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NNLO contributions to Bhabha scattering

Tord Riemann, DESY, Zeuthen

based on work with:

S. Actis (RWTH Aachen), M. Czakon (U. Würzburg)

and J. Gluza (Sileasian U. Katowice)
10 Dec 2008, Seminar U. Edinburgh

• Bhabha scattering – Born cross-section and experimental aspects

• Electroweak one-loop contributions

• LEP and later: Meson factories, ILC, GigaZ

• Overview: Two-loop contributions to Bhabha Scattering

• Heavy fermion and hadronic contributions with m2
e << m2

f , s, t

ACGR: Phys. Rev. Letters 100 (2008) [arXiv:0711..3847]

ACGR: Phys. Rev. D78 (2008) 085019 [arXiv:0807.4691]

• Summary and outlook
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Born cross-section and experimental aspects

H. Bhabha,

“The Scattering of Positrons by Electrons with Ex-

change on Dirac’s Theory of the Positron”,

Proc. Roy. Soc. A154 (1936) 195

dσ0

dΩ
=

α2

s

(

s

t
+ 1 +

t

s

)2

where the relations between beam energy, scat-

tering angle and s, t are:

s = 4E2

t =
s

2
(1 − cosϑ)

• |Ms + Mt|2

• simple process with zero [one] mass scales

• strong forward peak

• But: µ-pair production advantageous ?
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It is not completely clear

[to us]

whether one may make

the paper

public in the web.

Here is the first page:
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Here some formula:

It would take a while to dis-

cover that the paper derives

what we call now Bhabha scat-

tering
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Electroweak Born and 1-loop contributions

The Born cross-section is:

dσew

dΩ
=

α2

4s
(Ts + Tst + Tt) ,

with

Ts = (1 + cos2 θ)
[

1 + 2Reχ(s)
(

v2
)

+ |χ(s)|2
(

1 + v2
)2

]

+ 2 cos θ
[

2Reχ(s) + |χ(s)|2
(

4v2
)]

,

Tst = −2
(1 + cos θ)2

(1 − cos θ)

{

1 + [χ(t) + Reχ(s)]
(

1 + v2
)

+ χ(t)Reχ(s)
[

(1 + v2)2 + 4v2
]}

,

Tt = 2
(1 + cos θ)2

(1 − cos θ)2
{

1 + 2χ(t)
(

1 + v2
)

+ χ(t)2
[

(1 + v2)2 + 4v2
]}

+
8

(1 − cos θ)2
[

1 − χ(t)
(

1 − v2
)]2

.

We choose the following conventions:

v = 1 − 4s2
w,

χ(s) =
GF√

2

M2
Z

8πα

s

s − M2
Z + iMZΓZ

,

χ(t) =
GF√

2

M2
Z

8πα

t

t − M2
Z

.
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Among the quantities α, GF , s2
w, MZ there are only three independent, and ΓZ is

predicted by the theory as well.

The phrasing effective Born cross-section means here that we use, besides α, the following

input variables:

s2
w = 0.23,

MZ = 91.1876 ± 0.0021 GeV,

ΓZ = 2.4952 ± 0.0023 GeV,

GF = (1.16637 ± 0.00001) × 10−5 GeV−2.
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Bhabha scattering
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Bhabha scattering
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Bhabha scattering

Bardin,Hollik,T.R., Z.PhysikC49(1991)485
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The 1991 result is yet the state of the art in e.g. the programs ZFITTER and BHWIDE.

Now, such calculations of O(1000) diagrams are better than to 10 digits.
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ZFITTER and Higgs physics

Fortran package ZFITTER for: e+e− → µµ, q̄q, e+e−

has been used for many experimental and phenomenological studies.

The perhaps most important applications for the elementary particle physics community

may be found at the webpage of the

LEP electroweak working group LEPEWWG.

The weak one-loop library of ZFITTER is used in the Monte-Carlo [where appropriate].

0

1

2

3

4

5

6

10030 300

mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty
July 2008 mLimit = 154 GeV

See also:

ZFITTER news page at DESY Zeuthen:

http://www-zeuthen.desy.de/theory/research/zfitter/
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We will now look for really precise predictions . . .

for both

• Small angle Bhabha scattering

• Large angle Bhabha scattering

– why?

. . . 10−4

– what does it mean?
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The physics needs at high energies

ILC,
√

s = 90 GeV – 1 TeV

For more details see e.g.:

K. Mönig, ”Bhabha scattering at the ILC”

talk at Mini-WS on Bhabha scattering, Univ. Karlsruhe, April 2005

/afs/ifh.de/user/m/moenig/public/www/bhabha ilc.pdf

ILC – Need Bhabha cross-sections with 3–4 significant digits.

Why?

• ILC: e+e− → W+W−, f f̄ with O(106) events → 10−3

• GigaZ: relevant physics derived from Z → hadrons, l+l−, the latter with O(108)

events → 10−4, the systematic errors (luminosity!) influence this

• ILC:e+e− → e+e−, a probe for New Physics with O(105) events/year → 10−3

Conclude: will need ∆L/L ≈ 2 × 10−4

The luminosity comes from very forward Bhabha scattering.
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October 20, 2003

MEMO

Luminosity Measurement via Bhabha Scattering:

Requirements on Position Reconstruction

to Achieve a 10−4 Precision

Achim Stahl

DESY, Zeuthen
Achim.Stahl@desy.de

Abstract

This memo is based on Monte Carlo simulations with the BHLUMI
generator of Jadach and Was. It adresses the question how accurately
electrons and positrons have to be reconstructed in the TESLA Lum-
Cal in order to achieve a precision of 10−4 on the luminosity measure-
ment.
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1 Method

Bhabha events are simulated with BHLUMI1 in the phase space region of
the TESLA luminosity calorimeter. The simulation is based on a redesign of
the forward region for an l∗ that allows to place the luminosity calorimeter
behind the ECal endcap. The luminosity calorimeter is called LumCal to
distinguish it from the LAT and LCal of the TDR design. The design is
sketched in fig. 13.

A simple selection is applied to the simulated events (see below). In a
first step the position of the electron and positron on the front face of Lum-
Cal is calculated. The scattering angles are determined from these positions.
The energy of the particles is taken from the tree. In subsequent steps the
position and energy are subjected to systematic misreconstructions. The
change in the number of accepted events with respect to step 1 gives the
systematic error introduced by the respective systematic error. The size of
the effects are varied in order to determine the level which is acceptable in
order to achieve a 10−4 precision on the luminosity measurement. The same
event sample is used for all steps so that statistical fluctuations largely cancel.

BHLUMI version 4.04 was used with the following parameters:
Type of generator BHLUM4
Photon Removal on
Event weights off
Random generator RANMAR
Z0-contribution on
QED matrix elements from BHLUM4
Vacuum polarisation from ref. 1
center-of-mass energy 250 GeV
min. scattering angle 25 mrad
max. scattering angle 90 mrad
photon infrared cut-off 10−4

The following cuts are applied

• energy: E (e+) > 0.8 Ebeam

E (e−) > 0.8 Ebeam

• scattering angle of positron: 30 mrad < θ+ < 75 mrad

• accollinearity: cos θacol > 0.98
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Some Kinematics at GigaZ and ILC

Need a cross-section prediction with 5 significant digits.

Perturbative orders:
(α

π

)

= 2 × 10−3

(α

π

)2

= 0.6 × 10−5

Kinematics:

√
s = 90 . . . 1000 GeV

ϑ = 26 . . . 82 mrad

cosϑ ∼ 0.999 66 . . . 0.996 64

T =
s

2
(1 − β2 cosϑ) > 1.36 GeV2|GigaZ , 42.2 GeV2|ILC500

Conclude:

• t-channel exchange of γ dominates everything else

• m2
e/s < m2

e/T ≤ 10−5 . . . 10−7

• Calculate: 1-loop EWRC + 2-loop QED + corresp. bremsstrahlung
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The 1-loop electroweak corrections (plus some leading higher order terms) are

well-known, with rising technical precision, since about 1988/91.

Böhm, Denner, Hollik; Bardin, TR 1991 → Fig. 2004 Lorca, TR

2-loop Bhabha scattering: What to be done?

• Calculate:

σ = (2 → 2) + (2 → 3) + (2 → 4)

σ = |Born + 1-loop + 2-loop|2

+ |(Born + 1-γ) + (1-loop + 1-γ)|2

+ |(Born + 2-γ)|2

• Do not include: |2-loop|2
|(1-loop + 1-γ)|2

T
.
R
ie

m
a
n
n
,
U

.
o
f
E
d
in

b
u
rg

h
,
1
0
.1

2
.2

0
0
8

2
3



'&

$%

Status by end of 2004

Established: 10−3 MC programs for LEP, ILC
Introduction to NLLBHA by Trentadue and to BHLUMI by Jadach in:

Proc. of Loops and Legs, Rheinsberg, Germany, 1996

Recent mini-review: Jadach, ”Theoretical error of luminosity cross section at LEP”,

hep-ph/0306083 [1]

• BHLUMI v.4.04: Jadach, Placzek, Richter-Was, Was: CPC 1997

• see also: Jadach, Melles, Ward, Yost: PLB 1996, thesis Melles 1996 [2]

• NLLBHA: Arbuzov, Fadin, Kuraev, Lipatov, Merenkov, Trentadue: NPB 1997,

CERN 96-01

• SAMBHA: Arbuzov, Haidt, Matteuzzi, Paganoni, Trentadue: hep-ph/0402211

See e.g.: Table 1 of [1] and Figure 3.1 of [2] → Conclude:

The nonlogarithmic O(α2) terms, originating from pure QED radiative 1-loop and from

2-loop diagrams are not completely covered.

They have to be calculated and integrated into the MC programs.

Beware:

me,mγ, (d − 4), Eγ
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Offer by drinking-a-beer Frits Berends, NL, in 1989

Okey, I need

One million Swiss francs

and

five – or ten? – Russians

and I will do this
Until 2003 (i.e. in more than 15 years), there were about a dozen articles in spires with “Bhabha

. . . two-loop” in the title.

And Frits Berends retired recently.

Now we have about 30 articles of this kind.
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Two Loop Bhabha SatteringTo alulate Bhabha sattering it is best to �rst omputee+e� ! �+��, sine it's losely related but has less diagrams.There are 47 QED diagrams ontributing to e+e�! �+��.

The Bhabha sattering amplitude an be obtained frome+e� ! �+�� simply by summing it with the rossedamplitude (inluding fermi minus sign).
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The technical target: photonic and fermionic Nf = 1, 2 topologies

V1 V3

V4 V5
V2

B1 B3B2

B4 B5 B6

• The unsolved problem, even in the limit m2
e << s, t:

The non-planar photonic 2-loop boxes B3

• Finally the photonic corrections were derived from massless case by A. Penin . . .

• . . . and the nf = 1 electron loops V4, B5 by R. Bonciani et al., and later also by

ACGR

• We think we know how to do the non-planar boxes, but it is not easy
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Status 2005

Know the constant term (me = 0)

from 2-loop Bhabha scattering

A. Penin, Two-Loop Corrections to Bhabha Scattering, hep-ph/0501120 v.3, → PRL

Transform the massless 2-loop results of Bern, Dixon, Ghinculov (2002) with InfraRed

(IR) regulation by D = 4 − 2ǫ into the on-mass-shell renormalization with me → 0 and

IR regulation by λ = mγ 6= 0

Use IR-properties of amplitudes (see Penin):

[A ] Exponentiation of the IR logarithms (Sudakov 1956,...)

[B ] Factorization of the collinear logarithms into expernal legs (Frenkel, Taylor 1976)

[C ] Non-renormalization of the IR exponents (YFS 1961, ....)

Isolate the closed fermion loop contribution (does not fulfil [C]) and add it separately

(Burgers 1985, Bonciani et al. 2005, Penin)

If all this is correct, the constant term in me is known for the MCs (but the radiative

one-loops with 5-point functions).
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The diagrams with electrons and photons define an nf = 1 problem.

But there are additional ones with heavier fermions.

So we have to investigate an nf = 2 problem

For self-energies starting with 1-loops, and for vertices and boxes starting with 2-loops:

(b) (c)(a)
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. The nf = 2 contributions have been determined in 2007

• Self-energies are not a two-masses-problem

• 2-vertices are known (for m2
e = m2

f and m2
e << m2

f ): G. Burgers PLB 164 (1885), Kniehl,

Krawczyk, Kühn, Stuart PLB 209 (1988)

• What is really new: the 2-boxes with two different fermions involved

The 8 box-master integrals were identified in ACGR, PRD 71 (2005) [hep-ph/0412164]

mf

me

me →

SE3l2M1m

B5l2M2md B5l2M2m

V4l2M2md

SE3l2M1md

V4l2M1m

V4l2M2m

V4l2M1md

• m2
e << m2

f << s, t: Becher,Melnikov JHEP 6 (2007) and ACGR NPB 786 (2007)

• m2
e << m2

f , s, t: ACGR 0710.5111 − > APP B38 (2007)

and Bonciani,Ferroglia,Penin 0710.4775 (2007)

• m2
e << m2

hadrons, s, t: ACGR 0711.3847 − > PRL 100 (2008)
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The Box Corrections

The contribution of the renormalized two-loop box diagrams of class 2e is given by

dσ2e×tree

dΩ
=

α2

2 s

[ 1

s
A2e×tree

1 (s, t) +
1

t
A2e×tree

2 (s, t)
]

Here the auxiliary functions can be conveniently expressed through three independent form

factors B
(2)
I,f (x, y), where i = A, B, C,

A2e×tree
1 (s, t) = F 2

ǫ

∑

f

Q2
f Re

[

B
(2)
A,f (s, t) + B

(2)
B,f (t, s) + B

(2)
C,f (u, t) − B

(2)
B,f (u, s)

]

,

A2e×tree
2 (s, t) = F 2

ǫ

∑

f

Q2
f Re

[

B
(2)
B,f (s, t) + B

(2)
A,f (t, s) − B

(2)
B,f (u, t) + B

(2)
C,f (u, s)

]

.

The normalization factor is

Fǫ =

(

m2
e π eγE

µ2

)−ǫ
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How to evaluate the Nf = 2 diagrams?

We did it in 2 ways

• Decompose the 2-loop integrals to master integrals, solve them.

Here: In the limit m2
e << m2

f << s, t, u

This was done in hep-ph/07042400v2 −→ ACGR, NPB 786 (2007)

• Alternatively, rewrite the 2-loop integrals as dispersion integrals.

Decompose the loop integrals afterwards into master integrals

The master integrals are simpler, of one-loop type, but the numerical dispersion

integration remains then.

Advantages of the dispersion integrals:

• get easily the range m2
e << m2

f , s, t, u

• method applies also to hadronic insertions
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Dispersion Integrals

gµν

q2 + i δ
→ gµα

q2 + i δ

(

q2 gαβ − qα qβ
)

Πhad(q2)
gβν

q2 + i δ
,

the once-subtracted dispersion integral

Πhad(q2) = −q2

π

∫ ∞

4M2
π

dz

z

ImΠhad(z)

q2 − z + i δ
.

Finally, one relates ImΠhad to the hadronic cross-section ratio Rhad,

ImΠhad(z) = −α

3
Rhad(z) = −α

3

σe+e−→hadrons(z)

(4πα2)/(3z)
,

For heavy fermion insertions, we have instead of Rhad(z):

Rf (z) = Q2
fCf (1 + 2m2

f/z)
√

1 − 4m2
f/z,

Replacing the Πhad(q2) in a vertex or in box diagram by the z-dispersion integral and

exchanging the
∫

d4k with the
∫

dz creates one-loop diagrams with a subsequent

z-integration.
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The kernel functions for the dispersion integrals

∆α(x) = ∆α
(5)
had(x) + Πe(x) +

∑

f=µ,τ,t

Πf (x)

∆α
(5)
had(x) =

α

π

x

3

∫ ∞

4m2
π

dz
R

(5)
had(z)

z

1

x − z + i δ

V2(x) = V2e(x) + V2rest(x)

V2rest(x) =

∫ ∞

4M2

dz
R(z)

z
KV (x + iδ; z)

KV (x; z) =
1

3

{

− 7

8
− z

2 x
+

( 3

4
+

z

2 x

)

ln
(

−x

z

)

− 1

2

(

1 +
z

x

)2 [

ζ2 − Li2

(

1 +
x

z

) ] }

Bi(x, y) =

∫ ∞

4M2

dz
R(z)

z
Kbox,i(x + iδ, y + iδ; z)

The Kbox,i(x, y; z) are determined as linear combinations of one-loop integrals with mass

z = M2.
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Using Rhad

This is a topic by itself, because Rhad is basically unpublished.

N.N.1:

Fuer R(s) mit Fehlern, Kontinuum + Resonanzen haben wir nur unsere interne

Arbeitsversion.

N.N.2:

This procedure is a follow up of complicated programs, which unfortunately

do not exist in a really user-friendly form.

N.N.3:

I understand that for your problem it is probably too

cumbersome (and time-consuming) to use the data.

N.N.4:

es hat etwas gedauert, bis ich in meinen alten Verzeichnissen auf einer

1994er Vax am MPI fuendig geworden bin.

So, finally, we might reproduce the old estimates given for the vertex dispersion relation

in Kniehl, Krawczyk, Kühn, Stuart (1988) −→ finally we have numerics, but with larger

errors than necessary
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The implementation of Rhad used for the numerical evaluation of irreducible two-loop

corrections.
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1 100

s [GeV
2
]

1

10

100

R
ha

d(s
)

R
had

, Burkhardt
R

had
, update

A comparison of the parametrizations from
[Burkhardt:1981jk]

and
[rintpl:2008AA]

.
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Final formula and results

We distinguish 3 different categories of 2-loop contributions:

• Running α

• the irreducible 2-loop vertices

• the ’rest’: irreducible vertices and boxes plus 2-loop boxes

dσ

dΩ
= c

∫ ∞

4M2
π

dz
Rhad(z)

z

1

t − z
F1(z) (1)

+ c

∫ ∞

4M2
π

dz

z (s − z)

{

Rhad(z)
[

F2(z) + F3(z) ln
∣

∣1 − z

s

∣

∣

]

− Rh(s)
[

F2(s) + F3(s) ln
∣

∣1 − z

s

∣

∣

]}

+ c
Rh(s)

s

{

F2(s) ln
( s

4M2
π

− 1
)

− 6ζ2Fa(s)

+ F3(s)
[

2ζ2 +
1

2
ln2

( s

4M2
π

− 1
)

+ Li2

(

1 − s

4M2
π

)]}

,

with c = α4/(π2s) and Rh(s) = θ(s − 4M2
π) Rhad(s).
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F1(z) =
1

3

n

9 c̄(s, t) ln
“ s

m2
e

”

+
h

−z2

“1

s
+

2

t
+ 2

s

t2

”

+ z
“

4 + 4
s

t
+ 2

t

s

”

+
1

2

t2

s
+ 6

s2

t

+ 5 s + 4 t
i

ln
“

−
t

s

”

+ s
“

−
z

t
+

3

2

”

ln
“

1 +
t

s

”

+
h1

2

z2

s
+ 2 z

“

1 +
s

t

”

−
11

4
s − 2 t

i

ln2

“

−
t

s

”

−
h 1

2

z2

t
− z

“

1 +
s

t

”

+
t2

s
+ 2

s2

t
+

9

2
s +

15

4
t
i

ln2

“

1 +
t

s

”

+
h z2

t
− 2 z

“

1 +
s

t

”

+ 2
s2

t
+ 5 s +

5

2
t
i

× ln
“

−
t

s

”

ln
“

1 +
t

s

”

− 4
h t2

s
+ 2

s2

t
+ 3

“

s + t
”i h

1 + Li2

“

−
t

s

”i

−
h t2

s
+ 2

s2

t
+ 3

“

s + t
”i

ln
“ z

s

”

ln
“

1 +
t

s

”

−
h

2
z2

t
− 4 z

“

1 +
s

t

”

− 4
t2

s
− 2

s2

t
+ s −

11

2
t
i

ζ2 +
h

z2

“1

s
+ 2

s

t2
+

2

t

”

− z
“ t

s
+ 2

s

t
+ 2

”i

ln
“ z

s

”

−
h

z2

“1

s
+

1

t

”

+ 2 z
“

1 +
s

t

”

+ s + 2
s2

t

i

ln
“ z

s

”

ln
“

1 +
z

s

”

+
h z2

s
+ 4 z

“

1 +
s

t

”

−
t2

s
− 4

“

s + t
”i

× ln
“ z

s

”

ln
“

1 −
z

t

”

−
h

z2

“1

s
+ 2

s

t2
+

2

t

”

− 2 z
“ t

s
+ 2

s

t
+ 2

”

+
t2

s
+ 2

“

s + t
”i

ln
“

1 −
z

t

”

+
h z2

t
− 2 z

“

1 +
s

t

”

+ 2
t2

s
+ 8 s + 4

s2

t
+ 7 t

i

ln
“

1 −
z

t

”

ln
“

1 +
t

s

”

+
h z2

s
+ 4 z

“

1 +
s

t

”

−
t2

s
− 4

“

s + t
”i

× Li2

“ z

t

”

−
h

z2

“1

s
+

1

t

”

+ 2 z
“

1 +
s

t

”

+ s + 2
s2

t

i

Li2

“

−
z

s

”

−
h z2

t
− 2 z

“

1 +
s

t

”

+
t2

s
+ 5 s + 2

s2

t
+ 4 t

i

× Li2

“

1 +
z

u

”o

+ 4 c̄(s, t) ln
“2 ω
√

s

” h

ln
“ s

m2
e

”

+ ln
“

−
t

s

”

− ln
“

1 +
t

s

”

− 1
i

,

and similarly for F2(z) and F3(z).

The
∫

4M2 dzFi(z) gives from the lower integration bound the logarithmically enhanced terms

ln(= M2)n, e.g. from terms like A(z) ln(z/s) or from B(z)Li2

(

z
s

)

.
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Some numerical results

We will now discuss the numerical net effects arising from the Nf = 2 vertex plus box diagrams

(i.e. excluding the pure running coupling effects):

dσ2

dΩ
=

dσ

dΩ
+

dσv

dΩ
,

with dσ/dΩ from Eqn. (1). The expression for the irreducible vertex term dσv/dΩ derives

directly from
[Kniehl:1988id,webPage:2007x3]

. The dσ2/dΩ is normalized to the pure photonic Bhabha Born cross section dσ0/dΩ:

dσ0

dΩ
=

α2

s

(

s

t
+ 1 +

t

s

)2

.
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Two-loop Nf = 2 vertex and box corrections dσ2 to Bhabha scattering in units of 10−3dσ0 at

meson factories,
√

s = 1 GeV (a) and
√

s = 10 GeV (b).
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Two-loop Nf = 2 vertex and box corrections dσ2 to Bhabha scattering in units of 10−3dσ0 at

ILC energies of
√

s = 100 GeV (GigaZ option) and
√

s = 500 GeV.
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Z

Two-loop corrections to Bhabha scattering at
√

s = MZ , normalized to the effective weak Born

cross section.
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Summary

• We determine the Nf = 2 contributions to 2-loop Bhabha scattering, including the

hadronic corrections

• They are small, but non-negligible at the scale 10−3 (→ No LEP influencing)

• Agreement for m2
e << m2

l << s, t, u with:

”Two-loop QED corrections to Bhabha scattering”

Thomas Becher, Kirill Melnikov, arXiv:0704.3582 [hep-ph], JHEP

• Agreement for m2
e << m2

l , s, t, u with:

”Two-Loop Heavy-Flavor Contribution to Bhabha Scattering”,

Roberto Bonciani, Andrea Ferroglia, Sacha Penin, arXiv:0710.4775v3 [hep-ph]

• This year also for hadronic corrections with Kuehn, Uccirati

• To be evaluated yet:

−→ 1-loop diagrams with real photon emission, interfering with real (Born)

radiation, including 5-point functions

• Also: −→ Real heavy pair emission corrections

• Both items were studied already by Andrei Arbuzov, Kuraev, Shaitchatdenov (1998,

small photon mass)
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.

The dispersion master integrals for the Nf = 2 contributions

There are three box kernel functions, depending on me, mf , s, t.with m2
e << z = m2

f , s, t.

They are IR-divergent.

The eight master integrals for the 2-loop boxes are:
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2d 2e

2b 2c

2a

Classes of Bhabha-scattering 2-loop diagrams containing at least one fermion loop.
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The 4 direct and 4 crossed fermionic 2-loop box diagrams have to be combined with

other diagrams for an IR-finite contribution:

+ x

+ x

x
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After combining the 2-loop terms with the loop-by-loop terms and with soft real

corrections:

dσNNLO

dΩ
+

dσNLO
γ

dΩ
=

dσNNLO,e

dΩ
+

∑

f 6=e

Q2
f

dσNNLO,f2

dΩ
+

∑

f 6=e

Q4
f

dσNNLO,f4

dΩ

+
∑

f1,f2 6=e

Q2
f1

Q2
f2

dσNNLO,2f

dΩ
.
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