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o What can we learn from the photon spectrum?
a The nature of heavy quarkonia

a o, extraction
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Heavy quarkonium — Meson containing a heavy quark
and antiquark(QQ)
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Relevant scales in heavy quarkonium

m mass of the heavy quark )
Well separated scales

muv  typical 3-momentum 5
m > muo > mu

mu? binding energy
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EFT for heavy quarkonium

Q NRQCD m > mouv, va, AQC’D Bodwin, Braaten,Lepage '94
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1

EFT for heavy quarkonium

Q NRQCD m > mouv, va, AQCD Bodwin, Braaten,Lepage '94

Q pN RQCD m > muv > mv2 Brambilla, Pineda, Soto, Vairo '99
o Weak coupling regime: Agcp S mo?
o Strong coupling regime: mv? < Agep < mw
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1

EFT for heavy quarkonium

Q NRQCD m > mouv, va, AQCD Bodwin, Braaten,Lepage '94

Q pN RQCD m > muv > mv2 Brambilla, Pineda, Soto, Vairo '99
o Weak coupling regime: Agcp S mo?
o Strong coupling regime: mv? < Agep < mw

SCET: describes the interactions of very energetic
(collinear) modes with soft degrees of freedom

I Bauer et.al. '00; Beneke et.al. '02
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T(nS) — X~ L

e That decay has been subject of investigation since
the early days of QCD
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T(nS) — X~ L

e That decay has been subject of investigation since
the early days of QCD

e The end-point region (z — 1, z = 2E, /M~) remained

elusive
a Lowest order QCD calculations. End-point region
nOt We” deSCI’Ibed Brodsky et.al '78; Koller and Walsh '78

a Resummation of leading logarithms and calculation
of relativistic corrections, also unable to reproduce

the Observed SpeCtrum Photiadis '85; Keung and Muzinich '83
a Parton-shower technique to incorporate gluon
radiation (Field model) Field '83

o We will analyze the decay from an EFT point of view

=
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Data L

Recent CLEO measurements of the photon spectra.
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From B. Nemati et al. [CLEO Collaboration], Phys. Rev. D 55 (1997) 5273 (hep-ex/9611020)
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Data from CLEO III, 2005

[D. Besson etal. [CLEO Collaboration], Phys. Rev. D 74 (2006) 012003 (hep-ex/0512061)]
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Q TWO typeS Of COﬂtI’IbUtIOnS Catani and Hautmann '95
o Fragmentation contributions
a Direct Contributions
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Fragmentation Contributions L

Electromagnetic couplings to light quarks.

drfrag
e,
a
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This type of contributions become important at low =
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Direct contributions L

Electromagnetic couplings to heavy quarks.
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The NRQCD formalism organizes the decay as:

dr = ZC (M, 2) (Y]|O;|T)
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The NRQCD formalism organizes the decay as:

dl’

= ZCi(M, 2) (T|0;]T)

Expansion in powers of v:
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The NRQCD formalism organizes the decay as:

dl’

= ZCi(M, 2) (T|0;]T)

Expansion in powers of v:
a Leading Order (LO) operator (Color Singlet Model)

O (351) — O(ozgozem)
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The NRQCD formalism organizes the decay as:

dl’

= ZCi(M, 2) (T|0;]T)

Expansion in powers of v:
a Leading Order (LO) operator (Color Singlet Model)

O (351) — 0 (ozgozem)
o Next-to-Leading Order (NLO) (v* suppressed)
Os (1S0),0s (*Py) ad(1—z)

=
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1

But this is only true in the central z region.

a For z — 0 the photon can only cause transitions within
the bound state. But we can ignore that effect, since
the fragmentation contributions dominate in this
region
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But this is only true in the central z region.

a For z — 0 the photon can only cause transitions within
the bound state. But we can ignore that effect, since

the fragmentation contributions dominate in this
region

e Forz—1
a Higher order corrections to the coefficients have
Iarge |OgS log(l — Z) Kramer '99; Maltoni and Petrelli '98

a NRQCD Operator Product Expansion breaks down
a Shape functions resumming a certain class of
operators must be introduced

Rothstein and Wise '97
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NRQCD (central) region
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1

Theuppe end-point region

a Collinear degrees of freedom are also relevant in the
upper end-point region. Need combined
NRQCD+SCET analysis

Fermilab - March 1, 2007 @ What can we learn from semi-inclusive radiative decays of heavy quarkonium? — p.15/47



e The decay rate has been expressed in the factorized
form:

dl’

= > H(M,w, M)/dk*S(k*, )T J, (4 M (1= 2), 1)
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e The decay rate has been expressed in the factorized
form:

dl’

= > H(M,w, M)/dk*S(k*, )T J, (4 M (1= 2), 1)

a There are contributions from color singlet and color
octet (P- and S-wave) operators
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e The decay rate has been expressed in the factorized
form:
dl’

= ZH(M7w,,u)/dk+5(k+,/L)Ime(k—'_—l—M(l_Z)nu)

a There are contributions from color singlet and color
octet (P- and S-wave) operators

e Sudakov logarithms have been resummed for both
the color singlet and the color octet operators

Bauer et al. '01; Fleming and Leibovich '02 '04

=
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e If one considers the Y (1.5) as a Coulombic state
(mas > Agcp) the octet shape functions can be
calculated.
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e If one considers the Y (1.5) as a Coulombic state
(mas > Agcp) the octet shape functions can be
calculated.

We will calculate the octet shape functions in the
weak (small) coupling regime
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e If one considers the Y (1.5) as a Coulombic state
(mas > Agcp) the octet shape functions can be

calculated.

e The calculation is reliable for z > 0.7 (1 — z < 1) and
2<0.92 (M(1 - 2) > 1GeV)

X.G.T. and Soto '04
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The calculation is a combination of potential NRQCD
(PNRQCD) and SCET
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e Singlet field

Q
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e SCET octet operators
e ultrasoft gluon p ~ (ma2, ma?,ma?)
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Collinear gluon p,p; < M+/1—z

1
M?(1—z) — Mky — k% +ic
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We obtain the shape functions
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We obtain the shape functions

Ss(t) = St (220° 7 o (20100 1s(5 +0) - BB +0))

o N,

s (Hu) /oodw 8lyx
67 Ne Jo (l_|_ + 23&')2

Sea(t4) = ) [T (20 1e( +0) - (S + )

Spa(ly) :=

(4300) ~ 2000(0) e (5 +0) + T3(F + 1)

The shape functions are UV divergent and need to be
regularized and renormalized
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From S. Fleming and A. K. Leibovich, Phys. Rev. D 67 (2003) 074035 (arXiv:hep-ph/0212094)
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The complete photon spectrum

e The end-point region of the spectrum can be well
described

a For z in the central region the NRQCD formulas
should work
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e The end-point region of the spectrum can be well
described

a For z in the central region the NRQCD formulas
should work

o Different approximations are needed in the different
regions
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The complete photon spectrum

e The end-point region of the spectrum can be well
described

a For z in the central region the NRQCD formulas
should work

o Different approximations are needed in the different
regions
a Results for the central region in the end-point —
miss Sudakov and Coulomb resummations

a Results for the end-point in the central region —
miss non-trivial functions of z
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Choose cuts 21, z9 and interpolate

Introduce theoretical ambiguities
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Central region
v eoounting — o (i) ~ v?  ag (ps) ~ v
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Central region
v eoounting — o (i) ~ v?  ag (ps) ~ v

(Y(18)|01(*51)|Y(15))

m2

LO — - O [391]

(°5:)IT(19)

m

NLO (v2 suppressed) — - C} [35)] (T(15)|Py

- g (up) corrections to C [351}

. o2 (1) corrections to wave function
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End-point region

1 — 2 SCET counting
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End-point region
1 — 2 SCET counting

a Both color singlet and color octet contributions appear
at leading order

o Final result incorporates Sudakov and Coulomb
resummations and involves o, at several different

scales: M /(1 — z), mv, ...
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Mismatch between the two expressions
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1

o Expand the end-point expressions for z in the central
region
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1

o Expand the end-point expressions for z in the central
region

e Check: the (1 — z)log(1 — z), the logs of the relativistic
corrections and the a;log(1 — z) are correctly
reproduced (in the limit z — 1)
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o Expand the end-point expressions for z in the central
region

e Check: the (1 — z)log(1 — z), the logs of the relativistic
corrections and the a;log(1 — z) are correctly
reproduced (in the limit z — 1)

e Use the formula
1 drer 1 dre L Ldre 1l
Iy dz Ty dz ['g dz I'g dz

)

X.G.T. and Soto '05

=
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-10°

dz

0.2 0.4 0.6 0.8 1
v2 NRQCD (central region) expression end-point expression
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dz

0.2 0.4 0.6 0.8 1
v2 NRQCD (central region) expression end-point expression merging formula

=
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e Sum the direct and fragmentation contributions to
obtain the total spectrum
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The photon spectrum can be well described when all the
contributions are consistently included
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The photon spectrum can be well described when all the
contributions are consistently included

So, now the question is...
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What can we learn from it? L
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What can we learn from it? L

o The nature of heavy quarkonium

e oy extraction
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Thenature of heavy quarkonia L

Remember

weak coupling regime strong coupling regime

Agep S mv? mv? < Agep < mo
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Thenature of heavy quarkonia L

Remember

weak coupling regime strong coupling regime

Agep S mv? mv? < Agep < mo

But those scales are not directly accessible
experimentally
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Thenature of heavy quarkonia L

Remember

weak coupling regime strong coupling regime

Agep S mv? mv? < Agep < mo

But those scales are not directly accessible
experimentally

Given a heavy quarkonium state, to which regime does it
belong to?

=
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Thenature of heavy quarkonia L

Remember

weak coupling regime strong coupling regime

Agep S mv? mv? < Agep < mo

But those scales are not directly accessible
experimentally

Given a heavy quarkonium state, to which regime does it
belong to?

The photon spectra can tell you.

=
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In the central region

3
d;_zn = (C1 [’S1] (2) + fo,81)(2)) <01§n§1)>n+
3 3
+Ci [351} (Z) <7D1(7n§1)>n +f(’)8(351)(z) <08§n§1)>n+
1 3
_|_f08(150)(z) <0857l§0)>n -+ f08(3PJ) (Z) <085ni)0)>n
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Strong coupling:

a Octet matrix elements reduce to wave function at the
origin times bound-state independent parameters

_ 62
(Y (n5)|Os(150)[ T (nS)) = CA‘RZSSW <(Cf ;?Q/Qm F&)

Weak coupling:
e Octet matrix elements depends non-trivially on n

=
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Two states in the strong coupling regime

dl’'y,

dz _ (01(S1))n C1’$1] (2) 1

dl'y — (01(351)), (1 " C1 351] (2) m (En = ET))
dz

Model-independent formula. Holds at NLO
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Two states in the strong coupling regime

dl’'y,
dz _ (01(S1))n C1’$1] (2) 1
dl'y — (01(351)), (1 " C1 351] (2) m (Fn = ET))

dz
If not
dl’p, , T3 .
iz _ (O01CS1 e (L 4 ?s1] () RE 34y
al'r (O1(381))r C1 [351] (2) m?2
dz
loss) P Teals) @ Tesr) D R any
e Ps () osCsn T G s, (7)) 0880 TGO Byl () m?

X.G.T. and Soto '05

=

Fermilab - March 1, 2007 @ What can we learn from semi-inclusive radiative decays of heavy quarkonium? — p.34/47



1S

2S

I. g |
|

6 |-

o 47

2 L

0.2

0.4

0.6 0.8

v2 =12 — 18%CL

V Fermilab - March 1, 2007 e What can we learn from semi-inclusive radiative decays of heavy quarkonium? — p.35/47



[H
o
T —

04

0.6 0.8
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0.2

0.6 0.8

v2 =0.75 — 89%CL
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e Errors are large

o Data disfavors T(15) in the strong coupling regime
(as expected)
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e Errors are large

o Data disfavors T(15) in the strong coupling regime
(as expected)

o Consistent with T(25) and T (3S5) In it

i *ﬁmml

a SR

V Fermilab - March 1, 2007 e What can we learn from semi-inclusive radiative decays of heavy quarkonium? — p.36/47



e Errors are large

o Data disfavors T(15) in the strong coupling regime
(as expected)

o Consistent with T(25) and T (3S5) In it

e Same analysis can be performed for charmonium
(J/¥ and ¥')

=
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The o, extraction L
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The o, extraction L

I | I ¥

. 1 Average
-

I ] 1 I

Aliladronic Jets

i

.+ e'erates
PR, S—
.+ _Photo-production
] —Fo_
. . Fragmentation
.+ Zwidth
-—Or—
ep event shapes
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~

Deep Inelastic Scattelin 1VDIS
P , l: gE( )
' ' tdecays
g~
Spectroscopy (Laggcg)

1
1 ]
i L]
i
i

-

Y decay
—

] | | | 1 ] :I | | ] l | 1

0.1 0.12 0.14
a (M)
From W.-M. Yao et al., J. Phys. G 33, 1 (2006)
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e Extract a4 from the ratio

direct direct
R . FQQ’Y . Ngg’y
Y

Fggg Nggg
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e Extract a4 from the ratio

Fdz’rect Ndirect

R7 _ 997 _ ]3]9’7 Rfy ~
Lggg 999 Qs
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e Extract a4 from the ratio

Fdz’rect Ndirect

R, = 997 _ ]ffm Ry~ —
Lggg 999 Qs

e From the measured photon spectrum plus a
theoretical model (to extrapolate down to z = 0)

o Ny Ccan be extracted
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e Extract a4 from the ratio

direct direct

_ Uogy _ Nggy o
R, = = R, ~
Lggg Nggg (s

e From the measured photon spectrum plus a
theoretical model (to extrapolate down to z = 0)

o Ny Ccan be extracted
a N,y4, Can also be determined experimentally

=
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e Extract a4 from the ratio

direct direct

_ Uogy _ Nggy o
R, = = R, ~
Lggg Nggg (s

e From the measured photon spectrum plus a
theoretical model (to extrapolate down to z = 0)

o Ny Ccan be extracted
a N,y4, Can also be determined experimentally
R 1s measured

=
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e Extract a4 from the ratio

Fdz’rect Ndirect

R, = 997 _ ]ffm Ry~ —
Lggg 999 Qs

e From the measured photon spectrum plus a
theoretical model (to extrapolate down to z = 0)

o Ny Ccan be extracted
a N,y4, Can also be determined experimentally
R, Is measured

o Compare then with a theoretical expression for R, to
L extract oy
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o Relativistic corrections cancel at first order (they are
the same for T — ggg and T — gg~)
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o Relativistic corrections cancel at first order (they are
the same for T — ggg and T — gg~)

o The CLEO paper used

a Field’s model and our calculation to extrapolate
downto z=0
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o Relativistic corrections cancel at first order (they are
the same for T — ggg and T — gg~)

o The CLEO paper used

a Field’s model and our calculation to extrapolate
downto z=0

a Old expressions (prior to NRQCD) for the widths
Fgg’y and Fggg (tO extract CVS) Lepage and Mackenzie '81; Bardeen '78
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o Relativistic corrections cancel at first order (they are
the same for T — ggg and T — gg~)

o The CLEO paper used

a Field’s model and our calculation to extrapolate
downto z=0

a Old expressions (prior to NRQCD) for the widths
Fgg’y and Fggg (tO extract CVS) Lepage and Mackenzie '81; Bardeen '78

e The idea is to use the same counting employed for
the calculation of the spectrum to extract oy

=
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a NRQCD is OK for the total width. The counting used

as (up) ~ 0% g (ps) ~ v
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1

a NRQCD is OK for the total width. The counting used

as (up) ~ 0% g (ps) ~ v

o We include all the terms up to O(v?): radiative
corrections, relativistic corrections and octet
operators
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a NRQCD is OK for the total width. The counting used

as (up) ~ 0% g (ps) ~ v

o We include all the terms up to O(v?): radiative
corrections, relativistic corrections and octet
operators

e Inclusion of all those terms well known to be
potentially important

e Data is now very precise and we have all the
necessary theoretical ingredients to include all the
pieces
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Schematically

3 3 1 3
Tggy _ Cr0y(351)01("51) + Cp (35)P1("51) + C 5 (154 3p)O8( 50" Po)

Lggg  Cp (35,)01CS1) + Cp 35 P1(®51) + Cp (15,,3p,,35,)08(*S0,% Po,% S1)
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Schematically

3 3 1 3
Tggy _ Cr0y(351)01("51) + Cp (35)P1("51) + C 5 (154 3p)O8( 50" Po)

Lggg  Cp (35,)01CS1) + Cp 35 P1(®51) + Cp (15,,3p,,35,)08(*S0,% Po,% S1)

a 0g(1Sy) and Og(®P,) have been estimated in the
continuum (weak coupling)

X.G.T. and Soto '04

a 0g(351) and Og(1Sy) have been calculated on the
lattice

Bodwin, Lee and Sinclair '05

=
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Two different extractions
a C (for continuum)

a L (for lattice)

V Fermilab - March 1, 2007 @ What can we learn from semi-inclusive radiative decays of heavy quarkonium? — p.42/47



Two different extractions

a C (for continuum)
a Uses all the weak-coupling expressions available
and lattice calculation for Og(*S;)
a L (for lattice)

a Uses all lattice calculations available and NRQCD
v-scaling for Oz (3 Py)
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Two different extractions

a C (for continuum)
a Uses all the weak-coupling expressions available
and lattice calculation for Og(351)
a L (for lattice)
a Uses all lattice calculations available and NRQCD
v-scaling for Oz (3 Py)
The two procedures give very similar results. We take the
average as the final value

=
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Error estimation 1
a C (for continuum)

a L (for lattice)
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Error estimation 1
a C (for continuum)

0.18 < ag(mpv) < 0.38
0.32 < ozs(mbUQ) <1.3
0< Royps) <1.6x107

a L (for lattice)
0 S ROS(lsO) S 4.8 X 10_3
0< Royes) <1.6x107°

—24x107* < Rp,ep) <24x107°
—0.052 < RP1(351) < —0.035

Plus errors associated to higher order terms (v®) and experimental errors

=
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e The results are rather insensitive to the values of
08(130) and 08(3})0)
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e The results are rather insensitive to the values of
08(130) and OS(SP())

e Much more sensitive to Og(3S;) (but this matrix
element is small according to the lattice)
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e The results are rather insensitive to the values of
08(130) and 08(3P0)

e Much more sensitive to Og(3S;) (but this matrix
element is small according to the lattice)

a The error in the final result is taken as the full range of
the two determinations
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1

Our results (always from the T(15) data. We have used
R, extracted with our calculation, not Field)
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Our results (always from the T(15) data. We have used
R, extracted with our calculation, not Field)

N.Brambilla, X.G.T., J.Soto, A.Vairo '07
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1

Our results (always from the T(15) data. We have used
R, extracted with our calculation, not Field)

N.Brambilla, X.G.T., J.Soto, A.Vairo '07

The CLEO paper quote (T(15) data)
as(Mz) = 0.1114 4 0.0002 £ 0.0029 =+ 0.0053

errors are statistical, systematic and model dependence
(Field vs. our calculation)

=
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1

Our results (always from the T(15) data. We have used
R, extracted with our calculation, not Field)

N.Brambilla, X.G.T., J.Soto, A.Vairo '07

The CLEO paper quote (T(15) data)
as(Mz) = 0.1114 4 0.0002 £ 0.0029 =+ 0.0053

errors are statistical, systematic and model dependence
(Field vs. our calculation)

LRecall, PDG average — as(Mz) =0.1176 + 0.0020
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Hadronic jets
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Conclusions L

e The photon spectrum can be well explained once all
the relevant degrees of freedom are included and a
consistent power counting is used
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Conclusions L

e The photon spectrum can be well explained once all
the relevant degrees of freedom are included and a
consistent power counting is used

What can we learn from semi-inclusive radiative
decays of heavy quarkonium?
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Conclusions L

e The photon spectrum can be well explained once all
the relevant degrees of freedom are included and a
consistent power counting is used

What can we learn from semi-inclusive radiative
decays of heavy quarkonium?

a Precise measurements of the photon spectrum will
help in identifying the nature of heavy quarkonium
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Conclusions L

e The photon spectrum can be well explained once all
the relevant degrees of freedom are included and a
consistent power counting is used

What can we learn from semi-inclusive radiative
decays of heavy quarkonium?

a Precise measurements of the photon spectrum will
help in identifying the nature of heavy quarkonium

o We can obtain a consistent and precise determination
of a; from the the radiative decay width

=
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Conclusions L

e The photon spectrum can be well explained once all
the relevant degrees of freedom are included and a
consistent power counting is used

What can we learn from semi-inclusive radiative
decays of heavy quarkonium?

a Precise measurements of the photon spectrum will
help in identifying the nature of heavy quarkonium

o We can obtain a consistent and precise determination
of a; from the the radiative decay width

e Much to be learned from the photon spectrum!

=
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