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1. Introduction

The construction of higher order ε-expansions of hypergeometric functions has been inten-

sively discussed in the literature in the context of the calculation of Feynman diagrams.

At the present moment, several algorithms for the Laurent expansion of different types of

hypergeometric functions with respect to small parameter (in the rest of the paper, we will

call such expansion as ε-expansion) are proposed. They are mainly related to integer values

of the parameters and/or special values of the argument. The present paper is concerned

with the Gauss hypergeometric function

2F1

(

A + aε,B + bε

C + cε
z

)

=

∞
∑

j=0

(A + aε)j(B + bε)j
(C + cε)j

zj

j!
, (1.1)

where (α)j ≡ Γ(α + j)/Γ(α) is the Pochhammer symbol, all parameters are real numbers

and ε is a small parameter. Within dimensional regularization [1], the parameter ε is

related with deviation of d-dimensional space-time from its integer value, d = m − 2ε.

Using the well-known representation for the Taylor expansion of the Gamma-function for
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an integer positive number, m > 1

(m + aε)j
(m)j

= exp

{

−
∞

∑

k=1

(−aε)k

k
[Sk(m+j−1)−Sk(m−1)]

}

,

or half-integer positive values,

(

m +
1

2
+ aε

)

j

=
(2m + 1 + 2aε)2j

4j (m + 1 + aε)j
,

where Sk(j) =
∑j

l=1 l−k is the harmonic sum 1, the original hypergeometric function (1.1)

with integer and/or half-integer values of parameters {A,B,C} can be written as [2]

P+1FP

(

{mi+aiε}J , {pj +
1
2 +djε}P+1−J

{ni+biε}K , {lj + 1
2 +cjε}P−K z

)

=

∞
∑

j=1

zj

j!

1

4j(K−J+1)

ΠJ
i=1(mi)j

ΠK
l=1(nl)j

ΠP+1−J
r=1

(2pr+1)2j

(pr+1)j
ΠP−K

s=1

(ls+1)j
(2ls+1)2j

∆ , (1.2)

with

∆ = exp

[

∞
∑

k=1

(−ε)k

k

(

K
∑

ω=1

bk
ωSk(nω + j − 1)−

J
∑

i=1

ak
i Sk(mi+j−1)

+

P−K
∑

s=1

ck
s [Sk(2ls+2j)−Sk(ls+j)]−

P+1−J
∑

r=1

dk
r [Sk(2pr+2j)−Sk(pr+j)]

)]

.

In this way, the ε-expansion of the hypergeometric function (1.2) is reduced to the calcu-

lation of the multiple sums

∞
∑

j=1

zj

j!

1

4j(K−J+1)

ΠJ
i=1(mi − 1 + j)!ΠP+1−J

r=1 (2pr + 2j)!

ΠK
ω=1(nω − 1 + j)!ΠP−K

s=1 (2ls + 2j)!

×[Sa1(m1+j−1)]i1 . . . [Saµ(mµ+j−1)]ip [Sb1(2pr+2j)]j1 . . . [Sbν
(2pν +2j)]jq , (1.3)

where mj, nk, lω, pr are positive integer numbers and |z| < 1. For z outside of circle of

convergence it is necessary to transform z in such a way that the original hypergeometric

functions can be expressed in terms of other hypergeometric functions with convergent

series [3]. However, very often it is necessary to construct the ε-expansion for integrals of

the following type [4]

∫ z

0

dzzα

(1 − z)β
2F1

(

A, B

C
µz

)

, (1.4)

1The harmonic sums are related with function ψ(z) = d
dz

ln Γ(z) and its derivatives by means of the

relation

ψ
(k−1)(j) = (−1)k(k − 1)! [ζk − Sk(j − 1)] , k > 1,

where ψ(k)(z) is the k-th derivative of the ψ-function. In particular, for k = 1 we have ψ(j) = S1(j−1)−γE,

and γE is Euler’s constant.
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or
∫ z

0

dzzα

(1 − z)β
2F1

(

A, B

C
µz

)

2F1

(

M, N

K
σz

)

, (1.5)

where all parameters, in general, depend on the ε. In this case, it is more convenient to

construct firstly the ε-expansion of the hypergeometric function and then integrate it with

the proper kernel. Moreover, by help of the representation

P+1FP

(

a, {A}
b, {B} z

)

=
Γ(b)

Γ(a)Γ(b − a)

∫ 1

0
ta−1(1 − t)b−a−1

P FP−1

(

{A}
{B} tz

)

, (1.6)

the ε-expansion of any generalized hypergeometric function P FP−1 can be constructed via

the ε-expansion of a Gauss one.

An algorithm for the construction of ε-expansion of hypergeometric functions with

integer values of parameters has been proposed in [5] and has been generalized recently

for rational values in [6]. The resulting expansion are expressible in terms of nested sums

or multiple polylogarithms [7].

In contrast to this approach, in paper [8] an alternative algorithm has been invented.

It is based on construction of ε-expansion of a basis of hypergeometric functions 2. For

hypergeometric functions with integer or half-integer values of parameters, the following

basis has been analyzed:

P+1FP

(

{3
2 + biε}J , {1 + aiε}K , {2 + diε}L

{3
2 + fiε}J−1, {1 + eiε}R, {2 + ciε}K+L−R z

)

, (1.7)

P+1FP

(

{3
2 + biε}J , {1 + aiε}K , {2 + diε}L

{3
2 + fiε}J , {1 + eiε}R, {2 + ciε}K+L−R−1 z

)

, (1.8)

P+1FP

(

{3
2 + biε}J−1, {1 + aiε}K , {2 + diε}L

{3
2 + fiε}J , {1 + eiε}R, {2 + ciε}K+L−R−2 z

)

. (1.9)

In this case, the sums (1.3) are reduced to multiple sums of the following form,

Σ
(k)
a1,...,ap; b1,...,bq;c(u) ≡

∞
∑

j=1

1
“

2j
j

”k

uj

jc
Sa1 . . . Sap S̄b1 . . . S̄bq

, (1.10)

where u is, in general, an arbitrary argument (in this particular case it is equal to 4kz)

and we accept that the notations Sa and S̄b will always mean Sa(j − 1) and Sb(2j − 1),

respectively. For particular values of k, the sums (1.10) are called

k =











0 harmonic

1 inverse binomial

−1 binomial











sums .

2The idea of a basis of hypergeometric functions is closely related to idea of master-integrals in high-

energy perturbative calculations. Using algebraic relations between Feynman integrals derived by help

of integration by parts approach [9] and/or shifting of the space-time dimension [10], the original set of

physical amplitudes can be reduced to a restricted set of so-called “master-integrals”. For example, such

reduction is the necessary step in proving gauge invariance of pole masses (for recent results, see [11]). The

algorithm of reduction is called the solution of recurrence relations.
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The analytical results for harmonic, binomial and inverse binomial sums of different weights

and depths have been presented in [12, 13, 8, 15, 8, 14, 8], respectively. The results of

the ε-expansion are expressed in terms of polylogarithms [16], Nielsen polylogarithms [17]

or harmonic polylogarithms [18]. The missing part of the approach described in [8] is

an algorithm for the reduction of original functions to our basis (1.9). However, for all

physically important cases [19, 20], the solutions have been presented. They were derived

as the solution of recurrence relations for the proper Feynman diagrams [21, 22].

In this paper we construct an algorithm for the reduction of a Gauss hypergeometric

function with arbitrary parameters to two Gauss hypergeometric functions with defined

parameters (reduction to the master-integrals). For integer and half-integer values of pa-

rameters 3, the ε-expansion is constructed up to functions of weight 4. As an illustration of

the elaborated algorithm, some multiloop scalar integrals are calculated. We like to note

that for some physically important cases, the proper ε-expansions of Gauss hypergeometric

functions have been presented in [24 – 28]. The all-order ε-expansion of basis Gauss hyper-

geometric functions with integer values of parameters is constructed in [29]. The results

are expressible in terms of multiple polylogarithms. The algebraic Gauss hypergeometric

functions have been studied in [30]. The numerical approaches are discussed in [31].

2. Reduction of Gauss hypergeometric functions

As is known, for any three contiguous Gauss hypergeometric functions there is a contigu-

ous relation, which is a linear relation with coefficients being rational functions in the

parameters A,B,C and argument z. Using the well know relations [32]

A(1 − z) 2F1

(

A + 1, B

C
z

)

− (C − A) 2F1

(

A − 1, B

C
z

)

= [2A−C−(A−B)z] 2F1

(

A,B

C
z

)

, (2.1)

(C − A)(C − B)z 2F1

(

A,B

C + 1
z

)

− C(C−1)(1−z) 2F1

(

A,B

C − 1
z

)

= C [1−C−(1+A+B−2C)z] 2F1

(

A,B

C
z

)

, (2.2)

any Gauss hypergeometric function with arbitrary parameters is reduced to the combina-

tion of eight ones

2F1

(

{a, a + 1}, {b, b + 1}
{c, c + 1} z

)

,

where a, b, c are some fixed values of parameters. Applying the relations

(c − a)(c − b) 2F1

(

a, b

c + 1
z

)

=

3Unfortunately, in physical applications other values of parameters also exist [23].
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ab(1−z) 2F1

(

a + 1, b + 1

c + 1
z

)

− c(a+b−c) 2F1

(

a, b

c
z

)

, (2.3)

c 2F1

(

a + 1, b

c
z

)

= bz 2F1

(

a + 1, b + 1

c + 1
z

)

+ c 2F1

(

a, b

c
z

)

, (2.4)

c(1 − z) 2F1

(

a + 1, b + 1

c
z

)

=

(1+a+b−c)z 2F1

(

a + 1, b + 1

c + 1
z

)

+ c 2F1

(

a, b

c
z

)

, (2.5)

(b − c) 2F1

(

a + 1, b

c + 1
z

)

= b(1 − z) 2F1

(

a + 1, b + 1

c + 1
z

)

− c 2F1

(

a, b

c
z

)

, (2.6)

we are able to reduce an original Gauss hypergeometric function to the linear combination

of two (our basis)

2F1

(

a, b

c
z

)

, 2F1

(

a+1, b+1

c+1
z

)

. (2.7)

These basis functions (2.7) are related by a differential identity:

d

dz
2F1

(

a, b

c
z

)

=
ab

c
2F1

(

a + 1, b + 1

c + 1
z

)

. (2.8)

In the case when some of the parameters are positive integers (let us put B = m), after

applying the relation (2.1) we get one function with the value of one of the parameter equal

to unity and some polynomial with respect to z (parameter B = 0). In this case, instead

of relations eqs. (2.3)-(2.6) the following two relations (see [32]) should be used for further

reduction:

a(1 − z) 2F1

(

1, a + 1

c
z

)

= (c − 1) + (1+a−c) 2F1

(

1, a

c
z

)

, (2.9)

(a − c)z 2F1

(

1, a

c + 1
z

)

= −c

[

1 − (1 − z) 2F1

(

1, a

c
z

)]

. (2.10)

In this way, if one of the upper parameters is an integer, then the result of reduction is

expressible in terms of one Gauss hypergeometric function and a polynomials (the function

1F0). For case c = b, the relations (2.3) and (2.6) are useless (0=0). In this case, we should

apply the Kummer relation (3.1) or (3.4) and reduce this case to the previous one (2.9)

and (2.10):

2F1

(

A, b

1 + b
z

)

=
1

(1−z)A
2F1

(

1, A

1+b
− z

1−z

)

= (1−z)1−A
2F1

(

1, 1+b−A

1 + b
z

)

. (2.11)

Another algorithm of reduction is described in [33].
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3. Relations between basis hypergeometric functions with integer or half-

integer values of parameters

Let us consider a Gauss hypergeometric functions with integer or half-integer values of

ε-independent parameters. In this case, the set of basis functions consist of the 12 (sixth

time two) functions. We will call these basis functions as functions of type A, B, C, D,

E, F. For each type the values of a, b, c, parameters of our basis (2.7), are presented in

table I:

Table I

A B C D E F

a a1ε aε aε 1
2 + b1ε a1ε

1
2 + b1ε

b a2ε
1
2 + bε 1

2 + bε 1
2 + b2ε a2ε

1
2 + b2ε

c 1
2 + fε 1 + cε 1

2 + fε 1
2 + fε 1 + cε 1 + cε

The number of independent basis hypergeometric functions, enumerated in table I, can be

reduced by help of the Kummer transformations [34] of variable z. With respect to this

transformations the functions of type A, B, C, D are transformed into each other. This

allows us to reduce the number of independent hypergeometric functions. The functions

of type E, F transform into functions of the same type. Let us illustrate how functions of

type B, C, D can be expressed in terms of functions of type A. Starting from the relation

2F1

(

a, b

c

∣

∣

∣

∣

∣

z

)

= (1 − z)c−a−b
2F1

(

c − a, c − b

c

∣

∣

∣

∣

∣

z

)

, (3.1)

we express the functions of D-type in terms of functions of A-type

2F1

(

1
2 + b1ε,

1
2 + b2ε

1
2 + fε

∣

∣

∣

∣

∣

z

)

=
(1 − z)(f−b1−b2)ε

(1 − z)1/2 2F1

(

(f−b1)ε, (f−b2)ε
1
2 +fε

∣

∣

∣

∣

∣

z

)

, (3.2)

2F1

(

3
2 +b1ε,

3
2 +b2ε

3
2 +fε

∣

∣

∣

∣

∣

z

)

=
(1−z)(f−b1−b2)ε

(1−z)3/2(1+2b1ε)(1+2b2ε)
×

{

4(1−z)(f−b1)(f−b2)ε
2

2F1

(

1+(f−b1)ε, 1+(f−b2)ε
3
2 +fε

∣

∣

∣

∣

∣

z

)

+(1+2fε)[1−2(f−b1−b2)ε] 2F1

(

(f−b1)ε, (f−b2)ε
1
2 +fε

∣

∣

∣

∣

∣

z

)}

, (3.3)

Functions of C-type can be written as a linear combination of functions of A-type. Using

relation

2F1

(

a, b

c

∣

∣

∣

∣

∣

z

)

=
1

(1 − z)a
2F1

(

a, c − b

c

∣

∣

∣

∣

∣

− z

1 − z

)

, (3.4)
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we get

2F1

(

1
2 +b, aε
1
2 +fε

∣

∣

∣

∣

∣

z

)

=
1

(1 − z)aε 2F1

(

aε, (f−b)ε
1
2 +fε

∣

∣

∣

∣

∣

− z

1 − z

)

, (3.5)

(1+2bε)(1 − z)1+aε
2F1

(

1+aε, 3
2 +bε

3
2 +fε

∣

∣

∣

∣

∣

z

)

= (1+2fε) 2F1

(

(f−b)ε, aε
1
2 +fε

∣

∣

∣

∣

∣

− z

1 − z

)

−2(f−b)ε

(1−z)
2F1

(

1+(f−b)ε, 1+aε
3
2 +fε

∣

∣

∣

∣

∣

− z

1 − z

)}

. (3.6)

Using the transformation z → 1 − 1
z ,

2F1

(

a, b

c

∣

∣

∣

∣

∣

z

)

=
1

za

Γ(c)Γ(c − a − b)

Γ(c − a)Γ(c − b)
2F1

(

a, 1 + a − c

1 + a + b − c

∣

∣

∣

∣

∣

1 − 1

z

)

+ za−c(1−z)c−a−b Γ(c)Γ(a + b − c)

Γ(a)Γ(b)
2F1

(

c−a, 1−a

1+c−a−b

∣

∣

∣

∣

∣

1− 1

z

)

, (3.7)

all functions of B-type can be presented as a linear combination of functions of A-type

2F1

(

3
2 +bε, 1+aε

2+cε

∣

∣

∣

∣

∣

z

)

=
1

z1+aε

Γ(2+cε)Γ
(

−1
2 +(c−a−b)ε

)

Γ(1+(c−a)ε)Γ
(

1
2 +(c−b)ε

)

(1+2bε)

×
{

[1 + 2(a + b − c)ε] 2F1

(

aε, (a − c)ε
1
2 +(a + b − c)ε

∣

∣

∣

∣

∣

1− 1

z

)

−2
(a − c)ε

z
2F1

(

1+(a−c)ε, 1+aε
3
2 +(a+b−c)ε

∣

∣

∣

∣

∣

1− 1

z

)}

−Γ(2+cε)Γ
(

−1
2−(c−a−b)ε

)

Γ(1+aε)Γ
(

3
2 +bε

)

z−1+(a−c)ε

(1 − z)1/2−(c−a−b)ε

×
{

aε(1 − z)

z
2F1

(

1+(c−a)ε, 1−aε
3
2 +(c−a−b)ε

∣

∣

∣

∣

∣

1 − 1

z

)

+

[

1

2
+(c−a−b)ε

]

2F1

(

(c−a)ε,−aε
1
2 +(c−a−b)ε

∣

∣

∣

∣

∣

1 − 1

z

)}

, (3.8)

2F1

(

1
2 +bε, aε

1+cε

∣

∣

∣

∣

∣

z

)

=
Γ(1+cε)Γ

(

−1
2−(c − a − b)ε

)

Γ(aε)Γ
(

1
2 + bε

)

(1 − z)1/2+(c−a−b)ε

z1−(a−c)ε 2F1

(

1 + (c−a)ε, 1−aε
3
2 +(c−a−b)ε

∣

∣

∣

∣

∣

1 − 1

z

)

+
1

zaε

Γ(1+cε)Γ
(

1
2 +(c−a−b)ε

)

Γ(1 + (c − a)ε)Γ
(

1
2 +(c−b)ε

) 2F1

(

aε, (a − c)ε
1
2 +(a + b − c)ε

∣

∣

∣

∣

∣

1 − 1

z

)

. (3.9)

As a result, we get the following statement:

Any functions of type A, B, C, D can be expressed in an algebraic way in terms of just

one of these types.
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By help of the representation [32],

2F1

(

a, b

c

∣

∣

∣

∣

∣

z

)

=
Γ(c)

Γ(m)Γ(c − m)

∫ 1

0
dxxm−1(1 − x)c−m−1

2F1

(

a, b

m

∣

∣

∣

∣

∣

xz

)

, (3.10)

it is possible to find the integral relations between the coefficients of ε-expansion of basis

functions. In our case (integer and half-integer values of parameters) there are integral

relations between functions of type A and E; B and C; D and F.

Putting m = 1/2 in the r.h.s. of eq. (3.10) and using the quadratic transformation [32]

2Γ
(

1
2

)

Γ
(

a+b+ 1
2

)

Γ
(

a+ 1
2

)

Γ
(

b+ 1
2

) 2F1

(

a, b
1
2

∣

∣

∣

∣

∣

z

)

= 2F1

(

2a, 2b

a+b+ 1
2

∣

∣

∣

∣

∣

1+
√

z

2

)

+ 2F1

(

2a, 2b

a+b+ 1
2

∣

∣

∣

∣

∣

1−√
z

2

)

, (3.11)

we get the representation

2F1

(

a, b

c

∣

∣

∣

∣

∣

z

)

=
Γ(c)Γ

(

a+ 1
2

)

Γ
(

b+ 1
2

)

2πΓ
(

c − 1
2

)

Γ
(

a+b+ 1
2

)

×
∫ 1

0

dx√
x

(1 − x)c−3/2

[

2F1

(

2a, 2b

a+b+ 1
2

∣

∣

∣

∣

∣

1+
√

xz

2

)

+ 2F1

(

2a, 2b

a+b+ 1
2

∣

∣

∣

∣

∣

1−√
xz

2

)]

.(3.12)

This representation allows us to find integral relation between coefficients of the ε-expansion

of functions of B and E types; C and E types; and F and A types.

4. Laurent expansion of basis functions with integer or half-integer values

of parameters

In accordance with the algorithm described in [8], the Laurent expansion of our basis func-

tions (see table I in section 3) with respect to parameter ε is reduced to the study of

multiple series of type (1.3). Using the general expressions given in [8] (see [8, eqs. (2.30),

(2.31), (D.1), (D.2)]) we derive that hypergeometric functions of type B and D are ex-

pressible in terms of multiple binomial sums and hypergeometric functions of type C and

E are expressible in terms of multiple harmonic sums. The hypergeometric functions of

type A and E are expressible in terms of multiple inverse binomial sums. The functions of

type F include multiple double binomial sums (see eq. (4.15)).

Here we present the ε-expansion of our basis functions, enumerated in Table I. We re-

strict ourself by constructing the ε-expansion up to functions of weight 4. We like to note

that our expansion is organised in such manner that a term O(εk) in brackets means func-

tions of weight 5. At this order the Nielsen polylogarithms are not enough for constructing

the ε-expansion and new function (one at least) should be introduced.
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4.1 type A

The ε-expansion of functions of type A have been studied in our previous paper [8]. Here,

we collect the proper results (see eqs. (2.3), (2.30) and Table I in Appendix C):

2F1

(

1 + a1ε, 1 + a2ε
3
2 + fε

∣

∣

∣

∣

∣

z

)

=
(1 + 2fε)

2z

1 − y

1 + y

(

ln y

+ε

{

2(f−a1−a2) [Li2 (−y)+ln y ln(1 + y)] − 2f [Li2 (y)+ln y ln(1 − y)]

+
1

2
(a1 + a2) ln2 y + ζ2(3f − a1 − a2)

}

+ε2

{

4(a1+a2−f)(a1+a2−2f)S1,2(−y)

−4f(a1+a2−2f)S1,2(y)+2f(a1+a2−f)S1,2

(

y2
)

−2(a1+a2)(a1+a2−f)Li3 (−y) − 2f(a1+a2)Li3 (y) + 4f2 ln(1 − y)Li2 (y)

+4f(a1+a2−f) [ln(1+y)Li2 (y)+ln(1−y)Li2 (−y)]

+2(a1+a2−f)2 ln(1 + y) [2Li2 (−y)+ln y ln(1+y)] + 2f2 ln y ln2(1−y)

−2(3f−2a1−2a2)ζ2 [f ln(1−y) + (a1+a2−f) ln(1+y)]

+4f(a1+a2−f) ln y ln(1+y) ln(1−y) − f(a1 + a2) ln2 y ln(1 − y)

−(a1 + a2)(a1+a2−f) ln2 y ln(1 + y) + (a1 + a2)(3f−a1−a2)ζ2 ln y

+
1

6
(a2

1 + a2
2 + a1a2) ln3 y + ζ3

[

7f(a1 + a2−f)− 2(a1 + a2)
2
]

}

+ε3

{

4f(a1+a2−f)(a1+a2−2f)

[

Li4

(

1 − y

1 + y

)

−Li4

(

−1 − y

1 + y

)]

+4(a1+a2)(a1+a2−f)(a1+a2−2f) [S2,2(−y)−2S1,3(−y)−2S1,2(−y) ln(1+y)]

−4f(a1+a2)(a1+a2−2f) [S2,2(y)−2S1,3(y)−2S1,2(y) ln(1−y)]

+f(a1+a2)(a1+a2−f)
[

S2,2

(

y2
)

−2S1,3

(

y2
)

−S1,2

(

y2
)

ln(1−y2)
]

−2(a1−a2)
2 [fLi4 (y)+(a1+a2−f)Li4 (−y)] − 4a1a2f ln yLi3 (y)

+2f(a1+a2)(a1+a2−f) ln(1−y)
[

2Li3 (−y) − ln(1 + y)Li2
(

y2
)]

+4(a1+a2)
[

(a1+a2−f)2 ln(1 + y)Li3 (−y) + f2 ln(1 − y)Li3 (y)
]

+4(a1 + a2 − f) [f(a1+a2) ln(1+y)Li3 (y)−a1a2 ln yLi3 (−y)]

−2(a1+a2)(a1+a2−f)(2a1+2a2−3f) ln2(1 + y)Li2 (−y) + a1a2f ln2 yLi2 (y)

−2f(a1+a2)(a1+a2−f)
[

ln2(1−y)Li2 (−y) + ln2(1+y)Li2 (y)
]

+a1a2(a1+a2−f) ln2 yLi2 (−y) + 2f(a1+a2)(a1+a2−3f) ln2(1 − y)Li2 (y)

+f2(a1 + a2) ln2 y ln2(1−y) − 1

3
f(a2

1+a2
2+a1a2) ln3 y ln(1 − y)

+(a1+a2)(a1+a2−f) ln2 y ln(1 + y) [(a1+a2−f) ln(1 + y) + 2f ln(1−y)]

−(a1+a2)(a1+a2−f)(2a1+2a2−5f)ζ2 ln2(1+y)
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−2

3
(a1+a2)(a1+a2−f)(2a1+2a2−3f) ln y ln3(1+y)

+
2

3
f(a1+a2)(a1+a2−3f) ln y ln3(1−y)

−2f(a1+a2)(a1+a2−f) ln y ln(1−y) ln(1+y) [ln(1−y)+ln(1+y)]

−1

3
(a2

1+a2
2+a1a2)(a1+a2−f) ln3 y ln(1+y) +

1

24
(a1+a2)(a

2
1+a2

2) ln4 y

−f(a1+a2)(3a1+3a2−7f) ln(1 − y) [ζ3+ζ2 ln(1 − y)]

+2f(a1+a2)ζ2 ln(1−y) [(a1+a2−3f) ln y + (a1+a2−f) ln(1+y)]

+(a1+a2)(a1+a2−f) ln(1+y) [(4a1+4a2−7f)ζ3 + 2(a1+a2−3f)ζ2 ln y]

−1

2
(a1+a2−3f)(a2

1+a2
2+a1a2)ζ2 ln2 y

+
1

4
ζ4

[

45f2(a1+a2)−60fa1a2−9(a3
1+a3

2)+a1a2(a1+a2)
]

+ζ3 ln y
[

7f(a1a2−f(a1+a2)+a2
1+a2

2)−2(a3
1+a3

2)−3a1a2(a1+ a2)
]

}

+O(ε4)

)

, (4.1)

and

2F1

(

a1ε, a2ε
1
2 + fε

∣

∣

∣

∣

∣

z

)

= 1 + a1a2ε
2

(

−1

2
ln2 y

+ε

{

2f [2Li3 (y) − ln yLi2 (y)] + 2(a1+a2−f) [2Li3 (−y) − ln yLi2 (−y)]

−1

6
(a1+a2) ln3 y + (a1+a2−3f)ζ2 ln y + (3a1+3a2−7f)ζ3

}

+ε2

{

4f(a1+a2−2f) ln yS1,2(y)

−2f(a1+a2−f) ln yS1,2

(

y2
)

− 4(a1+a2−f)(a1+a2−2f) ln yS1,2(−y)

+2f(a1+a2) ln yLi3 (y) + 2(a1+a2)(a1+a2−f) ln yLi3 (−y)

+2 [(a1+a2−f)Li2 (−y) + fLi2 (y)]2

−f(a1+a2) ln2 yLi2 (y) − (a1+a2)(a1+a2−f) ln2 yLi2 (−y)

+2(a1+a2−3f)ζ2

[

fLi2 (y) + (a1+a2−f)Li2 (−y) +
1

4
(a1+a2) ln2 y

]

− 1

24
(a2

1+a2
2+a1a2) ln4 y + ζ3 ln y

[

2(a1+a2)
2−7f(a1+a2−f)

]

+
1

4
ζ4

[

10a1a2−30f(a1+a2)+5(a2
1+a2

2)+45f2
]

}

+ O(ε3)

)

, (4.2)
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where

y =
1 −

√

z
z−1

1 +
√

z
z−1

, z = −(1 − y)2

4y
, 1−z =

(1 + y)2

4y
, z

d

dz
= −1 − y

1 + y
y

d

dy
. (4.3)

4.2 type B

For getting the ε-expansion of a function of B-type, we will use the representation (3.8)

and (3.9), where r.h.s.’s of the proper equations are given by relations (4.1) and (4.2). In

this case, the result of the ε-expansion can be written in compact form in terms of the

variable χ related with variable y (4.3) as following:

χ ≡ y|z→1−1/z =
1−

√
1−z

1+
√

1−z
, z=

4χ

(1 + χ)2
,

√
1−z=

1−χ

1+χ
, z

d

dz
=

1+χ

1−χ
χ

d

dχ
. (4.4)

The form of the variable χ automatically follows from our algebraic relations and variable

y defined by eq. (4.3). Up to order O(ε3) (functions of weight 3) the result of ε expansion

of functions of type B can be cross-checked via multiple binomial sums studied in [15, 8].

The results of order O(ε4) are new.

4.3 type C

In this case we will use the relations (3.5) and (3.6) for construction of ε-expansion. The

variable y is transformed into variable yC via

yC ≡ y|z→−z/(1−z) =
1 −√

z

1 +
√

z
. (4.5)

The form of a new variable yC automatically follows from our algebraic relations and the

definition of y, eq. (4.3). See also discussion in Appendix D of [8]. For this case, the

previous results [8] allow us to get expansion only up to functions of weight 2. The next

two orders of ε-expansion are new.

4.4 type D

For the ε-expansion of D-type functions the relations (3.2) and (3.3) are used. In this case

we have the original conformal variable (4.3). Only logarithmic corrections (functions of

weight 1) are available from the results of [8]. The next three orders of ε-expansion are

new.

4.5 type E

Functions of type E are algebraically independent from previous ones. Their ε-expansion

can be derived by help of relations presented in [13]. It has the following form (see also [8,

eqs.(D.18)]):
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2F1

(

1 + a1ε, 1 + a2ε

2 + cε

∣

∣

∣

∣

∣

z

)

=
1 + cε

z

(

− ln(1 − z) − ε

{

c − a1 − a2

2
ln2(1 − z) + cLi2 (z)

}

+ε2

{

[

(a1 + a2)c − c2 − 2a1a2

]

S1,2(z) +
[

(a1 + a2)c − c2 − a1a2

]

ln(1 − z)Li2 (z)

+c2Li3 (z) − 1

6
(c − a1 − a2)

2 ln3(1 − z)

}

−ε3

{

c
[

(a1 + a2)c − c2 − 2a1a2

]

S2,2(z) + c
[

(a1 + a2)c − c2 − a1a2

]

ln(1 − z)Li3 (z)

+(c − a1)(c − a2)(c − a1 − a2)

[

ln(1 − z)S1,2(z) +
1

2
ln2(1 − z)Li2 (z)

]

+
1

24
(c − a1 − a2)

3 ln4(1 − z) + c(c − a1 − a2)
2S1,3(z) + c3Li4 (z)

}

+ O(ε4)

)

,(4.6)

2F1

(

a1ε, a2ε

1 + cε

∣

∣

∣

∣

∣

z

)

= 1 + a1a2ε
2

(

Li2 (z) − ε

{

(c − a1 − a2)S1,2(z) + cLi3 (z)

}

+ε2

{

c2Li4 (z) + (c − a1 − a2)
2S1,3(z) +

1

2
[c(c − a1 − a2) + a1a2] [Li2 (z)]2

− [c(c − a1 − a2) + 2a1a2] S2,2(z)

}

+ O(ε3)

)

. (4.7)

In particular, there are two interesting cases:

2F1

(

aε, bε

1 + bε

∣

∣

∣

∣

∣

z

)

= 1 −
∞
∑

i=2

εi
i−1
∑

k=1

ak(−b)i−kSi−k,k(z) , (4.8)

2F1

(

1,−ε

1 − ε

∣

∣

∣

∣

∣

z

)

= 1 −
∞
∑

i=1

εiLii (z) . (4.9)

4.6 type F

Let us start from the one-fold integral representation

2F1

(

1
2 +b1ε,

1
2 +b2ε

1+cε

∣

∣

∣

∣

∣

z

)

=
2Γ(1+cε)

Γ
(

1
2 +b1ε

)

Γ
(

1
2 +(c−b1)ε

)

∫ π/2

0
dθ

(sin θ)2b1ε(cos θ)2(c−b1)ε

(1−z sin2 θ)1/2+b2ε
,

2F1

(

3
2 +b1ε,

3
2 +b2ε

2+cε

∣

∣

∣

∣

∣

z

)

=
2Γ(2+cε)

Γ
(

3
2 +b1ε

)

Γ
(

1
2 +(c−b1)ε

)

∫ π/2

0
dθ

(sin θ)2+2b1ε(cos θ)2(c−b1)ε

(1−z sin2 θ)3/2+b2ε
.

(4.10)

The finite part of the first integral is equal to complete elliptic integral of the first kind

K(k) defined as

K(k) ≡ F
(π

2
, k

)

=

∫ π/2

0

dφ
√

1 − k2 sin2 φ
=

π

2
2F1

(

1
2 , 1

2

1

∣

∣

∣

∣

∣

k2

)

. (4.11)
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The finite part of the second hypergeometric function is expressible in terms of the complete

elliptic integrals of the first and second kind [36]. Using the relation

(1+2b1ε)(1+2b2ε)

2(1+cε)
z(1−z) 2F1

(

3
2 +b1ε,

3
2 +b2ε

2+cε

∣

∣

∣

∣

∣

z

)

= [1 + 2(c − b1)ε] 2F1

(

−1
2 +b1ε,

1
2 +b2ε

1+cε

∣

∣

∣

∣

∣

z

)

+ [(1+2b2ε)z − (1 + 2(c − b1)ε)] 2F1

(

1
2 +b1ε,

1
2 +b2ε

1+cε

∣

∣

∣

∣

∣

z

)

, (4.12)

and definition of the complete elliptic integral of the second kind E(k),

E(k) ≡ E
(π

2
, k

)

=

∫ π/2

0
dφ

√

1 − k2 sin2 φ =
π

2
2F1

(

−1
2 , 1

2

1

∣

∣

∣

∣

∣

k2

)

, (4.13)

we get

2F1

(

3
2 , 3

2

2

∣

∣

∣

∣

∣

z

)

=
4

πz(1−z)

[

E(
√

z) − (1−z)K(
√

z)
]

. (4.14)

The next coefficients in the ε-expansion of the functions (4.10) are related to some gener-

alization of elliptic functions [37]. In terms of the multiple sums, these new functions are

related to multiple double sums defined as

∞
∑

j=1

(

2j

j

)2 uj

jc
Sa1 . . . SapS̄b1 . . . S̄bq

, (4.15)

In the rest of present paper, we omit functions of type F from our consideration. For the

definition of coefficients of the ε-expansion of functions of type F, the one-fold integral

representation the (4.10) or representation of type (3.10) and/or (3.12) should be used.

5. Application to Feynman diagrams

There are several important master-integrals expressible in terms of 2F1 hypergeometric

functions. This set of integrals includes one-loop propagator type diagram with arbitrary

values of mass and momentum [26, 39]; two-loop bubble integral with an arbitrary values

of masses [26, 39], and one-loop massless vertex diagram with three non-zero external

momenta [26]. For these diagrams, all order ε-expansions can be written in terms of Nielsen

polylogarithms only [26]. Our technology for the expansion of hypergeometric functions

has been applied also in [15, 8, 38] to more complicated case of generalized hypergeometric

function, like 3F2 and 4F3. The two-loop propagator type diagram V1001 and three-loop

bubble-type diagram E3 (see [26] for details) are expressible in terms of 2F1-functions of

argument 1/4. In this case, the result of expansion can be written in terms of generalized

log-sine functions and calculated with high accuracy by the help of program LSJK [40].
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Figure 1: Diagrams considered in the paper. Bold and thin lines correspond to massive and

massless propagators, respectively.

Below we present some diagrams where the results are expressible in terms of Gauss

hypergeometric functions for an arbitrary set of indices. The proper diagrams are shown

in figure 1. Diagrams of this type suffer, in general, from irreducible numerator, so that

the solution of recurrence relations is nontrivial problem (besides one-loop propagator

and two-loop bubble cases). The solution of recurrence relations for two-loop sunset-type

diagram was presented in [25, 22]. Using the algorithm [41, 10], any tensor integral can be

presented in terms of scalar integrals with the shifted space-time dimension and arbitrary

(positive) powers of propagators. In scalar integrals of given type, massless subloops can

be integrated, and the original integrals effectively reduce to more simple integrals with

some powers of propagators shifted by terms proportional to ε. However, for the gauge

invariance reason, it is desirable to reduce all diagrams to a set of master-integrals before

construction of ε-expansion.

Using the reduction algorithm described in Sec. 2 it is possible to express the arbitrary

tensor integral of given type in terms of our basis functions (master-integrals) and integrals

of more simple structure. The ε-expansion of master-integrals can be done by help of

relations presented in Sec. 4. We would like to note that we are working in Euclidean

space-time (p2 = −M2) and use the normalization that each loop is divided by a factor

Γ(1 + ε).

5.1 q–loop propagator with q massless line

Let us consider the q-loop sunset-type propagator with one massive line and q massless

ones. The result is expressible in terms of Gauss hypergeometric function

J12(α1, α2, · · · , αq, β,m2, p2) =

1

Γq
(

3− n
2

)

∫

dnk1d
nk2 · · · dnkq

[k2
q + m2]β [(k1 − k2 − · · · − kq − p)2]α1 [k2

2]
α2 · · · [k2

q ]
αq

=

[

Πq
l=1

Γ
(

n
2 − αl

)

Γ(αl)

]

(m2)qn/2−β−α Γ
(

α+β− n
2 q

)

Γ
(

α− n
2 (q − 1)

)

Γ(β)Γ
(

n
2

)

Γq
(

3− n
2

)

×2F1

(

α − n
2 (q − 1), α+β− n

2 q
n
2

− p2

m2

)

, (5.1)

where

α =

q
∑

r=1

αr .
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For given type of diagram there are only two nontrivial master-integrals. In the parametri-

zation n = 2m − 2ε with integer m, the basis is

2F1

(

1+ε(q − 1), 1+εq

2 − ε
− p2

m2

)

, 2F1

(

ε(q − 1), εq

1 − ε
− p2

m2

)

. (5.2)

The two-loop case (q = 2) has been considered in [25].

5.2 q–loop bubble with q − 1 massless lines

Let us consider now the q-loop bubble with two massive lines and q−1 massless lines. The

result is

V12(α1, α2, · · · , αp, β1, β2,m
2,M2) =

1

Γq
(

3− n
2

)

×
∫

dnk1d
nk2 · · · dnkq

[k2
p + m2]β1 [(k2

p−1 + M2]β2 [k2
1 ]

α1 · · · [k2
p−2]

αp−2 [(kp − k1 − k2 − · · · − kp−1)2]αq−1

=

[

Πq−1
l=1

Γ
(

n
2 − αl

)

Γ(αl)

]

πqn/2(m2)qn/2−β1−β2−α

Γ(β1)Γ(β2)Γ
(

n
2

)

Γq
(

3− n
2

)

×
{

Γ
(n

2
−β2

)

Γ
(

α+β2−
n

2
(q − 1)

)

Γ
(

α+β1+β2−
n

2
q
)

×2F1

(

β1+β2+α− n
2 q, α+β2− n

2 (q − 1)

1+β2− n
2

M2

m2

)

+Γ
(

β2−
n

2

)

Γ
(

α+β1−
n

2
(q − 1)

)

Γ
(

α−n

2
(q − 2)

)

(

M2

m2

)n/2−β2

×2F1

(

α− n
2 (q − 2), α+β1− n

2 (q − 1)

1−β2+ n
2

M2

m2

)}

, (5.3)

where

α =

q−1
∑

r=1

αr .

The results of the reduction are expressible in terms of four Gauss hypergeometric functions.

In the parametrization n = 2m − 2ε, where is m is an integer number we get four basis

functions:

2F1

(

1+ε(q−1), 1+εq

2 + ε

M2

m2

)

, 2F1

(

ε(q−1), εq

1 + ε

M2

m2

)

,

2F1

(

1+ε(q−2), 1+ε(q−1)

2 − ε

M2

m2

)

, 2F1

(

ε(q−2), ε(q−1)

1 − ε

M2

m2

)

. (5.4)

Only for q = 2 (two-loop case) these four hypergeometric functions are expressible in terms

of one Gauss hypergeometric function and the function 1F0, so that only one nontrivial

– 15 –
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master-integral exists. It was calculated in [42]. For q > 2 (3-loop or more) there are four

independent Gauss hypergeometric functions. As a consequence, there are four nontrivial

master-integrals for diagrams of this type at 3-loop or more.

6. Conclusion

In this paper we have presented the reduction algorithm for Gauss hypergeometric func-

tions with arbitrary values of parameters to the two functions (2.7) with fixed values of

parameters, which differ from original ones by integers.

It was shown that the Gauss hypergeometric functions with integer/half-integer values

of parameters can be divided into 6 types (see Table I). Only three type of them are alge-

braically independent. We have presented the explicit relations which allow us to express

the functions of type B, C, D in terms of functions of type A (see eqs. (3.2), (3.3), (3.5),

(3.6), (3.8), (3.9) ). For functions of type A, B, C, D, E the higher-order ε-expansion

up to functions of weight 4 are constructed (see eqs. (4.1), (4.2), (4.6),(4.7) ). The result

of the expansion is expressible in terms of Nielsen polylogarithms only. The ε-expansion

of function of type F is expressible in terms of new functions related to generalizations of

elliptic functions.

As an illustration of the application of our algorithm of reduction, we have considered

the reduction of q–loop off-shell propagator diagrams with one massive line and q massless

lines and q–loop bubble with two-massive lines and q−1 massless lines. We demonstrated,

that the number of master-integrals for sunset-type diagram beyond one-loop does not

depend on the number of internal massless lines and it is equal to two. For bubble type-

diagram beyond two-loop, the number of master-integrals is equal to four.
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R. Vidūnas, math.CA/0407265.

– 16 –

http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB44%2C189
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB44%2C189
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUCIA%2CB12%2C20
http://xxx.lanl.gov/abs/math.CA/0407265


J
H
E
P
0
4
(
2
0
0
6
)
0
5
6

[4] M.A. Sanchis-Lozano, On the connection between generalized hypergeometric functions and

dilogarithms, hep-ph/9511322;

F. Jegerlehner, M.Yu. Kalmykov, O. Veretin, Nucl. Phys. B (Proc. Suppl.) 116 (2003) 382;

M.Y. Kalmykov, About higher order epsilon-expansion of some massive two- and three-loop

master-integrals, Nucl. Phys. B 718 (2005) 276 [hep-ph/0503070];

B.A. Kniehl and A.V. Kotikov, Calculating four-loop tadpoles with one non-zero mass,

hep-ph/0508238.

[5] S. Moch, P. Uwer and S. Weinzierl, Nested sums, expansion of transcendental functions and

multi-scale multi-loop integrals, J. Math. Phys. 43 (2002) 3363 [hep-ph/0110083].

[6] S. Weinzierl, Expansion around half-integer values, binomial sums and inverse binomial sums,

J. Math. Phys. 45 (2004) 2656 [hep-ph/0402131].

[7] A.B. Goncharov, Math. Res. Lett. 5 (1998) 497.

[8] A.I. Davydychev and M.Y. Kalmykov, Massive Feynman diagrams and inverse binomial

sums, Nucl. Phys. B 699 (2004) 3 [hep-th/0303162].

[9] F.V. Tkachov, A theorem on analytical calculability of four loop renormalization group

functions, Phys. Lett. B 100 (1981) 65;

K.G. Chetyrkin and F.V. Tkachov, Integration by parts: the algorithm to calculate beta

functions in 4 loops, Nucl. Phys. B 192 (1981) 159.

[10] O.V. Tarasov, Connection between Feynman integrals having different values of the

space-time dimension, Phys. Rev. D 54 (1996) 6479 [hep-th/9606018].

[11] N. Gray, D.J. Broadhurst, W. Grafe and K. Schilcher, Three loop relation of quark (modified)

MS and pole masses, Z. Physik C 48 (1990) 673;

L.V. Avdeev and M.Y. Kalmykov, Pole masses of quarks in dimensional reduction, Nucl.

Phys. B 502 (1997) 419 [hep-ph/9701308];

F. Jegerlehner, M.Y. Kalmykov and O. Veretin, Ms-bar vs. pole masses of gauge bosons:

electroweak bosonic two-loop corrections, Nucl. Phys. B 641 (2002) 285 [hep-ph/0105304].

[12] D. Borwein, J.M. Borwein, R. Girgensohn, Proc. Edinb. Math. Soc. 38 (1995) 277;

J.M. Borwein, R. Girgensohn, Electron. J. Combin. 3 (1996) R23;

P. Flajolet, B. Salvy, Experimental Math. 7 (1998) 15;

O.M. Ogreid, P. Osland, J. Comput. Appl. Math. 98 (1998) 245; J. Comput. Appl. Math. 136

(2001) 389;

V.A. Smirnov, The leading power Regge asymptotic behaviour of dimensionally regularized

massless on-shell planar triple box, Phys. Lett. B 547 (2002) 239 [hep-ph/0209193].

[13] J. Fleischer, A.V. Kotikov and O.L. Veretin, Analytic two-loop results for selfenergy- and

vertex-type diagrams with one non-zero mass, Nucl. Phys. B 547 (1999) 343

[hep-ph/9808242].

[14] Z. Nan-Yue, K.S. Williams, Pacific J. Math. 168 (1995) 271;

M.Y. Kalmykov and O. Veretin, Single-scale diagrams and multiple binomial sums, Phys.

Lett. B 483 (2000) 315 [hep-th/0004010];

J.M. Borwein, D.J. Broadhurst, J. Kamnitzer, Experimental Math. 10 (2001) 25.

[15] F. Jegerlehner, M.Y. Kalmykov and O. Veretin, Ms-bar vs pole masses of gauge bosons, II.

Two-loop electroweak fermion corrections, Nucl. Phys. B 658 (2003) 49 [hep-ph/0212319].

[16] L. Lewin, Polylogarithms and associated functions, North-Holland, Amsterdam, 1981.

– 17 –

http://xxx.lanl.gov/abs/hep-ph/9511322
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB718%2C276
http://xxx.lanl.gov/abs/hep-ph/0503070
http://xxx.lanl.gov/abs/hep-ph/0508238
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JMAPA%2C43%2C3363
http://xxx.lanl.gov/abs/hep-ph/0110083
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JMAPA%2C45%2C2656
http://xxx.lanl.gov/abs/hep-ph/0402131
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB699%2C3
http://xxx.lanl.gov/abs/hep-th/0303162
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB100%2C65
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB192%2C159
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD54%2C6479
http://xxx.lanl.gov/abs/hep-th/9606018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC48%2C673
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB502%2C419
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB502%2C419
http://xxx.lanl.gov/abs/hep-ph/9701308
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB641%2C285
http://xxx.lanl.gov/abs/hep-ph/0105304
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB547%2C239
http://xxx.lanl.gov/abs/hep-ph/0209193
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB547%2C343
http://xxx.lanl.gov/abs/hep-ph/9808242
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB483%2C315
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB483%2C315
http://xxx.lanl.gov/abs/hep-th/0004010
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB658%2C49
http://xxx.lanl.gov/abs/hep-ph/0212319


J
H
E
P
0
4
(
2
0
0
6
)
0
5
6

[17] K.S. Kölbig, J.A. Mignaco, E. Remiddi, B.I.T. 10 (1970) 38;

R. Barbieri, J.A. Mignaco and E. Remiddi, Electron form-factors up to fourth order, 1,

Nuovo Cim. A11 (1972) 824;

A. Devoto, D.W. Duke, Riv. Nuovo Cim. 7, No.6 (1984) 1;

K.S. Kölbig, SIAM J. Math. Anal. 17 (1986) 1232.

[18] E. Remiddi and J.A.M. Vermaseren, Harmonic polylogarithms, Int. J. Mod. Phys. A 15

(2000) 725 [hep-ph/9905237].

[19] A.I. Davydychev and J.B. Tausk, Two loop selfenergy diagrams with different masses and the

momentum expansion, Nucl. Phys. B 397 (1993) 123; A magic connection between massive

and massless diagrams, Phys. Rev. D 53 (1996) 7381 [hep-ph/9504431];

D.J. Broadhurst, J. Fleischer and O.V. Tarasov, Two loop two point functions with masses:

asymptotic expansions and taylor series, in any dimension, Z. Physik C 60 (1993) 287

[hep-ph/9304303];

A.I. Davydychev and A.G. Grozin, Effect of m(c) on b quark chromomagnetic interaction

and on-shell two-loop integrals with two masses, Phys. Rev. D 59 (1999) 054023

[hep-ph/9809589];

F. Jegerlehner and M.Y. Kalmykov, The O(ααs) correction to the pole mass of the T-quark

within the standard model, Nucl. Phys. B 676 (2004) 365 [hep-ph/0308216].

[20] D.J. Broadhurst, The master two loop diagram with masses, Z. Physik C 47 (1990) 115;

Three loop on-shell charge renormalization without integration: λms (QED) to four loops, Z.

Physik C 54 (1992) 599;

On the enumeration of irreducible K-fold Euler sums and their roles in knot theory and field

theory, hep-th/9604128; Massive 3-loop feynman diagrams reducible to SC∗ primitives of

algebras of the sixth root of unity, Eur. Phys. J. C 8 (1999) 311 [hep-th/9803091];

D.J. Broadhurst, J.A. Gracey and D. Kreimer, Beyond the triangle and uniqueness relations:

non-zeta counterterms at large-N from positive knots, Z. Physik C 75 (1997) 559

[hep-th/9607174];

D.J. Broadhurst and A.V. Kotikov, Compact analytical form for non-zeta terms in critical

exponents at order 1/N3, Phys. Lett. B 441 (1998) 345 [hep-th/9612013];

J. Fleischer, M.Y. Kalmykov and A.V. Kotikov, Two-loop self-energy master integrals on

shell, Phys. Lett. B 462 (1999) 169 [hep-ph/9905249]; Phys. Lett. B 467 (1999) 310(E);

J. Fleischer and M.Y. Kalmykov, Single mass scale diagrams: construction of a basis for the

epsilon-expansion, Phys. Lett. B 470 (1999) 168 [hep-ph/9910223];

A.I. Davydychev and M.Y. Kalmykov, Geometrical approach to loop calculations and the

epsilon- expansion of feynman diagrams, hep-th/0203212.

[21] L.V. Avdeev, Recurrence relations for three-loop prototypes of bubble diagrams with a mass,

Comp. Phys. Commun. 98 (1996) 15–19 [hep-ph/9512442];

J. Fleischer, M.Y. Kalmykov and A.V. Kotikov, Recursion relations for two-loop self-energy

diagrams on shell, hep-ph/9905379;

J. Fleischer and M.Y. Kalmykov, On-shell2: form based package for the calculation of two-

loop self-energy single scale feynman diagrams occurring in the standard model, Comput.

Phys. Commun. 128 (2000) 531 [hep-ph/9907431];

F. Jegerlehner, M.Yu. Kalmykov, Nucl. Instrum. Meth. A534 (2004) 299.

[22] O.V. Tarasov, Generalized recurrence relations for two-loop propagator integrals with

arbitrary masses, Nucl. Phys. B 502 (1997) 455 [hep-ph/9703319].

– 18 –

http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUCIA%2CA11%2C824
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA15%2C725
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE%2CA15%2C725
http://xxx.lanl.gov/abs/hep-ph/9905237
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB397%2C123
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD53%2C7381
http://xxx.lanl.gov/abs/hep-ph/9504431
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC60%2C287
http://xxx.lanl.gov/abs/hep-ph/9304303
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD59%2C054023
http://xxx.lanl.gov/abs/hep-ph/9809589
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB676%2C365
http://xxx.lanl.gov/abs/hep-ph/0308216
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC47%2C115
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC54%2C599
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC54%2C599
http://xxx.lanl.gov/abs/hep-th/9604128
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA%2CC8%2C311
http://xxx.lanl.gov/abs/hep-th/9803091
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC75%2C559
http://xxx.lanl.gov/abs/hep-th/9607174
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB441%2C345
http://xxx.lanl.gov/abs/hep-th/9612013
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB462%2C169
http://xxx.lanl.gov/abs/hep-ph/9905249
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB467%2C310(E)
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB470%2C168
http://xxx.lanl.gov/abs/hep-ph/9910223
http://xxx.lanl.gov/abs/hep-th/0203212
http://xxx.lanl.gov/abs/hep-ph/9512442
http://xxx.lanl.gov/abs/hep-ph/9905379
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CPHCB%2C128%2C531
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CPHCB%2C128%2C531
http://xxx.lanl.gov/abs/hep-ph/9907431
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB502%2C455
http://xxx.lanl.gov/abs/hep-ph/9703319


J
H
E
P
0
4
(
2
0
0
6
)
0
5
6

[23] B.A. Kniehl, A.V. Kotikov, A. Onishchenko and O. Veretin, Two-loop sunset diagrams with

three massive lines, Nucl. Phys. B 738 (2006) 306 [hep-ph/0510235];

O.V. Tarasov, Hypergeometric representation of the two-loop equal mass sunrise diagram,

hep-ph/0603227.

[24] E.E. Boos, A.I. Davydychev, Theor. Math. Phys. 89 (1991) 1052.

[25] J. Fleischer, F. Jegerlehner, O.V. Tarasov and O.L. Veretin, Two-loop QCD corrections of the

massive fermion propagator, Nucl. Phys. B 539 (1999) 671 [hep-ph/9803493].

[26] A.I. Davydychev, M.Yu. Kalmykov, Nucl. Phys. B (Proc. Suppl.) 89 (2000) 283;

New results for the epsilon-expansion of certain one-, two- and three-loop Feynman diagrams,

Nucl. Phys. B 605 (2001) 266 [hep-th/0012189].

[27] F. Jegerlehner, M.Y. Kalmykov and O. Veretin, MS-bar vs. pole masses of gauge bosons:

electroweak bosonic two-loop corrections, Nucl. Phys. B 641 (2002) 285 [hep-ph/0105304].

[28] J. Fleischer, F. Jegerlehner and O.V. Tarasov, A new hypergeometric representation of

one-loop scalar integrals in d dimensions, Nucl. Phys. B 672 (2003) 303 [hep-ph/0307113].

[29] Shu Oi, math.NT/0405162.

[30] N. Archinard, J. Number Theory 101 (2003) 244;
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