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Topic 1: Fundamental Particles and Forces
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from ep-scattering 
at HERA

Fit theory prediction to data and 
obtain 

Calculation
• Analytical methods and 

heavy use of computer 
algebra

• Feynman diagrams 
generated using QGRAF

• Reduction to master 
integrals using Reduze

• Master integrals calculated 
using

 Differential equations

 Advanced summation 
techniques using Sigma

Precision of experimental data 
requires the NNLO calculation 
of massive quark contributions 
to structure functions

• NNLO variable flavor number 
scheme will be provided

• Improved values of and 

• Better constraints on sea 
quarks and gluon pdfs

Operator Matrix ElementFirst results for High Complexity
a
(3),PS
Qq (N) = C2

F TF

{
64

(
N2 + N + 2

)2

(N − 1)N2(N + 1)2(N + 2)
S2,2

(
2,

1
2
) − 64

(
N2 + N + 2

)2

(N − 1)N2(N + 1)2(N + 2)
S3,1

(
2,

1
2
)

+2N

[
− 32P3S2,1

(
1, 1

2 , N
)

(N − 1)2N3(N + 1)2(N + 2)
− 32P3S1,1,1

(
1
2 , 1, 1, N

)
(N − 1)2N3(N + 1)2(N + 2)

+
32P4S1,1

(
1, 1

2 , N
)

(N − 1)3N4(N + 1)2(N + 2)
+ · · ·

]

+2−N

[
−64

(
N2 + N + 2

)2
S1,2,1

(
2, 1

2 , 1, N
)

(N − 1)N2(N + 1)2(N + 2)
+

64
(
N2 + N + 2

)2
S1,2,1

(
2, 1, 1

2 , N
)

(N − 1)N2(N + 1)2(N + 2)
+ · · ·

]
+ · · ·

}

+CF T 2
F NF

{
− 16

(
N2 + N + 2

)2
S1(N)3

27(N − 1)N2(N + 1)2(N + 2)
+

16P9S1(N)2

27(N − 1)N3(N + 1)3(N + 2)2

+

[
− 208

(
N2 + N + 2

)2

9(N − 1)N2(N + 1)2(N + 2)
S2 − 32P23

81(N − 1)N4(N + 1)4(N + 2)3

]
S1

+
32P31

243(N − 1)N5(N + 1)5(N + 2)4
+

224
(
N2 + N + 2

)2

9(N − 1)N2(N + 1)2(N + 2)
ζ3 + · · ·

}

+CF CATF

{
2
(
N2 + N + 2

)2
S1(N)4

9(N − 1)N2(N + 1)2(N + 2)
+

4
(
N2 + N + 2

)
P6S1(N)3

27(N − 1)2N3(N + 1)3(N + 2)2

+2−N

[
16P2S3(2, N)

(N − 1)N3(N + 1)2
− 16P2S1,2(2, 1, N)

(N − 1)N3(N + 1)2
+

16P2S2,1(2, 1, N)
(N − 1)N3(N + 1)2

− 16P2S1,1,1(2, 1, 1, N)
(N − 1)N3(N + 1)2

]

−32
(
N2 + N + 2

)2
S1,1,2

(
2, 1

2 , 1, N
)

(N − 1)N2(N + 1)2(N + 2)
+

32
(
N2 + N + 2

)2
S1,1,2

(
2, 1, 1

2 , N
)

(N − 1)N2(N + 1)2(N + 2)

+
32

(
N2 + N + 2

)2
S1,2,1

(
2, 1

2 , 1, N
)

(N − 1)N2(N + 1)2(N + 2)
− 32

(
N2 + N + 2

)2
S1,2,1

(
2, 1, 1

2 , N
)

(N − 1)N2(N + 1)2(N + 2)

−32
(
N2 + N + 2

)2
S1,1,1,1

(
2, 1

2 , 1, 1, N
)

(N − 1)N2(N + 1)2(N + 2)
− 32

(
N2 + N + 2

)2
S1,1,1,1

(
2, 1, 1

2 , 1, N
)

(N − 1)N2(N + 1)2(N + 2)
+ · · ·

}
+ · · ·

Unpolarized Deep-Inelastic Scattering (DIS)

Structure functions contain 
light and heavy quark contributions 

Goals
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αs(M
2
Z) from NNLO DIS(+) analyses [from ABM13]

αs(M
2
Z)

BBG 0.1134 +0.0019
−0.0021 valence analysis, NNLO

GRS 0.112 valence analysis, NNLO
ABKM 0.1135 ± 0.0014 HQ: FFNS Nf = 3
JR 0.1128 ± 0.0010 dynamical approach
JR 0.1140 ± 0.0006 including NLO-jets
MSTW 0.1171 ± 0.0014
MSTW 0.1155 − 0.1175 (2013)
ABM11J 0.1134 − 0.1149 ± 0.0012 Tevatron jets (NLO) incl.
ABM13 0.1133 ± 0.0011
ABM13 0.1132 ± 0.0011 (without jets)
CTEQ 0.1159..0.1162
CTEQ 0.1140 (without jets)
NN21 0.1174 ± 0.0006 ± 0.0001
Gehrmann et al. 0.1131 + 0.0028

− 0.0022 e+e− thrust
Abbate et al. 0.1140 ± 0.0015 e+e− thrust
BBG 0.1141 +0.0020

−0.0022 valence analysis, N3LO
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• Thousands of diagrams

• Computation time several cpu
years

• Large scale computer algebra 
needed (O(100 GB) RAM)

• Results given in analytic form 
 involved expressions, ready for 
efficient numerical use in 
experiment
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