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We analyze the end-point region of the photon spectrum in semi-inclusive radiative decays of very heavy
quarkonium ma§>AQCD). We discuss the interplay of the scales arising in the soft-collinear effective theory,
m, m(1-2)¥2 andm(1-2z) for z close to 1, with the scales of heavy quarkonium systems in the weak
coupling regime,m, mag, and mai. For 1fz~a§ only collinear and(ultra)soft modes are seen to be
relevant, but the recently discovered soft-collinear modes show up%ar@aé. The S and P-wave octet
shape functions are calculated. When they are included in the analysis of the photon spectruii (dfShe
system, the agreement with data in the end-point region becomes excellent. The nonrelativistic QCD matrix

elements 13S,|0g(1Sy)[13S,) and(13S,|04(3P;)|13S;) are also obtained.
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[. INTRODUCTION coupling and it is amenable to a detailed analysis. We shall
illustrate this point by analyzing the end-point region of the
Effective field theories(EFT9 have proved extremely photon spectrum in inclusive decays of very heavy quarko-
useful in the field of strong interactions. Applications to highnium.
energy processes in QCD involving very energetic partons Semi-inclusive radiative decays for thg(1S) have al-
[1], however, have been elusive until recently. Important feaready been discussed in the framework of SC&F11]. The
tures of a suitable EFT for such processes were outlined iSCET has been used to put forward factorization formulas
[2], which led to the development of the so called soft-and to resum Sudakov logarithms. An improved description
collinear effective theorySCET) [3-5] (see[6] for a peda-  of data[12] with respect to earlier approachigs3] has been
gogical introduction _ . achieved. However, the bound state dynamics, which is rel-
The SCET has generated high expectations. Indeecyant for the evaluation of the octet shape functions, has not
factorization proofs appear to be greatly simplified andpeen studied in detail, but rather modeled by analogy with
power corrections seem to come under control. In addition, B-meson systemfL4], which is a doubtful approximation.

large number of potential applications is envisaded. We shall calculate here the octet shape functions under the

Among these,. exclusive and sem|-|nclus_B/e|ecays deserve assumption that the bottom quark is sufficiently heavy as to
special attention because of the necessity to have good COansiderY(lS) 2 Coulombic state. This aSSUMDBLON ADDEArs
trol of the hadronic effects in order to extract the Cabibbo- ) P P

Kobayashi-Maskawa matrix elements from the abundani® be self-consistent in the calculation of the spectfd—
B-factory data 8] and decay and production currei®]. We observe that

SCET was originally formulated in terms of soft, collin- the fgptorization scale dependence' of the shape fqnctions is
ear, and ultrasoft modes. Later, it was realized that two€nsitive to the bound state dynamics and discuss its cancel-
possible scalings for collinear modes were relevant andftion. _
the terminology SCETand SCET, was introduced. Recently ~ We organize the paper as follows. In Sec. Il we calculate
a new mode, called the soft-collinear mode, has bee#he photon spectrum at the end-point region in the weak
claimed to be necessaf] (see[8] for the latest discus- coupling regime. We do so by first matching QCD to nonrel-
sions. It is often assumed that some of the momentum comativistic QCD (NRQCD) [20] +SCET, then NRQCD
ponents of these modes have typical sizedocp or even  +SCET, to potential NRQCD(pPNRQCD [21] + SCET;,
smaller. and finally carrying out the calculations in the later EFT. We

One of the difficulties that one faces Biphysics is that confirm the factorization formuld40,11] and obtain the oc-
the bound state dynamics of the initBimeson is dominated tet shape functions. In Sec. Ill, we apply our results to the
by the scaleA qcp, and hence a weak coupling analysis isY(1S) system and obtain a very good description of the
not reliable. Therefore, the interplay of the initial bound stateexperimental datfl2] in the end-point region. In Sec. IV we
dynamics with final state modes of momentum componentsliscuss the interplay of the several scales in the problem, in
of the order ofA ocp (or smallej is difficult to figure out. We  particular the emergence of a soft-collinear mode. Section V
advocate here that a very heavy quarkonium in the initiais devoted to the conclusions. In the Appendix we present
state may provide an excellent theoretical tool to shed lightesults for NRQCD octet matrix elements of th&S] state,
on this issue, since the bound state dynamics occurs at weakhich follow from those of Sec. Il.
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Il. THE END-POINT REGION the tree level, the electromagnetic current in Ek).can be
OF THE PHOTON SPECTRUM matched to the following curreritin this EFT[11]:
We start from the formulas given in Réfl1]: “io (133)) 4iaB (8.1Sp) e
J(x)=¢e"" mXO[FaBiM1 3(1,351)(X)+Fw J(&lso)(x)
ar = ™ mT . B
92 " 21a2'mT(2), +F£¥8,Lifj)~]?§f3pj)(x)+"']+H'C" 2
2
R (I 1l3s)_9s€& |
T(2) Ij d’xe raﬁipl = 3m2 Tapui

X (2SI T{3,00 3, (0?5 i)t (1) | |

. . Ji5s) (0 =x"e'y TH{BIBL}(x),
whereJ ,(x) is the electromagnetic current for heavy quarks i
in QCD and we have used spectroscopic notation for the
heavy quarkonium states. The formula above holds for states (81sy)_ 9s€& | 3 _ e
satisfying relativistic normalization. In the case that nonrel- ap m Can (81150)()()_)( 1Y),
ativistic normalization is used, as we shall do below, the
right-hand side of either the first or second formula in &g.
must be multiplied by ®1, M being the mass of the heavy
guarkonium state. In the end-point region the photon mo-
mentum(in light cone coordinatgsin the rest frame of the B o
heavy quarkonium isj=(q, ,q-,q,)=(zM/2,0,0) withz J&;fgpj)(x): —ixBIVia (%), ©)

~1 (My1-z<M). This together with the fact that the

heavy quarkonium is a nonrelativistic system fixes the relwheren=(n, ,n_,n;)=(1,0,0) andeﬁﬂ=eaﬂponp. These
evant kinematic situation. It is precisely in this situation effective currents can be identified with the leading order in
when the standard NRQCD factorizatidoperator product «  of the currents introduced ifi1]. We use both latirf1 to
expansion breaks down22]. The quarkiantiqguark momen-  3) and greek(0 to 3 indices,B¢ is a single collinear gluon
tum in theQQ rest frame can be written as=(py,p), po  field here, ancee, is the charge of the heavy quark. Note,
=m+ly, p=1; lp,/<m, m being the mass of the heavy however, that in order to arrive at E¢2) one need not
quark (M~2m). Momentum conservation implies that if a specify the scaling of collinear fields &4(\?,1\) but only

few gluons are produced in the short distance annihilatiothe cutoffs mentioned above, namely, ,r; <M. Even
process at least one of them has momentum though theP-wave octet piece appears to benlduppressed
=(ry,r_,r;), r—.~M/2, r,,r, <M, which we will call  with respect to th&wave octet piece, it will eventually give
collinear. At short distances, the emission of hard gluons igise to contributions of the same order once the bound state
penalized byxg(m) and the emission of softer ones by pow- ffects are taken into account. This is due to the fact that the
ers of the soft scale oveM. Hence, the leading contribution 3S; initial state needs a chromomagnetic transition to be-
at short distances consists of the emission of a single collincome an octet'Sy, which is a suppressed with respect to
ear gluon. This implies that th@Q pair must be in a color the chromoelectric transition required to become an octet
octet configuration, which means that the full process will P;. )

have an extra long distance suppression related to the emis- 1(2) can then be written as

sion of (ultra) soft gluons. The next-to-leading contribution

&Py _ 9s€&

11 11 | j il
apii = e Mait Wi M~ MaW'NY),

) 3 sy ’ ’ 1 ’
at short distances already allows for a singl#® configu- T(z)= Hfﬁ;jjﬁﬁ,T;‘l’gg)ﬁﬁ +H(0{8CL,S°)T?8Q15)
ration. Hence, the relative weight of color singlet and color ! 0
octet configurations depends not only niut also on the + <$!_3PJ_)_ -|-aii3a’i’J’Jr o (4)
bound state dynamics, and it is difficult to establspriori. aija’i’j’ " (87Py) ’
In order to do so, it is advisable to implement the constraintg,ere
above by introducing suitable EFTs. In the first stage we
need NRQCO 20], which factors out the scalmin the QQ a3s) #VF(1,351)I,(1,381)
system, supplemented by collinear gluons, namely, gluons i’aa'pp ML afin gty
for which the scalen has been factored out from the com-
ponents . ,r, (butis still active in the componemt.). For H(&lso): nﬂyr(s,lso)r(s,lso)
the purposes of this work it is enough to take for the La- aa! e Talv
grangian of the collinear gluons the full QCD Lagrangian 3 5 3
and enforce , ,r, <m when necessary. (8P  _ urp (8PP (87PY) 5)

aija’i/j' 1 aﬂij a’vi’j”
A. Matching QCD to NRQCD + SCET,

For definiteness, we shall restrict our analysis 3®; 10ne-loop matching calculations are already available, analytical
states, which decay mainly through two additional gluons. Affor the octet currentf23] and numerical for the singlet orj@4].
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and

I(llgsa)ﬁﬂ (Z)_—If d?xeia-x- 2mx0< 381|T{Jl(tfgs) )T

X \]I(]_%Sli) (0)} | 3sl>1

FIG. 1. Color octet contributions. @ represents the color
, octet S-wave current, A represents the color octet P-wave
T?sa,lso)(z) =—j f d4xe—iq‘X—2m>‘0< 351|T{‘](“8’150)(x)Jr current. The notation for the other vertices is that of Ref.
[25], namely, om:=(igcp/\N.Tp)(o,—05)2mT{T’B] and
@ :=(ig/yN_Tp)xTiT’E]. The solid line represents the singlet
field, the double line represents the octet field, and the gluon with a

line inside represents a collinear gluon.

X J(g15,(0)}IS0),

aija’i’j’ _ 4y, A—iq-X—2 3 aij T P
Tz, (2= 'f d*xe™ !4 EO(ES [ T{J g 3p  (X) pseudoscalar components, namedy: (Sp+S,0')/\2 and
02=(0%+0%¢")/\2. Te=1/2 andN.=3 is the number of

><Ja8'3F’,) (0)}3Sy). (6)  colors. B2(x) in Eq. (8) are now collinear gluons with

ro,r<Myl-—z=mas.
In Eq. (4) we have not written a crossed term {8;-°P;)
since it eventually vanishes at the order we will be cal- C. Calculation in pNRQCD + SCET,

culating. o
9 We shall now calculate the contributions of the color octet

) currents in pNRQCD coupled to collinear gluons. They are
B. Matching NRQCD + SCET, to pNRQCD + SCET, depicted in Fig. 1. For the contribution of tiewave cur-
If we restrict ourselves tasuch thaM (1—z)<ma?2, the  rent, itis enough to have the pNRQCD Lagrangian at leading
scale of the binding energy, we can proceed one step furthépontrivial) order in the multipole expansion given ja1].
in the EFT hierarchy. As discussed in Rgfl], NRQCD still  For the contribution of th&wave current, one needs ani/
contains quarks and gluons with energiemas, which, in ~ chromomagnetic term given {i25].
the situation above can be integrated out. This leads to po- Let us consider the contribution of ti&wave color octet
tential NRQCD. On the SCET side, the restriction abovecurrent in some detail. We have from the first diagram of
implies that one may also restrict collinear gluons in the finalFig. 1
state to have , ,r, <M{1—-z<mag, as we shall do. The
scaleM {1—z, which is still active in SCE[, must then be ) , 32_,(¢cr 2
integrated ouf9]. The integration of this scale produces the T(s. s, (2 =—inl" (4m) =T (2 ) ag( ) Cy
dominant contributions from the color singlet currents. We

have
x [ [ gt ot
( 3S1|T{Jl(igsl)(X)TJ'(1fésﬁl)(0)}|3S1> d*k K2 1
i i *K2+ie\ —Ko+tE,—hg+i
—)2NCSIVT(X,O,X0)SI\/(O,O,O) (277) k +le kO En hO le x',0
x (vad Tr{B“BF}(x)Tr{B% B }(0)|vac). « L
[M(1-2)—k,IM—k?+ie
(7
. . 1
The calculation of the vacuum correlator for collinear gluons X _ ; 9
above has been carried out{itil], and the final result, which —kotEn—hotie 0,x

is obtained by sandwiching E¢7) between the quarkonium
states, reduces to the one put forward in that reference, Where we have used the Coulomb gaufge both ultrasoft

For the color octet currents, the leading contribution@"d collinear gluons E,<0 is the binding energy M

arises from a tree level matching of the curref®is =2m+E,) of the heavy quarkoniumjo(x) its wave func-
tion, andh, the color octet Hamiltonian at leading order,

N a A which contains the kinetic term and a repulsive Coulomb
‘J(gvlso)(x)_’\/Z_TF p(X,0,X0)BT“(x), potential [21]. c¢ is the hard matching coefficient of the
chromomagnetic interaction in NRQCE20], which will
S ae eventually be taken to 1. We have also enforced i
Jep )(X)_”/f['v O (x,y.X0)lly=0Bi“(X).  (®  yltrasoft by neglecting it in front ok in the collinear gluon
' . propagator. We shall evaluat®) in light cone coordinates. If
Sy, OY', andO} are the projections of the singlet and octetwe carry out first the integration ovér , only the polek _
wave function fields introduced if21] to their vector and =kf/k+ contributes. Then the only remaining singularities
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in the integrand are in the collinear gluon propagator. Hencg,E, = — m(C;ag)?/4= — y?/m]. This result can be recast in
the absorptive piece can come only from its pblé(1—z) the factorized form given ifill]:

— Mk, =k?. If k., =M(1-z), thenk? ~M?(1—2), which
implies k_~M. This contradicts the assumption thatis
ultrasoft. Hencek? must be expanded in the collinear gluon
propagator. We then have

Im[Tgshs(2)]=— 78" f dl,Ss(l )
XImIy[l,—M(1-2)],

IM[Tgrey(2)] 27
IMIy[l. =M(1=2)]=TEN= 1)1 8M(1-2) = 1,),

aa’ 32 2 CF 2
=7 (47T)§TF ﬁ ag( puy)Cs
_dagp) [ e |2 [ B
de3xj d3x’ o* x") X) ! SS(I+)_TNC(ﬁ> fo dx 2020 ?—'—X
Pro(X") Yol 87M |
—|§(7++x . (13)

xjmdk+5(M(1—z)—k+)
0

We have thus obtained tf&wave color octet shape function
Sq(1,). Analogously, for theP-wave color octet shape func-
tions, we obtain from the second diagram of Fig. 1

Fd (X No— &y
X )y O TR 2 x
he—E,, . he-F,

B 8'1'Soq(1
ho— Bt ko2 x C X homE T K, 24 x ' Sor(1)

Ty (@)1=~ [,

X, X'

(10 .

n‘n"—%ai’)spzm
where we have introduced the change of varialles|
=2k X. Restricting ourselves to the ground state=(1) XImIy[l 4 —M(1-2)],
and using the techniques of Rg26]|, we obtain

ad ) [ I I
16,0 ce |2 1 Soall) = o [ 4yl 2Ol | ¢ —Ié(%—kx |
Im[T(B,lso)(Z)]:_ni ?TF m as(#u)cfm cJo
xrdk S(M(1—2)—k,) So (1)t [7,  BlX
o O+ (1-2)—k; pall ) =5 R ) (11202
oo K, ) I, .
X | dx| 240 0)ls| 5 +X X1 $1d0) =241 O) 1 p| 5 +X | 15| 5 +X |,
0
14)
k. (
—13 —+x]|,
S\ 2 where
k+ 3 hO_El k+ 1 3 i hO_El i
ls| 7 X "fd XX\ b kx| el 5 +X "_Efd X0\ e x|
vyaN. 1 27 \/;58 1
:m\/: 1- =\/—52-N)——=| 2(1+2")(2+7Z
m™ 2 1-7 1-%-2’2 71'3( )4(1+Z')3 ( ) )
A N 1-7 +(54+32')(—1+N)+2(—1+\)?
XFq| ——11-—, (1)
! z 1+7 1
+———142/(1+2')(2'?-\?)
where (1-2")
m 2 k AN1-2")
v= Cfas, z’=£, —K—=E1——+—x, X| =1+ ———
2 v m 2 (1+Z2')(z'—N)
- (12 P T ) (15
2NCCf 21 Z,l y Z/’l-l,-z' .
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Note that two shape functions are necessary forPiveave

case. The three shape functions above are UV divergent an

need regularization and renormalization. In order to regulate

them at this order it is enough to calculate the ultrasoft loop _
[the integral ovek in Eq. (9)] in D dimensiongleaving the

bound state dynamics in three space dimengiohise UV

behavior can easily be obtained by making an expansion o

Isandlp in 1/z', which is displayed in formulagA3) and
(A4) of the Appendix. For the purpose of this section we

only need the expansions up to order’#/ The singular
pieces read@ =4—2¢)
4C|2:as(Mu)75 =
Ss(li)|emo=——F——>(1—N)[—2+N(2In2+1)
S(1)lem0=— (M ( ]
X ——I—IH(L +...,
€ | 12+ y?Im
dag )y 17 1
Spi(l ) |smo=————(2—N)| ==+ 2In2+ =
p1(l )]0 972N m 6 6 B
ol 2 )]
€ | /24 v*/m
adu)l ¥y u FIG. 2. Relevant diagrams in the matching calculation QCD
SP2(|+)|sﬁoz% —+In|—|+---|. (16 —PNRQCD+SCET.
37N, L& .

out the scalévl 1 —z by calculating the loops with collinear

The renormalization is not straightforward. We will as- gluons and expanding smaller scales in the integrand. We
sume that suitable operators exists which may absorb the 1have displayed in Fig. 3 the two diagrams that provide the
poles so that a minimal subtractioiMS) scheme makes aforementioned IR divergences. For the latter, the UV behav-
sense to define the above expressions and discuss in the f@dr of which does not depend on the bound state dynamics,
lowing the origin of such operators. In order to understandyve need the matching at LO i, (last diagram in Fig. Rbut
the scale dependence of E{6) it is important to notice that NLO in k. /M and (, /M)?. We have checked that the
it appears because the tekﬁ in the collinear gluon propa- coefficient of the logarithm coincides with that of the (1
gator is neglected in E@9). It should then cancel with an IR —2z)log(1—2) term in the QCD calculatiof.3], as it should.
divergence induced by keeping the teklﬁ which implies The above means that the scale dependence of the leading
assuming a sizé?(1—z) for it and expanding the ultrasoft order contributions of the color octet currents is of the same
scales accordingly. We have checked that it does. Howevegrder as the NNLO contributions iag of the color singlet
this contribution cannot be computed reliably within current, a calculation which is not available. One might, al-
pPNRQCD (nor within NRQCD because it implies that the ternatively, attempt to resum logs and use the NLO calcula-
k_ component of the ultrasoft gluon is of ordd; and hence tion [24] as the boundary condition. This log resummation is
it becomes collinear. A reliable calculation involves least  nontrivial. One must take into account the correlation of
two steps within the EFT strategy. The first one is the matchscales inherent in the nonrelativistic systg¢aT], which in
ing calculation of the singlet electromagnetic current atthe framework of pNRQCD has been implemented in
higher orders both inxs and in k, /M)? andk, /M. The [28,29, and combine it with the resummation of Sudakov
second is a one-loop calculation with collinear gluons in-logs in the framework of SCET2,9-11 (see also[30]).
volving the higher order singlet currents. Notice, before go-Correlations within the various scales of SCET may start
ing on, that all divergence@nd logarithms of Sg(I ) and  playing a role here as welB1]. In any case, it should be
Sp1(14+) in Eq. (16) are sensitive to the bound state dynam-clear that by resumming only Sudakov logs, as has been
ics, whereas those f@p,(l ;) are not. For the former, Fig. 2
shows the relevant diagrams which contribute to the IR be-
havior we are eventually looking for. We need next-to-next-
to-leading ordetNNLO) in «, but only LO in the k, /M)?
andk, /M expansion. These diagrams are IR finite, but they
induce, in the second step, the IR behavior which matches FIG. 3. Diagrams that induce an IR scale dependence which
the UV of Eq.(16). The second step amounts to integratingcancels against the UV one of the octet shape functions.
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agreement in the whole end-point regione(0.7,1]) for
u=M+1-2z (solid line). A complete analysis, including sys-
tematic errors, is beyond the scope of this paper. It would
require either a NNLO matching or a NLO on24] with
next-to-leading log(NLL) resummation of the singlet cur-
rent. In addition, one should estimate what the leading non-
perturbative effects are. In any case, it should be clear from
our results that the introduction of a gluon m#&3g] is not
necessary for the description of the experimental data on the
photon spectrum in the end-point regionB{1S) radiative
decays.

07 0.75 0.8 0.85 0.9 0.95 = 1

. . . IV. DISCUSSION
FIG. 4. End-point region of the photon spectrum in semi-

inclusiveY decay. The points are the CLEO d4f2], the dashed We would like to make a few remarks which stem from
line is the curve obtained iL1], and the solid and dot-dashed lines the details of our calculation. In the existing formulations of
are our results. The solid line is obtained by setting  SCET, suitable scaling properties are assigned to the various
=M/(1-2) (natural choicgand the dot-dashed lines are obtained modes. However, the standard assignments are violated in
by settingu=2M1-z andu=2"'M\1-z our case. The collinear gluons in Fig. 1 scalavd@®2,1\?)
rather thanm(A2,1\) (A=+1—2), which is the assigned
done so faf9], one does not resum all the logs arising in thescaling in[3—5]. This indicates that the SCET should better
color octet contributions of heavy quarkonium, at least in thebe discussed in terms of Utand IR cutoffs for the relevant

weak coupling regime. modes, rather than scaling properties. This becomes particu-
larly clear when we analyze the scaling of the ultrasoft gluon
lll. APPLICATION TO THE  Y(1S) in the same diagrams. Inas~M(1—2z), it scales like

m(A2,A%\?) (A=ag), which coincides with the standard

We apply here the results of Sec. Il to fii¢1S). Thereis  scaling rules. If, howevermai~M(1—2), it scales like
good evidence that th¥(1S) state can be understood as am(r* A2,\%), the typical scaling of the recently discovered
weak coupling (positroniumlike bound state[15-18.  soft-collinear mode§s]. Either scaling is properly described
Hence, ignoringd(Aqcp) in the shape functions, as we did by the ultrasoft gluons of pNRQCD, since they are defined as
in Sec. Il, should be a reasonable approximation. In thehe ones having all four-momenta much smaller than the soft
analysis off 11] the effects of the octet shape functions werescale ~mag (UV cutoff), which is satisfied in both cases.
set to zero, so we expect to improve on their results. We plofjowever, if one insisted on assigning to the ultrasoft gluons
in Fig. 4 the CLEO data in the end-point regiph2], the 3 momentum scalingy(A2,\2,12) and not smallefi.e., one
curve obtained irf11] (dashed ling and our curvegsolid s introducing an IR cutoff for thein then the situation
and dot-dashed lingsOur curves are obtained by adding to mai~M(1-2z) would require the introduction of new
the results of 11], which consist of the leading log.L)  (jtrgsoft-collinear modes scaling lika(x* \2,\3) with an
resummation of the singlet contributions only, diMS) re- UV cutoff ~ma2 for the + andL components. Whether it is
sults for the color octet contributioriwvithout LL resumma- convenient or not to make such a splitting is a matter of
tion [9]) and setting the scale dependenceute My1—2z  {epatef5,8).
(solid line) and tou=2""*M {1~z (dot-dashed lings The The casanas~M (1—z2) has not been discussed. For the
first choice is the most reasonable one according to the digolor octet contributions, it requires a calculation in
cussion in the previous section, and the last ones are difNRQCD, since if one attempts to do it from Fig. 1 one im-
played in order to get the flavor of the systematic errors. Wenediately realizes that the four-momentum of the ultrasoft
have used the following values for the masses agah our gluon is~mas, a region where pNRQCD is not applicable.
plots: m,=4.8 GeV, My=9.46 GeV, ay{up)=0.216, Hence at the NRQCB SCET, level (Sec. Il A one should
ag(us) =0.32, andag(u,) =0.65. up~m stands for the hard  cajculate a set of diagrams involving a collinear and a soft
scale and is to be used for the arising from Eq.(3). us  gluon. The leading order contribution comes from the
~Mag stands for the soft scale and is to be used fordge Swave current only and we have seen it vanish.
participating in the bound state dynamj@sE,, Is, Ip, and We have refrained from putting forward a Lagrangian for
$10(0)]. py~ma? stands for the ultrasoft scale and is to bethe SCET which also holds for heavy quarkonium systems
used for thex arising from the coupling of ultrasoft gluons. because several issues, like the remarks made above, should
It turns out that the color octet contribution is numerically be better understood. Clearly, as we have shown in this pa-
enhanced and dominates over the color singlet one in thper, one cannot simply take over the SCET for heavy-light
whole end-point region. In order to compare with the experi-systems and apply it to heavy quarkonifor instance, one
mental curve, the theoretical result must be convoluted wittmisses logs which depend on the binding effec®ur analy-
the experimental efficiencfl2] and the overall normaliza- sis also indicates that it may be convenient to rephrase SCET
tion must be taken as a free parameter. By adjusting ouih terms of cutoffs rather than in terms of scaling properties
curves to data around~0.7, we obtain an almost perfect of the various modes as has been done so far. Then, one
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would have to account properly for both the suitable cutoffs
of pPNRQCD and those of SCET.

V. CONCLUSIONS

Apart from making a few remarks, which we hope will be
useful for an eventual construction of a SCET Lagrangiar FIG. 5. Diagrams which require a P;(>S,) operator for renor-
adapted to heavy quarkonium systems, we have calculatemalization. The solid circle stands for either the Og('Sy) or
the S and P-wave octet shape functions in the weak COU-0¢x(3P,) operator, the crossed box for either the chromomagnetic
pling regime. We have also discussed their scale dependenc($) or chromoelectric () interaction in Fig. 1, the empty box for
The addition of these contributions to the ones obtained irthe octet Coulomb potential, and the thin solid lines for free Q0
[11] makes the agreement with data for the end-point photopropagators.
spectrum of inclusiveY (1S) decays almost perfect. As a

by-product the NRQCD matrix elements % 2 [
(Y(19)|0g(*Sy)|Y(1S)) and (Y(1S)|0g(3P;)|Y(1S)) f dk, Spa(ky)= §f dk. Spy(k). (A2)
have also been calculated, in the weak coupling redsee 0 0
the Appendix and their scale dependence discussed. The expressions above contain UV divergences which may
be regulated in the same way as in Sec. Il C, namely, by
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APPENDIX: CALCULATION OF 7Y (1S) NRQCD COLOR
OCTET MATRIX ELEMENTS N Ll—l{—5+>\+>\2(2—8 n2)+8\ In2
The calculation in Sec. Il C can be easily taken over to

provide a calculation of(Y(1S)|Og(1Sy)|Y(1S)) and 1 1
(Y(19)|0g(®P,)| Y (1S)), assuming thathaZ>Aqgcp is a +N[—41In2+3{(3)]}—,+O 75)] (A4)
reasonable approximation for this system. Indeed, we only z z

have to drop the delta functiofwhich requires a further
integration overk,) and arrange for the suitable factors in
Egs.(13) and(14). We obtain

(Y(19)|Og( lso)|Y(1S)>:_2T|2=(N§_1)f:dk+ss(k+),

4(2J+1)TE(N2-1)

(Y(19)[0g(°Py)[Y (18))=— 3

x f " dK, Sey(K ), (A1)
0

FIG. 6. Diagrams which require @,(3S,) operator for renor-
where we have used malization. Symbols are as in Fig. 5.
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It is easy to see that only powers oz1/up to order 4 may lous dimensions only. The singular pieces in our scheme are
give rise to divergences. Moreover, each power af thr-  displayed below:
responds to one Coulomb exchange. Taking into account the

result of the integral (Y (1S)|0g(*Sp)[Y (19))], 0
© © 1 1 2’)/2 —2 1 ’)/3
fdk+f dx(2k x)"*— :_E(M_m) ﬂCIZZNcas(Mu)[Cfas(Ms)]A'?
0 0 7'
2\ 2—2e 12
12 YT (A me) fa x| 2+ N[—7—4log 2]
2 (m> Fram Tz t2e-2). (49

2
we see that only the 272 and 1£’* terms produce diver- +M\?4+8log2+4 log?2+ -
gences. The former correspond to diagrams in Fig. 5 and the 3
latter to Fig. 6, which can be renormalized by the operators
P.(3S;) and04(3S,), respectively. It is again important to +A3
notice that these divergences are a combined effect of the
ultrasoft loop and quantum mechanics perturbation theory
(potentialloops[33]), and hence it may not be clear at first (Y (1S)[0g(*Py)[Y(19))], o
sight if they must be understood as ultras@froducing

@ 3
—4I0922—?—§§(3)D,

2\ —2¢
log u,, in the notation of Refs[28,29) or potential(produc- = _(2\]+1)£(2_7) —Crad )
ing logu, in the notation of Refg28,29). In any case, the g\ pum
logarithms they produce depend on the regularization and 55 47
renormalization scheme used for both ultrasoft and potential X[Crad pe)>—5(2—\)| =4+ +\|-5+51log2
loops. Notice that the scheme we use in this work is not the m 12
standard one in pPNRQC[17,28,34. In the standard scheme 5 242 8 8
the ultrasoft divergence@nomalous dimensiopsre identi- +A\?% = — ———=log2— = log®2
fied by dimensionally regulating both ultrasoft and potential 6 9 3 3
loops and subsequently takii@—4 in the ultrasoft loop 7 72 5 4 3
divergences only. If we did this in the present calculation we +2A3 — —+ ——-log 2+ = log?2+ —§(3)} ) .
; . . 12 9 3 3 4
would obtain no ultrasoft divergence. Hence, in the standard
scheme there would be contributions to the potential anoma- (AB)
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