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Abstract

This is a short report on the study of Integration By Parts Identities with emphasis on their
mathematical structure and properties through various examples. Integration By Parts Identities
are extensively used for reduction of the number of Scalar Feynman Integrals which need to be
evaluated in the calculation of Scattering Amplitudes. This report is mostly based on the study of
[1],[2],[3] and references therein. The aim of this report is to help novel researchers become familiar
with the IBP reduction process fairly easily.

I am humbled and very much grateful to have had Dr. Taushif Ahmed’s Guidance during my
course of study. Invaluable Discussions with him helped me really understand the strucutre of IBP
Identities and the research work involved in the area of scattering amplitude calculations.
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Feynman Diagrams

Scattering cross-sections are crucial to study elementary particle reactions at high energy collid-
ers. They can be calculated theoretically with the framework of modern Quantum Field Theory and
then put to test with the experimental results. In order to calculate these cross-sections, one has
to calculate the scattering amplitude, which tells us about the Dynamics of the reaction. Instead of
opting for rigorous QFT calculations, one can calculate these scattering amplitudes from correspond-
ing Feynman Diagrams of Interaction. A typical Feynman diagram can have external legs, internal
lines and loops.
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Such a Feynman Diagram can be decomposed into 3 components each with different roles

e Information about polarisation of particles
e Pure tensorial or spinoral part
e A scalar integral factor enclosing internal line properties

This decomposition is possible for any diagram without loss of generality by the virtue of Lorentz
in-variance and gauge in-variance of a physical Lagrangian.

The scalar Integral factors are commonly called as scalar Feynman Integrals. In order to calculate
the scattering cross-section of a reaction, a large number of scalar Feynman integrals need to be
evaluated. This number rapidly increases beyond thousands as soon as reaction becomes more and
more complex. Evaluating all these integrals individually is not practically feasible. However, for a
given topology of Feynman Integrals, there exists a set of Identities called as Integration By Parts
Identities. These identities can establish relations between various Feynman Integrals and therefore
can be used to express all the Integrals in terms of a much smaller subset called as Master Integrals.
Master Integrals of a given topology are set of Feynman Integrals which can be used to express all
the other scalar Feynman Integrals. Therefore, calculating a Scattering amplitude boils down to
reduction of the scalar Feynman integrals in terms of Master integrals and evaluating these Master
integrals (Master Integrals are also Scalar Feynman Integrals). Let us make ourselves familiar with
the structure of a generic Scalar Feynman Integral.



Scalar Feynman Integrals

Every Scalar Feynman Integral has a corresponding Feynman Diagram. Let us introduce the
terminology for a typical Scalar Feynman Integral.

Let the Diagram have (E+1) number of external legs, then the number of independent external
momenta is equal to E. Set of these external momenta is given by :

P = {p17p27"'7pE }

If the Diagram has L loops, then the number of loop momenta is L. and their set is given by :
K - {kl,kQ,...,kL }

The Total L + E number of Momenta can be labelled as ¢; = k1,..., k., p1,...,PE
The Diagram can have I number of internal lines with momenta [y, ..., [;
which are just linear combinations of ¢;

Now, we can define the Scalar Products of these Momenta as : s;; = ¢;-¢; (J > 1)

For i > L | we get External Kinematic quantities. The Feynman Integral will be dependent on
these quantities after the Integral evaluation.

For 1 <1¢ < L, we will get Scalar Products corresponding to the Integration variables. These are
what we will be dealing with along with the Propagators. The number of such Scalar products N is
given by :

L-(L+1)
2
Propagators in the Diagram correspond to the Denominators of the Integral. For Example :

N=L-E+

k) 1 k 1
= —— o—hr 0 - —
k2 440 k2 +m?2 + 0

Propagators can either be Massive or Massless. The Corresponding denominators have been
demonstrated above. For [ internal lines, we can label the denominators as Dy, ..., Dy.

These D; terms can be used to express a total I number of Scalar Products, thus help to reduce
the Integral in terms of D; terms only.

For a Diagram with (E+1) external legs and L number of loops, [ is given as :

I =3L+FE-2

If the total number of Scalar Products N is greater than [, in that case, it is not possible to
express all s;; as linear combinations of the denominators. Then the Number of Ir-reducible Scalar
Products is given by :
(L—1)(L+2FE —4)

2

N-T=



Vacuum Diagrams (E=0) have to be considered separately. In case of Vacuum Diagrams, the
corresponding I and N - [ are given by :

L—2)(L-3
I =3(L-1) N—]:( )2( )

We want all Scalar Products s;; to be expressible as linear functions of the Denominators D;.
Therefore, we add irreducible numerators Drq, ..., Dy which are linear functions of s;; to make a
complete set of Denominators Dy, ..., Dy which are linearly Independent. As a result, The Integral
can be expressed solely in terms of the Dy, ..., Dy. The corresponding expressions are given as :

L L+E
Da = Z Z AijSij + ?TLZ
i=1 j=i

N
Sij = ZA?J'(Da —mj)

a=1

Here, the matrix AY is the inverse of Af;.

Now we can define the Scalar Feynman Integral as Follows : ( In Dimensional regularization)

1
J(nlv"'vnN):m/ddkl---ddka(klw"7k:Lap1a"'7pE)
where,
1
ki,...,k =
f( 1 y KL, P1, 7PE) D?lDX[N

For irreducible numerators n, <0, where a € [/ + 1, N].

Key thing to note here is that, argument of J is a point in an N-dimensional Integer space.
Therefore, Scalar Feynman Integrals of a given Topology are associated with a point in Z".

If n, > 0, then D, corresponds to the denominator of a propagator and if n, < 0, then it cor-
responds to an irreducible numerator. Depending on whether n, is positive or non-positive, the
N-dimensional integer space can be divided into various sectors. For a given Topology of Feynman
Integral, different sectors of the Z" space correspond to the various sub-topologies of the given Topol-
ogy. These sub-topologies are nothing but the Topologies of all the Integrals(Diagrams) which can be
obtained by ’shrinking’ the internal lines in the given Topology of Feynman Integral. Shrinking the
internal lines does not affect the momentum conservation. Now let us understand the Mathematical
prescription of sectors in the Z space.

All the sectors are labelled as (0y, ..., Oy). Where 6; can either be 0 or 1. Therefore, number
of sectors is given by 2V. The sector (6, ..., Ox) is a set of all points (ny, ..., ny) in Z¥ whose
coordinates obey the condition :

sign(ng — 1/2) =26, — 1

Precisely, the point (0, ..., fx) belongs to the (6y, ..., 0y) Sector and is called as the corner
point of the sector. We can see that, Integrals of the same sector have same number of denominators
and thus powers of denominators will determine their positions in that sector.

It is Natural to consider integrals with less denominators to be simpler. Consequently, the pure
negative sector ( all n, < 0) is the simplest because it is a trivial sector. If the Integral is zero at
all points of a sector, i.e. J = 0 everywhere in a sector, then that sector is called as a trivial sector.
The pure negative sector is always a trivial sector because a scaleless Integral is zero in dimensional
regularization even with additional polynomial factors in numerator. Scaleless Integrals are those
Integrals which gain an additional non-unity factor under some transformation.



Therefore, as we move to the sectors with higher number of denominators, complexity of the
Integral increases. Some sectors can also be transformed into each other by symmetries.

ng |
—+ E ++
O] 1 (1)
(0,0) 1 (1,0) "
__ ~+ E +—
In case of N = 2, We have ——, —+, +—, ++ Sectors with (0,0),(0,1), (1,0),(1,1) as the corre-
sponding corner points. —— is a Trivial sector and thus the lowest in ordering. ++ is the Highest

sector which can be solved when its lower sectors — + and + — have been solved. The sectors
— + and + — cannot be compared with each other for ordering. Ordering of the Integrals according
to sectors plays a role in the IBP Reduction process. Speaking of IBPs, let us now Introduce the
Integration By Parts Identities (IBP) of Scalar Feynman Integrals.



Integration By Parts

Integration By Parts Identities (IBPs) are a set of relations between Feynman Integrals of same
Topology that are the virtue of dimensionally regularizaed Feynman Integrals. As the name sug-
gests, they are reflection of the fact that the Integral of a total derivative is zero in dimensional
regularization.

Let us consider the redefinition of loop momenta as follows :

ki — Mijq; = Aijk; + Bijp;

where, the Transformation Matrix M has the form :

All AlL B11 BlE
M = : " : SRR :
ALl ALL BLl BLE

It is an L x (L + F) Transformation Matrix, provided that the substitution is invertible,
ie. det A # 0.

Now, we can consider the corresponding infinitesimal transformation and obtain the Feynman
Integral in the new form. However, because Feynman Integrals stay invariant under such redefinition
of loop momenta, we come across a set of Identities which are commonly called as the Integration

By Parts Identities. As the Integration By Parts Identities correspond to the Infinitesimal Trans-
formations, they also form Lie Algebra. Following are the expressions of IBPs and their operators

OijJ(nl,...,nN) =0

1

d d —

where,

0

Oij:ai'Qj:%

~qj = db;j + q; - iell,L], jel[l,L+E]

k;
O;; are set of operators which also constitute Lie Algebra [3] :
[0ij, Okt] = 0510k — 65;04
Let us brief up the Properties of IBPs :
e Total number of O;; operators is : L(L + E) which is the number of IBPs for a given Topology.

e [BPs can only relate the Feynman integrals belonging to the same Topology tree, i.e. Integrals
which can be transformed to each other by ’shrinking’, as explained earlier.

e IBPs are consequence of the fact that Integral of a total derivative is zero in dimensional
regularization. Another way to see it is that the dimensionally regularized Feynman Integrals
must stay invariant under redefinition of loop momenta.

Let us now understand how IBPs relate Feynman Integrals through following example.



1-Loop Massive Vacuum Bubble

The Feynman Integral and Diagram corresponding to Vacuum Bubble are given as :

1 ; 1
10 = o | s =

where, D = k> +m? = k®>=D-—m?

as £ =0,L =1, we have only 1 IBP Identity : O, = 8% -k
Let us now use the IBP to obtain a recurrence relation for this Topology.

OnJ(a) =0
o o
d _
:‘/d ST [(kum?)a} =0
d o |
d iz —
j/@k{wtwﬂw+kmwhw+mwj} !

d —2a - k?
d%k =
j/ {W+WW+W+WW& ’

Substitute k2 = D —m? | We get,

d —2a-(D—m?

d _
:>/dk‘{—Ea+ E‘Hl }—0
d—2a 2am?

d _
/dk{ Do +Da+1}_o

1 —(d—2a) 1
d _ d
é/d Do = gan? /d "D
a

d

2 J(a)

= Ja+1)= oo

(2)

We know for a < 0, The Integral is zero because of reasons mentioned earlier in the sector analysis.
Therefore, for a > 0 using this relation recursively we can represent every Feynman Integral of this
topology in terms of J(1) only. Recursion gives :

[(a—3)
w2« T (a) T (1—2)

Therefore, Because all the Feynman Integrals of this Topology can be expressed in terms of

1 o1
) = o [

It is called as the Master Integral of the Vacuum Bubble Topology.

J(a) = J(1)




1-Loop Massive Self Energy Diagram

The Feynman Integral and Diagram corresponding to Tadpole Topology is :

1
_ d
Tlusne) = 757 / " Dy Dy
k+p
p p
k

where,

D=k +m? & Dy=(k+p)*+m?

Here, we have single loop momenta and single external momenta which are { k* } & { p* }
Therefore, The Scalar Products k2, k - p can be expressed as :

Dy — Dy — p?
2
As L =1, F =1 we have 2 IBP Identities at our hand with Operators as follows :

K =Dy—m?> & k-p=

0 0
On=—=—-"k & Opp=—"
1= o 127~ o7 p
The Oq4 Identity gives trivial relations which can also be obtained by variable change k — —k—p.
Therefore, Let us solve for a relation in the all positive sector ny,ny > 0 using the O11J(ny,ny) =0

:>/ddk g i =0
Okt | (k2 +m2)m ((k +p)? + m2)m2 |

:>/ddk d +k”01+k”81 0
DDy Dy 0k DY DY Oke DR |

:>/ddk:{ d  m(2k) 2k~(k+p)}:()
Dy Dy pptipy DDyt

Substituting,
Dy — Dy — p?
=D —m’ & k-p:%lp
We get,
/ddk d _ n1(2D1—2m2) . o (D2+D1_2m2_p2> =0
D?l D£L2 D7111+1D7212 D?l DgLQ"Fl

Simplifying results in following relation :
(d —2n1 — ny)J(n1, ) +2m*ny J(ny + 1, 1) — naJ(ng — 1,09 + 1) +no(2m? + p?)J(ny,ne +1) = 0

Let us try to understand how this relation can be used to relate Feynman Integrals. Let us put
ny = 1 & ny = 1 and simplify expression to get :



= (d—3)J(1,1) 4+ 2m2J(2,1) — J(0,2) + (2m? 4 p*)J(1,2) =0

{ k= —k—p = Jni,ny)=J(ng,n)}

(d—3)

= J(1,2) = m

J(0,2) — J(1,1)

(4m? + p?)
However, from previous example we know,

d

= J(0,2) = 2.J(0,1)

m2

(2—d) (d—3)
ey 1) OV T ey )

This is a well known relation for the Tadpole Topology [1] and provides us great insight to identify

the Master Integrals.
2—d O 3—d

(2m?)(4m? + p?) (4m? + p?)

= J(1,2) =

J(1,1)

Now, with the help of recurrence relation obtained from the IBP Identity,we can observe that the
Integral J(1,2) has been completely expressed in terms J(0,1) & J(1,1). It can be convinced that
by using this relation recursively, any Integral in the Positive sector, can be expressed solely in terms
of these two Integrals. Note the role played by The symmetry of the Tadpole J(ni,ns) = J(ng, nq)
and the recurrence relations used in deciding the Master Integrals. Similarly, other sectors can be
solved with the Master Integrals.

We just examined how the IBP Identities provide us with the necessary recurrence relations which
can be used to relate various Feynman Integrals. One thing I would like to repeat again is the fact
that these identities can only relate the Feynman Integrals belonging to the same Topology tree.
IBPs can be used to reduce the Integrals in terms of some other Integrals, consequently help to
find out the Master Integrals of the Topology. Therefore, thousands of Feynman Integrals now can
be expressed in terms of a much smaller subset of Integrals called Master Integrals [4]. It can also
be proved that the set of Master Integrals is finite [5]. As a result, the number of Integrals to be
evaluated is reduced significantly. This process of using IBP Identities to obtain the set of Master
Integrals is termed as IBP Reduction. For arbitrary powers of propagators, the algorithm for IBP
Reduction need to be determined by hand. To Automate the process, method of Grobner Bases can
be used [7]. The Lie-algebra structure of IBP Identities can also be exploited for the same purpose
[3]. In case of evaluating with specific powers of propagators, Laporta Algorithm is widely used [8].
The algortihm follows a straightforward approach to use the specific values of the propagator powers
and solve the resulting huge linear systems. LiteRed is one of the public implementaions of the
Laporta Algortihm, which I used for my study during this project [9],[10]. T will now develop some
more formalism for the IBPs and then deal with a complex problem in detail.



Operator Representation

Let us now introduce the Operators [3] A, and B, acting on the functions in Z" as follows :

(Aaf)(n1, . gy ynn) =ng f(n1,...,na+1,...,ny)
(Baf)(n1, .0, snn) = f(ng,...,neg—1,...,ny)

These operators act on the function and not on the arguments. Realize that,

(AaBof)(n1y . Ny oo oyny) = ng f(R1, 000 Mgy ooy N)

On the other hand,

(BoAof) (1,0 osny) = (ng — 1) f(n1, ...,y oy 0N)
Also, if a # 3 it can be observed that,

(AaBsf) (N1, snay - sng, ... .ony) = (BgAof) f(n1, ... gy ... gy ... N)

Therefore,
The Operators A, and B, form the Weyl algebra and their commutator is given as :

[AOM Bﬁ] = 504/3

With the help of these operators, IBP Identities can be expressed as constraints on the function
J having the form :

—-PJ=0

where,
P = aaﬁAaBﬂ +b%A, +c

such that a®®, b*, ¢ are just some coefficients.
For example, Let us consider the IBP Identity obtained in the last problem.

(d —2n1 — ny)J(n1, n) +2m*ny J(ny + 1,n) —naJ(ng — 1,ng + 1) +ny(2m? + p?)J(n1,ne +1) =0
Let us represent it in terms of the A,, B, operators :

(d — 2AlBl — AQBQ)J(”l’nQ) + 2m2A1J(n1, n2> - AQBlj(n17n2> + A2(2m2 +p2)J(n1, HQ) =0

= — 2A1B1 + AQBQ + AgBl — 2m2A1 — (2m2 +p2>A2 —d J(n17n2> =0

Therefore, Corresponding to the IBP Identity O;; in the previous problem, we have a operator
Py in terms of the operators A,, B, and is given by :

P11 = 2AlBl + AQBQ + AgBl - 2m2A1 - (2m2 —|—p2)A2 —d
Similarly, for Vacuum bubble problem, we have P;; as :

Pll = 2A1B1 - 2m2A1 —d

10



Along with these A,, B, operators, we can also use the Index shifting operators. Index Shifting
Operators are defined as follows :

(@ f)(ny,...,na,...,nx) = f(ny,...,na+1,...,nn)
(b™ f)(n1,...,np,...,nn) = flng,....,np—1,...,ny)

These shift operators are inverse to each other :
=ata =aa"=1

Easy to conclude that they all commute with each other. The earlier IBP Relations can be given
in terms of Index operators as follows :

Vacuum Bubble :
= (d — o+ 2n- m21+>J(n) —0

1-Loop Self Energy Diagram :

= (d — 20y — Ny + n2m21T + n22+(2m2 —|—p2 - 1_))J(n17n2) =0

We have had general idea of dealing with these Feynman Integrals along with application of IBPs.
Now, Let us apply our concepts to a more complex problem.

11



2-Loop Massless Self Energy Diagram

The Feynman Integral and the Diagram corresponding to the problem are : [2]

_ 1 dy. d 1
J(nlvnQa n3>n4yn5) = J(n) = m /d k1d®ksy D7111D32D§L3DZ4D?5

ky ko

ki+p ko +p

where,

Dy = —(ky +p)?, Do=—(ka+p)®, Ds=—ki, Dy=—ki, Ds=—(k1—ks)?

We have loop momenta as {k/', k5 } and external momenta as {p*}, = L =2 & E = 1. Therefore,
as we can see in the integral, number of scalar products N is 5.

Because we are dealing with a Scalar Feynman Integral, it can only depend on the Lorentz scalars
which do not include any loop momenta. For our problem, The Integral can depend only on p?. By
Dimensional analysis, we can write :

J(7) = G{m) (<Pt
For simplicity, let us set p> = —1 such that J(n) = G(n)

Let’s have a look at the symmetry of the problem now.

Consider the redefinition of loop momenta as ky — —k;y —p , ke — —ky — p. It will result in
DlHDg&DQHng

Similarly, for ]Cl — k‘g , ]Cg — k‘l. It will result in D1 e D2 & D3 <~ D4.

Therefore, we can conclude that the Integral J(ny, no, ng, ny, ns) is symmetric with respect to the
interchanges (1 <» 3,2 <> 4) and (1 <> 2,3 <> 4).

Observe that, if both n; < 0 and ny < 0 then, = J(7) = 0, because then it becomes a scaleless
Integral which is just zero in dimensional regularization.
Because of the symmetry, same argument applies to ng < 0 and ny, < 0.

Now, if we consider that n; = 0, it can be observed that the Integral transforms into multipli-
cation of two one-loop Integrals. Same thing can also be concluded via the Diagram. And, now if
any one of the remaining indices is zero, then we have multiplication with a scaleless Integral which
ultimately results in zero.

Concluding all our arguments, we can say that the Integral J(m) is zero if indices of two adjacent
lines are non-positive integers, because then it contains a scaleless Integral.

12



Before moving on, let me first introduce the well known n-loop massless sunset Integral, which
we will run across in our problem. It is given as follows :

F(n+1-—ng)

B (
Cn = I'((n+1)(4-1

T

Consider the case where ns; = 0 and the rest n; are all integers. We can see that, resultant
Integral is just the multiplication of two one loop massless integrals. Hence, all such Integrals are
proportional to the G%.

Now, consider the case where n; = 0 and the rest n; are all integers. We will first calculate the
inner loop which will shift the power of the upper propagator in the outer loop) and then calculate
the outer loop. Diagrammatically it can be represented as follows :

It can be shown that all such Integrals are proportional to G3. The cases ny = 0,n3 = 0,14 =0
are all symmetric to the n; = 0 case.

Corresponding to the loop momenta {k{,k5} and external momenta {p*}, we have 5 scalar
products which can be expressed as :

Ds —Ds;—D
k2= —Dy, ki=—Dy ky-ky= " 23 !
D3 —Dy+1 Dy, — Dy +1
k‘l'P:#, k2'p:#
And the 6 IBP Identities are given as :
0 0 0
@) -k O =— -k @)
11 = 8/€1 1, 12 Ok 2, 13 = 8k1 “p
0 0 0
@) -k Oy = — - k @)
21 = 8k2 1, 22 Ok 25 23 = 8k2 "D

Now let us consider the all positive sector with the help of IBP Identities. The 05 - ko relation in
all positive sector can be given as follows :

Oy (71) = 0

/ ety =2 o =0
Mok | DM DR DR DI DS |

D?l D7212 Dng DZ4 Dgl5 D7111 D;zg—i—l D?'r)z3 DZ4 Dgzg,

D?lll D;lz D;}LB DZ4+1Dg5 D7111 D7212 Dglzs DZM Dgs-‘rl o

Substituting the Scalar products in terms of the Denominators, simplifying and introducing the
Index shifting operators we get,
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[d—ny —ns —2n4 +n22% (1 —47) +ns57(37 —47)] G(n) =

Similarly, Let us obtain the 0, - kq relation :

Oglj(ﬁ) == O

/ ety -2 { i =0
Y20kl | D DR DR DR DES

d d n2(2k1 . k‘g —+ le . p) n4(2k1 . k’g) n5(2k1 . kg — Qk%) .
d kld kQ ni na+1 Myns n4 MYyN5 + ni no n3 na+1 Myns ni n9 n3 yn4a ns+1 - O
D DD D prs | D DD pItiDEs | D D DS D DY

= [—nat+ns+n27(1+5° -4 —17) + 47 (57 —=37) +n;57(37 —47)|G(m) =0
Subtracting both equations we will obtain the d, - (ko — k1) relation :

= [d—np—ns—2n5+n27(17 = 57) + n,47(3" = 57)| G(m) =0
Now observing this expression, we can see it contains 17,37,5~. Therefore, each application of
this relation will reduce ny + n3 + ns by 1 corresponding to our G(ny, na, ng, ng, ns) function. Using
it recursively, sooner or later, we will come across a case where at least one of the n; or nz or nj is
zero. As a result, the Integral can be expressed in terms of G% or Go. Concluding all our arguments,
we can confirm that any Integral in the positive sector can be expressed in terms of these G? & G5
two Integrals, which are thus the Master Integrals.

A particular Interesting relation called as the Larin’s relation can also be used for the same
purpose. Let us see how to obtain that relation :

Consider our original Integral expression before we set p? = —1 :
1) = (i | A : = G(m)(~p)* ="
(i?Td/2)2 D?l D;m Dga DZMDQS

Now, Let us act with 8% - (k1 + p) on the both sides.

Left hand side of the expression =

w
:;/ddklddkz d |: (kl +p) :|

GEBE oy | DYDY DY Dy DY
Gy | MR\ D DE D DDt Dy Dy D Dy D | DY DDy Dy Dy

Replacing scalar products with denominators, introducing index shifting operators and
setting p? = —1 again we get,
=[d—2n; —ny + 2% (5~ —=17)] G(n)

Now, let us deal with the right hand side of our expression. But we have to be careful here to
act with a% - (k1 + p) on the right hand side, because it must be independent of loop momenta and

14



thus we can’t directly apply it. We will have to first express it in terms of denominator terms which
are equivalent to the Index shifting operators on the right hand side. Let us see how :

(ky+p)-p D, — D3\ p* 1~ -3\ pH
p_y \M TP P k2 I | I
(k1 +p)t — p =1+ o 5 LT e 5

Therefore, Applying the operator on right hand side it will look like :

= (1+ 2 ) oy [ =]

= (1 + i) G(ﬁ)?ﬁ)(d =Y ) (=P 2l(—zf)d‘z’“}
—p? Z 2

Setting p? = —1 we get the right hand side as :
3d =
= =(3 - > n)(1+17 —37)G(n)
As a result, subtracting the left hand side from right hand side, we obtain the Larin’s relation [6] :

d 3d
= §—|—TL1 —Ng — Ng — N5 + (7 —Z’I’h) (1_ —3_) —|—7’LQ2+(1_ —5_) G(ﬁ) =0

This expression can be used recursively to reduce Integrals in place of the earlier one.
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Equivalence of IBP relations for same total
number of Loop & External Momenta

IBP Relations for a generic Scalar Feynman Integral with L loop momenta and E external mo-
menta can be reduced to have the same form as for an M = L+ E loop vacuum Integral. Then they
differ only in the boundary conditions. Let us see how.

We know for a L-loop and Integral with E external momenta, the scalars which can be built from
the momenta are :

Sij = qi * 45 Z,jE[l,M],jZ’L

We classify these Lorentz scalars as Scalar products and Kinematic products. Scalar Products
correspond to Integration variables and their number is N. s;; : i € [1, L] & j > i correspond to the
Scalar products. Kinematic products are scalars built from external momenta only and their number
is Ng. s;; 1€ [L+1, L+ E] & j > i correspond to the Kinematic products. Total number of scalars
K is thus given by :

MM +1 L(L+1 E(E+1
K:N‘FNE:% ; N:EL—i—%&NE:%

Now consider the Integral J(ny, ..., ny) at some Kinematic point s;; = s; (i € [L4+1, M] & j > i).
And now introduce the quantities D, = —s;; + s, = —s;; +m;, (a € [N + 1, K]) corresponding to
every kinematic product.

Now let us re-express the Integral as :

J(ni,...,ny) = DEH=D2J (0, ny)
d@t Sij L.
= s, €|l L+1, M
det s;; AT ]

Now we expand it in powers of D, : a > N.

oo o0
- ~ nyy+1—1 ng—1
J(nl,...,nN)— g E J(nla-~-,TZN,”N+17~-,”K)DN+1 - Dy

TLN+1:1 1”LK21
We are mainly interested in the value of our Integral at this Kinematic point (ny 3 =+ =ng =
1). We assume J(nq,...,ny,nNy1,---,nx) = 0 if any index ny1,...,nx < 0, so that there is only

one sector corresponding to each of these ”external” indices.

The usual IBP relations can be obtained by applying N operators O;; with ¢ € [1,L],j > i to
the usual integrand f. Thus, the "evolution” of JN(nl, e s N, N4, - - -, ) With respect to the
"internal” indices nq,...,ny is governed by these N ”vacuum” IBP relations.

We also need N additional relations which govern the ”evolution” of J (N1, ... NN, NS, - - -, K
with respect to the "external” indices ny 1, ..., ng. They can be obtained by applying Ng operators
O;j =q;-0; : 1 € [L+1,M],j>ito the both sides of the expansion of J(n4,...,ny) in powers
of D,,a > N. Both sides can be expanded in powers of D, and the identical coefficients give us the
relations with respect to "external” indices.
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In this way, both ”internal” and ”external” relations can be obtained for J(nq,...,ny, nyi1, ..., NK)
and all of them have same form as a M = L + F loop vacuum Integral Jy(n; ..., ng). However, the
boundary conditions may differ. In the case of j(nl, e NG NG, -5 ), forall ng <0 @ a €
[N + 1, K], the Integral is zero. This does not have to be the case for the corresponding vacuum

diagram.

Let’s consider the example of 1-loop self energy Diagram (set m? = 1) :

Vi) = 5 [ @ g

k+p

where,

Di=1—(k+p)? & Dy=—Fk

We know the Integral vanishes if n; < 0 because then it becomes a scaleless Integral. Here, as
L=1FE=1= N =2 Np=1. Therefore, The Scalar products are {k? k- p} and Kinematics
products : {p?}

Let us consider we want to calculate it on the Kinematic point p? = 1. Consequently, we introduce
D3 = —p? + 1 corresponding to {p?}. We can now re-express the Integral as follows :

M (n1,ns) = (p?)*D2M (ny, ny)

and now expanding in powers of Dj :

M(nl, TLQ) = Z M(nl, N9, N3)D§371

nz=1

Here, M (n1,n2,n3) vanishes if ng < 0. Let us calculate the usual IBP Relations which will give

us evolution of M (ny,ng, n3) with respect to ”internal” indices.
The 0 - k relation is given by :

i, O E# _
/d kak“ { {1 . (k —|—p)2]n1[—]€2]"2} =0

d d n12k - (k + p)? na(2k2) B
/d k { [1— (k + p)2]m [—k?] + [1— (k + p)2m -k + =it p)a [—kﬂ”?“} =0

Substituting ,

2%k -p=Ds+ Dy —D; & k*=—D,
Simplifying we get,

[d — Ny — 2712 + TL11+(D3 — 2_)} M(nl,ng) =0
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Similarly, solving for The 0 - (k + p) relation we get,

[d—2ny —na + 20117 +122% (D3 — 17)] M(ny,nz) =0

However, action of D3 on M(ny,ny) results in :

DsM (ny,np) = (p*)* 972 Dy Z M (ny,ny,m3) D>~

nz=1

shifting summation index ng — ng — 1 it is equivalent to :

= (p)* 2N " 37 M(n1,n2,n5) Dy

ng=1

Therefore, the evolution of M (n1,n2,n3) with respect to ”internal” indices :

[d — Ny — 2TL2 + n11+(3_ — 2_)] M(?’Ll, Nno, 713) =0
[d—2n1 — no + 20411 + 027 (37 — 17)] M(nl, ng,nz) =0
To find the evolution with respect to "external” index ns we act with p - a% in the expansion of
M (ny,n9) in powers of D3. Left hand side will look like :

0
Zp'a—pM(nlﬂh)

1 g 0 1
= g | 55 {[1 - <k+p>1m[—k21”2}
= [~ +m1" (2427 = Dy)] M(n1,n)

o0

_ (p2)(2—d)/2 Z [—m +m1t(2+27 — 3_)} M(n1,n2,n3)Dgs—1

nz=1

and now on the right hand side :

) L2 N T na—
—p- o {(pQ)(z V72 Z M(ny1,n2,n3)Dy® 1}

nz=1

first We differentiate them separately ,

19) ©
P o (") = (2 = d)(p*) D72 Z M (n1,n2,n3)
nz=1
0 =~ e i
pe gy (L= = 3T M, na ms) - 2y —1)(Df ! = Dy )

nz=1

However, shifting the index ng — n3 + 1 in the second term we can write :

oo
= Z [2(7?,3 — 1) — 2n33+]M(n1, Na, Tlg)Dggil
n3=1
Comparing coefficients of DQTI from both sides we get the required evolution with respect to ”ex-
ternal” index ns :

— —

[—n1 + 1117 (2427 = 37)] M(n1,na,n3) = [(2 — d) + 2(ng — 1) — 2n33%] M (ny, na, n3)

= [d — Ny — 2713 + n11+(2 + 27 — 3_) + 2n33+} M(nl,ng,ng) =0
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