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Angular integrals in d dimensions

Gébor Somogyi?
DESY, Platanenalle 6, D-15738 Zeuthen, Germany

(Received 10 March 2011; accepted 1 July 2011; published online 1 August 2011)

We discuss the evaluation of certain d-dimensional angular integrals which arise
in perturbative field theory calculations. We find that the angular integral with n
denominators can be computed in terms of a certain special function, the so-called
H-function of several variables. We also present several illustrative examples of the
general result and briefly consider some applications. © 2011 American Institute of
Physics. [doi:10.1063/1.3615515]

. INTRODUCTION

When computing higher order corrections in perturbative field theory, the following d-
dimensional angular integrals are encountered in many situations,

1
dQ,_ : _ 1
/ a-1(@) (P1-q)'...(pu-q)" (1)

where pl', ..., py are fixed vectors in d = 4 — 2¢ dimensional Minkowski space and d$2,-1(q)
is the rotationally invariant angular measure in d dimensions for the massless vector ¢*. For a
single denominator, i.e., n = 1, the integral in Eq. (1) is easy to evaluate as it reduces to a single
(trivial) integration in a properly chosen Lorentz frame. The case of two denominators, n = 2,
is already quite a bit more cumbersome and it seems that general (i.e., j; and j, are symbolic)
analytic expressions valid to all orders in € are only available in the literature for the massless case
(p? = p3 = 0) as first derived in Ref. 1. When one or both of the momenta p!" and p) are massive,
Appendix C of Ref. 2 provides a very useful compilation of known results. (See also Ref. 3 and
references therein.) However, these are first of all limited to specific values of j; and j,, specifically
Jis o =—2,—1,...,2. (Some results for different specific values of j’s—in particular integers
with |ji|, | j2| < 4—are also known.*) Furthermore, they are given as expansions in €, up to and
including O(e) terms for the case of a single massive momentum (e.g., p]2 # 0 and p% = 0), while
for the case when both momenta are massive ( p% # 0 and p% # 0), only the four-dimensional result
is given. (Clearly the integral in Eq. (1) is finite in four dimensions if all p/', i =1,...,n, are
massive.) Work towards deriving the O(¢) terms for the angular integral with two denominators and
two massive momenta was presented recently in Ref. 5. As explained in Ref. 3, the most difficult of
these two denominator integrals were computed by relating them to the imaginary parts of certain
box integrals, which could be evaluated by Feynman parameters.

However, in certain cases, results going beyond those found in Refs. 1-5 are needed. For ex-
ample, when integrating® the so-called iterated singly-unresolved approximate cross section of the
next-to-next-to-leading order (NNLO) subtraction scheme of Refs. 7-11, one requires a general (i.e.,
symbolic j; and j,), all-order (in € ) expression for the two denominator angular integral with one mas-
sive momentum. In the same computation, one also encounters angular integrals with three denomi-
nators and general exponents. To the best of our knowledge, there is no systematic discussion of such
d-dimensional angular integrals with more than two denominators in the published literature.

In this paper, we use the method of Mellin—Barnes representations to evaluate the integral in
Eq. (1). The idea of using Mellin—Barnes techniques to obtain hypergeometric representations of
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Feynman diagrams was originally introduced in Ref. 12. For a thorough discussion of this method,
see Ref. 13 and references therein. In our calculation, we allow an arbitrary number, n, of massless or
massive momenta p,’f‘ (i =1, ...,n)in the denominator of Eq. (1). The exponents j; ( = 1,...,n)
are also kept symbolic, and we tacitly assume that they satisfy any constraints that are needed to
make our manipulations meaningful. In particular, it will be seen that our final expression for the
general angular integral (and indeed its derivation) cannot be applied naively for nonpositive integer
exponents. Nevertheless, some of our specific results will be valid even for j; being a nonpositive
integer.

The analytical expression for the general angular integral with n denominators is computed
in Sec. II and is given in terms of the H-function of several variables. The H-function of several
variables has been discussed in various forms by a number of authors in the literature see, e.g.,
Ref. 14 and references therein. (See also the recent book,"> which however deals mostly with the
single variable case.) For convenience, we recall the definition of the H-function as used in the
present paper in Appendix A. Then, in Sec. III, we illustrate the general case by several specific
examples. In particular, we rederive and extend all known results for n = 2 as special cases of the
general expression, including a general, all-order (in €) formula for the case with a single massive
momentum. We also discuss the three denominator angular integral arising in Ref. 6. We draw our
conclusions in Sec. IV.

II. ANGULAR INTEGRAL WITH n DENOMINATORS
A. General result

To begin, we note that the overall normalization of the p! and ¢* plays no essential role, since
clearly

1 1
dQ2,-1(q) , — = — — :
/ A1p1-Ag) ... (Aupn - Aq) A.{l .. )Lf," A1t

(@)

dQ,— 4 _
X/ a-1(9) (pr-q@)'...(pn-q)r

Hence, it is no loss of generality to choose the normalization of all vectors in whatever way is most
convenient. In particular, to write the integral in Eq. (1) explicitly, one may choose a Lorentz frame,
where

= (1,04_2, B1),
Py = (1,043, Bysin x3", Bacos x3"),

N S| 2 . 1
Py =(1,04_4, B3sin X3( ) sin x3( ). B3 cos X3( ) sin X3( ), B3 cos X3( ),

n—1 n—2
: k -1 : k 2) o: 1 1
Pl = (1,00 10, By [ [ sin x . Bucos "V [ [ sin ), ..., Bacos %P sin x", B cos x"),
k=1 k=1

(3)
while g* reads
n—1 n—2
g" = (1, ..‘angles’.., cos ¥, l_[ sin ¥, cos ¥, l_[ sin v, ..., cos 1%, sin ¥, cos V1), 4)
k=1 k=1

and we have used the freedom to choose the normalization to fix each zeroth component to be one.
In Eq. (4), the notation ..‘angles’.. stands for the d — 1 — n angular variables that may be trivially
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integrated in Eq. (1). The explicit expression for the measure d2,_;(g) reads

dQ-1(q) = l_[ d(cos 9 (sin ) 1Ay -1 _u(q). &)
k=1

and hence Eq. (1) leads to the integral

1 n
Q.. = f dQq-1-4(q) / 1 []’[ d(cos ) (sin ﬁw"*”e]
- k=1

(6)

k

n -1 —Jk
X 1_[ {1 — B Z |:(81k + (1 — &) cos X,fl)) cos l_[ (sin X,i'") sin ﬂm):| } ,
k=1 =1 m=1
which we take as the definition of 2, ; . Notice that for n = 2 the normalization of €2, ;, conforms
to that of Ref. 1, while Refs. 2 and 3 use a different normalization (the factor of f dQy_1-n(q) is
missing). As defined above, 2;, __; is a function of the "~ independent angles x|, ..., x"~",
and n velocities, B, ..., B,. However, it will be more natural to adopt the dot products between the
various p!* in Eq. (3) as the independent variables. We will set the following notation:

.....

Pk - Di

T
Vi = 2 s (7)
Pe k=1
4 9

where the choice of normalization will become clear later. If the p!* are all light-like or time-like (i.e.,
0 < B; < 1), then we have vy; > 0. In the following, we will assume that all v;; are non-negative.
We can now state our main result: the function 2, ; is given by the following expression:

Q

.....

i Quase) = 2277 1= H[v; (&, A); (B, B); L], ®)

where H is the H-function of N = @ variables.'* In Eq. (8) above, v denotes the vector of N
variables, v = (vi1, V12, ..., Uiy, V22, U23, - - - » Un—1n, Uny) While & and B are the following vectors
of parameters:

a=(0N9jlv-~-sjnvl_j_6)3 ﬂ:(jlv"'rjnvz_j_ze)' (9)
In Eqgs. (8) and (9), j is the sum of exponents,

= (10)
k=1

Notice that the number of components of « is w, while that of g is (n + 1). Finally, A and
B are (”“)ZM x N and (n 4+ 1) x N matrices of parameters, respectively. We have

—lyxn
A= M, n , B = [(0)pt1)xn], 11)
1.1

i.e., B is zero, while the n x N dimensional matrix M has the following block form:

[ 0]@a—pyx(p-1 ]
2 1---1
Man = [mnxn|mn><(n—1)|"'|mn><l] with myyxp = 0 . (12)
Lp—nx(p-1)
LO i
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In Egs. (11) and (12), 1,«, denotes the a x a dimensional unit matrix, while (0),x, denotes ana x b
dimensional block of zeros. To give some examples, we spell out the A matrix explicitly for the
casesn = 1,2, and 3, when A is a (3 x 1), (6 x 3), and (10 x 6) dimensional matrix, respectively,

-1 0 0
0 -1 0
-1
An=1)=| 2 A(n =2) 0 !
n = = N n —= = JEE—— -
_ 2 1 |0
-1
1 |2
| -1 -1 —1 |
[—1 0 0 07
0 -1 0 0 0 (13)
0 0 -1 0 0 0
0 0 0 —-1 0 0
0 0 0 -1 0
Aln=3)=
0 0 0 0 -1
2 1 1 0
0 1 0 1
0 0 1
-1 -1 -1 -1 -1 -1

For clarity, in Eq. (13), we have indicated the block structure of the various A matrices explicitly.
Finally, in Eq. (8) we have Ly = L, x ... x Lg,, where L, is an infinite contour in the complex
sx-plane running from —ioco to +ico, whose properties we discuss below Eq. (15). Here x indicates
the Cartesian product of contours.

We note in passing that the H-function of several variables satisfies various contiguous
relations,'* 18 j.e., algebraic relations between functions H[v; (e, A); (8, B); L] with the vectors of
parameters o and B shifted by vectors of integers. These relations may be used to reduce H-functions
to a set of basis functions with parameters differing form the original values by integer shifts via the
method of differential reduction.'® (See also Ref. 20 for a short but clear introduction to the main
ideas.) The differential reduction of H-functions is beyond the scope of this paper. Nevertheless,
since the parameter of dimensional regularization, €, appears in a (see Eq. (9)), we speculate that
this reduction will naturally include dimensional shift identities?' for angular integrals.

Finally, using the defining Mellin—-Barnes representation of the H-function as recalled in
Appendix A, we find

1
[Tio TGOT 2 — j — 2€)

+100 n n d n
x /_ []‘[1‘[ T T (=) (vm} []‘[ TG +zk)} M —j—e-2).

ico

2 jde_1-
Q. Quule)=2""""*g""¢

k=1 1=k k=1

(14)
Note that the N Mellin—Barnes integration variables are denoted zz;, with k =1,...,n and
l=k,...,n,i.e, 211, 2125 - -+ Zins 222, 2235 - - -5 Zn—1n»> Znn and in Eq. (14), we have furthermore

introduced the following notation:

n n k n
z= Z ZZkl and % = ZZlk + ZZk!- (15)
1=1 I=k

k=1 I=k
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In words, z is the sum of all N Mellin—-Barnes variables, while z; is the sum of all variables that
involve k as one of their indices, such that z;; itself is counted twice, i.e., Zx = Zix + ... Zk—1x +
2Zkk + Zkk+1 + - - - + Zkn. In Eq. (14), j is the sum of all exponents see Eq. (10). The contours of
integration for the zz; are chosen in the standard way: the poles with a I'(. .. + zz;) dependence are
to the left of the contour and poles with a I'(.. . — z;;) dependence are to the right of it.

B. Computation

We establish Eq. (14) by direct computation as follows. Consider Eq. (1). First, use Feynman
parametrization to combine all n denominators

o ri [ sl )\ (s B
Q. = / ‘“Zd*(‘”m A [Hdmxk)f }«S(kz_;xk 1)[<§xkpk>~q] ,

(16)
where again j is the sum of exponents as in Eq. (10) and the p!* are given in Eq. (3). By rotational
invariance, we can choose a frame such that

Zxkp,’jz(l,od_z,ﬁ) and  ¢" = (1, .. ‘angles’.., sin ¥, cos B). (17)
k=1

Then we have

1-B*= Z Z 2xxx1(px - pr) + Zxkpi = 4zzxkxlv"" (18)

k=1 I=k+1 k=1 I=k

In the frame of Eq. (17), the integral in Eq. (16) reduces to
I'(j) M s -
Qjjp = T wrs dxg ()" [ 8 x—1
1 o TG Jo g kZ:;

1
X /de_Q/ d(cos ﬂ)(sinz})’ze[l — B({xk, vy} cos 7/,
—1

19)

where B({xy, vy}) is given (implicitly) in Eq. (18). Hence, we can exchange all but one angular
integration for an integration over a Feynman parameter.

The angular integral which appears on the second line of Eq. (19) is just the one denominator
massive integral €2;, to be discussed in more detail in Sec. III B. For now, we simply state that it has
a Mellin—Barnes representation of the form

1—e 1
F(HI@2 —j —2e)

+ioco 1 — B2 <0
x / di".r(—zo)r<j+2zo)r(1—j—e—m)(—ﬂ ({xk’”"l})) ,

oo 271 4

Q=2

(20)

however, we defer the derivation of this until Sec. III B. Using Eq. (20) in Eq. (19), we obtain

L n2—j2e_1- Je—1 _
=2 e ), [dek(x") }S(;xk 1)

+ico Q2 20
x / 80 e 4 26T — j — € — 20) <M)
o 2mi 4

2
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Next, we perform the integral over the Feynman parameters. The only nontrivial x dependence

appears in M, and this is given by (see Eq. (18) above)

1 _ 2 , n n
M =33 wxv, (22)

k=1 I=k

which explains our choice of normalization in Eq. (7). We can factorize all x dependence in Eq.
2

(21) by writing (M) ’ as a multidimensional (in fact (N — 1) dimensional; recall that

N = W) Mellin—Barnes integral

1— 2 , 20 1 +ico [n—1 n
( ﬂ (iXk Ukl})) — = A [HH&F( Zkl)(xkxlvkl)2k1:|

100 | k=1 I=k

(23)
r (—zo + 3001 i zkz) (a2 ) 70 Kk e

Substituting Eq. (23) into Eq. (21), we obtain

. 1 1 n ] n
Q- o= 22*/*267[175 _ : : / dxk (xk)lkfl 5 o
o [Ti=i TGITQ2 = j —2¢€) Jo ,E ; k

+ioco dz 4ico [n—1 n d 24
x f S TG+ 22000 = j =€ =) [ SET(= Zkl)(xkxzvkl)z“:| @9
B k

. 71 s
100 100 k=1 l=

1 -l
r (—ZO + Y X Zkl) (X7 U )0 2okt 2k 0

Setting zo — Z,’Z;} > i 2k = Znn and changing the variable of integration zg — z,,, we find

. 1 1 n ) n
Q- = 22*17267_[175 - : : dx (xk)jk71 5 1
e [Tio, TGOr2 —j =26 J g k ; k

+ico | " d
x / [l_ll_[ﬂn zkn(xkxwklw}r<j+2z>r<1—j—e—z>,

oo | k=1 1=k

(25)

where z is the sum of all N integration variables as in Eq. (15). Collecting all factors of the various
x’s in Eq. (25), we obtain

. 1 1 n ) n
Qg = 222l - - / dx; (xk)]k—l+2k S X — 1
" [T, TGOr2 — j — 20 Jo g ;

n

+ioo d
) / |:1_“_[ ﬂF( Zkl)(vkl)zk[j| [ +29r(1 —j—e—2),

100 | k=11=k

(26)

where z; is defined in Eq. (15). We can now perform the Feynman parameter integrals via

N N
dxext ™ 's ( Xk — 1) = —Hk:l ['(pe) , 27)
/ 1_[ ; ' I (lec\l:l Pk)
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to obtain Eq. (14) as claimed
1

Q. . =22 l-c _
Sl [T, TGOT Q2 — j —2€)
(28)
+ioco n o n de[ n
—T(— 2w NG rl—j—e—2).
x [ N [Egzm (—zx)(Vkr) ME (Jk+zk)} (l1—j—€e—2)

In writing Eq. (28), we used > ;_, (jik + zx) = j + 2z. This completes the calculation.

Before moving on, some comments are in order. First, note that the derivation of Eq. (28)
implicitly assumes that the exponents, ji (k = 1, ..., n) are not zero or negative integers, and indeed
Eq. (28) is clearly not applicable as it stands when any jj is a nonpositive integer. In such cases,
when, e.g., —jir € N, we can attempt to analytically continue Eq. (28) to the required value of ji/, say
by setting ji — ji + & and performing the analytic continuation § — 0. The analytic continuation
of Mellin—Barnes integrals has been automated in the MATHEMATICA package MB.m.??

Second, we call attention to the fact that Eq. (28) was obtained under the assumption that
vy >O0forallk=1,...,nand ! =k, ..., n. However, sometimes it may happen that some vy; is
identically zero as, e.g., when, say, momentum p;, in Eq. (3) is massless, implying vy = 0. In such
situations, we clearly cannot use Eq. (28) as it stands. Nevertheless, the derivation is trivial to adapt
to such cases, since when say vy is identically zero, the only change is that this term is missing
form the sum in Eq. (22). Then, the corresponding Mellin—Barnes integration over z;/ is absent in
Eq. (23), but the rest of the derivation goes through unchanged. The end result is that we must drop
integrations corresponding to variables that are identically zero from the final expression, Eq. (28).
Ultimately, this amounts to simply restricting all products (such as the one in the first bracket on the
second line of Eq. (28)) and sums (as in the definitions of z; and z, Eq. (15)) over zj; to values of k
and [ such that vy; # 0. Needless to say, the H-function representation of the integral must also be
adapted to accommodate the fact that some integration variables are missing.

lll. EXAMPLES

In this section, we illustrate the use of the general result in Eqgs. (8) and (14) with several
examples.

A. One denominator, massless

We begin with the simplest example, the massless one denominator angular integral, i.e., n = 1
and pf = 0 (hence B; = 1). In this case, Eq. (6) reduces to

1
Q;0;¢) = /de_2/ d(cos ¥ )(sin 191)’25(1 —cos ). 29)
—1

Since p‘f is massless, vy is identically zero, and the discussion at the end of Sec. II B applies. Thus,
the Mellin—Barnes integral representation is zero-dimensional and so clearly z; = z = 0. Then we
find

_ 2—j—2e 1€ I'd—j—e

(30)

The result in Eq. (30) is easy to verify by explicit computation: recalling that
2%
dQ, = ———~ 31
/ =T €2y

and setting cos " — 2s — 1 in Eq. (29), we obtain Eq. (30) immediately.

—~
14
~
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B. One denominator, massive

The next simplest example is the massive one denominator angular integral, i.e., n = 1, but
p% # 0. In this case, Eq. (6) gives

1
Qi(vis€) = /de,z/ d(cos ¥)(sin 91)2¢(1 — B; cos 1) 7. (32)
—1

Now vy is nonzero, and Eq. (14) yields the following one-dimensional Mellin—Barnes integral
representation:
1

Q. : 2227j72€ 1—e
i) T TGHIre-j-2e

_ (33)
O dzyy ; . .
X —— (=2 + 22107 — j — € — z1)(w)*".
—ico  2mi
We used that Eq. (15) gives z; = 2z;; and z = z;;. In terms of the H-function, we have
Qj(vi;€) =227 7 T Hl(v11); (@, A); (B, B); Ls], (34)
where o, 8, A, and B are given in Eqgs. (9)—(13), with n = 1. Explicitly
a=00,j1—j—e¢), B=(,2—j—2e), 35)
and
-1
A= 2 |, B = [(0)2x1]. (36)
-1

We may compute the integral in Eq. (33) by using the doubling relation for the gamma function,

2x—1

N

['(2x) = FeT (x + 1), (37)

to write Eq. (33) in the following form:

1
F(HT Q2 —j —=2¢)

Qj(vipse) =22
| (38)
+ioco dZ . :
X / 2_nli I(=z1)I’ (% + Z11> r (% + le) L —j —€—zi)@vi)™.

—ioo
Then the Mellin—Barnes integral on the second line can be evaluated in terms of I" functions and the
2 F hypergeometric function. Indeed, we have

I'(0)

2F1(a7 b’ C’ x) -
I'@)r'®)'(c —a)lC(c —b)
(39)
+ioo dz
X / —T(a+ )b+ 2)I'(c—a—b—2)I'(—z2)(1 — x)?,
oo 2mi
(see, e.g., Appendix D of Ref. 13), and hence we find
1
Qi(v €)= 2172 3—e€
o) T TGHre-j - 2o
. (40)
+1 3— 2
rAr(E)rCE-r-«) i+
X 3 Fi| =, s o — 61 —4dvy ).
r(;—e 22 2
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Using Eq. (37), we can clean up the prefactor and obtain the final expression
e 1. D1 =€) j j+13
Qiupe)=2" g — R (%, —, 2 —€, 14 . 41
(s €) T re 204\ 7372 € v (41)

This result is also simple to verify by explicit calculation, since Eq. (32) is straightforward to
evaluate via the substitution cos ¥ — 25 — 1. We obtain

21— TA =€) _j . 281
Qi e) =2 g ———(1 LR [ j,1—€,2—-2¢, ——— ], 42
j(uirs€) b4 I‘(Z—Ze)( +B1) 21| € € T+ (42)
and Eq. (41) is then reproduced using the quadratic hypergeometric identity (see, e.g., Ref. 23),
Z\ ¢ a a+1 1 z \?
Fia.b, 26,9 = (1-2) 2F| 5, ——b+, : 43
2Fi(a z) ) 2 1|:2 > +2 <2_Z> i| (43)

and the relation vy = %. The above considerations in fact establish Eq. (33) independently of
Eq. (14), thus the gap left in the derivation of the main result is closed.

Before moving on, we note that although Eq. (33) was derived under the assumption that j is
not zero or a negative integer, our final result, Eq. (41), is in fact valid for negative integer j as well.

In practical applications, one is often interested in the e-expansion of the final result, Eq. (41).
When j is an integer, it is straightforward to obtain such expansions starting from the equiva-
lent form of the result, Eq. (42). Indeed, for j a negative integer, the power series representation
of the hypergeometric function in Eq. (42) terminates, and the e-expansion in this case is triv-
ial. For positive integer j, the method of nested sums of Ref. 24 or the integration method of
Ref. 25 may be employed. The nested sums method has been implemented in several publicly
available packages, such as NESTEDSUMS,2® XSUMMER,?’ and HYPEXP,? with the last of these im-
plementing the integration method as well. Algorithms have also been developed for the expansion
of (generalized) hypergeometric functions around half-integer values of the parameters,”=3* and the
HYPEXP2 package®* provides a public implementation of one particular method. Finally, we note that
whenever j is not zero or a negative integer, the direct numerical integration of the Mellin—Barnes
representation in Eq. (33) provides a fast and reliable way to obtain numerical results.

By way of illustration, and for purposes of comparing with existing literature,”* we obtain the
e-expansion of Eq. (42) for the specific values of j = —2, —1, 1, and 2, up to and including O(e?)
terms. (Note that for j = 0, Q¢(v; €) just reduces to the massless integral €2y3(0; €), and we do not
discuss this case further.) The results, obtained with the method of nested sums and XSUMMER, 2’ are
presented in Appendix C 1.

C. Two denominators, massless

Our next example is the massless two denominator angular integral, i.e., n = 2, with p% = p%
= 0 (hence B = B> = 1). Eq. (6) reads in this case

1 1
Q;(v12,0,05¢) = / dQy_s3 / d(cos 9 )(sin 9) ™% / d(cos ) (sin ¥,) %€
—1 —1
(44)

x (1 — cos z‘/‘])*j(l — Cos Xél) cos ¥y — sin Xél) sin ¥ cos 192)*".

Since both pﬁ‘ and pé‘ are massless, we have vy = vy, = 0. Then the discussion at the end of
Sec. II B applies and we find that Eq. (14) leads to the following one-dimensional Mellin—Barnes
integral representation

1
F(Hrr2 —j —k —2e)

. 2—j—k—2¢__1—€
Q2 (v12,0,0;€) =27 7T

oo dzy, . . B
X TF(—le)F(] + 21Tk +z2)I'(1 — j —k — € — z12) (v12)*°.
—ioco 1
(45)
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We used that Eq. (15) gives z; = zp = z = z;». The H-function representation of Eq. (45) reads

Q;x(v12,0,0;€) = 2° 727"  H[(v1p); (e, A); (B, B); L], (46)
where
oa=(0,jk1—j—k—e), B=3,k2—j—k—2e), A7)
and
—1
1
A= e B = [(0)3x1]. (48)
—1

Notice that A above may be obtained from the general expression for A(n = 2) in Eq. (13) by
removing the first and third columns which would correspond to the variables v;; and v, which are
identically zero, and then removing the first and third rows of the matrix so obtained, which contain
only zeros. Correspondingly, the first and third components of & (both zeros) are also removed as
compared to the general formula for n = 2 in Eq. (9).

The Mellin—Barnes integral in Eq. (45) straightforwardly evaluates in terms of I" functions and
a , F hypergeometric function, see Eq. (39), and we find

L T —j—er(—k—e)
I(1—elQ2—j—k—2e)

Q; x(v12,0,0;€) = 2277+ 2Fi1(j kT —e, 1 —vp).  (49)

Upon noting that

(prop) _ 1=cosgt” Lt cont” _ cov
= = 1-— Vi = = ,

2 2 ) 5

the result in Eq. (49) is seen to coincide with Eq. (A11) of Ref. 1.

We remind the reader that Eq. (45) was derived under the assumption that j and k are not zero
or negative integers. Nevertheless, the final result in Eq. (49) applies in such cases as well.

Finally, we mention that the expansion of Eq. (49) in € for integer or half-integer j and k is
straightforward as discussed at the end of Sec. III B. Here, by way of illustration, we present these
expansions for j, k = —2, —1, 1, and 2 in Appendix C2. (We do not consider cases where either
exponent is zero, since these are not genuinely two denominator angular integrals.) Expansions of the
appropriate hypergeometric functions were computed with the nested sums method and XSUMMER.>’

v = (50)

D. Two denominators, one mass

Now consider the generalization of the previous example to the single mass case, i.e., when,
say, p% # 0 but p% = 0 (hence B; # 1, but B, = 1). Then Eq. (6) gives

1 1
Q;x(vi2, vi1, 05€) = / dQy_s3 / d(cos 9)(sin ¥y) ™% / d(cos B¥,)(sin ¥,) 172
—1 —1
(51)

x (1 — By cos )7/ (1 = cos Xél) cos ¥ — sin Xél) sin % cos 192)”‘.

Since vy, still vanishes identically, the Mellin—-Barnes representation of Eq. (14) is only two-
dimensional

l—e 1 0 dzyy dzin

— p2—j—k—2e
F(HPETQ2 — j —k —2€) )i (Qmi)?

Qjr(vi2, v11, 05 €)

L(=ziDT (=z12)

x T(j+2z11 + 2Tk + 21T (1 — j —k — € — 211 — z12) (i)®" (v12)*2.
(52)
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We used that in this case, Eq. (15) evaluates as z; = 27211 + 212, 22 = 212, and z = z1 + z12. Written
in terms of the H-function, Eq. (52) is

Q; x(vi2, V11, 0;€) = 22T K2 1= (1, v1p); (@, A); (B, B); L], (53)
where
a=(0,0,jk1—j—k—e), B=(,k2—j—k—2e), 54)
and
-1 0
0 -1
A=|2 1|, B=I[0)sal (55)
0 1

The A matrix above is obtained from the general expression for A(n = 2) in Eq. (13) by removing
the third column corresponding to the variable v,, which is identically zero, and then removing the
third row of the matrix obtained, which contains only zeros. Accordingly, the third component of «
(again zero) is also dropped as compared to the general formula for » = 2 in Eq. (9).

The two-dimensional Mellin—Barnes integral in Eq. (52) can be evaluated in terms of the Appell
function of the first kind. We show this in Appendix B, and only quote the final result here. We find

L Tl—k—e) _;
—UIZ
T2 —k — 2¢)

21)12—1—«/1—41)11 2U12—1+\/1—4U11>

21.)12 21)12

_ 2 j—k—2e
Q; x(vi2, vi1, 0;€) =277 i

xFl(j,l—k—e,l—k—e,Z—k—Ze,
(56)

Let us make several comments. First, as in the previous two examples, the final expression in
Eq. (56) is valid even for j or k zero or a negative integer, even though the Mellin—-Barnes represen-
tation in Eq. (52), as it stands, does not apply to these cases.

Second, the Appell function of the first kind is precisely the type of generalized hypergeometric
function whose expansion around integer or half-integer parameters can be solved with the methods
of Refs. 24,30-33, and 34. In Appendix C 3, we present the expansion of Eq. (56) in € up to and
including finite terms, for j, k = —2, —1, 1, and 2. (Again, we only deal with cases which genuinely
involve two denominator integrals.) We used the method of nested sums and XSUMMER?’ to compute
the expansions of the appropriate Appell F; functions.

Finally, let us briefly discuss the application of the result in Eq. (56) to the computation of certain
integrated counterterms in the NNLO subtraction scheme of Refs. 7-9. As explained in Ref. 6, when
computing the so-called integrated iterated singly-unresolved approximate cross section, several
integrals must be evaluated which involve the function J™(Y, B; €, yo, d;) in their integrands,
where (see (C25) of Ref. 6)

T2(1 —e)

mcy g, d)=-4Y —————
TR B0, do) 27T(1 - 26)

Yo
Q11(cos x(Y, ). B. 1) [ dyy™ (1 — b, (57)
0

and Y as well as B depend on further integration variables. Because of this, we require an all-order
(in €) result for JU™(Y, B; €, yo, d). In Eq. (57), Qi1(cos x (Y, B), B, 1) is a special case of the
general function €2 ;(cos x, B1, B2), defined in (C19) of Ref. 6 as follows:

1 1
Q; r(cos x, B1, o) = / d(cos ¥)(sin )~ / d(cos )(sin @) 172
-1 -1 (58)

x (1 — By cos ﬁ)‘j[l — Ba(sin x sin ¥ cos ¢ + cos x cos M-
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For B, =1, which is the case relevant in Eq. (57), this is clearly just proportional to the one
mass, two denominator angular integral. Hence, the results of this section can be used to evaluate
T, B e, yo, d}) analytically.

E. Two denominators, two masses

Next, consider the general massive two denominator angular integral, when both p? # 0 and
p% # 0 (hence B, # 1 and B, # 1). In this case, Eq. (6) gives explicitly

1 1
Q1 (V12, V11, V22 €) = / Qs / d(cos t)(sin 9,)~ / d(cos v2)(sin B5)~ 2
—1 1

X (1 — B cos z‘/‘])’j(l — B> cos Xél) cos ) — B, sin Xél) sin ¥ cos 192)”‘.

(39)
Now Eq. (14) leads to the following three-dimensional Mellin—Barnes integral representation:
A 1
Qj (12, Vi1, Ui €) = 22T K1
i k(V12, V11, V23 €) T T(HL(TQ2 — j —k — 2¢)
/+i°° dziy dzi2 dzan I(—21)T(=21) T (—220)
P A UGN CE (60)

x I'(j + 2z11 + 212)T(k + z12 + 2220)

XT(1—j—k—€—2z11 — 212 — 222) (V1) (V12)*? (V).

We used that Eq. (15) gives Z1 = 2211 + 212, 22 = 212 + 2222, and z = 711 + 212 + 222. Since all
variables (v;1, V12, and v;) are now different from zero, the H-function representation of Eq. (60),

Qjx(Vi2, V11, V23 €) = 27T T T H(uyy, w1, v20); (e, A); (B, B); L], (61)

is simply the general expression in Egs. (9)—(13) for n = 2, i.e., we have

a=(0,0,0,j,k1—j—k—e), B=(3.k2—j—2e), (62)
and
—1 0 0 7
0O -1 0
0 0 -1
A= 5 0 ; B = [(0)3x3]. (63)
0 1 2
L-1 -1 -1 |

In this case, we are no longer able to evaluate the Mellin—Barnes integrals in Eq. (60) in terms
of functions more familiar than the H-function of several variables.

Nevertheless, the Mellin—Barnes representation of Eq. (60) is still a very useful starting point for
computing the € expansion of ; x(vi2, Vi1, v22; €). Let us briefly review the main steps involved.

1. In general, the contours of integration in Eq. (60) are not necessarily straight lines, and their
standard definition is such that the poles with a I'(... + zz;) dependence are to the left of the
contour for the z;; integration, while poles with a I'(. .. — z;;) dependence are to the right of it.
However, as a key observation, Ref. 35 realized straight line contours parallel to the imaginary
axis in an algorithmic way. The basic idea is that starting with a curved contour that fulfills the
condition on the poles, one may deform it into a straight line, taking into account the residua of
the crossed poles according to Cauchy’s theorem. This procedure lends itself to implementation
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in computer codes for the evaluation and manipulation of Mellin-Barnes integrals, such as the
MB.m package of Ref. 22.

2. Upon deformation of the curved contours, all potential singularities in € are extracted so that
it is safe to expand in € around zero before performing the complex integrations. In this way,
the Mellin—Barnes representations of the required coefficients of the Laurent expansion of the
original integral are obtained.

3. In the next step, we convert the complex contour integrations into sums over residua using
Cauchy’s theorem.

4. Finally, we evaluate the sums.

For the specific case of 2 ;(vi2, vi1, v2; €) with integer j and k (we considered the cases j, k =
—2,—1, 1, and 2 as before), this procedure leads to a representation of the 0(€%) coefficient which
involves at most single sums. These are all straightforward to compute and we present the results in
Appendix C4.

However, starting from the linear term in €, we are lead to representations of the coefficients
involving up to triple sums, which are difficult to compute, and we made no severe effort to calculate
them. In fact, this corroborates the findings of Ref. 5 nicely, where a completely different method
leads to a one-dimensional real integral representation of the linear term in the € expansion of
Q2 x(v12, V11, v22; €) which “...involves three square roots so it is difficult to evaluate the integration
analytically...” and hence Ref. 5 does “...not have an analytical answer.” Nevertheless, we remind
the reader that the direct numerical integration of the Mellin—-Barnes representation provides a
convenient and efficient way of obtaining numerical results for the higher order coefficients.

F. Three denominators, massless

As a final example, we present explicitly the massless angular integral with three denominators,
ie.,n = 3 and pi2 = 0 (hence 8; = 1)i = 1, 2, 3. Equation (6) reads

1 1
Qi (V12,13 V2 €) = / Qs / d(cos )(sin 9,) f d(cos 9,)(sin )~
—1 —1

1
X / d(cos 13 )(sin 1?3)’2’2E (1 =cos®)~/(1 = cos Xz(l) cos ¥ — sin Xz(l) sin v cos 192)"‘
—1

x (1 — cos xél) cos 1}, — cos xéz) sin X;” sin 1%} cos 1%, — sin xéz) sin xél) sin 9} sin ¥, cos ¥3) .
(64)

Since v; = O all fori = 1, 2, 3, the Mellin—Barnes representation of Eq. (14) collapses to only three
integrations,

1
T(HEGRTDOI 2 — j —k — 1 — 2¢€)

. 2—j—k—1—2e__1—¢
Qjk1(Vi2, V13, U35€) =277 b/

/“OO dzypdzy3dzos
X _—

‘ i) [(=z12)T(=z13)T'(—223)

(65)
xT(j 4+ zio+ 213)TKk + 212 + 223)TU + 213 + 223)

XT(1—j—k—1—e€—2z12— 213 223) (V12)*? (V13)°" (v23)*.

Equation (15) gives z1 = 212 + 213, 22 = 212 + 223, 23 = 213 + 223, and z = 212 + 213 + 223 in this
case, which we used when writing Eq. (65). In terms of the H-function, Eq. (65) has the following
representation:

Q;1(via, Vi3, Va3 €) = 22T T2 g I H (01, vi3, vas); (@, A); (B, B); L], (66)
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where
a=(0,0,0, kI, 1—j—k—1—c¢), B=3,k1,2—j—k—1-2¢), (67)

and

0
01, B = [(0)4x3]. (68)
0
1

| -1 -1 —1]
We may obtain the A matrix above from the general expression for A(n = 3) in Eq. (13) by
removing the first, fourth, and sixth columns corresponding to the variables vy, v2y, and v33 which
are identically zero, and then removing all rows of the resulting matrix, which contain only zeros
(i.e., rows one, four, and six). The corresponding components of « (i.e., the first, fourth, and sixth,
all zeros) are also dropped as compared to the general formula for n = 3 in Eq. (9).

As in the previous example, we are again unable to evaluate the Mellin—Barnes integrals in
Eq. (65) in terms of functions other than the H-function of several variables.

However, as discussed in Sec. Il E, Eq. (65) provides a useful starting point for obtaining the
€ expansion of Q2 ;(vi2, V13, v23; €). In this particular case, for j, k, and [ integers (in fact we
consider only j, k,/ = 1 and 2), the procedure outlined below Eq. (60) leads to zero-dimensional
Mellin-Barnes integral representations for both the O(e ~!) and O(€®) coefficients in step 2. Hence,
there are no integrals or sums to compute at all. The expansions obtained, up to and including O(e®)
terms, are presented in Appendix C5.

The situation with higher order expansion coefficients is very similar to the previous example
of Sec. Il E. Again, starting from the linear term in €, we find representations involving triple
sums which are hard to compute. In passing, we note that one may also attempt to evaluate the
Mellin—Barnes representations of given expansion coefficients by means other than converting them
into sums, e.g., with methods along the lines of Ref. 36, where the authors compute a difficult
three-dimensional Mellin—Barnes integral in terms of Goncharov polylogarithms. If we are satisfied
with numerical results for higher order expansion coefficients, then the direct numerical integration
the Mellin—Barnes representation proves convenient.

We finish by noting that the knowledge of Eq. (65) was necessary to compute certain iterated
singly-unresolved integrals in Ref. 6. Specifically, when computing the so-called integrated soft-
double soft counterterm, we encounter the massless angular integral with three denominators in
intermediate stages of the calculation. In particular, in order to be able to write the Mellin—Barnes
representation of the Ifglll 12 jx master integral of Eq. (E52) of Ref. 6, we required a Mellin-Barnes
representation for the angular integral

1 1
/ d(cos ¥)(sin 9) % / d(cos @)(sin@) ™72 (1 — cos ¥)~!
—1 -1

x (1 —cos xél) cos ¥ — sin Xél) sin ¥ cos @)~ *'(1 — cos Xél) cos ¥ 4+ sin X3(1) sin ¥ cos )~ %2,

(69)

where z; and 7z, are integration variables of further Mellin—Barnes integrals. The integral in
Eq. (69) is clearly proportional to €2 ;, .,(vi2, V13, v23; €), in the special case where sin X;z) =0
and cos Xéz) = —11n Eq. (3). (This constraint means that only two variables out of v}, v3, and vy3
are independent.) The results of this section thus provide the necessary Mellin—Barnes representation

of Eq. (69), and hence are needed to compute the Ig.; ,Z jx master integral.
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IV. CONCLUSIONS

In this paper, we have evaluated some d-dimensional angular integrals which arise in pertur-
bative field theory calculations. We used the method of Mellin—Barnes representations to compute
the general angular integral with n denominators, massive or massless momenta and (essentially)
arbitrary powers of the denominators in terms of a certain special function, the so-called H-function
of several variables. We pointed out that the existence of various contiguous relations for the H-
function provides the opportunity to apply the method of differential reduction to angular integrals
in d dimensions. It would be very interesting to expand the present results in this direction.

We illustrated the use of our general result with several examples of angular integrals with
up to three denominators. We showed that some of these integrals can be computed in terms of
(generalized) hypergeometric functions. In particular, the single denominator massless integral is
fully expressed by I' functions, while the massive integral involves the , F; hypergeometric function.
For the massless two denominator integral we recover the known result of Ref. 1 which again
involves a ; F| hypergeometric function. However, our derivation is much more straightforward than
the original computation. When precisely one of the momenta is massive, we obtain a new all-order
(in €) analytical expression for the two denominator angular integral which involves the Appell
function of the first kind, Fj.

In some applications, one is interested in the expansion of the angular integrals in the parameter
of dimensional regularization, €. We discussed briefly how such expansions can be obtained starting
from the corresponding Mellin—Barnes representations. By way of illustration, we have explicitly
presented such expansions for all examples discussed, for a few specific values of exponents.

The results of this paper have already found applications in computing certain phase space
integrals which appear when integrating NNLO subtraction terms. In fact, all specific angular
integrals that are encountered in the integration of the so-called singly-unresolved and iterated
singly-unresolved subtraction terms of Refs. 8 and 9 were discussed in this paper explicitly. We
expect that our present results will also prove valuable when computing the so-called integrated
doubly-unresolved subtraction terms.
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APPENDIX A: THE H-FUNCTION OF SEVERAL VARIABLES

In this Appendix, we recall the particular definition of the H-function of several variables
which we use in Sec. IT A. This function has been discussed in various forms by several authors
in the literature, here we adopt (essentially) the definition of Ref. 14. In the most general case, the
H-function of N variables is defined as follows:

Hlx,(x, A), (B, B); L;] = (ZJTi)*N/ O(s) x* ds, (A1)

Ly

where
[1/- T (a,- + 2 a.z:k»‘k)
H?:l r (ﬂj + lecvzl quksk)

Here s = (s1,...,85nv), X = (X, ..., xy), ¢ = (a1, ...,ay), and B = (B1, ..., B,) denote vectors
of complex numbers; while

O(s) = (A2)

A= (aj,k)me and B = (bj,k)an (AS)
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are matrices of real numbers. Also
N N
X =[Jeo*  ds=]]dsw;  Li=L, x...x Ly, (A4)
k=1 k=1

where L, is an infinite contour in the complex s;-plane running from —ioo to +ioo, such that ©(s)
has no singularities for s € L.

The H-function of Eq. (A1) generalizes nearly all known special functions of N variables, e.g.,
Lauricella functions F/gN), F ,(;V), F éN), and F ,gN); the G-function of N variables; the special H-function
of N variables, etc. For the specific cases of N = 1 and 2, it essentially reduces to the known Fox’s
H-function of one variable and the H-function of two variables defined by various authors scattered
in the literature. The definition given in Eq. (A1) is different form the H-function considered by
Ref. 14 only in the replacement of x ~* by x*. We have made this replacement for convenience in
our applications.

APPENDIX B: A MELLIN-BARNES INTEGRAL

In this Appendix, we evaluate the following two-dimensional Mellin—-Barnes integral
analytically:

+ioo le dZZ o

I = — (=2l (=z22)'(a + 221 + 22)T'(b + 22)T(c — 21 — 22) x™' y*2, B1)
—ico (27‘[ 1)2

which we encounter in Sec. III D. Throughout this Appendix, we assume tacitly that all parameters

and integration variables lie in a strip of the complex plane such that each integral we write converges.

We begin by writing the product of the second and fourth gamma functions above as a one-
dimensional real integral

+i%0 dz1 dzy
Lico  (2mi)?

1
1 =T(b) / ds s7'72(1 — 5)" 72 T(—z)l(a + 221 + 22)T(c — 71 — 22) X Y.
0

(B2)
Now, it is somewhat easier to follow the manipulations below if we make the change of variables
22 —> —a — 2z — 2o,

00 1
I = F(b) * le dZ2 / ds sa—1+2Z1+12(1 _ s)b—a—l—Zm—Zz
“ico @7 Jo
(B3)
a+2z1+22
X T(—z)T(—z2)T(a + ¢ + z1 + 22) x™ (;) .
Next, we rearrange some factors and write / in the following form:
1 +ioco dz d
I = y_“r(b)/ ds sa—l(l _ s)ll+b+26—l / 4| 222 F(—ZI)F(—Zz)
0 —ico  (271)
(B4)
xs2\ ' [s(1 —s)7% —a—c—2-2
xF(a+C+Z1+Z2)(—2) [( )} [(1—5)7] R
y y
The Mellin—Barnes integrals are now easy to perform and we find
1 2 —a—c
1—
I = y“T()(a + c)/ ds 71 (1 — g)rtb+2e=1 [(1 _sp gt %} . (BS)
0 y
Factoring the quadratic expression in the square brackets,
1-— 2 2y—1—+/1-4 2y —1+/1—4
(1—s)2+s( s)+)%: 1— Y xs 1— 4 + xs , (B6)
y y 2y 2y

Downloaded 10 Jan 2012 to 141.34.3.98. Redistribution subject to AIP license or copyright; see http://jmp.aip.org/about/rights_and_permissions



083501-17 Angular integrals in d dimensions J. Math. Phys. 52, 083501 (2011)

we obtain
1
I =y™“T'®)I(a+ c)/ ds s91(1 — ) tb+2e-1
0
(B7)

2y 2y

(1 2y — 1 — JT—4x )_H<1 2y — 14T —4x )‘H
X — S — h) .

The final integral can be performed in terms of the Appell function of the first kind (see, e.g.,
Ref. 23) and we find

_T@I'®B)'(a+ol(a+b+2c)

I=y
I'Ca + b+ 2c¢)
(BY)
2y —1—4/1—4x 2y —1++1—4
XF1<a,a+c,a+c,2a+b+2c‘, Y x’ Y + x),
2y 2y

which is our final result.
APPENDIX C: EXPANSIONS
1. One denominator, one mass

In this section, we present the e-expansion of £2;(v; €) for the specific values of j = -2, —1, 1,

and 2. In order not to clutter the following expressions with irrelevant constants like In(47) and yg,
we extract a factor of [ d$2,_3 and present the e-expansion of the function /;, where

ra—2e)
Ir'a-—e

which has the further advantage that it may be directly compared with the appropriate expressions

of Refs. 2 and 3. We find

[;(v;e) =27 ¢ Q;(vse), (CI)

4 4 26 32 160 208
I ,(vie)=2m|- — = - = b T P2 3 2
2(vs€) 77[3 3v+(9 9v>6+<27 27v)6 + O(e )}, (C2)
I_1(v;e) = Zn[l +2¢ +4e* + 0(63)i|, (C3)
T 1+4/1—4v
Ii(v;e) = In
V1—4dy 1—1—4v
1 1++/1—4 21 —4
+—|:1n2(—+ v>+4Li2(—v )}e
2 1—4/1—4v 14+ /1 —4v
1|:13<1+\/1—4v> 61 < 21 —4v )12(1+«/1—4v)
—|In| ———)-6Ih| ——— | In" | —————
6 1—+1—4v 14+ 1 —4v 1—+1—4v
1+/1—4v . 241 —4v
+121In Li,
1 -1 —4v 14+4/1—4v
4121 <1—|—«/1—4v) _(1—«/1—41})
n 1
1-vT—4) "\1+vT—H
21— 4dv 1—J1—4v
+24Lis | ———— ) + 2Lis | ———= ) — 123 [¢? + O(€? } Cc4
() e () - 2afe sl e
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hvie) = — 2 {2\/1 —4v+2In <1+— V1_4”)6+ [mz (H— V1_4”>

N = 1—J1—4v 1—JI—40
[ 2T =4 ) 3}
4L _— .
+ IZ(H _1_4v)}e+0(e> (C5)

2. Two denominators, massless

Here, we present the e-expansion of the massless angular integral with two denominators,
Q; (v, 0,0;¢), for the specific values of j, k =—2,—1,1, and 2. More precisely, we extract a
factor of [ dQj_,c and define

I'(1 — 2e)

I vie E271+2en,e
(V3 €) Tl —e)

Q;(v,0,0;¢€). (Co6)
This choice of normalization keeps the expanded expressions simpler and allows for a straightforward
comparison with Refs. 2 and 3. Since the results are clearly symmetric in j and k, we can restrict to
the cases where j > k. We find

16 16 8 506 656 368
Lo se)=2r|— — Zv4+ w02+ (22 - 220 £ 2202 )e + 0ed) |, c7
2.-2(v;€) JT|:5 Sv—i—lsv +<75 751}—1—2251) >6+ (e%) (&)
T4 14 32 ,
I s(v;e)=2m|2—=v+|—=— —=v|e +0(?)|, (C3)
: K 379
[ 20 2 2 2
I s(ie) = 2| — 22 41420 — 6v +2(1+3v—7v )e—l—O(e) , (C9)
€
T 2023
hoawe =2m| - 22T g p ey 2(1 v+ 91)2)6 + 0(62)], (C10)
L €
PRSP N S G B (0 VAP, ©1n
~1-1(vi€) = 2| 2 = Jv 5 5 V)€ e,
v 2
I _1(vie) = 27 ——+1—2v+2(1—2v)e +0@d)], (C12)
€
1-2
L _i1(v;e) = 27r|: - Z—U — v+ ve + 0(62)], (C13)
€
T 1 1 2 . 2
Ia(vse) =2 ——+lnv—§[ln v+2L12(1—v)]e+O(e) , (C14)
v €

1 1
L (vie) = %{ —z —24v+Inv+ 5[21) +41nv —In’v —2Lix(1 — v)]e +O(62)},
(C15)
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2—v

12,2(1);6):2%3{— —5+4v+Q2—-v)lnv

- %[4 —6v—(10—4v)Inv+ 2 —v)In®v +2(2 — v)Lir(1 — v)]e + 0(62)}. (C16)

3. Two denominators, one mass

Next, we present the e-expansion of the angular integral with two denominators and one mass,
Q2 r(vi2, v11, 05 €), for the specific values j, k = —2, —1, 1, and 2. As before, we extract a factor of
[ dS21_5 and set

(1 —2e¢)
r'd—e

1+267_[€

I, vie) =27 Qjx(vi2, vi1, 0 €). (C17)

When k < 1, the integral is finite in € and we have

1Y )=2 16_3 16 + 8 2 + O(¢) (C18)
V12, V115€) = 27| — — —v1] — —v —v |,
—2,—2\V12, V11 5 5 11 5 12 15 12
4
1 i, vise) =27 [2 - Zve +0(e)}, (C19)
I(l) (v . N 2 \/_7 _ _ 2
1,222, Vi3 €) = —————== | V1 —4vi (1 = 100 + 2v12 + 16V 012 — 6V,
' (1 —4vy)Y/
1—-41—4v
- 2(6U121 — 6v V12 + v}, +2v|1U122> In (ﬁ) +0(€):|, (C20)
21
!
12(,)_2(1)12, Vi €) = m[vl - 4U11<U11 + 8vf, — 12v 012 + v}, + 8v11vf2)
1-— »\/1 —41)11
+ 2v (31} — 2v10 — 41V +3v2)ln<—>+06:|, C21
1l 3vn 12 11012 2 r T (€) (C21)
4
19 @, viie) =27 [2 =5 (on +vi) + o<e>], (C22)
M o |42
125 (g, v115€) =27 33 +O(e) |, (C23)
21

1Y (v, vpi€) = ——
11 (v12, V115 €) T 20,3

1—JT—4
X |:\/ 1— 4U1] (1 — 21)]2) + (21)]1 — U]z) In (ﬁ) + 0(6):|,
(C24)
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T
v (1 —4vy1)3/2

X |:\/1 —4U11<2011 —Ulz) +U11<1 —2v12>ln<1 — 1—4v11) +O(€)i|,

1
12(.11(012, Vi €) = —

14+ /1T —4v;
(C25)
On the other hand, for k > 1, the integral has a pole in €. We find
I DN 2”%2 2
(i, vins€) =2 — T+1 — 2vy1 + 2v52 — 6V, + O(€) |, (C26)
10 N V12
vz, v €) = 2| — - +1—=2v2+0() |, (C27)
) . T 1 vl
I j(viz,vize) = 5—| — = —In{ — ) + O(e) |, (C28)
’ 21)12 € U,
[€)] T V11 V11
L (v, vii3€) = 5| —— —2vn v —vnln{ — )+ 0()|, (C29)
’ 4v1v7, € Vi,
2(vy; — 2v12 + 302
19 (i, vise) = 2n|: W 612 2) 41 4 4oy — 8+ 603, + O(e)}, (C30)
1) . 1 — 2U12
2] (v, vi15€) = 2| — e TR + O(e) |, (C3D)
7 [2v—v v
11(,12)(012, Vi €) = —3|:M + 2<ZU11 —2u;p + Ufz) + (2U11 - vm) In <;21) + 0(6)},
4vy, € Vi,
(C32)
T 20113V — 2vpn + v?
Iz(}z)(vlg, Vi1 €) = 7 [ 1 Gv 12 1) + 161}%1 — 16vi v + vfz + 10U11Uf2
8vy1vy, €
v
+ 2011 Bvyy — 2012 4 v5) In (%) + O(e)i|, (C33)
Vi

4. Two denominators, two masses

Here, we present the e-expansion of the angular integral with two denominators and two masses,
Q; x(v12, V11, V225 €), Tor the specific values j, k = —2, —1, 1, and 2. As before, we extract a factor
of [ d2j_s and define

r'ad —2e)
' —e)
Clearly, this expression is symmetric under the simultaneous exchange of j <> k and v;; <> vy,

thus we can restrict to the cases where j > k.
We find

— 271+2€ne

2
Ij(',/Z(vlL V11, V225 €) Qjr(vi2, V11, Un2; €). (C34)

16 8 16 8 8 16
1522),_2(1)12, Vi1, U225 €) = 27T|:? — SV SR + Evfz L + sUnv + O(E):|, (C35)
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@ o 4 4
I 5(vi2, vin, ;s €) = 2|2 — V2T 32 + O(e) |, (C36)
2
11(,212(012, Vi1, V223 €) = m[\/ 1 — 4y (1 — 10vy; 4+ 2v1p + 16V V12 — 6”%2 — 2y
—4vyy

+ 81}11022) - 2(60121 — 6V 12 4 v], 4 2011v2, + 2v; v — 8V, Uzz)

|- JT—%
x In (—““> + 0(6)], (C37)
1+ A/ 1-— 41)11
2
12(,212(012, V1, U €) = W[v 1 —4vy (vn + 8v%, — 12051012 + v}, + 8vy 03,
+ 4y vy — 1607, Uzz) + 2U11<3v11 — 2upp — 4vvpn + 3vd, 4 v
|- JT=%
- 4v11v22> In <—”“> + O(E):|, (C38)
1+ A/ 1-— 41)11
) . 4 2
I (viz, vi1, v €) =27 373V + 0(e) |, (C39)
1? (vi2, V11, v _6)22—71 1—4v (1—21} )
121 (12, w11, v22; TEYNGE v 1 12
|- JyT=3
+ (201 = vi2) In (—”“) + o<e)}, (C40)
14+ /1 —4vyy
@ Coy T /
L7 (viz, v, v €) = —W[ 1 —4vyy (21111 - U12>
1-4/1—-4
+ i1 (1= 2v12) In (—”“) +0(e>}, (C41)
1+ 1 —4v,

(2) .
17 (vi2, vin, U3 €) =

e V12 + /v, — 4vi v
[ (R )+oel e
2,/1)%2 —4v11v22 V12 —,/vfz —4v11v22

@) T 2
I, (vi2, v11, v23€) = — VU — 4v11v22<2v” - Ulz)
! 4v11 (v, — 4v11vp)32 12

vi2 +/vi, — 4vivn
— o (U12 - 21)22) In ( ) n 0(6):|, (C43)
vi2 — /v] — 4vivn
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L. Vit vi€) = P i vl — 4”111)22(“111)%2 + 8v7,vx
' 8v11v22(v], — 4v11v20)Y/?

— 12v11v12v22 + vlzvzz + 4v11v12v22 + 81)111)22 16v11v22>

2 3
—2upv2 (30111212 — 2v, + vj, —4vivn + v — 4v]lv12U22>

v + \/ — 4vyvp
x In ( > n O(e)]. (C44)
V12 — 4/ U122 —4vyvp

5. Three denominators, massless

Finally, we present the e-expansion of the massless angular integral with three denominators,
Q2 «.1(v12, V13, V23; €), Tor the specific values j, k = 1 and 2. As in the previous examples, we extract
a factor of [ d€2;_, and define

_T(1—2e¢)
I(l—e)

—142¢

Ik i(vi2, V13, U3 €) =2 Q1 (V12, V13, V235 €). (C45)

Clearly, this expression is symmetric under the permutations of the indices j, k, and /. Hence, we
can restrict to the cases where j > k > [. We find

. T V12 + Vi3 + U3
I 1,1(v12, V13, U233 €) = —

. + (U12 — V3 — U23) Invy,

41013023

+ (U13 — vy — U23) Invz + (Uzs — v — U13) Invys + 0(6):|, (C406)

2 2 2
. T (%) + V13 + 2U12U23 + 21)131)23 — 2U12U13Uz3 — Ux
b1,1(v12, V13, V233 €) = —

2 .2
8vi, V3023 €

2 2 2
+ v, — 2012013 + Vi3 + 4vi2v23 4+ 413023 — 6V12V13V23 — Va3

2 2 2
+ (U12 — V3 — 2012023 — 2013V23 + 2012013023 + 1)23) Invy,

2 2 2
+ (U13 — Uy — 2013023 — 2012023 4 2012013023 + 1)23) Invs

— (1)122 + v123 — 2012023 — 2013023 + 2012013023 + U%) Invy + 0(6):|,
(C47)

i
Lo 1(Vi2, V13, V235€) = TR RN <U12 + 3v120] — 203 + 6V 023 — 6V VT V23 + V12V
16')12”13 23

1
3 2 2 3 2
+ 61)]31)23 61)]21)131)23 2U23)g + 211]2 — 3v|2U13 + 81)121)13 — 31)13 — 31)121)23 — 6VLV13V23
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+ 6v122v13v23 + 13v123v23 16v12v13v23 + 81)12v23 + 13v13v23 — 161)]21)131)23 3v23

2 2 2

+ (1)12 3u120%5 + 2035 — 6VTv23 + 6V12VT V23 — 3V1203; — 6V13V3; + 6VIIVI3V
203 )1 3 2v}y — 6v} 6v0] 3v1203; + 6V13V;
+ 2035 ) Inwiz — (v = 3viavty + 2ufy — 6UT3v23 + 6V12VTV23 + 3Vi2v3; + OUI3Us

2 2
— 61)121}121)23 21)23) In V13 — <U12 + 31)121)13 21)13 + 61)131)23 61)121}131)23 — 31)121)23

— 6V1303; + 6V12V13V3; + 2v§3) Invys + O(e):|, (C48)
b4
L2 (Vi2, V13, V235 €) = — 3 3 3 |:(2U?2 - 4”1321’13 - 4U12U133 + 2”?3 - 4”?2”23 + 6”132U13U23
16v{, 073055

1
3 3 3 3 3 4 4 3
— 41)131)23 + 61)121)131)23 — 4U]2U23 — 4U13U23 + 61)121)131)23 + 21)23)2 + 41)12 — 121)121)13

2.2 3 4 3 2 3 2

+ 6v1,v13 — 12v1pv73 + 4vfy — 12075023 + 6V, V13V23 + 19V1, V13023 + 6V VT3 U23
2.2 2
— 12v},v13v23 — 12v]3v23 + 19v12v13v23 + 61},21123 + 6v12v13v23 121)121)131123

3 3 4
+ 6v5v3; — 120150503, + 6V1,vT3v3; — 1201203, — 12013035 + 19V12v1303; + 4v3,

+ (21}12 4v12v13 + 4v12v13 2v13 4vf2v23 + 6vf2v13v23 + 4v?3v23
6U12U13U23 +4U12U23 +4U13U23 6U|2U13U23 21)23) In vy

— (2v12 4v12v13 + 4v12v13 2v13 4vf2v23 + 6vf2v13v23 + 4vf3v23

— 61)121)131)23 — 41)121)23 4U13U23 + 61.)121)1';1)23 4+ 21)23) Invz

4 3 3 4 3 3 3
— (Zv12 — 4v,v13 — 4uppvys + 2075 — 4vi,003 + 6V, V1303 — 4vj3003

+ 61)121}131)23 + 41)121}23 + 4U13U23 6U12U13U23 - 21)23) In vz + O(€)i| . (C49)
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