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Failures of NRQCD?

•        polarization at the Tevatron
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•  
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Factorization in NRQCD

• Nayak, Qui, Sterman series of papers

• Importance of Wilson lines

• Breakdown of EFT for 

• Bodwin, Tormo, Lee (next talk)

• double charmonium production

Recent work

J/ψ + cc̄

0805.3876

hep-ph/0501235, hep-ph/0509021, hep-ph/0608066, 0707.2973, 0711.3476



Quarkonium in SCET

• Radiative    and       decay (inclusive and exclusive)

•                          at          energy

•        photoproduction

• Double charmonium production

Just like with HQET and     mesons,
combine NRQCD with SCET for quarkonium 

Important when collinear quanta are present

B

Υ

e
+
e
−
→ J/ψ + X Υ(4S)

J/ψ

J/ψ

hep-ph/0106316, hep-ph/0211303, hep-ph/0212094, hep-ph/0401233, 
hep-ph/0406121, hep-ph/0407259, hep-ph/0411180, hep-ph/0507107, 

hep-ph/0511167, hep-ph/0701030, hep-ph/0702079 

hep-ph/0306139, 0705.3230

hep-ph/0607121

0805.3876



Quarkonium in SCET

• Radiative    and       decay (inclusive and exclusive)

•                          at          energy

•        photoproduction

• Double charmonium production

Just like with HQET and     mesons,
combine NRQCD with SCET for quarkonium 

Important when collinear quanta are present

B

Υ

e
+
e
−
→ J/ψ + X Υ(4S)

J/ψ

J/ψ

hep-ph/0106316, hep-ph/0211303, hep-ph/0212094, hep-ph/0401233, 
hep-ph/0406121, hep-ph/0407259, hep-ph/0411180, hep-ph/0507107, 

hep-ph/0511167, hep-ph/0701030, hep-ph/0702079 

hep-ph/0306139, 0705.3230

hep-ph/0607121

0805.3876

Use as example
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Quarkonium Factorization in SCET

• As  

• Need collinear d.o.f.   SCET

as an examplee
+
e
−
→ J/ψ + X

Kinematics

+ crossed diagram

p
μ
cc̄ = Mv

μ
+ �

μ

x → 1, v
μ
∝ n̄

μ
, p

μ
X ∝ n

μ

x =
Eψ + pψ

√
s

, x̂ =
xM

Mψ

p
μ
X =

√
s

2

[(
1 −

M
2

sx̂

)
n

μ
+ (1 − x̂) n̄

μ

]
− �

μ

v
μ

=
1

2

(
Mψ

x

√
s

n
μ

+
x

√
s

Mψ

n̄
μ

)

Residual momentum 
of charm pair

M = 2mc



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

Matching onto NRQCD + SCET

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs

+ crossed diagram

J
†
μ(

1
S

(8)

0 ) = ψ
†
Γ

(8,1S0)
αμ B

α
⊥χ



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

Matching onto NRQCD + SCET

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs

+ crossed diagram
NRQCD fields

J
†
μ(

1
S

(8)

0 ) = ψ
†
Γ

(8,1S0)
αμ B

α
⊥χ



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

Matching onto NRQCD + SCET

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs

+ crossed diagram
NRQCD fields

Invariant collinear 
gauge field

J
†
μ(

1
S

(8)

0 ) = ψ
†
Γ

(8,1S0)
αμ B

α
⊥χ



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

Matching onto NRQCD + SCET

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs

+ crossed diagram
NRQCD fields

Invariant collinear 
gauge field

Γ
(8,1S0)
αμ =

2gseec

M

ε
⊥
αμLO matching gives

J
†
μ(

1
S

(8)

0 ) = ψ
†
Γ

(8,1S0)
αμ B

α
⊥χ



Quarkonium Factorization in SCET
as an examplee

+
e
−
→ J/ψ + X

Matching onto NRQCD + SCET

+ crossed diagram
Lowest order 

in      is 
color-octet 

αs

+ crossed diagram
NRQCD fields

Invariant collinear 
gauge field

Γ
(8,1S0)
αμ =

2gseec

M

ε
⊥
αμLO matching gives

J
†
μ(

1
S

(8)

0 ) = ψ
†
Γ

(8,1S0)
αμ B

α
⊥χ

 is similarJ
†
μ(

3
P

(8)

J )



Quarkonium Factorization in SCET
Write differential cross section as

2Eψ

dσ

d
3
pψ

=
e
2

16π
3
s
3
L

μν

∫
d
4
y e

−iq·y
∑

X

〈0|J
†
ν(y)|J/ψ + X〉〈J/ψ + X|Jμ(0)|0〉

=
e
2

16π
3
s
3
L

μν
Tμν



Quarkonium Factorization in SCET
Write differential cross section as

2Eψ

dσ

d
3
pψ

=
e
2

16π
3
s
3
L

μν

∫
d
4
y e

−iq·y
∑

X

〈0|J
†
ν(y)|J/ψ + X〉〈J/ψ + X|Jμ(0)|0〉

=
e
2

16π
3
s
3
L

μν
Tμν

Match QCD current onto SCET + NRQCD

J
†
μ(y) = e

i(Mv−P̄n/2)·y
[
ψ
†
Γ
†(8,1S0)

βν B
β
⊥χ + · · ·

]



Quarkonium Factorization in SCET
Write differential cross section as

2Eψ

dσ

d
3
pψ

=
e
2

16π
3
s
3
L

μν

∫
d
4
y e

−iq·y
∑

X

〈0|J
†
ν(y)|J/ψ + X〉〈J/ψ + X|Jμ(0)|0〉

=
e
2

16π
3
s
3
L

μν
Tμν

Match QCD current onto SCET + NRQCD

J
†
μ(y) = e

i(Mv−P̄n/2)·y
[
ψ
†
Γ
†(8,1S0)

βν B
β
⊥χ + · · ·

]

giving

= Γ
(8,1S0)
αμ Γ

†(8,1S0)

βν T
αβ
eff

Tμν =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
Γ

(8,1S0)
αμ Γ

†(8,1S0)

βν

∑

X

〈0|χ
†
B

β
⊥ψ(y)|J/ψ+X〉〈J/ψ+X|ψ

†
B

α
⊥χ(0)|0〉



Quarkonium Factorization in SCET
Write differential cross section as

2Eψ

dσ

d
3
pψ

=
e
2

16π
3
s
3
L

μν

∫
d
4
y e

−iq·y
∑

X

〈0|J
†
ν(y)|J/ψ + X〉〈J/ψ + X|Jμ(0)|0〉

=
e
2

16π
3
s
3
L

μν
Tμν

Match QCD current onto SCET + NRQCD

J
†
μ(y) = e

i(Mv−P̄n/2)·y
[
ψ
†
Γ
†(8,1S0)

βν B
β
⊥χ + · · ·

]

and do standard decoupling of usofts
ψ
†
B

β
⊥χ → ψ

†
Y B

(0)β

⊥ Y
†
χ

giving

= Γ
(8,1S0)
αμ Γ

†(8,1S0)

βν T
αβ
eff

Tμν =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
Γ

(8,1S0)
αμ Γ

†(8,1S0)

βν

∑

X

〈0|χ
†
B

β
⊥ψ(y)|J/ψ+X〉〈J/ψ+X|ψ

†
B

α
⊥χ(0)|0〉



Quarkonium Factorization in SCET

T
αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
∑

X

〈0|χ
†
Y B

(0)β

⊥ Y
†
ψ(y)|J/ψ+X〉〈J/ψ+X|ψ

†
Y B

(0)α

⊥ Y
†
χ(0)|0〉

So far have



Quarkonium Factorization in SCET

T
αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
∑

X

〈0|χ
†
Y B

(0)β

⊥ Y
†
ψ(y)|J/ψ+X〉〈J/ψ+X|ψ

†
Y B

(0)α

⊥ Y
†
χ(0)|0〉

So far have

J/ψ does not contain collinear quanta

T
αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)

∑

Xu

|J/ψ+Xu〉〈J/ψ+Xu|ψ
†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

] ∑

Xc

|Xc〉〈Xc|Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)

∑

Xu

|J/ψ+Xu〉〈J/ψ+Xu|ψ
†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

] ∑

Xc

|Xc〉〈Xc|Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)

∑

Xu

|J/ψ+Xu〉〈J/ψ+Xu|ψ
†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

] ∑

Xc

|Xc〉〈Xc|Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Completeness of states in usoft and collinear sectors∑

Xu

|J/ψ + Xu〉〈J/ψ + Xu| = a
†
ψ

∑

Xu

|Xu〉〈Xu|aψ = a
†
ψaψ,

∑

Xc

|Xc〉〈Xc| = 1



Quarkonium Factorization in SCET

So far have

Completeness of states in usoft and collinear sectors∑

Xu

|J/ψ + Xu〉〈J/ψ + Xu| = a
†
ψ

∑

Xu

|Xu〉〈Xu|aψ = a
†
ψaψ,

∑

Xc

|Xc〉〈Xc| = 1

T
αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions

〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉 = −

4πg
αβ
⊥

s + M
2

∫
d
4
k

(2π)4
e
−ik·y

J(n̄·p n·k+p
2
⊥)



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions

〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉 = −

4πg
αβ
⊥

s + M
2

∫
d
4
k

(2π)4
e
−ik·y

J(n̄·p n·k+p
2
⊥)

get δ(n · y) and δ
2
(y⊥)



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions

〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉 = −

4πg
αβ
⊥

s + M
2

∫
d
4
k

(2π)4
e
−ik·y

J(n̄·p n·k+p
2
⊥)

get δ(n · y) and δ
2
(y⊥)



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions

〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉 = −

4πg
αβ
⊥

s + M
2

∫
d
4
k

(2π)4
e
−ik·y

J(n̄·p n·k+p
2
⊥)

get δ(n · y) and δ
2
(y⊥)

S
(8,1S0)(�

+
) =

∫
dy

−

4π

e
−i�+y−/2

〈0|χ
†
Y T

A
Y

†
ψ(y

−
)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

2M〈O
ψ
8 (1S0)〉



Quarkonium Factorization in SCET

So far have
T

αβ
eff =

∫
d
4
y e

−i
√

s/2(1−x̂)n̄·y
〈0|χ

†
Y T

A
Y

†
ψ(y)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

×
1

2
〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉

Define jet and shape functions

〈0|Tr

[
T

B
B

(0)β

⊥ (y)

]
Tr

[
T

B
B

(0)α

⊥ (0)

]
|0〉 = −

4πg
αβ
⊥

s + M
2

∫
d
4
k

(2π)4
e
−ik·y

J(n̄·p n·k+p
2
⊥)

get δ(n · y) and δ
2
(y⊥)

S
(8,1S0)(�

+
) =

∫
dy

−

4π

e
−i�+y−/2

〈0|χ
†
Y T

A
Y

†
ψ(y

−
)a

†
ψaψψ

†
Y T

A
Y

†
χ(0)|0〉

2M〈O
ψ
8 (1S0)〉

Combine everything to get . . .



Quarkonium Factorization in SCET
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• Rate factorized

• Octet       similar

. . . after some change of variables
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Quarkonium Factorization in SCET
Can now run

+ 2 +

+ + +

+  (Z3 - 1) +  (ZN - 1)

and model the shape function
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S(x) =
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Λ̄

a
ab

Γ(ab)
(x − 1)

ab−1
e
−a(x−1)

, x =
k

+

Λ̄

After resummation and model of shape function

BaBar Belle
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Open Questions

• Factorization in hadroproduction

• Endpoint resummation, soft functions

• Large number of exclusive processes

• How important are color-octet channels

• Treating charm quarks as collinear in SCET

• Can we solve all of NRQCD’s problems
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where the      are the matched SCET+NRQCD currents J
α
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After decoupling soft and collinear



Color-octet γp → J/ψX

hep-ph/0607121

Use delta function to shift position, and use completeness

Defining functions (soft and “jet”) 
and integrate over everything possible



• Factorization formula for the endpoint,             

where                                

Color-octet γp → J/ψX

dσ

dz
= σ0ρ|CV (μ̄)|2

∫
dk+S(8,1S0)(−√

s(1−z)+k+)

∫ 1

ρ

dξ

ξ
CII

(
ρ

ξ
, k+

)
fg/P (ξ)

Same shape function
 as 

Gluon pdf

Z dy−

4π
eik+y−/21

2∑spin
〈p|Tr[Bν⊥(y−)δ

(
P̄− 2M2

ψ√
s

)
B⊥ν(0)]|p〉

}

e
+
e
−
→ J/ψ + X

z → 1

z =
pψ · pP

pγ · pP

hep-ph/0607121

show this by
taking moments

ρ =

M2

s



• Resummation of logs leads to

dσ

dz
= ρ σ0

∫ 1

z

du

u
Ŝ(8,1S0)(z/u)

(
−u

d

du

{
Θ(1 − u)

elg1(l)+g2(l)

Γ[1 − g1(l) − lg′1(l)]
fg/P (ρ;M

√
1 − u)

})

ρ =

M2

s
Logs are here Convolution with pdf

Color-octet γp → J/ψX


