefferson Laboratory is an ob-
vious place for the photoproduction studies, and as regards
ete”, VEPP is the immediate natural candidate, though
there is uncertainty as to whether its luminosity will be
A;=\6(E;—Eg—M). (24)  enough. DAFNE operating up to its maximum energy prom-

Ao=(E;—Eg+3M), A;=3(E;—Eg+M),

HereE, is the leading electric-dipole terriy is the “extra”
electric-dipole term andl is the magnetic-quadrupole term. There is a sign error in Eq18) of [13]. The sign of theG:Gy,
In terms of our model term should be negative, as it is in E&5) of [13].
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ises high luminosity in the future. Initial state radiation at clarify the nature of the scalar mesons in the 1.2-1.8 GeV

BaBar, Belle and CLEO-c could give significant rates forregion, in particular the role of glue in the scalar wave func-

e*e™ annihilation atys<2 GeV. tions.
A complementary approach to the role of glue in the sca-

lar wave functions is provided by the decays of the scalars to

yp and y¢. Both the fy(1500) andfy(1710) have been

clearly observed in the radiative decaysy— yX, and we This work is supported, in part, by grants from the Par-

recommend that a detailed exploration of the scalar stateticle Physics and Astronomy Research Council, RFBR 00-

should be planned as part of the CLEO-c program. 15-96786, INTAS-RFBR 97-232 and the EU-TMR program
Radiative transitions provide a new flavor filter that can“Eurodafne,” NCT98-0169.
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