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Modular application of an integration by fractional expansion method to multiloop Feynman
diagrams. I1
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A modular application of the integration by fractional expansion method for evaluating Feynman
diagrams is extended to diagrams that contain loop triangle subdiagrams in their geometry. The technique
is based in the replacement of this module or subdiagram by its corresponding multiregion expansion
(MRE), which in turn is obtained from Schwinger’s parametric representation of the diagram. The result is
a topological reduction, transforming the triangular loop into an equivalent vertex, which simplifies the
search for the MRE of the complete diagram. This procedure has important advantages with respect to
considering the parametric representation of the whole diagram: the obtained MRE is reduced, and the
resulting hypergeometric series tends to have smaller multiplicity.
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I. INTRODUCTION

The integration by fractional expansion technique
(IBFE) constitutes a rather simple method that allows to
evaluate Feynman diagrams starting from the correspond-
ing Schwinger’s parametric representation, and whose
main advantage is to transfer the complexity of the direct
calculation of multidimensional integrals to the evaluation
of linear systems of equations that the method generates.
This technique is particularly useful when the propagator
exponents are arbitrary, and the general solutions obtained
are sums of generalized hypergeometric functions, whose
number of variables depends on the number of invariants in
the diagram and also on the topological family to which the
diagram belongs.

As is the case with any integration technique, although
IBFE can be applied to any diagram, it is not always
possible to obtain simple solutions due to the number and
multivariability of the resulting hypergeometric series.
Nevertheless, for certain families of diagrams its applica-
tion is particularly simple and optimal. In a previous work
[1] we showed that a modular application of IBFE is a tool
that simplifies considerably the complexity of the solu-
tions; specifically, we considered bubble-type modules or
subgraphs. Here we extend this modular application to
cases in which the modules are triangular loops, which
then provides a rather simple procedure to find the solu-
tions to a large number of Feynman diagrams.

This work is divided in the following way. In Sec. II we
apply the IBFE technique to the massless triangular mod-
ule, and find its representing multiregion expansion for the
case of off-shell external lines. Here we define the one-loop
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function G7, which allows to describe the multiregion
expansion (MRE) of this module as the sum over this
loop function and a vertex, thus effectively reducing the
loop to a node. One of the main characteristic features of
the Feynman diagram general solutions, when the propa-
gators have arbitrary powers, is that they are given by sums
of multivariable hypergeometric functions. The arguments
or variables in these functions are ratios between invariants
associated to the graph, and given the structure of the
resulting hypergeometric function, the convergence condi-
tion requires that at least this ratio of invariants be less than
unity. Therefore from a particular diagram MRE different
solutions can be extracted, each of them associated to a
particular kinematical regime, where the differentiating
element is determined by the ratio of two invariants. This
form of differentiating the solutions is direct for certain
families of diagrams [1]. Once all terms associated to a
specific region of interest are found, summing them will
give us the desired solution. Nevertheless, for topologies
that do not belong to the previously mentioned family, and
which is the most general case, this criteria for finding the
correct terms of the solutions extracted from the MRE
actually fails, because in the general case the application
of IBFE can generate solutions which contain hypergeo-
metric functions with a particular argument, the unity.
Given the structure of the diagram solutions, this value
corresponds to the ratio of two invariants (A/B) or (B/A),
when A = B. Nevertheless, both ratios are associated to
different regions (different solutions) and the fact that they
are equal does not allow to differentiate them. Here we
present a method that solves this problem, and apply it to
the specific case of diagrams that contain triangle
subdiagrams.

In Sec. III we evaluate two different two-loop diagrams
which contain the triangle subgraph in their topology. The
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first corresponds to a correction to a three-point function,
with six propagators. We find the general solution for
arbitrary propagator powers, and then particularize it to
unity. In order to validate this technique, we compare the
solution with the one obtained from a conventional method
IBP (integration by parts) [2]. The second diagram is a self-
energy correction with five propagators, for which we
present a new solution for the case or arbitrary values of
the propagator powers. Finally in Sec. IV we describe some
cases in which this massless triangle function can be used
and the generalization to massive loops.

II. TRIANGULAR MODULE

In this section we will find the MRE associated to the
one-loop triangular subgraph or module, considering a case
in which the propagators are massless and the external
lines are off-shell. From the MRE of this graph we will
define the one-loop function Gy, which will allow to
represent this module as a particular sum of three line
vertices. This formulation will then be applied as examples
to a self-energy and a three-point function diagram, both
with two loops. The self-energy example will show quite
clearly the advantages of this modular procedure.

A. Obtaining the MRE of the triangular module

We start from the momentum integral representation for
this graph, which is given in the massless case and in D
dimensions by

G— [ dP 1
imP2 ((p1 + @) ((py + pa + PP (gH)5
(1)

When the propagator powers {a;} are integers, this expres-
sion can be easily reduced to simpler topologies using the
integration by parts technique [2]. The situation is more
difficult for arbitrary indices {a;}, which we are consider-
ing in this work. Graphically the integral can be repre-
sented by the following diagram:

G = 3{aq P2 (2)

The IBFE integration technique is applied to Schwinger’s
parametric representation of the diagram, which can be
obtained from the matrix of parameters [3] associated to
Eq. (1). In the present case this matrix can be easily
obtained and it is given by

.)C1+X2+X3 X1+X2 X2
M = x; + xy xX;tx x|, 3)
X2 X2 X2

PHYSICAL REVIEW D 79, 126014 (2009)

which allows to express Schwinger’s parametric represen-
tation as

C11p3+2C1p1.pa+Cop]
Lexp(— == i 2)

X UD/2 ’
4)
where dX = x{' lxgz lx_ﬁj* dx,dx,dxy and U = (x; + x, +

x3). The coefficients C;; can be obtained from the deter-
minants of the submatrices of the matrix of parameters (3):

_ (-nPA S
- T(a))(ay)T(as)

Xy tx+x3 x;+x
c,=|" +2 3 1+ 2= x3(x; + xy),
X1 T X Xp T X
.Xl + .Xz + X3 x2
Cp= = XpX3, (5)
x; +x Xy
X1 + Xo + X3 Xy
Cp = = (%1 + x3).
X2 X2

Replacing in (4) and remembering that p3 = (p, + p,)* =
p? + 2p1.py + p3, we getafter alittle algebra Schwinger’s
parametric representation of (4):

—1 -D/2
)
j=1 F(al)
» foo dzeXp(—%p%)GXP( 52 p3) exp(— 32 p3)
UD/2 :

(6)

Now we will deduce the MRE of the parametric integral
(6). For this purpose we expand the exponentials that are
present in the integrand, which leads us to the following
multiple series:

S

G =7F(aj) Z (;bnl n3(p )nl(P )nz(P )n;

< [ as

and this allows us to obtain the MRE of the polynomial
U = (x| + x, + x3). For the denominator in the integral
we have that

nl +n, nﬁ-n;xnl +n3
3

U(D/2)+n1+nz+n3 ’ (7)

1
(xl +x2 +x3)(D/2)+nl+n2+n3
Z b, "sxl X)X
Ngy.es g
&+ ny +ny + n3 + ng + ns + ng)
L&+ ny +ny + n3)

. ®

and then, integrals already separated in factors of the form
[ dxx®*+~1 can be replaced by the equivalent constraints
(a + ...). This is the final step of the fractional expansion
process, and we have finally obtained the MRE of the
diagram from its parametric representation (6):
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6= S D R
?:1 F(aj) W 5016 M1 2 3
4 A
X =17 )

F(%‘I’ n +n2 +n3)'
Where we have summarized the constraints {A} in the
following identities:

D
Al = 5+n1+n2+n3+n4+n5+n6 B
Az = <Cll + ng + ny + n4>, (10)
A3 = <6lz + nyp + ns + l’l5>,
A4 = <(13 + ng + nsy + n6>.
From expression (9) we see that the composition of sums

and Kronecker deltas ( = Aj) of the MRE of this module
or graph is 6 /46.

B. Definition of the one-loop function Gy

In order to generate a systematic reduction procedure of

interior triangle subgraphs of a more complex topology, we
|

Pr——

319 Py —
ni,..,n3

Therefore we have shown that it is possible to reduce
topologies which contain this type of vertices, just as was
done with the reduction of propagator bubbles [4].

C. Method for differentiating series
of unitary argument

Before going into the actual application of IBFE to
diagrams with triangle subgraphs, it is necessary to imple-
ment a method that allows to discriminate whether a uni-
tary argument in the series that comes from the MRE
corresponds to the limit of the ratio of invariants in a
particular region or to its complementary region. This is
based on multiplying the external momenta by certain
constants (fictitious invariants) A; (i = 1,2, 3). Once the
solution to the diagram is found, the arguments of theI

P

3t4q o= 3

ni,..,n3

Y. Gr(a1,a2,a3;n1,n2,n3)

(A))"™ (A2)™* (A3)™ Gr(a1, az,as;ni, ng, ng)
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define from Eq. (9) a loop function denoted G, such that
(9) can be written as

1 1 1
(p) ™ (p3) " (p3)~™’
(11)

G= Z Gr(ay, ay aziny, ny, n3)

ny,..,n3

where the one-loop function Gp(ay, a,, as; ny, ny, n3) by
comparison is given by the expression

Gr(ay, ay, azyny, ny, n3)

(—1)~P~ A
= T 2 e o ey (12
j=1 (a])n4,,,,n6 (3 + 1+ ny +n3)

Let us look at the propagator structure of Eq. (11). It is
clear that it can be represented pictorially as a sum whose
argument contains the original diagram with the loop
reduced to an effective vertex where the external lines
reach, as inverse propagators. The cost of this topological
minimization is a multiple sum. Graphically the represen-
tation of the MRE of the triangular module is given by

P

(13)

obtained hypergeometric series correspond now to ratios
of these constants, allowing to separate the solutions asso-
ciated to different regions of the hypergeometric functions
whose arguments are (2—;) and (ﬁ—f), with i # k. Once these

structures have become separated, we take A; = A, =
Az = 1, and the correct solution is obtained. This simple
method solves the problem of summing hypergeometric
series, with the same argument, that actually belong to
different solutions of the original problem. In the triangle
case, we transform the external momenta in (9) as follows:

p; = Aip;. (14)

This transformation allows to obtain the modified expres-
sion of (13):

we

15)
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III. APPLICATIONS

The topological reduction formula (15), which corre-
sponds to an MRE of the triangular module, will be useful
for finding the MRE of generic graphs that contain in their
geometry one or more of these triangular modules. We will
now explain how to use formula (15) in specific cases,
showing the advantages of this procedure.

A. Example I: Two-loop triangle

As the first example of the modular reduction technique
and of the topological formula (15), let us consider a
diagram g with three external lines, two loops, and six
propagators. We take a massless theory, with mass shell
external lines K| and K, (K7 = K3 = 0). The diagram is

K3 (16)

1 Getting the diagram MRE

The first step in order to find the diagram MRE with the
modular procedure is to reduce the subgraph associated to
the indices {a, a,, as}, using formula (15). In this way we
obtain an expression where we have eliminated one of the
loops of the diagram, which has been replaced by an
effective vertex where the three propagators associated to
the indices {—n,, —n,, —n3} meet. In detail:

g= > (A" (A2)" (A3)" Gr(ai, az az;ny, na,ns)

ny,.,n3

-ng

Ky

N (17)
K3

%

Kz

In Eq. (17) we can see that one of the external lines, the one

associated with the momentum K, is affected by the

modular reduction on g. It is possible to actually extract
1

this propagator = ® from the diagram, since it is not

involved in the loop integration, and write it as a factor that
multiplies this graph. Looking at Eq. (11), and its pictorial
equivalent (13), we conclude that it is possible
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to eliminate from the graph the information related to the
index of summation n;. Rewriting (17) we thus have

g= > (A)™ (A2)™ (A3)" (KT)™

ni,..,n3
x Gr(a,az,as;n1,n2,n3)

K

as-nz

(18)

ay-n
X 4°"3 K3

Ko

The resulting triangle allows us to apply the reduction
formula (13). We then get the MRE of the topology g as

g= > (A" (A2)" (43)™ (K)™

ni,..,n3
x Gr(ay,az,as;ny,ng,n3)

x Gr(ag — na,as, ay — ng;ny,ng, ng)

(19)

]

Ko

Since each function Gy is associated to six summation
indices, in order to use the same notation for these indices
{n}, the second function G; starts with the summation
index n,. Therefore we get

g= > (A)"(A)m(Ay) = (KD)m 7 (K3)™ (K3)"s

ny,.,n3
X Grlay, ay, azyny, ny, n3) X Grlag — ny, as, ay

— n3; ny, ng, ng), (20)

where after replacing the functions G by their respective
MRE, we obtain the expression
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8= fz¢n1,..,1112(A1)n1(AZ)nz(A3)n}(K%)nl+n7(K%)n9(K§)n8

{n}

Jj=1

A
! . 1)

X
F(% +n, +n, + n3)F(§ +n

We have defined the factor:

F

7+ ng + ng)l'(ag — ny)I'(ay — n3)

The constraints {A} are given by the following identities:

D
A]Z E+n1+n2+n3+n4+n5+n6>,

= D2 (22)
F(al)F(aQ)F(ag)F(as)'
A5 =<§+n7+n8+ng+nlo+n“ +l’l12>,
(23)

A, ={a, + n, +n, + ny),
A; ={as + ng + ng + nyy),

Finally, applying the conditions of the problem (K? =
K3 = 0), the summation indices n,, n;, and ng must vanish
in order to have a nonzero solution. Replacing these values
and eliminating the sums in (21), we have obtain the MRE
of the diagram.

After renaming the indexes {n} = {I} so that they be-
come consecutive, the multiregion expansion is finally
given by

g= .TZ¢1,,..,19(A2)I‘(A3)12(K§)16
i
" j-1 A
TG+ 1+ L)TE + ) (ag — )T (ay — 1)’

(24)

and now the constraints are given by

D
A1:<E+ll+12+l3+l4+15>’

D
A5:<E+l6+l7+18+l9>’ A2=<a1+ll+l3>,

A6=<a4—l2+l6+l7>, A3 =<a2+ll +l2+l4>,
Ag ={as + ls + Ig), Ay =(az + L +1s)
A6 = <[l6 - ll + 19> (25)

Therefore the multiplicity of the hypergeometric series that
can be extracted from the MRE is one = hypergeometric
series of the type qF',— ) and at most Cg = 9 series of this
type whose argument for this case is one.

AG :<CZ4 — n3 +n7 +n8 +n10>,

A4=<a3 +7ll +Vl3 +n6>,

A3 = <a2 +n2 +n3 +n5>,

AG = <a6 - Ny +l’l7 +n9 +n12>.

2. General IBFE solution

Now we proceed to find the general solutions associated
with the diagram (16) coming from the MRE (24) which
represents it. We maintain all the indexes {a;} with arbi-
trary values, and for notational simplicity make A, = A
and A; = B.

The solutions we present here correspond to two regions
that can be differentiated according to the ratio of the
fictitious invariants used in order to separate them: the
region where A > B and the region where B > A. Both
are solutions of g, related by analytical continuation. In
particular, in the limit A = B = 1 they become identical,
as will be seen later on.

Analytical solution in the region |%| =1

Let us first define the following simplifying notation for
the indexes {a,}:

a,-jkm=a,»+aj+ak+.... (26)

Moreover, since in practice each constraint (.. .) eliminates
a sum in the MRE, the remaining or free sum at the end of
the elimination process generates the corresponding hyper-
geometric representation gF,_, which we will identify as
G, since it is the contribution obtained when the summa-
tion index n; is free in the multiregion representation of
diagram g.

With these definitions we can write the solutions for this
region as

A
¢=s(3)=Gi+6s @)

where the terms inside the sum correspond to the following
functions:
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_ D _ D __ D __ D _ _
G, = (_1)_13(1(%)1)_u123456 I'(ajn; 7)F(61123456 D)F(E als)r(j alz)r(53 ase)l'(D = ajp346) B0/ —ap
) I'(ay)T(a3)T(as)I'(D — a123) (1234 — DTC2 — a123456)
ais— L2, a;, Z—asy A
> 3F2( 123 5] 1 5] 56 )’

|— (28)
apu =2, 1+a,-2 B
and
Gs = (= 1)-D(K2)P—anses T(a;, =T E = ax)T' (2 = a3)T(D — a12346)T (@ 123456 — DIT(D — ayps6) AD/D—a gas
’ L(a )T (a)T(as)I(D — a123)T(a3)T G2 — ay23456)
D—apse, a3 S—a, A
><3F2< o Z) (29)
34 3 ap
Analytical solution in the region |§| =1
Analogously we have that in this fictitious region the solution is given by
B
¢=s(3)=c: G+ a (30)
with
Gy = (= 1)-D(K2)P-anmes L(ais — D& — a)l'B — a13)(a123456 — D)T(D — ay12356) (D — 6112346)A(D/2)_a123
’ I'(a )T (a)T(as)T(a)T(D — a1p3)T G2 — ay23456)
% F( 61123_% l —ay, a; |§) G1)
T -24ay 1-2+ams A
Gy = (— 1) P(K2)P-ams [(ay — DTG — a)T' G — a)l(a123456 — D)T(E — a356)T(D — a12346)A_“lB(D/2)_“23
’ I'(ay)T(a3)T(as)I(D — a123)T(axss — D)TCL = ay3456)
a, 2+1-ay 2-a, B
X 3F2< Dl : * > 2D |K>r (32)
7"‘1_6123, 1+61156_7
and finally
Gy = (—1)~P(K2)P s D(ayy = DTE — a13)T' B — ax)l(a123456 — DITE — a156)T'(D — a12346)Aase—(D/2)BD—a12356
; I'(ay)T(a3)T(as)I(D — a153)T(arss — D)TCR — ay23456)
D+1—=apyse 5—ase D —apse B
X 4F, : =) (33)
D+ 1—apse 51t 1—ase A

3. Particular case: Unit indexes

In the actual Feynman diagram evaluation, in general the corresponding momentum integral has indexes or propagator

powers that are equal to unity. From the previous results, making a; = 1(j = 1, ..., 6), we obtain the solution:
Analytic solution in the region || = 1

The solutions in this region are given by

A
g= g(E) = G, + Gs, (34)

where now

_ - I3 -=D2r6-DIrk-27°rm->5) B 1,
61 = e g <y

D
2

R |

)
o
~

(35)
and
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re-9r@ - nrE-2)ro — 571 — DD —4) D—4 1A
— (—1)-D(g2)D—6 279 2 (D/2)-2p-1 g a
Gs = (~1) (K} o~ 36 avmagp (PR TZ) o
Analytical solution in the region |8| = 1
In this region the solution is
B
8= 8<Z) =G, +G; + Gy, (37)
where the hypergeometric representations G, 37 are now given by
réG-2rE —-27°1re - bp)Irmo —5)? 0, 1,B
— (—1)-D(g2)D—6 2"\ (D/2)-3 g hd
Gz = (ZD7KS) (D — 32 —06) A pls) %)
or equivalently
réG—-2rE -27°1re - -op)rmo —5)?
G2 — (_1)*D(K§)D*6 ( 2) (2 ) ( ) ( ) x A(D/2)73’ (39)

I'(D - 3)I'2 - 6)

re-9r&-2r&¢ - nre—-npro —35IrE-3)

Gy = (=1)7P(K3)”™* (D - 3IC2 - oG — D)

, 2-2 B
AT'BP22 [ 2 —] o
241 4 % lA (40)

and finally

I2-Dre@-2rE@ - nre - Dre - 3)ro -
(D —3)IC2 - 6)

G, = (=1)"P(K3)P~° )A2 (D/2) gD-5 F< 5|§). (41)

A

4. Analytic continuation and dependence between the solutions obtained with IBFE

It is possible to show that in the limit A = B = 1 the solutions (34) and (37) are equal, and therefore both are related by
analytic continuation. For this purpose we use the following identity:

a, b _T()I'(c—a—0)
2F1< ¢ “)_r(c—a)r(c—b)' “2)

Using this formula we easily find that the summed series have the following form:

T2~ 2)°T(D — 5[5 — D)

Gl = (_1)7D(K§)D76 F(D _ 3)F(% _ 6) ’ (43)
and
3 Te-9reEe - 2)F(D - HI'(D —4)I'(D = 5)I'(5 — D)
G5 = (_1) D(Kg)D 6 2 2 F(D — 3)1"(3D ) (44)
On the other hand we have that
B TG —-DYIr'E-2)>16 - D)I'(D —5)?
Gy = (1) P(K3)P-° T S =6 : (45)
and
_D _ D _ D _ D _
G, = (_1)—1)(1{%)1)—6 re 2)F( 2)F( NI - 35)r ( 34 — )F(S D). 46)

(D =32 -6rG -2

The hypergeometric function contained in the term G, and which has the form | F; can be transformed in another one of the
type ,F'|, and then we can apply the identity (42),

1Fo<f |1) - 2F1< “ B |1), 47)

and then we get that

126014-7
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Gy = 0. (48)

After a bit of algebra, and using known Gamma function
properties, it is straightforward to show that the solutions
(34) and (37) are equal in the limit A = B = 1, giving

Therefore, defining G,z as the solution for the graph in
(16), the final solution in general can be written as

G, + Gy
Gipre = q O
G| + Gs

(50

PHYSICAL REVIEW D 79, 126014 (2009)

5. Validating the solution Ggrp. Comparison with a
conventional method: Integration by parts (IBP)

When the propagator powers are integers, it is possible
to evaluate such topologies with the integration by parts
method [2]. In the particular case of diagrams that contain
subgraphs, this technique can be quite useful in order to
simplify the integration problem, since it allows to simplify
the geometry of the diagram.

In the particular case of the diagram which contains
triangle subgraphs, this technique can be in order to sim-
plify the integration problem. One very useful formula,
which can be deduced applying IBP to a triangle graph, and
which is known as the triangle identity, is the following:

ay e ay-1
ay a;+1 a;+1
a. 1 ag_1 a
3 = ay 3- — 3
(D — a1 —a — 2a3)
% @ &
a5 a5 a5
(51)
& %
] a1
+ as a3-1  — a3
a2+ 1 62+ 1
a a5 1

where it has been assumed that the indexes a,, a,, and as have arbitrary values. We now apply directly this identity to the
diagram depicted in (16), but taking all the propagator powers to be unity. The result that we obtain is

(52)

1

The third diagram in the left-hand side of the equation vanishes (external on-shell line condition). The second diagram can
be further simplified using again (51), giving

1 ! !
— 1 1
! 1
1

Now each term of the solution can be easily rewritten evaluating the bubble diagram and then the triangle. For this we need
the general formulae for these graphs, given by
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ai

1

P = G(a,a3) ——5
( 1 2) (Pz)al-‘raz—%

a9 (54)
where
G(a, a) = (— 1)=P/2

I(a; +a, =T E = a)T'& — ay)
I'(a))(a)I'(D — a; — a,) '

(55)

In the case of the triangle with conditions P? = P =0
one has the fundamental formula

A

NU

D
2

= G(a1,a2,a3) (P§)2 """ (56)
where the factor G(aj, a,, as) is given by

G(abaz, 613)
=(=1)~P"

I(a; +ay+ay; =T G —a; —a;)I' G —a; — ay)

I(a)l(a3)l'(D = a; — a3 — ay) .

(57)

Applying formulae (54) and (56), the solution for the

diagram is then

g8 =Gupp

(K%)D_G

D—4

[2G(1, 3)[G(1, 4 — g 1, 1)

D 1

<Jo(1a-21)-c(114-2)]]

1
——G(2,2)G( 1,4 —
SG2Y) (

(58)

G = >
n1,..,n3, 1
(—n2 —n7)
S ®

or equivalently

PHYSICAL REVIEW D 79, 126014 (2009)

Choosing one of the solutions for Gggg (50), it can be
easily shown that the solution of this diagram evaluated
using the IBFE technique gives the same result as with
IBP:

Gipre = Gigp- (59)
This is then a concrete confirmation of the IBFE technique,
applied modularly to a diagram with triangle subgraphs.
The important point is that this has allowed to obtain the
MRE of the graph in a noticeably more direct and system-
atic way than finding it by taking Schwinger’s parametric
representation of the whole diagram.

B. Example II: Two-loop propagator correction

A more relevant example is the two-loop propagator
correction, with five internal lines.

(60)

Obtaining the diagram MRE

In order to find the diagram MRE we apply formula (15)
on the left-hand side of the diagram, obtaining the follow-
ing graphical expression:

G= ) (A)™ (A2)" (43)™

ni,..,n3

X Gr(ai,az,a3;n1,n2,n3)

(61)

Using then the massless bubble one-loop functions G, [4],
we quickly obtain the diagram MRE as

(A))™ (A2)™ (A3)™ Gr(ar,az,az;ni,n2,ng) X Galas — ny, as — ng;ny)

(62)
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D> (AD"(A)™(A3)"Grlay, ay, as; ny, ny, n3)

ny,..,n3,n7

G =

X GA(CZ4 — ny,ds — n3;n7)W. (63)

The one-loop functions Gy and G, are given by the ex-
pressions

()"
Grlay, ay, az;ny, ny, n3) = W ny,..ng
J7 ng,...ng
4 A
X =17 , (64
F(§+n1+n2+n3) ( )
whose constraints are
D
Al =<5+n1+n2+n3+n4+n5+n6>,
AQ == <Cll + l’ll + I’l2 + I’l4>, (65)
A3 = <(12 + ny + nsy + n5>,
A4 = <(13 + ng + ns + n6>,
and for G4 we have
(—1)
Galay —ny,as — n3ing) =
alay — ny, as — ny;ng) T(ay — n)T(as — ny)
7 A
X =T (66
Z¢> wT @y
where the constraints become
D
AS =<5+n7+n8+n9>,
(67)

Ag = {as — n| + ny + ng),
A, ={as — n3 + n; + ny).

With this information we finally are able to write the
diagram MRE as

PHYSICAL REVIEW D 79, 126014 (2009)

This expansion contains 93 and 78, and therefore the
solution of this diagram corresponds to a double series
and since we are dealing with a propagator, the kinematical
variable (p?) that is present does not appear explicitly as an
argument in this series. We expect that for this type of
diagram the solution will not be a single term, since it does
not correspond to an optimal topology (in the sense that the
multiplicity of the resulting series does not depend on the
number of loops or equivalently only depends on the
invariants of the physical process [1]).

In order to simplify the notation in (68) we take A; = A,
A, = B, and A; = C. With these invariants six regions of
interest can be generated, each one with a different solu-
tion, but in the limit A = B = C = 1 they are all identical.
These regions are given by

A<B<C(,
B<C<A,

A<C<B,
C<B<A,

B<A<C,
C<A<B.

(69)

We arbitrarily take the region in which (A < C < B). Then
when we extract the different terms of the MRE (bivalued
hypergeometric functions) we only sum those that have as
one of their arguments the following simple combinations:

or equivalently all the double combinations generated
when combining these simple combinations: (4,%),
(%,%), etc. Given these conditions, the general solution
that we get starting from (68) is the following:

G- V7 5 6o D A (A (P
[T T()), =, TG+ ny 4 g+ n3)l'(5+ ny) G=g Tg&t+tgtgtg+teg (70)
=18 (68)
F(6l4 —n)l(as —n3)’ where we have that
|
gy = (—1)"2(p2)P-ans T(a;3 = HTE — an)l' (@ — a)l(a1345 — D)TE — a5)[(D — 0134)A(D/2),a1337a2
: [(a)T(a3)(as)T(D — a1p3)T(agzy — DUCL — ay345)
y F2:2:2< {az,% - Cll}, {1 - as,% - 05}’ {% +1— ai34, D — a134} | g é) (71)
zLd {% — a1345, D+1-— 611345}, {1 - % + 023}’ {% +1- a13} B’ B ’
gy = (=1)~D(p2)P—mss & = ay5)I'(D — ayys)T(aipes — D)TE — a3)(ases — 2) BD—aisss Cass—(D/2)
F(al)r(az)r(a3)r(§)r(0 — ain3)
« F222 D= ayus, 5 —assh, {1 a5 —a, {ais — D ass — 3} AC (72)
2:1:1 {7 — ay, 1 — a4}’ {1 + ap;; — 2 {%} C’ B ’
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g3 = (=) P(p)P e

% L(ay; — DI (aips4s — D)T(D = ay345) T2 — 2a3 — aypu5)(azs —5)

PHYSICAL REVIEW D 79, 126014 (2009)

AD/2)=a;3 pD—ajss Carzas—(D/2)

T(a)T(a)T (@) TET(D — a1p3)

% F%1%1%<{D T A1345, 37[) —2a3 — ajush {% +1— a3, D — apa}, {a1o345 — D, azys — %} | é C) (73)

{D— a5+ 1—ap),

L +1-aps} &

F(% - als)l"(g —ay)(a;y — %)F(Cus - %)F(% - aS)F(% — ay)

C'B

g = (=)D (pA)P e

{as, a3 — §},

X F%E%E%(
D —ags, 1+ 2 a5y {1

-2 +ap)

r
g5 = (- 1) 2(pp-emsa

aiy —Day —DTE —a3)I'(D — a3 (D — azs) Taas +2a3 —

AD/2)=a;3 pD~aio4s Caizs—(D/2)

I'(a))I(ay)l(as)I'(D — ays)I'(D — ayy3)
{1- 04@_ asy, {1 — as%— as} A C)

ac 74
{1 =2+ ax} lB B 7

2)
2/ A(D/D)-ay; gas=(D/2)

['(a )T (@) (a3)T'(2D — ayo4s —2a3)1(ay34 — %) ['(anss — %)
XC(D/Z)”BF%;%:?( {D—a.2—as}, £+ 1—axys,D—ays}, £+1 _‘1134’D_3134}|€’é>’
{2D = ayp45 —2a3,22+1—2a5 — a5}, L+1-axuh L+1-a;} BB
(75)
and finally
s = (=1)°P F'& = ap)l(ay; —DTE = a)TE — ayl(agss — D)T(D — ay;s)

X B_QIC(D/2)_QZ3F%,:%.:%< {al’% - az};

{2 — ayys, 1 + D — aysh,

[(ay)T(a3)T(ag)T(D — a1p3)T(azs — DT — agas)

{1—a,%—ay, {1 +§—a235,D—a235}|é C . (76)
{1-2+ap} {1+2— ax} B'B

The previous results have been written in terms of the functions F and F (for more information see Ref. [1]), which are

defined as

FZ(S({Y" W Ypb Aan.a) ey Zu;;lx y) _ ill:[[f—l('yj)n—m ITi—1(a), [Tj=1(c))p xm ym -

{Bl’"’ Bq} {bl’"r br} {dl!'

and similarly we also have
Fg;l;( {YI’ o0 Yp} {al’ o ar} {Clr )

Cu | )=
{Bl’ . Bq} {blr iy bs} {dl’ ) dv} %Y

This last series is called Kampé de Fériet function. Finally
the solution is obtained by simply taking A = B = C = 1.

We have solved this diagram in a modular or loop by
loop form. In order to appreciate the advantages of this way
of applying IBFE, it is important to compare the MRE (68)
with the MRE of the same diagram obtained by the appli-
cation of IBFE to the parametric integral of the complete
diagram. For this purpose let us consider first Schwinger’s
parametric representation of the complete diagram, which
is given by

—1 —-D
G= (5—)
l-lj=1 F(a])
X f‘” dx CXP[_ (o +x2)(x3+X4£X5)+X3(x4+x5)]
0 [(xl + XZ)(X3 + X4 —+ xs) + X3(X4 + XS)]D/Z’
(79)

B nm Ty (b)), T (), ! mY

i l_[le(Y/)mm l'lle(aj)n n}’=1(cj)m X"y

— . (78)
;n l-[jzl(ﬂj)n+m njzl (bj)n nyzl(dj)m n! m!
|
where the polynomial F is given by
F = [x1x,(x3 + x4 + x5) + x4x5(x; + x5) + X3%4%5
+ X1 X3X5 + Xpx3%4 ] p. (80)

If we now obtain the diagram MRE using (79) we can
compare (Table I) this MRE with MRE (68): We find that
the MRE obtained in terms of the one-loop functions G is
considerably reduced with respect to the one that we get
when IBFE is applied to both loops of the diagram simul-
taneously, not only in the number of sums and Kronecker
deltas, but also the difference between them is reduced,
which implies that the multiplicity of the resulting series is
less, a nontrivial fact that simplifies considerably the com-
plexity of the solutions.
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TABLE 1.

IBFE complete diagram IBFE modular

Multiplicity multiregion series (o) 12 9
Kronecker deltas of the expansion (J) 8 7
Multiplicity resulting series (o0 — 6) 4 2
Possible contributions to the solutions (C§) 495 36
VI. COMMENTARIES u=(N-—1). 81)

The calculation technology that we have presented here
can be useful in order to find minimal expressions for the
MRE of diagrams that contain triangular subgraphs, such
as those that we see in the following figure:

N
7

N

The loop function Gy is very useful since it opens up the
possibility of evaluating other families of graphs and to
obtain solutions with less complexity and less number of
terms when compared with the application of IBFE to a
parametric integral of the complete diagram. Although we
have presented here the one-loop function G; for the
massless case, it is certainly possible to consider also
massive propagators and define new loop functions for
these cases. It will be always possible to use here the
same reduction procedure for diagrams that contain bub-
bles or triangles that we have used for the massless cases.

The same idea can be extended to consider one-loop
functions for modules that contain four or more propaga-
tors. Nevertheless, the reductions are no longer so simple
as for the bubble and triangle subgraphs. The important
point is that the modular IBFE application, particularly
when it is done loop by loop, allows to obtain a minimal
representation for the diagram MRE, from which the ana-
Iytical solution follows.

V. CONCLUSIONS

The general solutions that can be obtained in the evalu-
ation of Feynman diagrams always correspond to multi-
variable hypergeometric series, whose multiplicity can be
deduced directly from the MRE that represents the dia-
gram. One of the characteristics of the IBFE technique is
that it has a lower bound that fixes the multiplicity w of
these hypergeometric series, and which is related to the
minimal number of invariants (N) that characterizes a
specific Feynman diagram, described through the formula

etc.

The greater-equal sign is here included since besides the
number of invariants one must consider also the topologi-
cal family to which the diagram belongs. If this is not the
optimal for IBFE application, in the sense described in [1],
then the multiplicity is also increased according to the
number of loops in the diagram. This multiplicity can be
directly recognized from the MRE of the diagram, and it is
equal to the difference between the number of sums and
constraints (Kronecker deltas) that are present. Solutions
with O multiplicity (which in reality is not a series, and
contains only one term), or multiplicity 1 or 2, correspond
to series whose properties are extensively discussed in the
literature [5—8]. Nevertheless, for triple or higher multi-
plicity series, the information is rather limited, and it is
therefore important to have methods that allow to reduce
the diagram MRE, not only in the sense of lowering the
number of sums and deltas, but also to reduce their differ-
ence, which is something that we have shown here can be
done modularly (see Example II).

The idea of the modular application of IBFE can be
easily extended to one-loop modules or subgraphs that
contain four or more propagators. The result will be in
general a reduced MRE, that will also contain simpler
solution, i.e., hypergeometric functions of lower multiplic-
ity. In the same way, the idea of using fictitious invariants
for selecting the correct solution associated to a diagram
can be also generalized to all the cases in which hyper-
geometric functions with unit arguments are generated.

The modular application of the integration technique
IBFE has shown to be a powerful calculational tool, not
only for its simplicity but also because it allows to calcu-
late many families of graphs. Here we have seen that the
systematical graphical procedure that we have imple-
mented for triangular modules makes the reduction just
as simple as in the case of bubbles contained in a diagram.
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