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The J/ψ Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Cross Section

Process: ep → h + X

k k′

q

h

p1

pn

P

· · ·

· · ·

dσ = 1
4P·k

1
NcNs

Lµν
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

4 / 34



The J/ψ Production in Deeply Inelastic Scattering at HERA

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·qP
µ)(qν+ Q2

P·qP
ν) 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·qpµ)(qν+
Q2

P·qpν)]
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The J/ψ Production in Deeply Inelastic Scattering at HERA

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 J/ψ Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Independent Vectors and Tensors

ǫµν = −gµν − qµqν

Q2 , ǫL = 1
Q
(q + Q2

P·qP), 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 J/ψ Production in Deeply Inelastic Scattering at HERA

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 = Wgǫ

µν +WLǫ
µ
Lǫ
ν
L +WLT (ǫ

µ
Lǫ
ν
1 + ǫµ1ǫ

ν
L) +WT ǫ

µ
1ǫ
ν
1

LµνW
µν
h = 8παQ2{2Wg + 4(1−y)

y2 WL +
4(2−y)

y2

√
1− ycosψ⋆WLT +

[1 + 2(1−y)
y2 + 2(1−y)

y2 cos(2ψ⋆)]WT}
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The Leptonic Tensor

Hadronic Tensor in SIDIS
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The J/ψ Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Hadronic Tensor in SIDIS

W
µν
h ∼ ǫµν , ǫµLǫ
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Azimuthal dependent terms missing
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The J/ψ Production in Deeply Inelastic Scattering at HERA

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 reduced leptonic
tensor
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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⋆)
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Integrating over ψ⋆, one reproduces the reduced leptonic
tensor

Only when Wi are independent of ψ⋆

9 / 34



The J/ψ Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Cross Section Structure

Define wi

wg = ǫµνW
µν
h

wL = ǫLµǫLνW
µν
h

wLT = (ǫLµǫ1ν + ǫ1µǫLν)W
µν
h

wT = ǫ1µǫ1νW
µν
h

Cross section

dσ = α
256π5NsNcSQ2z

∑

i AiwidQ
2
dydp⋆2t dzdψ⋆, i = g , L, LT , T

Ai = Ai(y , ψ
⋆), wi = wi (Q

2, y , z , p⋆t )
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The J/ψ Production in Deeply Inelastic Scattering at HERA

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
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| = p⋆t√
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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 J/ψ Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Wrong Results
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Graudenz, PRD 49, 3291, 77 times
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The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS—Numerical Results

Parameterization

Momenta in γ⋆p rest frame

pµ = (xE ⋆p , 0, 0, − xE ⋆p ), q
µ = (q⋆0 , 0, 0, E

⋆
p )

p
µ
ψ = ( zW

2+m⋆2t /z
2W , p⋆t , 0,

zW 2−m⋆2t /z
2W ),

kµ = (E ⋆k , k
⋆
t cosψ

⋆, k⋆t sinψ
⋆, k⋆l )

E ⋆p = W 2+Q2

2W , q⋆0 = W 2−Q2

2W , m⋆
t =

√

p⋆2t +M2, x = s
W 2+Q2

E ⋆k = S−Q2

2W , k⋆l = 1
2W (Q2 + W 2−Q2

W 2+Q2S), k
⋆
t = Q

y

√
1− y

Observables in the laboratory frame

p2t = p⋆2t + z2(1− y)Q2 − 2z
√
1− yQp⋆t cosψ

⋆

yψ = 1
2 ln[

m⋆2t +z2(1−y)Q2−2z
√
1−yQp⋆t cosψ

⋆

4y2z2E2
l

]
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The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS—Numerical Results

Leptonic Tensor

Lµν = 8πQ2[(−gµν − qµqν
Q2 ) +

(2k−q)µ(2k−q)ν
Q2 ] ≡ 8παQ2lµν

lµν = C1(−gµν) + C2p
µpν + C3

pµpνψ+p
µ
ψp

ν

2 + C4p
µ
ψp

ν
ψ

C1 = Ag , C2 =
4Q2

s2
(AL − 2βALT + β2AT )

C3 =
4Q
p⋆t s

(ALT − βAT ), C4 =
1
p⋆2t

AT

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⋆)
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The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS—Numerical Results

Phase Space

Phase space for the scattered lepton and the final-state
hadrons

dΦ′ ≡ d3k′

(2π)32k′0
= 1

32π3S
dQ2

dW 2
dψ⋆

dΦH ≡ (2π)4δ4(P + q − pψ − pa)
d3pψ

(2π)32pψ0

d
3pa

(2π)32pa0

= 1
16πpa0

δ(p0 + q0 − pψ0 − pa0)dp
⋆2
t

dz
z

fa/p(x , µf )dxdΦH = 1
8π(W 2+Q2)z(1−z)

fa/p(x , µf )dp
⋆2
t dz

Final results

fa/p(x , µf )dxdΦ =
1

(4π)4S(W 2+Q2)z(1−z)
fa/p(x , µf )dQ

2
dW 2

dp2t dzdψ
⋆

= 1
(4π)4z(1−z)

fa/p(x , µf )dxBdydp
⋆2
t dzdψ⋆
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The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS—Numerical Results

DIS at LO1

CS: below data

NRQCD: good agreement
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1Zhan Sun and HFZ, arxiv:1702.02097
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The J/ψ Production in Deeply Inelastic Scattering at HERA

J/ψ Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method

Definitions of soft and collinear regions

s ≡ 2p · q, Eg <
√
s

2
δs , pi · pj <

s
2
δc

Initial-final state collinear

dσ1+B→3+4+5
HC

= f2/B(y)dydσ
1+2′→3+4
0 (ξs)[αs

2π
Γ(1−ǫ)
Γ(1−2ǫ)

( 4πµ
2

s
)ǫ]

×(− 1
ǫ
)δ−ǫc P2′2(ξ, ǫ)dξ(1 − ξ)ǫδ(yξ − x)dx

Final state qg collinear (hard)

E5 = (1 − ξ)E45, E45 = s−Q2−M2

2
√

s−Q2
,

√
s

2
δs < E5 < E45,
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J/ψ Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method (Initial-final
State Collinear)

E5 = (1− ξ)E2, E2 =
s

2
√

s−Q2

p5: light quark

0 < E5 < E2, x < ξ < 1

p5: gluon

√
s
2 δs < E5 < E2, x < ξ < 1−

√

s−Q2

s
δs
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J/ψ Production in DIS—Numerical Results

Color-singlet at NLO

QCD corrections are minor, cannot describe data
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The J/ψ Production in Deeply Inelastic Scattering at HERA

Comparison between J/ψ Leptoproduction and Hadroproduction

Comparison between DIS and hadroproduction

Left: J/ψ production in deeply inelastic scattering (DIS) at LO

Right: J/ψ hadroproduction at NLO

J/ψ J/ψ

a
b

Difference between J/ψ production in DIS at NLO and J/ψ

hadroproduction at NNLO

Difference A: p−4
t behaviour emerges in hadroproduction

Difference B: Gluons a and b can exchange gluons with c (c̄) or other
gluons
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Comparison between J/ψ Leptoproduction and Hadroproduction

Analysis in the Differences

p−4
t terms are negligible (dashed line)

cc̄ fragmentation dominates NLP, contributions from a (b) exchanging
gluons with c (c̄) are suppressed
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Comparison between J/ψ Leptoproduction and Hadroproduction

K-factor at High pt

K-factor ranges from 3 to 12

Such K-factor cannot describe J/ψ hadroproduction data

10 15 20 25 30
0

2

4

6

8

10

12

14

p t HGeVL

K
=

Σ
N

LO

Σ
LO

E P = 3500 GeV ,E e = 50 GeV

E P = 3500 GeV ,E e = 20 GeV

E P = 980 GeV ,E e = 50 GeV

E P = 980 GeV ,E e = 20 GeV

y < 0.6 for E p = 980 GeV ,

y < 1.0 for E p = 3500 GeV
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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.

CS J/ψ hadroproduction at QCD NNLO cannot describe the Tevatron
and LHC data unless Difference B provides large contributions.
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Conclusion

Thanks!
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Backup
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Backup

DIS at LO (p2t Distributions)
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Backup

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

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

DIS at LO (Q2 Distributions)
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Backup

DIS at LO (W Distributions)
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Backup

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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