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Introduction and motivation
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From B. Nemati et al. [CLEO Collaboration], Phys. Rev. D 55 (1997) 5273 (hep-ex/9611020)

xγ ≡ z = Eγ

M/2
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Heavy Quarkonium decays
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Heavy Quarkonium decays → NRQCD
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Heavy Quarkonium decays → NRQCD

Two types of contributions:
Fragmentation contributions
Direct Contributions
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Heavy Quarkonium decays → NRQCD

Two types of contributions:
Fragmentation contributions
Direct Contributions

dΓ

dz
=

dΓfrag

dz
+

dΓdir

dz
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Fragmentation Contributions

Electromagnetic couplings to light quarks.

dΓfrag

dz
=
∑

a

Ca ⊗ Da→γ
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This type of contributions become important at low z
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Direct contributions

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

dΓ

dz
=
∑

i

Ci(M, z) 〈Υ|Oi|Υ〉

▽Euridice Midterm Collaboration Meeting - Frascati - February 11, 2005 • Radiative Upsilon decays – p.6/17



The NRQCD formalism organizes the decay as:

dΓ

dz
=
∑

i

Ci(M, z) 〈Υ|Oi|Υ〉

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

dΓ

dz
=
∑

i

Ci(M, z) 〈Υ|Oi|Υ〉

Expansion in powers of v:

Leading Order (LO) operator (Color Singlet Model)

O1

(

3S1

)

→ O
(

α2
sαem

)
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The NRQCD formalism organizes the decay as:

dΓ

dz
=
∑

i

Ci(M, z) 〈Υ|Oi|Υ〉

Expansion in powers of v:

Leading Order (LO) operator (Color Singlet Model)

O1

(

3S1

)

→ O
(

α2
sαem

)

Next-to-Leading Order (NLO) (v4 supressed)

O8

(

1S0

)

,O8

(

3PJ

)

α δ(1 − z)

Euridice Midterm Collaboration Meeting - Frascati - February 11, 2005 • Radiative Upsilon decays – p.6/17



But this is only true in the central z region.

For z → 0 the photon can only cause transitions within
the bound state. But this is of no importance, since
the fragmentation contributions dominate in this
region
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But this is only true in the central z region.

For z → 0 the photon can only cause transitions within
the bound state. But this is of no importance, since
the fragmentation contributions dominate in this
region

For z → 1

Higher order corrections to the coefficients have
large logs log(1 − z) Krämer ’99; Maltoni and Petrelli ’98
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But this is only true in the central z region.

For z → 0 the photon can only cause transitions within
the bound state. But this is of no importance, since
the fragmentation contributions dominate in this
region

For z → 1

Higher order corrections to the coefficients have
large logs log(1 − z) Krämer ’99; Maltoni and Petrelli ’98

NRQCD Operator Product Expansion breaks down
Shape functions resumming a certain class of
operators must be introduced
Rothstein and Wise ’97
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From S. Wolf, Phys. Rev. D 63 (2001) 074020 (arXiv:hep-ph/0010217)
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Problem: collinear degrees of freedom, that are relevant
in this kinematic situation, are missing from the theory.
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Problem: collinear degrees of freedom, that are relevant
in this kinematic situation, are missing from the theory.

Soft-Collinear Effective Theory (SCET) is the theory that
include these modes.
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Problem: collinear degrees of freedom, that are relevant
in this kinematic situation, are missing from the theory.

Soft-Collinear Effective Theory (SCET) is the theory that
include these modes.

SCET describe the interactions of collinear modes
with (ultra)soft modes

A combination of NRQCD and SCET is needed to
study the end-point region
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NRQCD+SCET approach

The decay rate has been expressed in the factorized
form:

dΓ

dz
=
∑

ω

H(M,ω, µ)

∫

dk+S(k+, µ)ImJω(k++M(1−z), µ)
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NRQCD+SCET approach

The decay rate has been expressed in the factorized
form:

dΓ

dz
=
∑

ω

H(M,ω, µ)

∫

dk+S(k+, µ)ImJω(k++M(1−z), µ)

There are contributions from color singlet and color
octet (P- and S-wave) operators
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NRQCD+SCET approach

The decay rate has been expressed in the factorized
form:

dΓ

dz
=
∑

ω

H(M,ω, µ)

∫

dk+S(k+, µ)ImJω(k++M(1−z), µ)

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

Sudakov logarithms have been resummed for both
the color singlet and the color octet operators
Bauer et al. ’01; Fleming, Leibovich ’02
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If one considers the Υ(1S) as a Coulombic state (the
condition mαs ≫ ΛQCD is fulfilled) the octet shape
functions can be calculated.
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If one considers the Υ(1S) as a Coulombic state (the
condition mαs ≫ ΛQCD is fulfilled) the octet shape
functions can be calculated.

We will calculate the octet shape functions in the
weak (small) coupling regime
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If one considers the Υ(1S) as a Coulombic state (the
condition mαs ≫ ΛQCD is fulfilled) the octet shape
functions can be calculated.

We will calculate the octet shape functions in the
weak (small) coupling regime

Our calculation will be valid in the end-point region
(i.e. as long as M ≫ M

√

(1 − z))
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If one considers the Υ(1S) as a Coulombic state (the
condition mαs ≫ ΛQCD is fulfilled) the octet shape
functions can be calculated.

We will calculate the octet shape functions in the
weak (small) coupling regime

Our calculation will be valid in the end-point region
(i.e. as long as M ≫ M

√

(1 − z))
At the very very end-point (z > 0.92) the calculation
is no longer reliable

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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Singlet field

Octet field

× ×
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SCET octet operators

ultrasoft gluon p ∼
(

mα2
s,mα2

s,mα2
s

)

× ×
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× ×

Collinear gluon p+, p⊥ ≪ M
√

1 − z

1

M2(1 − z) − Mk+ − k2
⊥

+ iε

k⊥ must be expanded to be consistent
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Tαα′

(8,1S0)
(z) = −iηαα′

⊥
(4π)

32

3
T 2

F
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2m

�2
αs(µu)Cf×

×

Z

d3x

Z

d3x′ψ∗

n0(x
′)ψn0(x)

Z
d4k

(2π)4
k

2

k2 + iǫ
×

×

�

1

−k0 + En − ho + iǫ

�

x′,0

1

(M(1 − z) − k+)M − k2
⊥

+ iǫ

�
1

−k0 + En − ho + iǫ

�

0,x
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Im

�

Tαα′

(8,1S0)
(z)

�

= −ηαα′

⊥

16
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dx
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We obtain the shape functions

SS(l+) =
4αs(µu)

3πNc

� cF
2m

�2

Z

∞

0
dx

�

2ψ10(0)IS(
l+

2
+ x) − I2S(

l+

2
+ x)

�
SP1(l+) :=

αs(µu)

6πNc

Z

∞

0
dx

�

2ψ10(0)IP (
l+

2
+ x) − I2P (

l+

2
+ x)

�
SP2(l+) :=

αs(µu)

6πNc

Z

∞

0
dx

8l+x

(l+ + 2x)2

�

ψ2
10(0) − 2ψ10(0)IP (

l+

2
+ x) + I2P (

l+

2
+ x)

�

where

IS(
k+

2
+ x) := m

s

γ

π

αsNc

2

1

1 − z′

 
1 −

2z′

1 + z′
2F1

 
−

λ

z′

, 1, 1 −

λ

z′

,
1 − z′

1 + z′

!!

IP (
k+

2
+ x) :=

vuut γ3

π

8

3
(2 − λ)

1

4(1 + z′)3

�
2(1 + z

′
)(2 + z

′
) + (5 + 3z

′
)(−1 + λ) + 2(−1 + λ)

2
+

+
1

(1 − z′)2

 

4z
′
(1 + z

′
)(z

′2
− λ

2
)

 
−1 +

λ(1 − z′)

(1 + z′)(z′
− λ)

+ 2F1

 

−

λ

z′

, 1, 1 −

λ

z′

,
1 − z′

1 + z′

!!!!

γ =
mCf αs

2
z
′ =

κ

γ
−

κ2

m
= E1 −

k+

2
− x λ = −

1

2NcCf

Euridice Midterm Collaboration Meeting - Frascati - February 11, 2005 • Radiative Upsilon decays – p.13/17



The shape functions are UV divergent
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The shape functions are UV divergent → we’ve
expanded k⊥
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The shape functions are UV divergent → we’ve
expanded k⊥

1

ε
+ ln

(

µ
l+
2

+ γ2

m

)
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The shape functions are UV divergent → we’ve
expanded k⊥

1

ε
+ ln

(

µ
l+
2

+ γ2

m

)

Following the idea of the expansion by regions
compensated by IR divergence induced by keeping
that term and expanding the ultrasoft scales
accordingly
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→
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→
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Results
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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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Results

0.2 0.4 0.6 0.8 1
z

200

400

600

800

1000

1200

1400

NΓ

Euridice Midterm Collaboration Meeting - Frascati - February 11, 2005 • Radiative Upsilon decays – p.16/17



Conclusions

To describe the photon spectrum in Υ → Xγ decays,
one has to combine NRQCD and SCET
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Conclusions

To describe the photon spectrum in Υ → Xγ decays,
one has to combine NRQCD and SCET

We’ve calculated the shape functions (in the
perturbative regime)

Adding these contributions to the previous results
makes the agreement with data almost perfect
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Conclusions

To describe the photon spectrum in Υ → Xγ decays,
one has to combine NRQCD and SCET

We’ve calculated the shape functions (in the
perturbative regime)

Adding these contributions to the previous results
makes the agreement with data almost perfect

SCET opens the possibility for the study of exclusive
heavy quarkonium decays from an effective field
theory point of view
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