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The J/ψ Production in Deeply Inelastic Scattering at HERA

Background

Deeply Inelastic Scattering (DIS)

1990 Nobel Prize: Jerome Friedman, Henry Kendall and
Richard Edward Taylor

Probe to the structure of hadrons and photons

Parton model

Parton distribution functions

Q2 scaling

Multiple distributions
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Background

Cross Section

Process: ep → h + X
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Lµν : Leptonic tensor, Hµν : Hadronic tensor

Lµν = 8πQ2[(−gµν −
qµqν

Q2 ) +
(2k−q)µ(2k−q)ν

Q2 ]

The conventional leptonic tensor

Lµν = 8παQ2[ 2−2y+y2

y2
(−gµν −

qµqν

Q2 ) + 6−6y+y2

y2
1
Q2 (qµ + Q2

P·q
pµ)(qν +

Q2

P·q
pν)]
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The Conventional Leptonic Tensor

The leptonic tensor: wrong when some physical quantities are
measured
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Background

The Conventional Leptonic Tensor

The leptonic tensor: wrong when some physical quantities are
measured

Wrong results
Highly cited papers
Event generators!!!
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Background

Wrong Results

Catani, Ciafaloni and Hautmann, NPB 366, 135, 973 times: CASCADE?

Graudenz, PRD 49, 3291, 77 times

Harris and Smith, PRD 57, 2806, 202 times

Klasen, Kramer and Potter, EPJC 1, 261, 72 times

Potter, NPB 540, 382, 15 times

Potter, NPB 559, 323, 5 times

Kniehl and Zwirner, NPB 621, 337, 46 times

Kniehl, Kramer and Maniatis, NPB 711, 345, 21 times

Kniehl and Palisoc, EPJC 48, 451, 6 times

Lipatov and Zotov, JHEP 0608, 043 8 times
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Background

J/ψ production mechanism

Color-singlet Model

Color Evaporation Model

Nonrelativistic QCD (NRQCD)1

1Bodwin, Braaten and Lepage, PRD 51, 1125 (1995)
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Background

Color-singlet Model

Hard process: producing an on-shell color-singlet cc̄ pair

Long-distance process: the color-singlet cc̄ pair evolve into a J/ψ

ψ′ (J/ψ) surplus2

2CDF Collaboration, PRL 69, 3704 (1992)
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Background

Nonrelativistic QCD (NRQCD)

A color-octet cc̄ can also evolve into a J/ψ

dσ(H) =
∑

n
dfn〈O

H(n)〉

NRQCD prediction for ψ′ hadroproduction3

3Braaten and Fleming, PRL 74, 3327 (1995)
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Background

NRQCD at NLO

Left: NLO corrections to CS J/ψ production4

Right: NLO corrections to J/ψ production within the NRQCD
framework5
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4Campbell, Maltoni and Tramontano, PRL 98, 252002 (2007)
5Ma, Wang and Chao, PRL 106, 042002 (2011)
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Background

NNLO⋆6

A tentative cut is applied on the tree diagrams at O(α5
s ) to estimate the

cross sections at NNLO

Too large uncertainty, no severe constraint on J/ψ production
mechanisms
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6Artoisenet, Campbell, Lansberg, Maltoni and Tramontano, PRL 101,
152001 (2008)
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Background

Questions

Higher-order corrections: larger?

Is the color-octet mechanism necessary for the description of
heavy quarkonium production?
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Background

Questions

Higher-order corrections: larger?

Is the color-octet mechanism necessary for the description of
heavy quarkonium production?

J/ψ production in DIS—New opportunity
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Background

Progress

10 years ago
J. Campbell, F. Maltoni, F. Tramontano. QCD Corrections to J/ψ and Υ
Production at Hadron Colliders. Physical Review Letters 98, 252002
(2007)
P. Artoisenet, J. Campbell, F. Maltoni, F. Tramontano. J/ψ Production

at HERA. Physical Review Letters 102, 142001 (2009)

2017

Zhan Sun and Hong-Fei Zhang. QCD corrections to the

color-singlet J/ψ production in deeply inelastic scattering at

HERA. Arxiv:1705.05337. Accepted by Physical Review D
(Rapid Communication)
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The Leptonic Tensor

Cross Section

Process: ep → h + X

k k′

q

h

p1

pn

P

· · ·
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dσ = 1
4P·k

1
NcNs
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1
Q4H

µν
dΦ′

dΦH

Lµν : Leptonic tensor, Hµν : Hadronic tensor

Q2 = −q2

dΦ′ = d
3k′

(2π)32k′0

dΦH = d
3h

(2π)32h0
(2π)4δ4(P + q − h −

∑
i
pi)

∏
i

d
3pi

(2π)32pi0
≡ dΦhdΦX
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The Leptonic Tensor

Inclusive DIS Analysis

W µν(P , q) ≡
∫
Hµν(P , q, h, p1, . . . , pn)dΦH =

(−gµν− qµqν

Q2 )F1(x ,Q
2)+ 1

Q2 (q
µ+ Q2

P·q
Pµ)(qν+ Q2

P·q
Pν) 1

2x F2(x ,Q
2)

Lµν = 8πQ2[(−gµν − qµqν
Q2 ) +

(2k−q)µ(2k−q)ν
Q2 ]

LµνW
µν = 16πQ2[F1(x ,Q

2) + 1−y
xy2 F2(x ,Q

2)]

Lµν = 8παQ2[ 2−2y+y2

y2
(−gµν −

qµqν

Q2 ) + 6−6y+y2

y2
1
Q2 (qµ + Q2

P·q
pµ)(qν +

Q2

P·q
pν)]
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The Leptonic Tensor

Semiinclusive DIS (SIDIS)

When the final state h is observed

W
µν
h (P , q, h) ≡

∫
Hµν(P , q, h, p1, . . . , pn)dΦX

It depends on P , q and h

W
µν
h ∼ −gµν − qµqν

Q2 , P
µ, qµ, hµ, Pν , qν , hν

The current conservation

qµW
µν
h = qνL

µν = 0

We need to build current-conserving vectors and tensors
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The Leptonic Tensor

Independent Vectors and Tensors

ǫµν = −gµν − qµqν

Q2 , ǫL = 1
Q
(q + Q2

P·q
P), ǫ1 =

1
p⋆t
(h − ρP − zq)

z = P·h
P·q

, ρ = h·q+zQ2

P·q

q · ǫL = q · ǫ1 = ǫL · ǫ1 = 0, ǫ2L = 1, ǫ21 = −1

γ⋆P rest frame

k′

k

q

p⋆t

p

P

Hadron Production P lane

ψ⋆

z

Lepton P lane

ǫ1
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The Leptonic Tensor

Hadronic Tensor in SIDIS

W
µν
h ∼ ǫµν , ǫµLǫ

ν
L, ǫ

µ
1 ǫ
ν
1 , ǫ

µ
Lǫ
ν
1 + ǫµ1 ǫ

ν
L

W
µν
h = W1ǫ

µν +W2ǫ
µ
Lǫ
ν
L +W3(ǫ

µ
Lǫ
ν
1 + ǫµ1ǫ

ν
L) +W4ǫ

µ
1 ǫ
ν
1

LµνW
µν
h = 8παQ2{2W1 +

4(1−y)
y2 W2 +

4(2−y)
y2

√
1− ycosψ⋆W3 +

[1 + 2(1−y)
y2 + 2(1−y)

y2 cos(2ψ⋆)]W4}
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The Leptonic Tensor

Hadronic Tensor in SIDIS

W
µν
h ∼ ǫµν , ǫµLǫ

ν
L, ǫ

µ
1 ǫ
ν
1 , ǫ

µ
Lǫ
ν
1 + ǫµ1 ǫ

ν
L

W
µν
h = W1ǫ

µν +W2ǫ
µ
Lǫ
ν
L +W3(ǫ

µ
Lǫ
ν
1 + ǫµ1ǫ

ν
L) +W4ǫ

µ
1 ǫ
ν
1

LµνW
µν
h = 8παQ2{2W1 +

4(1−y)
y2 W2 +

4(2−y)
y2

√
1− ycosψ⋆W3 +

[1 + 2(1−y)
y2 + 2(1−y)

y2 cos(2ψ⋆)]W4}

Is the conventional leptonic tensor correct?

Lµν = 8παQ2[2−2y+y2

y2 (−gµν − qµqν
Q2 ) + 6−6y+y2

y2
1
Q2 (qµ +

Q2

P·q
pµ)(qν +

Q2

P·q
pν)]???
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y2 W2 +

4(2−y)
y2

√
1− ycosψ⋆W3 +

[1 + 2(1−y)
y2 + 2(1−y)

y2 cos(2ψ⋆)]W4}

Is the conventional leptonic tensor correct?

Lµν = 8παQ2[2−2y+y2

y2 (−gµν − qµqν
Q2 ) + 6−6y+y2
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1
Q2 (qµ +
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Azimuthal dependent terms missing!!!
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The Leptonic Tensor

Leptonic Tensor in SIDIS

Lµν = 8πQ2[A1ǫ
µν + A2ǫ

µ
Lǫ
ν
L + A3(ǫ

µ
Lǫ
ν
1 + ǫµ1ǫ

ν
L) + A4ǫ

µ
1ǫ
ν
1 ]

A1 = 1 + 2(1−y)
y2 − 2(1−y)

y2 cos(2ψ⋆)

A2 = 1 + 6(1−y)
y2 − 2(1−y)

y2 cos(2ψ⋆)

A3 =
2(2−y)

y2

√
1− ycos(ψ⋆)

A4 =
4(1−y)

y2 cos(2ψ⋆)

Integrating over ψ⋆, one reproduces the conventional leptonic
tensor
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The Leptonic Tensor

Leptonic Tensor in SIDIS

Lµν = 8πQ2[A1ǫ
µν + A2ǫ

µ
Lǫ
ν
L + A3(ǫ
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A1 = 1 + 2(1−y)
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y2 cos(2ψ⋆)

A2 = 1 + 6(1−y)
y2 − 2(1−y)

y2 cos(2ψ⋆)

A3 =
2(2−y)

y2

√
1− ycos(ψ⋆)

A4 =
4(1−y)

y2 cos(2ψ⋆)

Integrating over ψ⋆, one reproduces the conventional leptonic
tensor

Only when Wi are independent of ψ⋆
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The Leptonic Tensor

Cross Section Structure

Define wi

w1 = ǫµνW
µν
h

w2 = ǫLµǫLνW
µν
h

w3 = (ǫLµǫ1ν + ǫ1µǫLν)W
µν
h

w4 = ǫ1µǫ1νW
µν
h

Cross section

dσ = α
256π5NsNcSQ2z

∑4
i=1AiwidQ

2
dydp⋆2t dzdψ⋆

Ai = Ai(y , ψ
⋆), wi = wi (Q

2, y , z , p⋆t )
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The Leptonic Tensor

Laboratory Frame

p2t = p⋆2t + z2Q2(1− y)− 2zQp⋆t
√
1− ycos(ψ⋆)

When pt is specified, p
⋆
t and ψ⋆ are constrained in a curved

surface

Replace dp⋆2t by dp2t , multiplying the Jacobian

J = |∂p⋆2t
∂p2t

| = p⋆t√
p2t−(1−y)z2Q2sin2ψ⋆
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The Leptonic Tensor

Laboratory Frame

p2t = p⋆2t + z2Q2(1− y)− 2zQp⋆t
√
1− ycos(ψ⋆)

When pt is specified, p
⋆
t and ψ⋆ are constrained in a curved

surface

Replace dp⋆2t by dp2t , multiplying the Jacobian

J = |∂p⋆2t
∂p2t

| = p⋆t√
p2t−(1−y)z2Q2sin2ψ⋆

Dependent on ψ⋆

The cosine terms in Ai do not vanish after integration over ψ⋆

The conventional leptonic tensor is WRONG
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The Leptonic Tensor

Comparison between the Right and the Wrong

R is the ratio of the wrong results to the correct ones
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The Leptonic Tensor

Wrong Results

Catani, Ciafaloni and Hautmann, NPB 366, 135, 973 times: CASCADE?

Graudenz, PRD 49, 3291, 77 times

Harris and Smith, PRD 57, 2806, 202 times

Klasen, Kramer and Potter, EPJC 1, 261, 72 times

Potter, NPB 540, 382, 15 times

Potter, NPB 559, 323, 5 times

Kniehl and Zwirner, NPB 621, 337, 46 times

Kniehl, Kramer and Maniatis, NPB 711, 345, 21 times

Kniehl and Palisoc, EPJC 48, 451, 6 times

Lipatov and Zotov, JHEP 0608, 043 8 times
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J/ψ Production in DIS

J/ψ Production in DIS
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J/ψ Production in DIS

DIS at LO7

CS: below data

NRQCD: good agreement
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7Zhan Sun and HFZ, arxiv:1702.02097
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J/ψ Production in DIS

Referee’s Comments

Referee’s Comments
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J/ψ Production in DIS

Referee’s Report

First Round
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J/ψ Production in DIS

Referee’s Report

First Round

Second Round

30 / 44



The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS

Color-singlet at NLO

QCD corrections are minor, cannot describe data
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Conclusion

Conclusion

Measuring pt or rapidity in laboratory frame, structure functions, F1, F2

and F3 are not sufficient to describe the cross sections.

QCD corrections to CS J/ψ production in DIS in low pt region is minor.
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Thanks!
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Backup

DIS at LO (p2t Distributions)
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DIS at LO (p⋆2t Distributions I)
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DIS at LO (p⋆2t Distributions II)
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DIS at LO (Q2 Distributions)
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Backup

DIS at LO (W Distributions)
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DIS at LO (yψ Distributions)
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Backup

DIS at LO (y ⋆ψ Distributions)
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Backup

DIS at LO (z Distributions I)
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Backup

DIS at LO (z Distributions II)
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