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Kinematic effects in radiative quarkonia decays
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Nonrelativistic QCD(NRQCD) predicts color octet contributions to be significant not only in many produc-
tion processes of heavy quarkonia but also in their radiative decays. We investigate the photon energy distri-
butions in these processes in the end point region. There the velocity expansion of NRQCD breaks down which
requires a resummation of an infinite class of color octet operators to so-called shape functions. We model
these nonperturbative functions by the emission of a soft gluon cluster in the initial state. We found that the
spectrum in the end point region is poorly understood if the values for the color octet matrix elements are taken
as large as indicated from NRQCD scaling rules. Therefore the end point region should not be taken into
account for a fit of the strong coupling constant at the scale of the heavy quark mass.
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[. INTRODUCTION velocity v with respect to the leading order color singlet

matrix element. This typical velocity of the heavy
Since the discovery of thd/¢ [1] and theY [2] heavy (ant)quark inside the quarkonium simultaneously serves as
quarkonia decays are one of the most interesting laboratoriegxpansion parameter of the effective field theory. As a result
for investigations within the framework of perturbative NRQCD describes a decay rate by an infinite sum over ma-

QCD. In particular these bound states of a heavy qu@rk trix elements of four fermion operators with Wilson coeffi-

: . e~ : cients which on their part are expansionsaig.
and its antiparticleQ have been examined to extract the . . .
value of the strong coupling constamt at the scale of the Taking only the leading order in/c the NRQCD result

coincides with the one of the CSM. However, subleading
heavy quark mass, .

Early th tical | tarting f th lculati erms in the velocity expansion could be still important nu-
arly theoretical analyses starting irom the caicuiation 0merically: In radiative decays the partonic kernel of a color

the total ra’ges in Ieptonig and inclusive hadronic ded&js octet contribution is enhanced by an inverse power of
were done in the color singlet modéSM). It assumeshe as(mg) with respect to the leading order color singlet mode.

quark-antiquark pair being in the same quantum state \yhijie the leading term needs two hard gluons in the final

_25+1; (C) ; ; 2
LJ, on the parton.|c level as the Correipor?dmgstate[cf. Fig. 1(@] a QQ pair in a color octet state can

quarkonium on the hadronic level. In particular @& pair  gnpjhilate into a photon and a single glupef. Fig. 1b)].

has to be in a color singlet stat€ & 1) when it annihilates.  Thys one may also take into account the subleading terms in

As a consequence of this requirement the underlying par;,c.

tonic process in the radiative dechly— yX of a quarkonium The photon energy spectrum in the hard subprocess

H in the ground state’S; is the annihilation of the heavy Qa[n]—wx of radiative decays has been calculated in next-

QQ pair into a photon and at least two gluons. This processg-leading order perturbative QCD for both the color singlet
was calculated first ifi4]. _ _ mode[8] and the color octet mod¢8]. Another perturbative
Great theoretlgal progress in the understanding of bounggontribution may become important in the upper end point
states of heavfdQ systems has been achieved by nonrelategion (z=2E,/My—1) of the spectrum. Due to an imper-
tivistic quantum chromodynamicéNRQCD) [5]. In this  fect cancellation between terms stemming from real and vir-
theory quarkonia decays are factorized into two step pro-tual emission of soft gluons one could expect potentially

cesses: the short-distance annihilation of)® pair with  large logarithms In(+2) to all orders of the perturbation
fixed total spinS, orbital angular momentun, and total theory. A resummation of these logarithms would then give
angular momenturd and its preceding long-distance transi- fise to a Sudakov suppressienexp{—asIn?(1-2)}. Though
tion into this state. While the partonic subprocess can b@n earlier analysi$10] claimed such a Sudakov damping
calculated perturbatively to definite order i the non- factor in the color singlet mode, a more recent woik]

perturbative SprI’OCGSﬂ—>Q6[n]+ soft degrees of free-

domis parametrized by NRQCD matrix elements. They are =~ @ ——=—pannnny Q ——p AN Y
the NRQCD counterparts of the wave function at the origin ag) g ——

in the color singlet model and give the probability for finding ! s

the quark-antiquark pair in the quantum statat the mo- Q ——<TTTTTT 9 Q ——+TTTTIT 9
ment of annihilation. In principle the values of these param- (a) (b)

eters are unknown and must be fitted to experimental[@ta

or computed on the latticE7]. Nevertheless NRQCD pro- FIG. 1. Direct contributions to the radiative decay @®& pair:

vides scaling rules which, e.g., predict color octet matrixon the left(a) one of six color singlet diagrams, on the righj one
elements being suppressed by powers of the non-relativistiaf two diagrams per color octet mode.
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350 OoTTTT g 2sH® antiquark pair QQ[n]). In the leading color singlet case the
@ —+ lbrrrrrr o P S, 0 ; shape function is nothing else thannamber namely the
@) ®) © corresponding NRQCD matrix element. In the color octet
modes the shape functions are réahctionsreflecting the
_F|G 2. Fragmentation contributions to the radiative decay of %hase space dependence of the soft g|uon radiation. Thus the
QQ pair: color singlet contributiora); color octet contributior{b) partonic spectrum of the relevant channels
and (c). The non-perturbative subprocesses inside the gray boxe&{lst()g),3pg8)'35(18)} which is proportional taS(E,—mg) is
are described by the gludg) + (b) and the quarkc) fragmentation  gmeared out to a quite broad peak.
function respectively. As mentioned above their contribution may be as large as
g1e one from the leading order. If we compare the total rates
of the leading color singlet and a subleading color octet term
we get

7 — ol 7 — o~ Q . tions for the different quantum states of the quark-

predicts such Sudakov factors in the color octet channel
only while the logarithms should cancel order by ordgrin
the color singlet mode.

Besides these perturbative contributions several non- (Mg
perturbative effects have been investigated as well. They be- [:Tg= s 0
come important near the phase space boundaries where the 4
photon energy fractioa is small or close to 1, respectively.
For low values ofz there is a large fragmentation contribu-
tion caused by the collinear emission of a photon from a ligh
(anthquark in the final state. Examples for such processes a
diagrammed in Fig. 2. They have been investigatefli

0r=0(1). (1)

Thus it is worth modeling the non-perturbative shape func-
ions to estimate their influence on the photon energy distri-
ution. For the construction of the model we keep close to a

model successfully used for shape functions in quarkonium

for the color singlet mode and [] for the color octet chan- production[22]. In this case the shape functions which origi-
nels. nally were defined if23] have been modeled by soft gluon

At the upper end point of the spectrum two different emission from the final state. Inspired by the success in de-

sources for non-perturbative effects exist. The first one is th&¢rPing thed/ ¢ production inB decays and in the photopro-
phase space effect associated with the hadronization of magduction channel we take over the physically simple picture of
less gluons into massive final states. This effect usually i€adiating off soft gluons from the heawgantiquark.
considered by a parton shower Monte Carlo thereby gener- We will proceed as follows: First welwll recapitulate the
ating a non-zero invariant mass for the outgoing glgpon result of underlying partonic procesQ[n]—y+g and
[13]. Another method based on the introduction of an effecQQ[n]—y+g+g for n=25*1L(9) e {15® 3pE) 35(&n
tive gluon mass[14] could obtain the appropriate phase andn="3s{" respectively. Moreover, we will show to what
space suppression by fitting the values of the effective gluogxtent fragmentation contributions must be taken into ac-
mass to data of radiativé/s [15] and Y [16,17 decays count. Afterwards the construction and application of our
independentlyf 18]. shape function model in the decay mode is given. Finally we
In this article we concentrate on another non-perturbativejiscuss the results of the numerical evaluation of the semi-

effect contributing to the upper endpoint of the spectrum. Innclusive decayY (1S)— y+ light hadrons
this region NRQCD operators connected to the center-of-

mass(cms movement of theQa pair inside the quarkonium Il. THE PARTONIC CALCULATION
could become significant even though they are subleading in ] )
the sense of the naive NRQCD power countd®,20. It Within NRQCD the photon energy spectrum in the semi-

has been shown if20] explicitly that the NRQCD velocity ~inclusive decayH— yX of a quarkonium is represented by
expansion breaks down near the end point. The reason fée operator product expansion

this breakdown is the kinematical enhancement of the cms

operators. In the end point region the expansion parameter is dr

v?/e rather thanw? where e=1-E,/mq is a measure for E_; CInJ(H[OLn][H). @
the distance from the end point. Thus the velocity expansion

works fine only for photon energies that are significantlyjere the Wilson coefficient [n] is calculable perturbatively

further away from the end point thaxk ,~ vaz. However, . . , a —
S and gives the differential ra@l",/dz in the decay of QQ
the range of applicability of NRQCD can be extended topairwith quantum numbernsinto a photon and light hadrons

higher values folE, by the resummation of an infinite class X N : : :
' ) 1 . Note that in conventional NRQCD the photon energy is
of operators into so-called shape functig@6].” Thereafter normalized on the quark rather than on the quarkonium

the shape function improved spectrum holds up to a resolu- ~
tion of AE,~mgv?. massiz=E,/mq.
The shape function formalism yields different shape func-
A. Direct contributions

Equation(2) includes not only the contributions from the
These shape functions are conceptually similar to the shape funglirect production of a photofFig. 1) but also the production
tions used in B meson decal21]. via fragmentationFig. 2). We will come to this point later.
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We first deal with the direct channels. The leading term inof the fragmentation functiorD, ., and the coefficient
the non-relativistic expansion is the color singlet mode dis 4" n] which is the perturbative part of the NRQCD decay

played in diagram (B). It has been calculated perturbatively 5te of aQQ pair with quantum numbers into a particle

up to O(«y) [8]. For the sake of simplicity we restrict our-

selves on the tree level contribution. It[i4]

. . B323a.{mo)ai(mg)[2—2 2(1-2)
cdir3g(1) _ Qe Q/%s\TQ _ _

y 5@ 27md 2 (2-27°
1-7 . (1-2)? .

+22—2In(l—z)—2 _A)sln(l—z) .

)

ae{g,q,9} and other light degrees of freedom. The integra-
tion variablex indicates the energy of the particenormal-
ized on the heavy quark mass= Ea/mg.

Since the fragmentation takes place at a scale far below
the heavy quark mass, it can be factorized from the hard
subprocess. This is denoted by the factorization spaia
Eqg. (6). As usual one may derive a renormalization group
equation from theu independence c(ffyrag[n] to shift poten-
tially large logarithms betwee@%n] and Da.y-

Though the fragmentation functions are non-perturbative

The subleading term&(v*) in the velocity expansion objects a naive estimate for their order of magnitude is ob-

arise from Feynman diagrams like Fig.(bl, where

tained from counting coupling constants and collinear singu-

2541 (O =168 = 3p(8) ~or 3p®  They are perturbatively larities coming up in a perturbative calculation. For that we

enhanced in comparison to the color singlet chafh@¥lx)

look at the subprocesses highlighted by gray boxes in Fig. 2.

versusO(a?)]. Due to their two body kinematics the photon The coupling of the photon to a ligttantjquark is propor-

spectrum is fixed to a definite energy value:

PR SR S P
C3 TN = 5i3moy g7 HIQQINI— gl 2me)a(1-2).
@

The spin and color averaged squarelsl[Qa[n]

— vg](2mg) of the amplitudes for the three relevant chan-

nels are(again we take only leading terms in) [9]

_ 256122 arer{ Mo) as(Mo)
HIQQI' S yg](2mg) = —— ===,
(59

- 768 €gatenf M) ars(M)
HIQQI*P] — ygl(2mg) = —— 2 228
(5b)

_ 1024722 argpf Mo) as(Mg)
HIQQI*P{Y]— ygl(2mq) = Somg
(50)

B. Fragmentation contributions

tional to @e(Mg). For Dg_., the leading term comes from
the kinematic region where the photon and theti)quark

are collinear. Thus one gets a factorQﬁ(Qg) where Q?
~mé from the phase space integration with a collinear cut-
off parameterQ, of order Agcp. Accordingly one gets
dem(Mg) as(Mg)IN(QYQG) for the gluon fragmentation
function. Here the logarithm appears quadratically because
quark, antiquark, and photon can become collinear simulta-
neously in this case.

The logarithms IrKQZIQ(Z)) could become so large that they
could compensate the perturbatiwg suppression and thus
confuse the perturbation series dramatically. This is seen in a
easy way from the running of the strong coupling constant.
At leading order the renormalization group equation yields

ag(u1d)

Bo
1+ as(MS)Em

as(Mz) = ;U«Z @)
4

with Bo=(33—2n;)/3 if n; fermions are active. As long as
w is far above a typical hadronic scale,~ A qcp One can
neglect the constant in the denominator. Hence

ag(p?)In(u?l ph) ~O(1). ®

Let us turn to the fragmentation contributions now. TheBased on this relation we receive fragmentation contribu-
corresponding processes are associated with diagrams likiens with magnitudes comparable to the direct ones. This
the ones in Fig. 2. There the photon does not stem directlypecome clear if we rewrite the fragmentation functions in the
from the annihilation of the heavy quark-antiquark pair butleading logarithmic approximatianThen they have the form

from the fragmentation of a gluon or a ligkantjquark in

the final state. Nevertheless we can keep the form of(Bq.

to describe these contributions, since this subprocess is inde-
pendent from the initial state effects parametrized in the
NRQCD matrix elements. The Wilson coefficient is then ob-

tained by the folding

. dx . .
M nl(z)= X J = CS'In](X,u*)Da . (2%, u?)
a=g,q,q Y2 X ©)

[24]

i aem( Qz)
Bo ag(Q?)

where f, is a phenomenological function of the fractign
=E,/E, of the photon and the parton energy. In case of
comparable functions, for the different partong the a4 in

the denominator cancels the additiorg| in the hard sub-
process of the fragmentation contributions.

Da_(£,Q%)= fa(é) (€)
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Instead of using fitted functions fdr, we will take the ,agu®) (1dy
perturbative result for the fragmentation functioBs .. Dy (&:n)=—— J —Pg_q(n)
They are known in next-to-leading ordg25] but we will €7
restrict ourselves on the leading order for consistency with 1 [ p?
the investigation of the annihilation subprocess. The scale xDqﬂy(gln,,uz)Eln<—2). (15

dependence d_,, andD_, , is given by the leading order Mo
DGLAP equationg26,27 _ _ _ o
Since the experimental investigation of the photon spec-
2 2 trum in radiative quarkonia decays is limitedzo 0.4 due to
, 0 5 €q%en 1°) o
p2——=Dq . (£,u2) =————Pq_,(£), (109 large uncertainties fqr soft phptons causeda-kﬁ&decays we
ap? 2m need the fragmentation functions f6r- 0.4 only. In this re-
gion the contribution of the gluon fragmentation function is
P ag(u?) (1d negligible. However, the quark fragmentation into a photon
,uZ—Dgﬂy(g,,uZ): el _npgﬁq(,?) is significant foré~0.4. Furthermore possibly large contri-
% 2m 7 butions in the end point region we are especially interested in
are caused by the logarithmic divergence In(x##?).
X Dqﬂy( 5/771#2) (10b) y g 9 ( @ )

At this stage one comment is in order. Since our approxi-

] ) ] ] mation for the fragmentation functions and in particular re-
wheree, is the charge of the light quark measured in units ofjaion (8) holds the better the larger the scaleis, i.e., the

the elementary charge. The Altarelli-Parisi splitting functions|arger the heavy quark mass, is, the leading log approxi-

are[27] mation is inaccurate or even not reliable fog=m; . There-
5 fore we will concentrate our numerical investigation on the
1+(1-§) 1, 5 Y decay as long as we do not restrict ourselves on large
Pq—>y(§)_ g ) Pg—»q(g)_ E[g +(1_§) ] values forz
(17 Finally we need the perturbative results for the coefficient

¢3"n] in Eq. (6). Again we distinguish between color sin-
Integrating Eq(10a one obtains the quark fragmentation glet and color octet contributions. The calculation of the

function color singlet modgFig. 2(@) without the fragmentation sub-
proces$ is, except for color factors, the same as the decay
2 2 2 rate of ortho-positronium[30]. Similarly the coefficient
2 €q%en(#”) H dirr3(1)
Dy & u)= Z—Pqﬂy( &In 5 CL [°S;’] can be extracted from the photon energy spectrum
™ po(1—¢€) (4). The relative factor

+Dqy(€,f). (12 (

>

abc

Te o) [ TF ap
70'“)(70'“ NZ—4 (N=3) 5

The ¢ dependence of the starting Valma_w(f,,u,é) for the = — (16
12

evolution in the factorization scalg is mainly determined F E (Eyb Eéab 4N,
by a logarithm In(1/(+ &)?) originating from the phase ab |2 2

space integratiof8]. It is already separated in E(.2). The

remaining rest term cannot be calculated perturbativelygives the ratio of the corresponding color traces. Inclusive of
Therefore it has to be modeled, e.g., with a vector dominancghe coupling constants the triple gluon energy spectrum in
model, or fitted to data. The latter was done by the ALEPHq decayQQ[3s{"]—ggg results in

Collaboration in a measurement of the- (1 jet) rates for
£>0.7[29]. They get the best fit for a constant rest te@m

: . - ag(mg) . .
== 1-In{MZ/(245)} in CoT3SMI(x) =Bk 25(—Qc‘;'f[3s<ll>](x). (17)
€oQen(Mg)
2 2 2
Dy (&u)= Cadent 17) Pe_(&)In ’u—> +C This formula contains a combinatorial factor #3/3!:1/2!
2m po(1—§)? which compensates the aforementioned factor of three com-

(13)  ing from the fact that all three final state gluons can fragment
into a photon. _
The non-perturbative scaje, extracted from data is then The color octet coefficient€ 37251 (¥)] are determined
by the hard subprocesses in diagrams like Fif) and Fig.
wo=0.14"%% Gev= C=-13.26'28. (14  2(0. In both cases the kinematics are trivial. Thus we get for
cg'Tn] with ne {*s{¥ *P{» 2P from diagram 2b):

The non-perturbative piece of the gluon fragmentation . .
functionDg_, ,, cannot be determined experimentally. For the , qir A . — o
sake of simplicity we will seDy_, (¢, 10)=0. The leading Cg [n](x)_ZZ(ZmQ) 8WH[QQ[n]—>gg](2mQ)5(1 X):
quadratic logarithmic term reads (18
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Up to a factor of two which again is caused by the possibility
for both gluons to fragment into a photd@'r[n](i) matches

the corresponding differential decay modﬂ%.n/d% without
the NRQCD matrix element. The spin and color averaged
square of the amplitudes af@|

_ 1282 a3(mg)
HIQQI'Si”1—ggl(2mg) =Bg —————,
Q=R 2mq
(199
. 384m%a(mg)
HIQQ[*Py’']—ggl(2mg) = Br——n FIG. 3. Schematic representation of direct color octet contribu-
tions to the radiative quarkonium decay.
(19b
e 512772a§(mQ) sible for the shift of .the partggxii end point,, to the physi-
H[QQ[®P;’]—ggl(2mg)= BFW cally correct hadronic value’=My/2 [20]. Therefore we
Q will keep the kinematics exact here.

(199 Nevertheless we have to model the radiation of the gluons
Final states withJ=1 are forbidden by the Landau-Yang from the initial state. This is done by our shape func{i2g|
theorem(31], i.e.,n="3P{®) andn=>3s{® do not contribute to
QQ[n]—gg. Instead the latter configuration can decay into )=

a light quark-antiquark paicf. Fig. 2c)]. The correspond- e
ing coefficient is

dk? %k
f (2m)*

27 (2)32K°
X 84 (py+k—P+1)Dy(k;py,P) (22)

. R 1 1 — _
CIT3SPN(X) = 55— =—HIQQ*SP1—qql(2my) where®d,, is a radiator function parametrizing the emission
2(2mg) 87 :
of a soft gluon cluster with total momentukn In our ansatz
X 8(1—X 20
(1=X) (20 ®,(k;py,P)=a,-|k/Prexp{ —k3/ A2} - k? exp{ —k?/ A2}
whereae{q,q} and (23
642 aﬁ(mQ) the cutoff parameteA ,~ O(mqu 2) reflects the expectation

H[Q6[3S‘18)]—>qa](2mQ)= (21 that the main contribution comes from the ultrasoft region
where the energ¥, and the invariant mags’ of the gluon

2)2 respectively. The

3(2mg)

2
Hence we have collected all the results for the partonic,dr‘l’s,ter are of ordemqu® and (Mqu

decay of aQQ pair that are needed for the photon energyC oice
distribution in radiative decays of heavy quarkonia. Hence-

forth we will construct a model for shape functions in
guarkonia decays and embed the partonic results into it.

bl'si]=2, b*PPI=b[*s{’]=0, (243

APSPI=ALPPPI=A, A[PSP]=cA  (24b
Il THE SHAPE FUNCTION MODEL for the constants in Eq23) is motivated by the fact that the
In the following both direct and fragmentation contribu- gluon coupling for a M1 magnetic dipole transition from the
tions are improved by the application of the shape functionsgquarkoniumH to Qﬁ[lsgf)] is proportional to the gluon
We model these functions with the following physical pic- momentum while an E1 or a double E1 electric dipole tran-
ture in mind. According to the factorization assumption of g toQ6[3P§{’2)] 0rQ6[3S(18)] respectively does not have

NRQCD qgarkonium _decgys are divid_ed into two SprrO'anyk dependence. Furthermore the necessity of at least two
cesses as illustrated in Fig. 3. In the first stage the quarkq—ransitions forn=3S(18) suggests the introduction of a factor

nium H radiates off a cluster of gluons with a momentum _— . . .

— 2 . . .~ c¢=1.5 to enlarge the average radiated energy and invariant
k=Ziki~O(mgv°). The final state of this non-perturbative . . . X o

=T o mass in this case. Finally we fia, by the normalization
subprocess is @Q pair in the quantum state that annihi-  -ondition
lates perturbatively in the second stage. Its momentum is
given by pog=P—1 with P?=(2mg)?, ie., the non- 4 1 (= .
perturbative momentum ~O(Aqcp) measures the off- f f§(|): f dsz_dko‘/ké—kz
shellness of the quark-antiquark pair. (2m)* (2m)%Jo k2
It is important to be careful with neglecting non- P (k- P

perturbative momenta in the hard subprocess because the n(K:Pw.P)

light cone componerit, of the QQ off-shellness is respon- =(H|O|H). (25
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A. Direct contributions while the lower one is determined t#=0. Introducing the

After we have determined our model ansatz for the shap@PPreviations
functions we proceed with the implementation of the hard a=(py—py)+=My—2E,, B=(py—p,) =My
subprocess. First we deal with the direct contributions. As (32)
mentioned above in leading order only the color octet mode§v
are interesting in the shape function formalism. Thus we start dir )
with the expression dI's _2 f“ﬁdk f(ﬁ2 k2)/(2,8) 1 1
(

44 @ +k2)/(2a) 2|V|H 8m
drdir: J
>

e finally end up with

“dp, dpx(2m)*

(2m)* 2My XH[QQIN]— ygl(Mqg(k)
X 84P—1-p,—px) 1
7 X5 Pa(kipi), (32)
XH[QQ[”]H’yg](Pylvp‘yva) m
dke d%k This is our master equation for the direct color octet contri-
f —(2m)* butions to the photon energy spectrum that take into account
27 (27)%2k, shape functions effects within our model framework. Note
that according to our model the partonic rate depends on
X 84 (py—k—P+1)®,(k;py,P) (26) 2 5
Mog(k) = VMj—2Mko+k (33

where one can easily recognize the shape function in thgyiher than on B, i.e., the quark mass in the partonic
second line of the equation. In E@6) My denotes the gypprocess is effect|vely larger tham,. The color singlet
quarkonium massdp and dpy the invariant phase space contributions are obtained by multiplying E3) with the
measures of the photon and the hard gluon respectively arzblor singlet NRQCD matrix elemert|O;(3S;)|H). Here
finally the spin and color averaged squate of the hard the heavy quark mass is set equaMg,/2.
subprocess amplitude is given by E§).

Manipulating Eq.(26) we start with integration out the B. Fragmentation contribution
four momentak and pyx with pizo which determines the The treatment of the fragmentation contributions is done
light cone componentlﬁ andl , by the delta functions to  in the following way: First we apply our shape function

12=(Mu—2 My —2Mo+210) 1. (2l0—1.)— K2, model on the color octet Contr|but|0|uiF/dEa(QQ[n]
1= (My=2mo) (M= 2mg +2lo) +1.+ (210 1) —>aa§ to extend the reliability of the partonic NRQCD cal-

(279 culation up to higher values of the parton enekgyin the
1 = .
| = — [4ma(Mu—E.)— M2 —2(Mu—2E )+ k2. QQ rest frame. Afterwards we fold the received spectrum
[4mo(My—E,)=Mi—2(My Plotk’] dI'/dE, with the corresponding fragmentation function
(27D D, .,:
f d
To make use of these relations we also decompénto dr'g™ _ JMH’Z dE, dFBIrD (E.JE.). (34)
its light cone components dE, 004 JE E, dE, 277 v —ar

2 Note that the upper bound for the parton enekyin the

2w
4 _ L 2
J d’l = fo dd’J dlodl . 7®(IL) (28) quarkonium rest frame is given by the hadronic vakllig/2
rather than by the heavy quark mas§®= mq which de-
and rewrite thel, integration into ak, integration byl,  fines the end point in the partonic calculation.
=ko— (My—2mg). Then the integration over the azimuthal ~ In Eq. (34) the foldmg of the gluon and théant)quark
angular can be performed trivially because the partonic proenergy spectrunal’g ddE, is calculated completely analo-
cess |s¢ independent. Analogously the angular dependencgous to Eq (32):
T B e ety W (W [Py 1L
p— 7T - —
27b) In stItaneous consideration of the theta function in dEa . (a®+1)/(2) 2My 8
Eq. (28) there arise integration bounds f& where the - 1
physical ones are X H[QQ[n]Haféj(MQak))FCDn(k;pH)
T
(My—2E,)2+k? MZ+k?
<k <
2(My—2E,) 0= 2My

0 2

(29 where the sum again runs only over the color octet modes.

_ _ andE are obtained from Eq(31) by the substitutionE,
From this we can read off an upper bound for kientegra- —E,. As described in Sec. IIB the partonic subprocess

tion , QQ[n]—gg contributes only fom=1S®, n=3p{®, and
k*<=My(My—2E,) (B0 n=3p® while n=3S{*) needs a light quark-antiquark pair in
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00 0.10203 040506070809 1 00 010203 040506070809 1 FIG. 4. _Leadmg order fragmt_antgthl(ﬂJpper
2 =2E,/My 2 =2E, /My pane) and direct(lower panel contribution to the
photon energy spectrum in the radiative decay
Y (1S)— y+ light hadronsfor two different values
4: S 4: T of the shape function model parameter\
4k direct contributions aE direct contributions ] =300 MeV (left) and A =500 MeV (right).
35F A =300 MeV 35¢ A =500 MeV E
S 3F 5 3F 3
= 2s5F 0 e color singlet o 25F 0 e color singlet
= =
o 2k - - - - color octet o 2k - - - - color octet
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00 010203040506070809 1 00 010203040506070809 1
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the final state. The sum in E§34) runs not only over the not influenced by the shape function and showAndepen-
gluon but also over different(antiquark flavors q  dence. In the region 01z=<0.4 the fragmentation is mainly
={u,d,s(,c)} where we additionally assum®,_,(£) dominated by the color octet channels. The main contribu-
=Dg_ (). tion stems from the’S{®) mode that is connected with the
fragmentation functiorD,_,,(£). Though this function di-
IV. RESULTS verges foré— 1 the numerical contribution afl'/dZ 3S{®)]

As mentioned above we restrict our numerical analysid® the spectrum for large values afis negligible. This
on the bottomonium system since the fragmentation contriMatches to our expectation that fragmentation processes pre-

butions in the charmonium sector are not very trustworthy[€' f0 transfer small energy fractions from the glugpark

within our approach. For the photon spectrum in the radia® the photon. _ , , . .
tive decay of aY(1S) we choose the following set of The upper end point regiar= 0.8 is dominated by direct
parameters: My =9.46 GeV, ay(u?)=0.190, ag(u?) color octet contributiongat least in leading ordet,). While

: ' 1 s : 1 e . . . -
=1/132 where the factorization scaje is fixed at theb  the partonic result is proportional #@(1—2) the soft gluon
quark massm,=4.8 GeV. Unfortunately the values of the radiation in the initial state smears out the delta peak and
NRQCD matrix elements are unknown. While the produc-also shifts its maximum taQazMg%/MY<1. The higher
tion matrix elements of the bottomonium sector have beemhe model parametek is the smaller iszqg and therewith
fitted in a recent analysis by Braaten, Fleming, and Leibovthe effective heavy quark mass and the broader is the width
ich [6] we have to make do with the NRQCD scaling rules of the peak. Comparing the integrated rates of the direct

(Y|05(3Po)[Y) color singlet mode®s{!) and the direct color octet ones we
(Y] 0g(1Sp)| Y )~ —2~<Y|(98(351)|Y> realize that their contributions are almost equal. This can be
my explained by the fact that the suppression faaifr 6.4
~0HY|0,(3S)|Y) (35) x 102 of the color octet modes is canceled by an additional

factor ag(m,)/(4m)=1.5x10"2 in the color singlet mode

to estimate at least the order of magnitude of the decay mdcf- Ed. (1)]. Furthermore one has to consider that there are
trix elements needed for the normalization, i.e., for the relacontributions from many color octet modesS{*L{”
tive weights, of the different contributing channels. For our=1888), 38(18), 3P68), and 3P(28)) but only from one color
numerical evaluation we take for each color octet matrix el-singlet mode is(ll)).
ement 2.2 10 2 GeV? and (Y|0,(3S,)|Y)=3.43 GeV, Let us finally concentrate on the region of middle high
i.e., we setv?=0.08 for bottomonia. Finally we normalize photon energies. From the theoretical point of view the part
the total rate to one. In case of a comparison with data thibetween 0.4£z=<0.75 is the cleanest one of the spectrum.
could be changed easily. Here the color singlet contribution which is assumed to be
The result for two different values of our shape functiondominating over the whole photon energy range in the color
model parameteA ~m,v? is shown in Fig. 4. One recog- singlet model can be extracted within shape function im-
nizes that fragmentation contributiofigoper panelare non-  proved NRQCD without any pollution from other channels.
negligible for small photon energies only. Therefore they arerhis is still true after including the next-to-leading order con-
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1400 F
1200 FIG. 5. Comparison of the theoretical spectrum
1000 b (solid line for A=300 MeV (left) and A
- 800 Pl =500 MeV (right) with data of CLEO. The dashed
= line shows the direct, the dash-dotted line the frag-

mentation contribution from the color octet modes.
The spectrum predicted by the color singlet model
(direct+fragmentation, without any hadronization
mode) is indicated by the dotted curvature.

tributions: While the color singlet corrections steepen thedecay matrix elements even smaller than éhesuppression
slope [8] the color octet terms are negligible for &4 still acknowledged by the power counting rules. Some hints
=<0.75[9]. for such small color octet decay matrix elements also come
Since the extraction of¢(my,) needs an extrapolation of from the estimation of therg correctiong9]. Furthermore a
the measured spectrum towams 0, a complete theoretical recent analysis of the corresponding production matrix ele-
understanding of the part of the spectrum the fit is based oments[6] yielded smaller values than predicted by velocity
is indispensable to reach an accurate value for the strongcaling rules, too. Although the crossing symmetry between
coupling constant. In our opinion this is not possible for highthese production matrix elements and the ones of the decay
photon energies. To illustrate the problems in the upper entiolds only in leading order perturbation theory this could
point region we smear out our theoretical result with thealso be interpreted as indication for somehow suppre&sed

energy resolution of the CLEO detector even negativevalues of the NRQCD matrix elements.
Nevertheless the understanding of the upper end point re-
E(%) — 0'_35+ 1.9-0.1E (36) gion in the radiative decay of thé(1S) is not good enough
E EO-75 to conclude convincingly that the color octet matrix elements

and fit it to their most recent dafa7] for 0.4<z<0.7. The are extremely small. Without having investigated the Suda-

result is shown in Fig. 5. While the spectrum is described‘ov corrections on the color octet contributions and without
satisfactorily within the fragmentation uncertainties for small2 Petter understanding of the hadronization process it seems

and middle high values of the discrepancy between theory impossible to give a stringent theoretical prediction for
and experiment is overwhelming fa=0.75. As shown by =0.75. Furthermore the experimental investigation of this
the CLEO Collaboratiofi17] the CSM result combined with SPECtrum suffers from large systematic problems in this ki-
the color singlet fragmentation contributions according to€matical regime, too. _
[12] can be brought into agreement with data using a had- In summary an extraction of a precise value for the strong
ronization model by Field13] even though the consequen- COUPIiNg constant from the radiativé decay seems to be.
tial value ofag(m,) is slightly to small compared to the one impossible as long the upper end point region is included in
measured on th&, resonance. the fit. Unless both theoretical and experimental progress
Although the (direc color octet contributions in Fig. 5 C€0ncerning the physics in the upper end point region is

have not been suppressed by a hadronization model yet, th rievi:das(mb) should be fitted from the data between
seem to be in strong contradiction to the experimenta 4=2=<0.7 only.
observatiorf. The simplest explanation for this deviation

would be an extreme smallness of the color octet NRQCD
ACKNOWLEDGMENTS

| would like to thank M. Beneke for useful comments and

2The inclusion of color octet fragmentation contributions seems tdfOr reading the manuscript and Th. Mannel for several dis-
be favored by the data. However, considering that the analysis i§USSions. The author is supported by the Graduiertenkolleg
only leading order at &or fragmentation processeeelatively low  “Elementarteilchenphysik an Beschleunigern” and the
factorization scalam, we should not deduce anything conclusive DFG-Forschergruppe “Quantenfeldtheorie, Computeralge-
from this observation. bra und Monte-Carlo-Simulation.”

[1] J. J. Aubertet al, Phys. Rev. Lett33, 1404 (1974; J. E. [5] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re§1D

Augustinet al, ibid. 33, 1406(1974). 1125(1995; 55, 5853E) (1997).
[2] S. W. Herbet al, Phys. Rev. Lett39, 252(1977). [6] E. Braaten, S. Fleming, and A. K. Leibovich, Phys. ReVt®
[3] T. Appelquist and H. D. Politzer, Phys. Rev. Le84, 43 be publishell hep-ph/0008091.

(1975. [7] G. T. Bodwin, D. K. Sinclair, and S. Kim, Phys. Rev. L€t¥,
[4] S. J. Brodsky, D. G. Coyne, T. A. DeGrand, and R. R. Horgan, 2376(1996.

Phys. Lett.73B, 203(1978. [8] M. Kramer, Phys. Rev. 50, 111503(1999.

074020-8



KINEMATIC EFFECTS IN RADIATIVE QUARKONIA DECAYS

[9] F. Maltoni and A. Petrelli, Phys. Rev. B9, 074006(1999.
[10] D. M. Photiadis, Phys. Lettl64B, 160(1985.

[11] F. Hautmann, in Proceedings of International Conference on

the Structure and the Interactions of the PhotBhoton 97

including the 11th International Workshop on Photon-Photon

PHYSICAL REVIEW D63 074020

Shifman, N. G. Uraltsev, and A. |. Vainshtein, Int. J. Mod.

Phys. A9, 2467(1994; M. Neubert, Phys. Rev. 9, 4623

(1994; T. Mannel and M. Neuberibid. 50, 2037(1994.

[22] M. Beneke, G. A. Schuler, and S. Wolf, Phys. Rev.6R
034004(2000.

Collisions, Egmond aan Zee, Netherlands, hep-ph/9708496. [23] M. Beneke, I. Z. Rothstein, and M. B. Wise, Phys. Leté®3,

[12] S. Catani and F. Hautmann, Nucl. Phys.(Broc. Supp).
39BC, 359(1995.

[13] R. D. Field, Phys. Lett133B, 248(1983.

[14] G. Parisi and R. Petronzio, Phys. Le4B, 51 (1980.

[15] G. S. Abramset al, Phys. Rev. Lett44, 114 (1980; M. T.
Ronanet al, ibid. 44, 367 (1980; D. L. Scharreet al,, Phys.
Rev. D23, 43 (198)).

[16] R. D. Schambergeat al, Phys. Lett138B, 225(1984); CLEO
Collaboration, S. E. Csornet al, Phys. Rev. Lett56, 1222
(1986; ARGUS Collaboration, H. Albrechet al, Phys. Lett.
B 199 291 (1987; Crystal Ball Collaboration, A. Bizzeti
et al, ibid. 267, 286 (1991).

[17] CLEO Collaboration, B. Nematt al., Phys. Rev. 65, 5273
(1997.

[18] M. Consoli and J. H. Field, Phys. Rev.43, 1293(1994); M.
Consoli and J. H. Field, J. Phys. Z3, 41 (1997.

[19] T. Mannel and S. Wolf, TTP97-02, hep-ph/9701324.

[20] I. Z. Rothstein and M. B. Wise, Phys. Lett.82, 346(1997).

[21] M. Neubert, Phys. Rev. @9, 3392(1994; I. I. Bigi, M. A.

373(1997.
[24] J. F. Owens, Rev. Mod. Phy§9, 465 (1987.

[25] P. Aurenche, P. Chiappetta, M. Fontannaz, J. P. Guillet, and E.

Pilon, Nucl. PhysB399 34(1993; M. Gluck, E. Reya, and A.
Vogt, Phys. Rev. D48, 116 (1993; 51, 1427E) (1995; L.
Bourhis, M. Fontannaz, and J. P. Guillet, Eur. Phys. 2, 829
(1998.

[26] V. N. Gribov and L. N. Lipatov, Yad. Fiz15, 781 (1972
[Sov. J. Nucl. Physl5, 438(1972]; 15, 1281(1972 [15, 675
(1972]; L. N. Lipatoy,ibid. 20,181(1974 (20, 94(19759]; Y.
L. Dokshitzer, zh. Esp. Teor. Fiz.73, 1216 (1977 [Sov.
Phys. JETR6, 641 (1977)].

[27] G. Altarelli and G. Parisi, Nucl. Phy8126, 298 (1977).

[28] E. W. Glover and A. G. Morgan, Z. Phys. &, 311(1994).

[29] ALEPH Collaboration, D. Buskuliet al, Z. Phys. C69, 365
(1996.

[30] A. Ore and J. L. Powell, Phys. Rev5, 1696(1949.

[31] L. D. Landau, Sov. Phys. DokB0, 207 (1948; C. N. Yang,
Phys. Rev.77, 242 (1950.

074020-9



