
Next-to-Leading Order QCD Corrections to
Inclusive Heavy-Flavor Production in
Polarized Deep-Inelastic Scattering

Felix Hekhorn and Marco Stratmann

Institute for Theoretical Physics, University of Tübingen
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Introduction - Heavy Quarks (HQ)

Heavy Quarks (HQ): c(mc = 1.5 GeV), b(mb = 4.75 GeV),
t(mt = 175 GeV)

EIC will reach region with HQ relevant to structure functions
compare unpolarized case HERA@DESY: at small x ∼ 30% charm
contributions [Laenen,Riemersma,Smith,van Neerven]

measure ∆g as dominated by photon-gluon fusion (PGF)
first full NLO computation of polarized process [Blümlein,Bojak,Stratmann]

need improved charm tagging
fully inclusive cross section is complicated to reconstruct
no hadronization here
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Introduction - Heavy Quarks (HQ)

scale of hard process is in a pertubative regime
m > ΛQCD

finite mass m provides total cross sections

full m2 dependence makes computations
complicated: phase space + matrix elements

2-scale problem: ln
(

s−4m2

4m2

)
and/or ln(Q2

/m2)

keep analytic expressions
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Introduction - DIS Setup

e−(l1) + h(p)→ e−(l2) + Q (p2) + X [Q ]

e−(l1) e−(l2)

γ∗(q)

Q (p2)

Q(p1)

g(k1)
h(p)

Sh = (p + l1)2 = Q2
/(xy), x , y ,

Q2 = −q2 = −(l1 − l2)2 � M2
Z

unpolarized cross section: [PDG]

d2
σ

dxdy = 2πα2

xyQ2

(
Y+F2(x ,Q2)− y2FL(x ,Q2)

)
2xF1(x ,Q2) = F2(x ,Q2)− FL(x ,Q2)

polarized cross section: [PDG]

d2
∆σ

dxdy = 4πα2

xyQ2 Y− · 2xg1(x ,Q2)

with Y± = 1± (1− y)2
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Computation Review

use factorisation theorem: PDF and s = ξSh

PGF: g(k1) + γ
∗(q)→ Q (p2) + Q(p1)

three massive particles: m2
> 0,q2 = −Q2

< 0

compute 2-to-3-phase space: e.g. dPS3 ∼ dt1du1dΩnd Î [Laenen, Bojak]

diagrams: + + + + . . .

⇒ g1 ∼ e2
u ·∆u ⊗ d (1)

P,q

d (1)
P,q(χ, χ′) = c1(χ, χ′) ln(χ) + c2(χ, χ′) Li2

(
1+χ

′

1+χ

)
+ . . . X[Blümlein,Falcioni,De Freitas]

m2

s = χ

(1+χ)
2 and m2

s+Q2 = m2

s′
= χ

′

(1+χ
′
)
2 and m2

Q2 =
χq

(1−χq)
2

γ5 and εµνρσ in n-dimension? → HVBM scheme [’t Hooft,Veltman,Breitenlohner,Maison]
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Computation Review - Collinear Poles

collinear poles appear in, e.g.,

or

remove by mass factorization→ MS

⇒ g1 ∼ e2
H ·∆g ⊗ ln(µ2

F/m
2)c̄F ,(1)

P,g

c̄F ,(1)
P,g (χ, χq) = c1(χ, χq) ln(χ) + c2(χ, χq) Li2

(
1−χq
1+χ

)
+ . . . (Xfor

Q2 � m2
[Buza,Matiounine,Smith,van Neerven])
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Computation Review - UV and IR Poles

virtual diagrams are, e.g.,

or

soft poles appear in the limit of a soft gluon, e.g.,

soft + virtual + renormalization (MSm) + factorization is finite! [Laenen,Bojak]
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Computation Review - Analytic Expressions

D0(m2,0,q2,m2, t , s,0,m2,m2,m2) =
iCε

βst1
×

[
− 2
ε

ln(χ)− 2 ln(χ) ln

(
−t1
m2

)
+ Li2(1− χ2)− 4ζ(2) + ln2(χq) + 2 Li2(−χχq) + 2 Li2

(
−χ
χq

)
+ 2 ln(χχq) ln(1 + χχq) + 2 ln

(
χ

χq

)
ln

(
1 +

χ

χq

)]

∫
dΩn

t ′u7
2 = −2π(m2 + s4)(s′ + t1)

s4t1
2u1

2

[
− 2 +

t1u1(−q2s4 + (2m2 + s4)(s′ + u1))

(s′ + t1)
(

q2s4t1 + m2(s′ + u1)2
)

+
2
ε

+ ln

 t1
2u1

2(m2 + s4)

(s′ + t1)2
(

m2(s′ + u1)2 + q2t1s4

)
]
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Partonic Results - Gluon Channel

g1 ∼ αs ·∆g ⊗

(
c(0)

P,g + 4παs

[
c(1)

P,g + ln

(
µ

2

m2

)
c̄(1)

P,g

])

 -0.2

 0.0

 0.2

 0.4

 0.6

 0.8

 1.0

 1.2

0.001 0.01 0.1 1 10 100 1000

LO

unpolarized ~ F1

polarized ~ g1

threshold high energy� = (s-4m2)/(4m2)

photo-production

DIS (Q2/m2 ~ 4.4)

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.001 0.01 0.1 1 10 100 1000

NLO

threshold high energy� = (s-4m2)/(4m2)

polarized ∼ unpolarized near threshold, but not at high energy
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Partonic Results - Light Quark Channel

g1 ∼ α
2
s

∑
q

(∆q + ∆q )⊗

(
e2

H

[
c(1)

P,q + ln

(
µ

2
F

m2

)
c̄(1)

P,q

]
+ e2

qd (1)
P,q

)

 -0.008

 -0.006

 -0.004

 -0.002

 0.000

 0.002

 0.004

 0.006

0.001 0.01 0.1 1 10 100 1000

Bethe-Heitler (cq)

threshold high energy� = (s-4m2)/(4m2)

(~)photo-production

DIS(Q2/m2 ~ 4.4)

 -0.008

 -0.006

 -0.004

 -0.002

 0.000

 0.002

 0.004

 0.006

0.001 0.01 0.1 1 10 100 1000

Compton (dq)

threshold high energy� = (s-4m2)/(4m2)

no interference term ∼ eHeq

Compton subprocess contains ln(Q2
/m2)
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Hadronic Results - Unpolarized vs. Polarized

unpolarized ∼ MSTW2008↔ polarized ∼ DSSV2014
[Martin,Stirling,Thorne,Watt]↔ [de Florian,Sassot,Stratmann,Vogelsang]

1

10-4

10-3

10-2

10-1

2 x F1

Q2 = 10 GeV2

2 x Fc

LO
NLO

1.0

1.5

2.0

10-4 10-3 10-2 10-1

NLO/LO

x

-1x10-4

 0x100

 1x10-4

 2x10-4

2 x g12 x gc

110-4 10-3 10-2 10-1

1.0

1.5

2.0
NLO/LO

x
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Hadronic Results - PDF Uncertainties DSSV (I)

-1x10-3

-5x10-4

 0x100

 5x10-4

 1x10-3

10-4 10-3 10-2 10-1

2 x g1 NLO2 x gc

Q2 [GeV2]

x

    10
   100

quark error band is
small
sign unconstrained
gluon dominates (?)
default gluon is small
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Hadronic Results - PDF Uncertainties DSSV (II)

0.0

0.1

0.2

0.3

0.4
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x
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x
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1(x ,Q2) =

gc
1(x ,Q2

)

F c
1 (x ,Q2

)

error band are only due to DSSV
uncertainties (no correlations!)

sign unconstrained
need measurement of O(10−3)

NLO / LO
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Hadronic Results - Scale Uncertainties (I)

0.6
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Hadronic Results - Scale Uncertainties (II)

A
c
(µ

F
2
,µ
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2
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Outlook

inclusive distributions: d g1
dpT ,Q

,
d g1
dyQ

, . . . [Laenen,Riemersma,Smith,van Neerven]

correlated distributions: d g1

dM2
QQ

,
d g1

dφQQ
,TMD, . . . [Harris,Smith]

full neutral current (NC) contributions: F Zγ
3 ,gZγ

4 ,gZγ
5 and F Z

2 ,F
Z
L ,g

Z
1

distributions of full NC structure functions: d gNC
1

dpT ,Q
,

d gNC
1

dM2
QQ

, . . .

Thank you for your attention!
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Backup: Partonic Results - Gluon Channel

g1 ∼ αs ·∆g ⊗

(
c(0)

P,g + 4παs

[
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P,g + ln

(
µ

2

m2
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P,g

])

 -0.2

 0.0

 0.2

 0.4

 0.6

 0.8

 1.0

 1.2

0.001 0.01 0.1 1 10 100 1000

c(0)

T

P

proj. k

Q2 [GeV2]
ck,g

�

  10-2

  102

  103

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.001 0.01 0.1 1 10 100 1000

c(1)ck,g

�

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.001 0.01 0.1 1 10 100 1000

c(1)ck,g

�

η =
s − 4m2

4m2 , m = mb = 4.75 GeV

Felix Hekhorn - NLO HQ structure function in DIS 18/17



Backup: Partonic Results - Light Quark Channel

g1 ∼ α
2
s

∑
q
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Backup: Hadronic Results - PDF Uncertainties DSSV
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Backup: Hadronic Results - Mass Variation
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