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ABSTRACT: We propose a method to compute the scattering angle for classical black hole
scattering directly from two massive particle irreducible diagrams in a heavy-mass effective
field theory approach to general relativity, without the need of subtracting iteration terms.
The amplitudes in this effective theory are constructed using a recently proposed novel
colour-kinematic/double copy for tree-level two-scalar, multi-graviton amplitudes, where
the BCJ numerators are gauge invariant and local with respect to the massless gravitons.
These tree amplitudes, together with graviton tree amplitudes, enter the construction of
the required D-dimensional loop integrands and allow for a direct extraction of contribu-
tions relevant for classical physics. In particular the soft/heavy-mass expansions of full
integrands is circumvented, and all iterating contributions can be dropped from the get go.
We use this method to compute the scattering angle up to third post-Minkowskian order in
four dimensions, including radiation reaction contributions, also providing the expression
of the corresponding integrand in D dimensions.
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1 Introduction

The goal of this paper is to propose an efficient method to compute the scattering angle
in a collision of two black holes. To achieve this, we bring together a number of crucial
ingredients which we now describe.

We begin by observing that in a scattering process, the heavy black holes can be
represented as pointlike particles, exchanging momenta which are much smaller than their
masses. In practice, in order to extract classical physics such as a deflection angle, one
rescales the momentum of the exchanged gravitons g as [1] ¢ = hk, with the wavevector
k being kept fixed while taking the classical limit A — 0. This motivates the use of
effective field theory applied to gravity [2], and in particular of a heavy-mass effective field
theory (HEFT) [3-7], which is the appropriate tool if one wishes to describe interactions of
particles where the exchanged momenta are much smaller than their masses. Working from
the outset with a simplified theory is our first crucial ingredient — the great advantage
is that this avoids the soft (or heavy-mass) expansions of the integrands that would be
obtained starting from Einstein gravity coupled to matter. The scattering angle is then
extracted from the computation of the elastic scattering amplitude of the two black holes,
an approach that was initiated fifty years ago in [8] (specifically for the computation of
the Newton potential), and then pursued at 2PM order in [9-12] in conjunction with the
unitarity method [13, 14]. This has been applied successfully in several works in general
relativity at 3PM [15-19], including radiation [20-23], 4PM [24], and also in theories with
higher-derivative interactions [25-29] to compute both corrections to Newton’s potential
and deflection angles. An important simplification stems from the fact that only terms
in the four-point scattering amplitude with a discontinuity in the g?-channel need to be
computed, as these contribute to long-distance effects [2, 30], which makes the unitarity-
based method particularly well suited for this task. These amplitude techniques have
emerged as potential alternatives to a host of other methods such as the effective one-body
formulation [31-34] and worldline theories [35-40], which have led to a wealth of important
results [41-69] also including spin effects [70-84].

In order to be able to compute efficiently, one needs compact expressions for the
tree amplitudes entering the unitarity cuts, and here comes the second key ingredient of
our procedure. In [85] we have developed a systematic approach to derive compact, D-
dimensional expressions of HEFT amplitudes with two massive scalars and an arbitrary
number of massless gravitons at leading order in an inverse mass expansion. This is based
on a new form of the colour-kinematics/double-copy duality [86, 87] for heavy-mass effective
field theories, initially proposed in Yang-Mills and gravity in [88], and further developed
in [89]. The key advantage of this method, compared e.g. to the earlier work of [90], is that
it provides BCJ numerators that automatically satisfy the Jacobi relations and crossing
symmetry. Furthermore, only a subset of all possible cubic graphs contribute to these
numerators, which in addition are manifestly gauge invariant (since they can be written in
terms of field strengths) and also local with respect to the massless gluons or, in the double-
copied theory, gravitons. This is in contradistinction with the double copy for Yang-Mills
amplitudes, where the BCJ numerators are in general not gauge invariant. Thus, our novel



double copy provides us with particularly compact tree amplitudes which can be fed into
the cuts to construct equally compact integrands.

The third key simplification in our approach is of a diagrammatic nature. Specifically,
we propose that the scattering angle can be computed from a subset of all possible diagrams
in the HEFT, namely only two-massive particle irreducible (2MPI) diagrams, discarding
all the others. From this 2MPI amplitude M%{%EIT, one can then construct a corresponding
HEFT phase dgygrpr by simply transforming it to impact parameter space, and finally
extract from it the scattering angle y as

0
X = —ﬁRe[(SHEFT] , (1.1)

where J is the total angular momentum of the system.

This procedure should be contrasted with the usual eikonal method [91-93] — there
the S-matrix is believed to exponentiate in impact parameter space, but starting from two
loops, the computation of the eikonal phase becomes a delicate task. Conventional unitarity
tackles the computation of S-matrix elements, and to extract the eikonal phase at a certain
perturbative order one has to remove all terms which reconstruct the exponentiation of the
phase at lower loop orders in perturbation theory. Clearly it is highly desirable to be able
to tackle the computation of the phase directly without having to evaluate a plethora of
iterating terms which pollute the phase, and this is what our proposal provides. Important
work in this direction was done in [24], where remarkably the conservative part of the
potential at 4PM was computed from the radial action. Related ideas were presented in the
recent interesting paper [94], which proposed a different exponential representation of the
S-matrix inspired by the WKB formalism applied to quantum field theory, differing from
the eikonal one. In particular, the authors of [94] were able to write down expressions of
the iterating terms which have to be removed from the complete S-matrix elements (whose
calculation is still needed) in order to compute matrix elements of N, where S := enlV.
This still requires knowledge of complete amplitudes, but it cleanly explains their structure.
Instead, we propose an approach where by computing only a subset of all possible diagrams
one can efficiently extract the scattering angle avoiding entirely the computation of iterating
diagrams.

We test our proposal by computing the scattering angle at two loops, or 3PM, also
including radiation reaction terms. Our seed tree amplitudes are D-dimensional, hence
we can produce integrands valid in an arbitrary number of dimensions. We use inte-
gration by parts (IBP) relations [95-98] to expand our result in a basis of seven master
integrals (in the four-dimensional case), which we then integrate using the method of
differential equations [99] in conjunction with a study of the boundary conditions based
on the asymptotic expansion of Feynman integrals [100, 101]. Our result for the deflec-
tion angle agrees with [15, 18, 19, 102], and specifically the radiation reaction part agrees
with [18, 21, 103, 104].

The rest of the paper is organised as follows. Sections 2 and 3 contain a brief review
of the kinematics of the scattering process and of the tree-level HEFT amplitudes derived
in [85], which will then be needed to perform our two-loop unitarity cuts, respectively. In



section 4 we discuss in detail the HEFT expansion and our diagrammatic method, in par-
ticular introducing the 2MPI diagrams needed for the computation of the scattering angle
at one and two loops. Sections 5 and 6 describe the calculation of the HEFT amplitudes
at one and two loops. In particular, in section 6 we provide the integrand of the two-loop
HEFT amplitude in D dimensions in terms of a basis of eight master integrals, with only
seven contributing around four dimensions. We evaluate the master integrals in section 7,
and present our final result for the (integrated) 2MPI HEFT amplitude, the HEFT phase
ouerr and the scattering angle in section 8. In section 9 we present a conjecture valid
in D dimensions for the single diagram contributing to the probe limit for an arbitrary
number of loops. Finally, we present our conclusions and give a brief outlook in section 10.
Two appendices complete the paper: in appendix A we present a study of the asymptotic
behaviour of our master integrals and the associated boundary conditions, with explicit
examples for our one- and two-loop master integrals; and in appendix B we show explicitly
the integrand of the four 2MPI cut diagrams contributing to the two-loop 2MPI HEFT
amplitude.

2 Kinematics of the scattering process

We begin by discussing the kinematics of the 2 — 2 scattering process. We choose the
particle momenta so that p? = p? = m?, p2 = pg = m3, where particles 1 and 2 are
incoming, while particles 4 and 3 are the outgoing deflected particles (with mass m; and
ma, respectively). We parameterise the external momenta in the centre of mass frame,
hence the momentum exchange ¢ is spacelike, ¢* = (0, 7). Specifically, the momenta will
be parameterised as follows:

i
P2 p3 P :zﬁi‘+%=(El,ﬁ+d’/2),
m
\\ // ph=ph — q2 = (B, —p—q/2),
. 7 (2.1)
woo_-p 4 e
// \\ Py =Pyt (E3,—p+q/2),
o
P P4 P =l = 5 = (Bap—q/2) .

Since we are considering elastic scattering, we have

By = By =\/m} +52+7%/4,

(2.2)
By = By =\/m} + 52 + G2/4,
where p- ¢ = 0 due to momentum conservation. It is also easy to see that
p1-g=p2q=0, (2.3)

which means that only the p; momenta are strictly orthogonal to the momentum transfer ¢,
while e.g. p1-q¢ = ¢%/2. This will be important in the soft/heavy-mass expansion discussed
later. Furthermore, our Mandelstam variables are defined as

s:= (p1 +p2)® = (E1 + Ey)? == E?, = +p)?=-77. (2.4)



We also define

Pl =p3=m D5 =p3=m5=m5— — . (2.5)

Furthermore, it is useful to introduce the relativistic velocities of the particles via p; :=
m;v;, with ¢ = 1,2 and v? = 1, and their scalar product

Y i=01Uy = (2.6)
mimsg
which is related to the centre of mass energy as
s=m?+m3+2mimay . (2.7)

Similarly, one can define p; := m;v; and § := v1-vg, with v7 = 1.
Finally, the deflection angle x is related to the external kinematics as

(X
sm(Q) -z (2.8)

where P = /p?+ ¢?/4 is the common modulus of the incoming and outgoing three-
momenta. This quantity can also be expressed as

mlmgx/y2 -1

P=
E b

(2.9)

and using this relation we can rewrite (2.8) as

sin <X> - 71 & : (2.10)

2 2mimay/y? — 1

It is also useful to introduce the conserved total angular momentum

J=Pb, (2.11)

where b is the asymptotic impact parameter of the scattered objects. Its inverse J ! is
commonly used as an expansion parameter of physical observables such as the deflection
angle x (see for instance our final result (8.9) for this quantity up to 3PM).

3 Relevant HEFT amplitudes from the new double copy

In this section we summarise the tree-level graviton-matter amplitudes to leading order in
an inverse mass expansion, which enter the computation of gravitational scattering of two
heavy scalars through unitarity cuts. We call these quantities “HEFT amplitudes”. These
have been derived and described in detail in the companion paper [85] and correspond
to the leading terms in the heavy-mass expansion, which are the only ones relevant for
classical physics. In particular, in [85] it was shown that they exhibit a novel double-copy
structure with manifestly gauge-invariant numerators. This feature, combined with their
very compact forms, makes them ideally suited for the purpose of this paper.



The three-point YM-matter amplitude are directly obtained from the Feynman rule
and the GR-matter amplitude is the square of the YM-matter amplitude,

AYM M2, 0) = meg, AFRM(2,0) = m® (e9-0). (3.1)

At 2PM order we need the two-scalar two-graviton amplitude, which can easily be obtained
using our double copy from the corresponding YM amplitude:
APMM (93 ) =

AFR-M (93 ¢) =

’I’)’L(U'Fg'Fg'U>, (3.2)

m? (U'FQ'Fg'U) 2
523 v-p3 7

523 v-p3

where F denotes the field strength F/" = pl's? — pYel’. Up to four points, there is only one
cubic graph for each of these amplitudes.’

At 3PM we need amplitudes up to five points. In this case there are two cubic graphs
for the colour-ordered YM-matter amplitude and three cubic graphs for the GR-matter
amplitude. Then the colour-ordered YM-matter amplitude and the GR-matter amplitude
in the novel colour-kinematics duality form are

N5([[27 3]>4]7 U) + N5([27 [3a 4“?”)

AMM(234,0) = (3.3)
59345923 5234534
and, by the double copy,
AGRM(gg4 ) = PB4 | NG(R 430" | NGB8, 20" (g4

5234523 5234524 5234534

An advantage of this double copy is that the BCJ numerator can be written in a manifestly
gauge-invariant form. For the five-point case

(3.5)

N5([[2,3],4],v) =1(2,3,4) o {mU'F2‘F3'V3'F4-v}

V-P3vU-P4

where V" = vFp?. The operator L(2,3,4,...,n — 1) was introduced in [88, 89] as a group
algebra element [105, 106] and in [107] as a free Lie algebra element,

L(i1, i, . .., i) i= []1 - P(Z-Qil)} []1 - P(igizil)} - []1 - P(ir“_m)} , (3.6)

where P( denotes the cyclic permutation j; — jo — j3 — -+ — Jm — j1. For

J172J3---Jm)
instance
Io N6(2345, v) = N6(2345, v),

(3.7)
P(432) o N6<2345, 'U) = N6(4235, U) .

In [85] we also presented the six-point HEFT amplitudes, which are key ingredients for
computations at 4PM order which were completed only very recently for the conservative
dynamics [24, 39]. Using the method of [85] it is straightforward to produce the HEFT

Tn the following we omit a factor of (—ix)™ from all graviton-matter and graviton amplitudes. These
factors will be reinstated from section 5 onward. Note that in our conventions k2 := 327G x .



amplitudes needed at higher PM orders. For instance, the n-point HEFT amplitude enters
the probe-limit contribution at (n —3)-loop order (or (n—2)PM), as explained in section 9.
This contribution may also be computed from the geodesic motion of a test particle, whereas
the contributions beyond the probe limit only require HEFT amplitudes up to n—1 points.
Hence, all ingredients needed at 5PM are already available with the currently known HEFT
amplitudes.

The HEFT amplitudes scale universally with the mass as m?, where terms proportional
to delta functions (arising from the ie prescription) have been dropped in the expansion
of the full amplitudes? — importantly, these contact terms are captured by products of
lower-point HEFT amplitudes and delta functions, and are essential to construct loop
integrands. This is at the heart of our HEFT expansion and will be discussed in detail in
section 4.2. In the following we denote the HEFT amplitudes as A,(2...(n—1),v), where
from now on we omit the superscript in A as in this paper we only focus on Einstein
gravity. The mass dependence of the HEFT amplitude can be read off from the label v or
v (e.g. An(2...(n—1),v) cx m?, and A,(2...(n—1),v) oc m?).

We conclude this section with a few comments. Our HEFT amplitudes are valid in a
generic number of dimensions D and are manifestly gauge invariant, which brings a number
of advantages. First, the unitarity cuts we perform are D-dimensional, avoiding the risk of
missing terms by working in four dimensions, and lead to integrands that are valid in D di-
mensions. Second, manifest gauge invariance allows us to obtain very compact expressions
and perform intermediate D-dimensional state sums without introducing spurious poles at
any stage. Finally we will present all integrands in D dimensions, while performing the
integrations in D = 4 — 2e.

4 Systematics of the expansion for HEFT integrand

4.1 Computational strategy

We now propose an approach that addresses directly the computation of a HEFT scattering
phase dggpT from which we can derive the bending angle as

= Re § 4.1
X a7 € OHEFT (4.1)
where J is the total angular momentum of the system introduced in (2.11). This phase is

defined as the sum of all two-massive particle irreducible (2MPI) diagrams contributing to
the scattering amplitude,?

5 dD 2 —i(f-l; M2MPI (4 2)
HEFT — j 27‘(’ o \ND—2 2 HEFT » .

where J = 44/(p1-p2)? — p2p3 = 4mima\/y? — 1. Conversely, two massive particle re-

ducible diagrams automatically factorise in impact parameter space, effectively trivialising

2This is sufficient for generic kinematics at tree level, but when using these amplitudes in cuts these
terms need to be included as they contribute in loop integrations.

3In the closely related context of the post-Newtonian expansion, the relevance of 2MPI diagrams had
already been noticed in [9].



the exponentiation of the classical HEFT phase. We note that our HEFT expansion makes
this manifest at the diagrammatic level, and all iterating, two-massive-particle reducible
diagrams can simply be dropped.

Our proposal is very reminiscent of the non-abelian exponentiation theorem
of [108, 109], which allows the computation of the exponent w of the expectation value
of the Wilson loop (W) = e in gauge theory from a subset of all diagrams, namely those
with a “maximally non-abelian” colour factor. This is in complete analogy with the Wilson
loop diagrams contributing to the exponent w, which are also two Wilson line irreducible
diagrams, in the sense that cutting two Wilson lines does not break the diagram into two
disconnected components, see e.g. [110] for recent applications and [111] for an extension
to multiple Wilson lines.

It is useful to compare more closely our approach to that of the recent interesting
paper [94]. As mentioned in the Introduction, in that paper it was suggested to write
the S-matrix in an exponentiated form as S = ei™, where N is a hermitian operator.
Anticipating our story, we will find that up to two loops, the two-body matrix element
of the operator IV introduced there is identical to the real part of our 2MPI amplitude
— compare our (8.4) to (3.27) of that paper. Our MZLEL has in addition an imaginary
part which at 3PM arises entirely from the radiation reaction terms, but the real part is
identical to the elastic matrix element of the operator N. The advantage of our approach
is that it provides a practical way to compute dggpr directly, from which one can then
extract immediately the scattering angle using (4.1). We will expand on the comparison
of our results to those of [94] at the end of section 4.4.

4.2 Diagrammatics of the HEFT expansion for classical dynamics

We now discuss how the HEFT provides us with a systematic 4 expansion of L-loop am-
plitudes at the diagrammatic level. This will allow us to cleanly isolate contributions to
classical physics without the need of expanding complete amplitudes/integrands, which in
general can be rather cumbersome. To do this expansion one rescales all the soft graviton
momenta ¢; — Af; and the momentum transfer ¢ — fg [1], which in turns is equivalent to
a (refined) expansion in terms of the inverse masses 1/m; and 1/mg of the binary system.

Concretely, in order to construct the loop integrands we will employ the unitarity
method, where only massless graviton legs are cut. We only need to compute terms in
the four-point amplitude which have discontinuities in the ¢?-channel, which contribute
to long-distance effects [2, 30]. As we will explain, we only need the leading-term in the
heavy-mass expansion — that is the tree-level HEFT amplitudes reviewed in section 3, as
well as pure graviton amplitudes. For concreteness we work with massive scalar fields, and
the result at leading order in the mass expansion is independent of the spin of the massive
particle.

We now describe the expansion of the gravity-matter amplitudes in HEFT. The first
observation is related to joining two different HEFT amplitudes into a larger tree. In



gravity we have to sum over all possible orderings of gravitons, as implemented in (4.3):
p2—>—H —>—H —>»—pP3 p2—>—H ——(H —>— D3

FAANETA AT A AR A L 49

1

The scalar propagator in (4.3) is proportional to -
propag (4.3) is prop PR

, where p = pa. We

can rewrite this in two ways. The first one is:

1 B 1 N 1 Q2
P+Q)PF—m*+ic  2p0Q+Q?+ic 2p-Q+i5(1_ 2p.Q> T (4.4)

where @ is the sum of the soft graviton momenta, and we have performed a Taylor expan-

sion, with the dots indicating terms of O(Q). As noted in [17], such a Taylor expansion
does not lead to a systematic A expansion. Indeed, since (p + ¢)> = p?, it follows that
p-q = —q?/2. This implies that p, when dotted with other momenta, does not have a
homogeneous degree in .

A better choice is to use the p = mo variables introduced in (2.1), in which case the
propagator takes the form

1 B 1 1 <1 iq-Q+Q2>+
(PEL+Q)2-—m2+ic 2pQ+qQ+Q>+ic 2pQ+ic 2p-Q
(4.5)
This alternative expansion is useful because p-¢ = 0, which follows from the equality

(p+2)* = (p— %) This is important when considering the combination of terms in (4.3),
because it avoids producing terms that carry higher powers of A. Crucially the sum of the
two diagrams in (4.3) contains the factor

1 1
- — + — —,
2p-Qa +ie  2pQy + ic

(4.6)

where Qq = log, + -+ + Lo, = lygy.q; and Qp = by, + -+ + Ly, 1= {p,...p,. Using now

Qp = — Q4 + q and p-g = 0, we can rewrite this as?

1 1
Aino(l,...0q,09) Aizo(ly ... 5,0
(213@(1 e + 250, & Z.g) ir2(la .- ia,02) Ajr2(1p. .. jb, U2)

= —(27Ti) (5(2]3'62@) AH_g(la .. ia, ?_)2) Aj+2(1b .. .jb, 1_12) .

(4.7)

This term is of O(m?): two factors of m? from the HEFT amplitudes, and one factor of
m~! from the delta function. A Taylor expansion of the full tree-level amplitude, without
taking into account the ie prescriptions, would miss such terms and produce only the HEFT
amplitude with ¢ + j gravitons.

4This type of argument has been used in several other works, see for instance [18, 93, 112-114].



This procedure works recursively for our matter-graviton amplitudes. A generic am-
plitude is then decomposed as

n—2 h—1
> (H(_27Ti)5(2m2v2'£Pj)>Ai1+2(P17/UQ) o Ay 12(Pp, U2)
h=1 PeP(n-2,h) \ j=1 (4.8)

+...,

where P(n — 2, h) denotes the partitions of the n — 2 gravitons into h non-empty subsets,
and the summation is taken over all the partitions with A = 1,...,n — 2. P; denotes the
4 subset of graviton indices of a given partition P with length i and total momentum
¢p,. The term without any delta function (h = 1) is the HEFT amplitude, and the dots
stand for terms which are subleading in the heavy-mass expansion, which we ignore as they
correspond to quantum corrections. Each term in the expansion is of order (D(mg“) and
carries a uniform power of h, facilitating a systematic separation of classical and hyper-
classical terms in our computations.

The expansion (4.8) produces integrands involving inverse powers of p;->l; and
d(p;i- > 1;) which is crucial to produce a clean /i expansion, and in particular leads to loop
integrals that have a trivial dependence on ¢ through a universal power that is determined
by power counting and otherwise are non-trivial functions of the dimensionless quantity
9 := v1-vU9 only. This choice is also natural from the point of view of the Fourier transform
to impact parameter space, if the (D — 2)-dimensional subspace of ¢ is defined through

Pi-¢ = 0 and not via p;-q¢ = O(¢?) as often done.

4.3 Tree-level examples

We now give a few concrete examples of the HEFT expansion. The first case we consider is
the four-point tree-level amplitude, expanded in the heavy-mass limit. The exact four-point
amplitude with two massive scalars is

A(GR) _ (pa-Fi-Fypa)?

_ ) 4.9
! (3o p2-l1 p2-lo (4.9)
Its expansion in terms of 1/mg is
o me _ m3 (g Fy-Fy-i >
ALY = —(im) m3 8(v- 1) (0r-21)* (022)” + 57 (W) oo (4.10)
) .

where we have defined p; = m;v; with 171-2 =1 and ¢ = 1,2. The delta function term is of
O(m3), while the HEFT amplitude is of O(m3), and the dots represent terms of O(1) in
the mass.

Similarly, the expansion of the five-point amplitude in the heavy-mass limit is

AL Ly (i) 2 s (018 (Da-Ls) (Da-21)? (Da-82) 2 (By-e3)2

. 3 _ _ 2 . —_ 3 — _ 2
iTms vg-Fl-Fg-v2> _ 9 Tmy ., _ (UQ'FQ'F3'U2) _ 9
2 5( 0o h 22T . = 25000 e T2 072 .
2, (V2 12)( Tl (v2-€3) z, (v2-l23) oo ls (v2-€1)
iTmd Uy Fy-Fy-9\ 2, _ B
— 725(1)2'@13) (W) (02'62)2 + A5(234, 2)2) +-,
13 ’

(4.11)

~10 -



where A5(234,09) is given in (3.4). It is easy to see that gauge invariance, locality and
crossing symmetry of the gravitons are manifest.

4.4 Loops

At one loop, the amplitude integrand can be expanded as

mim; mim; mims mims
D2 I Pz py ps P2 H b3 P2 H b3
3 3
P4 D4
4 Q
_____ \ S Sy R T S e 8 S P S -
b4 D4
b4 b4 { }
" | "
P | Ps pg a D4 P H P4
(4.12)

Here the black dots represent three-point HEFT amplitudes while higher-point ones are
depicted using grey blobs. The wavy lines correspond to the graviton lines, the dashed red
lines denote unitarity cuts d(I?), while the continuous vertical red lines represent the delta
functions §(2p;- > 1;) of the massive lines — these are not unitarity cuts but arise from
linear propagators as in (4.7). More concretely the four cut diagrams are obtained from
the product of two copies of the expanded four-point amplitude (4.10) — one for particle
1 (lower line), the other for particle 2 (upper line).

The first diagram is two massive particle reducible and gives a hyper-classical contri-
bution (O(h~!) compared to the classical terms). The last diagram gives rise to quantum
corrections, which we will not compute in this paper. Only the remaining two diagrams
are relevant for classical scattering, and will be computed in section 5.

At two loops, the integrand is expanded in terms of a hyper-classical, classical and
quantum part. The hyper-classical graphs are

s}
N
b}
9

VVVWVWVWVV
1
1
I
AANANAAANANA

VNV NN
I
I
I
I
AAAAAAAA,
e a'a'a'a a e
1
1
1
1
1
1
1
1
A
VWV
1
1
1
1
1
1

=
s
iy
3
0
]
i

(4.13)

As we will discuss in section 4.5, these diagrams factorise in impact parameter space, and
hence exponentiate. Therefore they do not need to be computed and we can drop them
directly at the diagrammatic level.

- 11 -



The classical pieces are obtained from the 2MPI diagrams:

There are additional graphs to consider, usually called “radiation-reaction contributions”.

These are
b2 —( H + H — D3 P2 . 4 I < p3
mimsy - S U S L (4.16)

| ™
y41 & I o P4 pl—H+H—p4

In section 5 we will compute explicitly all these 2MPI diagrams (including radiation re-
action). We will also show that the last cut diagram in (4.15), which does not have a
three-graviton cut, does not add any new contribution to the four-dimensional 2MPI am-
plitude, and hence to classical physics.

We also note that the following graph has the correct mass scaling to potentially give
classical contributions

3
N
i
p
3
o3

AR - IS SO SRR (4.17)

P H I 2z

but as we argue in the next subsection it can be dropped since it is not 2MPI, similarly to
the diagrams in (4.13).
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The heavy-mass expansion can in principle be extended to compute quantum correc-
tions, leading to the following diagrams at two loops:

mim; mims mim;
y2) :‘77%5 } H P3 Y2 H i H p3 y2) H P3
P1 H P4 p1 H P4 41 H y2
(4. 18)

where we do not draw diagrams which are related by crossing of the external legs. In this
paper we will not be concerned with such quantum contributions.

At higher loops, more graph topologies need to be calculated, but we stress that only
2MPI diagrams need to be evaluated. As an important example of higher-loop (L > 2)
diagram, we will consider the probe limit msg > my. The relevant graph is

(4.19)

H

which is of O(m3mL*?), for which we will present an all-loop conjecture valid in D dimen-
sions in section 9.

Finally we can compare our approach to that of [94]. It is instructive to focus on
eq. (2.17) of that paper. In our procedure, the iterated diagrams in the second line of that
equation are simply not included (hence there is no need to subtract them). Instead, the
cut diagram in the first line involving two cut matter lines and one cut graviton is included
in our radiation reaction diagram, and is precisely responsible for the imaginary part in
the two-loop phase dggpr computed in section 8. Had we removed it, our procedure would
have led to an identical result to the two-loop matrix element of the operator N of [94].

4.5 To bar or not to bar: factorisation and exponentiation

In the previous sections we have seen that in our HEFT expansion it is natural to use the
variables m; and p; instead of m; and p;, and that each diagram is weighted by a unique
factor m'm’ which allows for an immediate classification into classical, hyper-classical and
quantum contributions at any loop order. This might appear unnatural since the parameter
m? = m? — ¢*/4 mixes classical and quantum terms. For the classical contributions this is
not an issue since the expansion would only lead to subleading quantum corrections which
we can drop, but expanding m; within hyper-classical contributions in general produces

classical feed-down terms.
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However, we extract the deflection angle from dygpr that appears in the exponentiated
form of the 2 — 2 scattering amplitude in impact parameter space (IPS)

S=1+iM = ¢nmrr (4.20)
with
SHEFT = 50 L5 4 52 4 ... 7 (4.21)

where the bars indicate that the HEFT scattering phases at the respective loop orders are
expressed in terms of barred variables. Now at the level of phases only classical and possibly
quantum corrections appear, and all hyper-classical contributions have been repackaged in
the exponentiated form of M. Since we are only interested in classical physics, we can
drop all quantum corrections, and at this stage replace all quantities with bars by unbarred
quantities:

miaﬁiagzﬁl'EQ — M, Piy Y - (422)

Hence in the next sections we will evaluate the appropriate sum of 2MPI diagrams that
gives dggpT using unbarred variables.

In the remainder of this section we want to show that in the HEFT expansion the
exponentiation is manifest at the diagrammatic level, which is extremely useful since this
allows us to “subtract” hyper-classical or other unwanted contributions simply by not
computing them. This is in contrast to well-known eikonal exponentiation, which usually
requires the computation of complete amplitudes, even including quantum corrections [115].

In order to achieve this diagrammatic rearrangement we need to align the Fourier
transform to IPS with the expansion in terms of m;, p;. Therefore, we define the IPS form
of an amplitude as

M) = [ Gt 2n e M
D— 2—’ -
j/ ;lﬂ D-2 e M(a),

where the Jacobian is J = 4myma /52 — 1 = 44/ (p1-p2)? — pip3.

The crucial observation is now that any two massive particle reducible diagram is a

(4.23)

convolution integral in momentum space, which after Fourier transform to IPS becomes a
simple product of sub-diagrams in IPS:

/ (dDgD (=270)3 (P 0)8(P2 ) M () Mg = €) 5

7 — My, (b)MRg(b), (4.24)

where b = |b|. Therefore, with the choice (4.23) any massive two particle reducible diagrams
factorise exactly in IPS.”

5Note that in the definition of the Fourier transform usually used in the literature in the eikonal approach,
the momentum transfer is taken to be orthogonal to p;, which leads to differences at subleading orders in
q and h compared to our definition, but also breaks the exactness of the factorisation discussed above.
Therefore, the eikonal phase and the HEFT phase are closely related but not identical, with differences
starting from two loops.
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Important examples of this are the first diagram in (4.12) and all diagrams in (4.13).
This makes it clear that the hyper-classical diagram in (4.12) (first diagram that figure) is
proportional to the square of the tree-level diagram MO while the first diagram in (4.13)
is a triple convolution and hence is proportional to the third power of the tree diagram. For
this class of diagrams involving only trivalent vertices one can actually perform an all-loop
computation. Taking into account our conventions and appropriate symmetry factors, the
diagrams can be resummed as

MO _q (4.25)
which agrees of course with the well-known result for the leading eikonal found by [93].

Focusing on the second and third diagram of (4.13), we see that in IPS they factorise
into a tree diagram, and the sum of two irreducible one-loop diagrams (diagrams two and
three in (4.12)) which contribute to classical physics, hence in IPS these reducible two-loop
diagrams factorise into //\/lv(o)/{/lvgﬁpl. On the other hand the diagram (4.17) factorises in
IPS into a tree diagram and the fourth diagram of (4.12) (which is a quantum correction),
ie. /f\;l/(o)./i/lv%}[(gl).

Hence, up to two-loop order we can combine the contributions from all two-loop re-
ducible diagrams and all one-loop and tree diagrams as

A (1 .2 7 (1,qu
eZM(O)+'LM;1\2[PI+ZMéM%I) —1. (426)

Adding now also contributions from all other two-loop 2MPI diagrams (4.14), (4.15)
and (4.16) we find, up to two loops, the exponentiated form of the S-matrix:

~ 0y (1) S(1qu) | (2)
S = elM(O)+ZM2MPI+7‘M2M(}3uI +iMnpr (4.27)

We can now define the exponent of this equation as dggpT, which is a complex quantity.
We expect that in general this phase is given by the sum of 2MPI diagrams even beyond
two loops, with the deflection angle given as x = —0Re(dugpr)/0J, where J is the total
angular momentum. Importantly, dggpr has only classical and quantum terms but no
hyper-classical terms. Since we are only interested in classical physics, we can now replace
all barred quantities by unbarred ones, and we can also drop MV%\&%I) — which we actually
never have to compute.

5 The one-loop HEFT amplitude

In this section we compute the 2 — 2 scalar HEFT amplitude at one loop. In the HEFT
approach, the amplitude can be expanded in powers of the masses m; and ms. At one
loop, this expansion is given by

Mitder = MU os + MO+ MG (5.1)

)
mim3
Reinserting powers of A, one immediately sees that the first term corresponds to the hyper-

classical part of the amplitude while the second and third to the classical part. Remaining
quantum corrections are beyond the scope of this paper.
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The hyper-classical part is computed from the following HEFT diagram:

| - i | -
o $ 3 327rGN) P, 5 o _
Mg = '{I{'if'"ii l@z Nz | gor T O(mmavef)d(mitef)

e :f

P1 —» "

AR (01, 01) A2 (2, 01) A5 (— 01, 02) A3 " (— 2, 2)

X Z £2£2
h1,h2 172

(327GN)? dP e, 1

§(v2+£1)d(v1+41) (5.2)

1
_ 733 (2 — il
- tnd(7 - 55 [ o

where y = v1-0s.

G’

As discussed earlier in (4.7), the top part of the figure, involving two three-point
vertices, represents the sum of the two possible diagrams

P2 ps3 p2 p3
§ g + $a
61 62 ﬂl (2

Each of the three-point vertices here is O(m3), however similarly to [93] in the sum we

(5.3)

obtain the combination
7 7

= 27T($(2’I’712172-£1) . (54)

2movg-f1 + i€ —2MmoU9-¥1 + i€
As a consequence, the massive propagator in (5.2) is effectively put on shell (as depicted
by the continuous red line), and hence this term is of O(m3). Note that this corresponds to
the first term in (4.10) in the expansion of the full four-point tree amplitude. Furthermore,
symmetrising the integrand over the two loop legs leads to the remaining delta function
n (5.2). In fact the symmetrisation argument of [93] is not needed to argue for the second
delta function. In order to obtain the cut integrand for the hyper-classical contribution we
simply need to multiply the first term of (4.10) with a similar factor for the lower line in
the diagram (5.2), giving directly a product of two delta functions. The factor 1/2! in (5.2)
is simply the symmetry factor required in this two-particle cut where identical particles
cross the cut.
The sum over internal graviton polarisations in (5.2) was performed using®

1 2
*a ~F¥Va b Vb — | Halb 4VaVb MaVh Valtb __ MaVa ,HbVb 55
Ehs geghte 2{9 [ CEARAE (5.5)
from which it follows that
> (e, 0)f = flo — AL (5.6)

ha

where by f|y, f|; we denote replacing e’ ¥ by vfv” and ", respectively.

SFor a recent discussion of completeness relations see [116].
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We do not evaluate this diagram (or any other two-particle reducible diagrams), since
it gives only hyper-classical contributions which we subtract simply by not evaluating them.
From now on we will only consider diagrams that make classical contributions, therefore we
can drop the distinction between barred and unbarred quantities which becomes irrelevant
as the difference will only create quantum terms, as explained in section 4.5.

The classical part of the amplitude is evaluated from the 2MPI diagrams as

Mgyt = Mf,ll%mg + Mf,ll%mg (5.7)

where M .3 is obtained from the diagram below:
2

1 (327G N )?
:2!((471_)5\/72) (—7r)><

AZl’hQ (1, L2, 01) A5 "™ (=1, v9) A7 "™ (— L3, v9)
G |

(5.8)

where the dotted line represents the unitarity cut. The lower half of the graph is the two-
massive two-graviton tree amplitude in the HEFT, which is of O(m?) and universal for all
spins of the massive particle. Hence the diagram at hand is of O(m?m3), and represents a
classical contribution.

Using (3.1) and (3.2) for the three- and four-point amplitudes, respectively, we obtain

a numerator

v 2
pIRCICIRACIRSE K (59)

h1,h2
Using (5.6) to perform the sum over the internal polarisations, this becomes

1 1
m% (N4<[172]7vl)2’112,v2 - mN4([172]701)2|U2,77 - mNﬁl([l’szl)Q’ﬂwQ

+ gL 2o (.10

Hence the relevant integral for the classical contribution to the amplitude is
2 2 2 2
(1) _M o1 L 49 (D —-2)y*—1) o D=3
M = 3052~ [(y (D —2p)% w-22 oo
(5.11)

(1)

where the functions G,/ are defined as

D
(1) d“ly 6
- . 12
G / 7D/2 D3D4D1 (5.12)
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The propagators Dy, ..., Dy are given in the following table:

D, | Dy ||Ds|Dy
61"01 —61"02 6% E% '

Using IBP relations [95-98] we can reduce (5.11) to the master integral GV := G[()l),
getting
(D - 3)[(2D — 3)(2D — 5)y" — 6(2D — 5)y? + 3|

(02202~ 1) ¢

(1) 6-D_2-L2 3 9 ~2
Mm%m% =2 T 2 m2m1 GN

(5.13)

This result is valid in D-dimensions, and is in agreement with eq. (B.16) of [117], which
was obtained from the probe approximation of the deflection angle of a massive particle in
the background of a Schwarzschild black hole in D dimensions. The master integral G(!)
can be evaluated to

2P () 7 sec ()

W = : (5.14)
r(%-1)
hence in four dimensions the amplitude becomes
67 (5y* — 1
MO = Ghmimy T B 1) (5.15)

—q
which agrees with the results of [16, 18, 102].
6 The two-loop HEFT amplitude

In this section we give explicit results for the 2MPI cut diagrams contributing to the two-
loop elastic HEFT amplitude, from which we then extract the deflection angle.

6.1 First three-graviton cut: probe limit

The first two-loop diagram we consider is the “fan diagram” below. Its integrand is:

1 (32nGN)? / dPey dP i

™ 5(—m2v2~€1)5(m21}2-€3)x

=3 (4m)D xD/2 1D/2
ARRDS (01 0o 0y 00) AZ (01, 09) A3 (<0, 09) A5 (<3, v2)
> 2ee
1*2%3

, (6.1)
hi,h2,h3

where the arguments 1,2, 3 in the numerators are a shorthand notation for ¢, £5, /5.
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Using the novel BCJ representation (3.4) of the five-point amplitude, we can write the
numerator of (6.1) as

D mi(er g v2)* (e 4, v2)? (€% 4y 02)

hi,h2,h3
Ns([[1,2],3],v1)* | Ns(([1, 3], ] )% Ns([2,3], ] 1)?
{ : 20 —+ 2, T &, ' (62)

Performing the sums over internal polarisations, the numerator becomes

1 1
Z[J\%(X’ 1) |3 00,00 — m/\/f)(Xavl)z\w,vz,n — 5 Ms(X, 01)?|u3,m,02

X
1 2 1 2 1 2
“D_ 2N5(X7 1) |pwave + (D — 2)2N5(X’ v1) e + (D — 2)2N5(X, 1) |nn,ve

1 1

t e N5(X, 01) s — D—27

ED)E N5 (X, v1)?

s [ (6.3)

where X denotes the three nested commutators [[2, 3], 4], [[2, 4], 3] and [[3, 4],2]. The mean-
ing of the three subscripts in (6.3) is as in the one-loop case, with the replacements done
with respect to ey €7, , €y, 7, , €), €7, in the numerator.

Using IBP reductions, we can re-express the result in terms of a single master integral

G(Q) — (27[_)2/ del deg 5(U2~€1)(5(U2-€3) (64)

wD/2 pD/2 (30202

All other master integrals cancel in the sum over the three nested commutators. One then
arrives at the final result for the contribution from this diagram:

M2 = m2m4457D(D =3’ PG )
3D -2 (2 - 1)

[(3D—4)(D —2)(3D — 8)y%—15(D — 2)(3D — 8)y* + 15(3D — 8)y* — 5} :
(6.5)

where y is defined in (2.6). This result is in agreement with eq. (B.17) of [117]. The value
of G@ is evaluated in appendix A.3 to

In four dimensions, (6.5) reduces to

—2€
@ o 427G (64y° —120y* + 60y* — 5) (—¢?)
M2, L =mimy . (6.7)
mimg 3 (y2 o 1)2 €
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6.2 Second three-graviton cut: beyond probe limit

Next we consider the two “zig-zag” diagrams, together with the two radiation reaction
diagrams. These are given by

P1» H H —»— D4

1 ’ P d”
- L OO [ g0 o (mava )

-2 (4m)P nD/2 xD/2
AR (1, 00) AP (0, 03, 01) AZ "3 (3, 00) AL T2 (0, — Lo, 09)
Z 628252
hi,ho,hs 1%2%3
U three other terms, (6.8)

where the U symbol denotes the operation of merging the corresponding cuts from the
different cut integrands, producing an integrand which can then be evaluated with IBP
reductions. Traditionally the radiation reaction diagrams (second line of (6.8)) are treated
separately from the remaining conservative term, but we find it more natural to combine
this contribution together with the zig-zag diagram.

The detailed form of the integrands of these four cut diagrams are given separately
in appendix B. After performing the IBP reduction, we can express the D-dimensional
integrand as a function of eight master integrals:”

@n _ 1 (327GN)3 {q2G0,1,0,1,1,1,1,1,1 (cr2y” + e11y® + cr0y® + coy)
mim3 21 4(47)D 2(y2 — 1)
2 4

q q
+ 5G1,1,1,1,1,—1,—1,1,1 (622y3 + c21y> + ZG1,1,1,1,1,0,0,1,1 (025y4 + cay”® + C23>

G0,1,1,01,001,1 (c15y* + cray®+ c13) n G0.1,01.1.001.1 (cay® + c3y* + cay®+ c1)
y2 — 1 y? —1
*G0,2,0,1,1,001,1 (2098 + c199® + c18y® + c17y? + ci6)
2(y? —1)?
¢*Go,1,01,1,002.2 (csy” + e7y® + coy® + c5y)
2(y2—1)°

_l’_

+

_l’_

— (D —4)¢*G101.1.1.001.1(c26 + cary® + cosy™) |, (6.9)

7777777

dimensions, see the discussion below (6.13). This leaves us with only seven master integrals.
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where the coefficients ¢; are given by

c1= —18D°+277D* 1721 D3+5388 D% —8482D+5360 c15= fizg"'z??g? 5)1(2DGD1+)98

- . 4(D=3)2(D-2)2(D—1) — - —
o =2D°+16D%+17D*—555D° +2194D? —3582D +2176 016:6D5—76D4+389D3—1008D2+1322D—701

2= 2(D—3)2(D—2)3(D—1) (D-3)*(D-2°(D-1)

C3_10D6—152D5+937D4—2961D3+4934D2—3868D+896 617:4428—36D°;r(z1D83D3 2—(%552?3(4566%117 —8664D

- 4(D-3)*(D-2)?(D-1) 5 - - "

(D—4)?(D®*—4D?+4D+1) _5D°—70D4+357D2—837D2+889D—324
4=~ S p-n -2 D-D 18— (D-32(D-2)(D-1)
- ~2(D- _245—-D%414D°—65D*+107D*4+42D>—306D

c __12D*—108D>+383D2%—632D+4405 C19
5= 6(D—4)(D—3)(D—2)*(D—T)
—12D*+109D3—378 D% +589D—344

(D-3)?(D-2)%(D-1)
2(D®-10D+15)

C6= 2(D—4)(D=3)(D—2)*(D-1) C20= ~ 3(D5—6D2+11D—06)
__5D*—43D%41134D?—169D+61 oy — 4D —42D%+165D2 ~291D+200
CT="2(D—4)(D—3)(D—2)2(D—1) 21 —(D—3)2(D-2)(D—1)
g =3D°+16D% 24D +5 oo aD°=30D?+70D—56
8= 6(D—4)(D—2)(D—1) 22= " D3-6D2+11D—6
_19-7D o 2D°=27D*+143D° —370D> 1466 D226
“=8(D=2° 2= 2(D-3)2(D-2)?(D-1)
g — 5D=13 (D—2)(2D*—15D+25)
10 = 3(D—2)? C24= 3D 32 (D-1)
1= 2?5372) (o =D HOD? 24D 42
D-1 (D-3)(D-2)(D-1)
c12 = =5 (o= =2D 11D’ 7250D +58D—19
=6 _ 5 4 3 12 -
¢3=102=230D 3(1515_45(,3%%?%35?30(15?1) BAOD - 3574 (e =2D +1TD* 58D 196 D—65
c __9D%-122D%1+684D*—2052D>+3529 D% 3368 D+1424 2
14= 2(D—4)(D—3)(D—2)3(D—1) Cog=2D*—17D3454D%—77D+442 .
(6.10)
The integrals Gy, iy iz ia,is,i6.i7,is,i9 ar€ defined as
. B (2)?2 /dDﬁl dP ey 5(i8—1)(1)8)5(z‘9—1)(1)9) (6.11)
11,22,23,4,15,26,%7,18,19 F(Zg)r(lg) 7TD/2 7TD/2 D’il 'D?D?D?D?D?D? ) .
with the propagators
D1|D2|D3|Dy|Ds| Ds | D7 || Ds | Dy (6.12)
Z% E% E% &21 E% vyl |va-lq ||v1-01 |va-la| ’
We use the following box topologies to denote all the propagators that can appear:
9 7 9
P2 p3 p2 ps
5 3
5 5 2 4 (6.13)
1 4
b1 yz Y41 2!
8 8 6

Two comments on two of our master integrals are in order here.

o The master integral G101,1,1,00,1,1 has the topology of a bow-tie diagram, which
is a product of two one-loop triangles, and hence is finite in four dimensions and
proportional to (—¢?)~2¢. It appears in (6.9) with a coefficient proportional to € and
hence it does not contribute to four-dimensional classical physics. If one is interested
in D > 4, this integral would have to be included.
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e In principle for certain integral topologies one should be careful about the ie, specif-
ically for the master integral G 1,0,1,1,1,1,1,1, which was discussed in detail in [118].

I et b Eat )

The relevant master integrals arising from the first graph in (6.8) are

Go,1,0,1,1,14,1+,1,1, Go101,1,1-1-1,1, Go1,01,1,1-1+,1,1,  G0,1,0,1,1,14,1—,1,1 -
(6.14)

Here the +, — denotes the signature of the regulators i< in the linearised propagators.
The differential equations of these master integrals are given as

2G0201,1,0011%)  2yGo1,01,1,14,1+,1,1(Y)
G6,1,0,1,1,li,li,1,1(y) = - 21 — 1 . (6.15)

According to the solutions of the differential equations and the asymptotic behaviours
in the static limit, we can decompose these master integrals as
Ct++

G0,1,0,1,1,14,14,1,1 = —5

o1 + G0,1,0,1,1,1,1,1,1 (6.16)

where Go 101,111,110 ~ (y — 1)*1/2 as y — 1. The values of cii+ can be found
in [118]. We find that the regulator-dependent parts, ¢4, cancel with each other
in the integrand, while the master integral Go.1,0,1,1,1,1,1,1 is independent of the ie
prescription. Therefore, in practice we can just use Go,1,0,1,1,1,1,1,1 in the construction.
This observation greatly simplifies the calculation and the different ie prescriptions
in Go,1,0,1,1,1+,1+,1,1 do not affect the result. Furthermore, the differential equation

of G0717071’171’1,171 takes the same form as those of G07170,171711,1i’1,1.

6.3 Four-graviton cut

For completeness, we also compute the four-graviton cut diagram involving a four-point
graviton amplitude. However, it will turn out that the contribution of this cut is already
accounted for by the first two (zig-zag) diagrams in (6.8) as we now explain. The relevant
cut diagram is

1 (327GN)? 5 [dP0dPl
- 2120 (4m)P " /7TD/27TD/2
A" (=0, 01) A5 (—ls,v9) A3 "3 (=3, 1) A3 (=g, v1) ALV 0y g 0s04)
(30303

(5(m1€1 'vl)d(mgﬁg"l}z) X

>

hi,hs,h3,ha
(6.17)
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After performing all the intermediate, D-dimensional state sums we arrive at the (cut)

integrand:
e _ (B21GN)* 5T —¢*Croaaa000a (D2 = 8D +12) y* + (D - 2)%y" +2)
mim3 "~ 9(4r)D 2(D —2)?
(D —3)*G1,-2,1,1,1,001,1 N (D = 3)*G1,-1,1,1,1,001.1
(D —2)%(—q?) 2(D —2)?
n (3—=D)G101,1,1,-20,11 n (3—=D)G1,01,1,1,0,-21,1
D -2 D -2
n ¢*Gi111,1,0011 [(D—2)y* — 1]2 n —2¢*yG111,11,-1,-1,1,1
4(D — 2)? D2
n (D—=3)G1,1,1,1,1,-4,0,1,1 L 2(D—-4)G1110,-2,-2.1.1
D -2 D -2
D-3)G 4
+ ( JG11.1.110-41.1 + Y Gia111,-2011 + Y G1111,1,0-21.1 -

D—2
(6.18)

In the final step we have to identify any overlap with the three-graviton cut considered in
section 6.2 in order to avoid double counting, and isolate any new contribution if present. It
is easy to see that the terms in the last three lines are already contained in the integrands
corresponding to the zig-zag diagrams (6.8). The terms in the first two lines are new
contributions that are not detected by the three-graviton cut and can all be reduced to the
bow-tie master integral G1,07171,170»071,1:

_q2G1,0,1,1,1,0,0,1,1
XD —2)"

[2D* (4 +4?) + D (—16y" — 26y% + 3) + D? (48y" + 1115% — 19)
+D (—64y4 — 198y% + 43) +32y* + 12992 — 35} . (6.19)

As discussed earlier this master integral is finite in four dimensions and thus does not
contribute to classical physics. Hence the four-graviton does not give any new contribution.

6.4 Summary
In conclusion, the complete D-dimensional integrand is obtained by adding (6.5) (and the
same term with m; and mg swapped) and (6.9):

2),2MPI 2
M%i])E)FT = M()

bt Mot = Mo (6:20)
As explained earlier, the four-graviton cut in (6.17) does not give any new contribution to
the integrand, hence the final result of our evaluation is given by (6.20).

In the next section we evaluate the relevant integrals appearing in that equation, and
will then state our (integrated) result at two loops in section 8, where we also derive the
scattering angle up to 3PM.
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7 Canonical basis and evaluation of the master integrals

7.1 Generalities

In this section we discuss the evaluation of the two-loop master integrals using the differ-
ential equation approach of [95, 99, 119]. This leads to a canonical basis for the master
integrals encountered in section 6.2 which we will evaluate in the full soft region. This
method was applied to the specific type of integrals which appear in the post-Minkowskian
expansion of classical scattering, initially for the potential region in [17] and later for the
soft region in [19, 21, 118]. The following discussion is valid in an arbitrary number of
dimensions, while for the evaluation we will work in 4 — 2¢ dimensions except for the probe
limit contributions, which we will evaluate in general dimensions.

We first set up the system of differential equations in terms of a basis of master
integrals:

—_— = Aij Ij . (7.1)

To get a canonical basis, we need to perform a linear transformation on the integral basis.
In general, if we transform the basis as IJ’- = 57, the differential equation becomes

az] <dS
dy

— 5t 4 SASI> ;. (7.2)
dy i

The canonical basis is defined in such a way that the transformation matrix is proportional
to the dimensional regularisation parameter e. This can be realised in two steps:

1. Diagonal transformation Sy: since the matrix A has poles at y = 0, —1, 41, we choose
the following ansatz for the diagonal transformation,

(S0)ii = biy™ (y — 1) (y + 1)1, (7.3)
where the parameters b; do not depend on y. The matrix A is then transformed as
follows:

dsS,
A— d—oso—l + SpASy L. (7.4)
Y

We can choose the parameters in Sy such that the matrix A is transformed into
A — Ag+ €4y, (7.5)

for general dimensions D = dg — 2¢, with Ag and A; being independent of e.

2. Non-diagonal transformation S;: here S is independent of € and satisfies the following
equation:

dS;
d7y + 5140 =0. (7.6)
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Then it is easy to see that the new integral basis

T = S815I (7.7)
is a canonical basis, which satisfies
dz’
o e AT, where A= S1A;S7t (7.8)
The formal solution of this equation is
T'(y) = (PeJo ™)' (o) . (7.9)

7.2 Canonical integral basis

We only need to consider the following seven master integrals:

D2 p3 q2 P2 p3
Z1 = Go,1,01,1,001,1 = ) I, = 72G07270,171,070,1,1 = ’
D1 D4 - ! Pa
9 P2 P3 P2 p3
I3 = 72Go,1,0,1,1,0,0,2,2 = ) 1y =Go1,1,01,001,1 = ’
4 P2 D3 2 P2 —e5 ps
7
I = ZG1,1,1,1,1,0,0,1,1 = » Ls = 7G1’1’1’1’1’_1’_1’1’1 - Dg ’
p1 D4 - p1 P4
q2 P2 ps3
I7 = 7G071,071,171,1,1,1 = : (7.10)
- D1 D4

where circles on lines denote squared propagators and for Zg we have also indicated the

1,1,1

Pt it it

presence of two numerator factors. We also set the master integral G 0,0,1,1 to zero
as it does not contribute to classical four-dimensional physics.

We set up the system of differential equations as

dZ;
where
(11-3D) 2
yZ—1 Y _yzgl _(D74)1(y271) 0 0 0 0
O 1}y2 2*12?/2 0 O O O
_AV2(,24.5=D
3(D _ 4)3 2(D 4)y2(31+ D—4) (5;:11)U 0 0 0 0
A= 0 0 0 O 0 0 0
0 3y 1 2(2D*-18D421)y (D—5)y _2(D=4)
y>—1 20-0)(2-1) ~ (D-H*-1)> -1 -1
3(D—4) 9 0 4D2—26D+42 D-4 _(D-4)y
4 (D—4)(y%2-1) 2 y2—1 )
2
0 — A 0 0 0 0 o)
(7.12)
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Following the two steps outlined in section 7.1, we arrive at

T, = 16e*\/y2 — 11y, Ty = -8\ /y2 — 1Ty, T =4€ (I3 — dyTqe) ,
4% (8¢* — 6e + 1)
T = Ty, It =16e*/y2 — 17T, L =16 Tg
4 21 4 5 Yy 5 6 6
T, =16¢" (y* — 1) Zr . (7.13)
The canonical basis satisfies the following differential equation,
dT!
dyl = eA;jIJ’», (7.14)
where
6 2
yﬁl 0 g 0 0 0
2 1
0 —ygzl g 0 0 0 0
_ 6 _ 4
YRy e 0 0 0 0 0
Al = 0 0 0 o 0 0 0 (7.15)
0 4y _ 1 4y 2y 4 0
y2—1 \/y2_1 y2—1 y2—1 \/y2—1
__ 3 4 0 4 1 2y
2\/1/2*1 \/y2,1 \/y2,1 \/y271 y2—1
0 4 0 0 0 0 0

VA

At two loops, the study of the boundary conditions is well documented in the litera-
ture [17, 19, 118], albeit for different bases and using slightly different methods. As dis-
cussed in section 6.2 the bow-tie topology would have to be included in the system of

differential equations if we want to work in general dimensions. In this paper we focus on

D =4 — 2¢, and hence we can drop the this topology.

The final step is now to provide appropriate boundary conditions for the solutions

to this system of differential equations. A systematic method is provided in appendix A,

based on the study of the asymptotic expansion of Feynman integrals [100, 101] in the

static limit y — 1. Using the results of appendix A, we find

—2e¢
i (y) — (—f) (6471’2\/5\/3/—7163 +0(y — 1, 64)> ,

q2

—2€
Ié(@/) — <—2> (16i7re + 167r62(—i10g[32(y —1)] =2y +7)+O0(y —1, 63)) 7

2 —26
Ts(y) — (_q2> (3271’262 —64iV2m\/y — 1€ + Oy — 1,
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Ti(y) — ( ) ( — 16ime + 16ime? (log[32 (y — 1)] + 2y +im) + O(y — 1, € ))
Ti(y) = 0+ O(Vy - 1),

Tg(y) = 0+ Oy — 1),

Th(y) — 0+ O(Vy —1) . (7.16)

With these boundary conditions, we finally obtain the solutions of the canonical basis from
the differential equations

T, = 2e%arccosh(y) (I{w - 4arccosh(y)I§’1> +O(eY,
Ty = €Iy + € (1572 — log (y2 - 1) Ié,l) +0(e%),
T, = ¢ (I{w — 4arccosh(y)I§,1> +0(e%),

Ty =—€ly; + €2 (log (y2 — 1) 51— 52) +0(e), (7-17)
7~ —asccosly) (T} — davccoshly) ) + ().
Ii = (’)(64) )

= 462arccosh(y)l'§71 + 4€®arccosh(y) (1'572 — log <y2 — 1) Ié’l) + O(eh,

2 —2e
Ty, = 16mi (—%) ,

2 —2e
b5 = (1672 — 64mi log(2) — 327 ) <—qz> , (7.18)

q2 —2e
I§,2 = 327T2 <_2> ’

and v denotes the Euler-Mascheroni constant.

where

The possible boundary conditions for the master integrals are related to different phys-
ical regions (e.g. the potential or the soft region), see for instance [100, 120, 121] and ap-
pendix A. These regions are related to different asymptotic behaviours of the integrals in
a given limit (e.g. the static limit y — 1 or the ultrarelativistic limit y — oc). In general,
a master integral has several regions corresponding to a given limit. For a set of master
integrals of a system of differential equations, the asymptotic behaviour is also constrained
by the system, and therefore the regions for the master integrals are usually not indepen-
dent. Here we related the independent regions for the master integrals to the physical
regions. After applying the differential equation constraints, we have two independent
regions characterised by the boundary values®

Iéli% D The+Th€ Iéi% D Thq€ (7.19)

8Here LD stands for leading.
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We find that I?E L]% corresponds to the potential region and Ié%% to the radiation region.

We will also see in the next section that the real part of the two regions generates the
conservative and radiation reaction contributions to the scattering angle, respectively. An
interesting observation is that the values of the leading terms in the two regions are all
determined from three master integrals 75, 74 and Zj, where in the static limit the latter
can be expressed in terms of the former two.

8 Final result and scattering angle from the HEFT amplitude

We now combine the results of sections 6 and 7 and provide an expression for the scattering
angle up to two loops.

To begin with, we express the 2MPI contribution to the two-loop amplitude at order
O(m3m3) directly in terms of the canonical basis,

M(g QMPD b (32WGN) 1-2)°T, y(22-3)(1-20)°T, (22+1)T}
2214(4m)D | 64+/y2 — Le 256 (y2 — 1)% et 32\/y? — 1t

(88y* — 6432 — 35) T,  (68y5 — 100y* — 8y2 + 43) T

192/y2 — 1e3 192(y2 — 1)3/2¢3
y (36y° — 114yt +132y% — 55) 7, yZ{,
+ +0 8.1
384 (y2 — 1)% 3 8et (€ (8.1)

Next, using the expressions for the master integrals from (7.16), we obtain the following

result for this contribution, which also includes the radiation-reaction part:

2\ —2€
Re[MEIP| = g 38T (1) ! )

3,3
mymy

(5y* —8) (1 — 2342)2 Ly (2% —3) (1 — 2y2)2 arccosh(y)
6(y> —1)°? 2(y% —1)° (8.2)

y (55 — 6y2 (6y* — 19y2 + 22)) N (4y* — 1292 — 3) arccosh(y)]

62 17 N

The first line corresponds to the radiation-reaction terms, while the second to the conser-

vative part. The imaginary part of the 2MPI HEFT amplitude is

_ 22 20,2 9y _ 2
Tm[ M 22MPD) _ 4(47T)4_DG§V( q°) l4(4y (y* — 3) — 3) arccosh(y)

mim3 - Nt
(1 2v(,,2_ ) o2 5y°—8  (3—2y?) yarccosh(y)
(6 log[16>7 (32 ~1)] ) (1-2?) e 1

14095220y +127y%> 56  (97—88y®4-240y* —2402)y arccosh(y)
9(y?-1)3/2 3(y2—1)?

] . (8.3)

The terms in the HEFT amplitude of order O(m{m3) and O(m3m3), which contribute only
to the real part of the amplitude, have been computed in section 6.1, see (6.7). Combining
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them with (8.2), we arrive at the complete 2MPI two-loop HEFT amplitude:

2\ —2€ 6 4 2
21 (64 120y* + 60 9
Re[M(Q’QMPI)] = G3ymimi(m? + m3) ) m (64y Y Y )

3(y2—1)°
—?) 7 5y?—8 2y —3) arccosh
- Gl =27 l (1-=2) <6 Eyg—ng/fy( yz (y)2—1>2 (y)>

y (55 — 6y (6y* — 19y + 22)) N (4y* — 12y? — 3) arccosh(y)

6(y% — 1)° V-1 ] - B

The second line is the radiation reaction part. We observe that (8.4) is identical to the
matrix element of the operator N introduced in [94], see eq. (3.30) of that paper.

Finally, we compute the scattering angle. First we introduce the Fourier transform to
impact parameter space:

dD 2 -
S g e

HEFT —
4m1m2\/y —

At tree level we find

dD2 2,2

5 '@5(327rGN)721T; (D —2)y? —1]

v = 1

_ Gymymy (7b%) [y?(2 — 2¢) — 1]T(—e)

a ViZ—1(1—¢)

8.6
G (m5)€(myme)t—2¢ [y2(2 —2¢) — 1] T'(—e¢) (86)
- (v —1)2 I—e
0 GnJ* 2y% — 1
- mima )
€ yQ —1
where we used J = Pb, with P being defined in (2.9).
At one loop, by performing the Fourier transform we find
dP—2q =5 3G (5y? — 1)
sQ) —iTb (10203 & 23 N
HEFT — 4m1m2\/y7_ 27‘r D— 2 ( 17102 2 1) _q2 (8.7)
G 3r
- JN 4\[m%m§(m1 + ms) (5y2 — 1) .
Finally, at two loops our result is
(2) d"2q b (2,2MPI)
5 — 7/Lq' )
Re[dyppr] 4m1m2\/y7— L 2 Re[M ]
_ 1 mimayVy? —1 (Re[M(Q,ZMPI)} ) (8.8)
J? 2ms (_q2)726 e=0 ’
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where Re [M(Q’QMPI)] is given in (8.2). The scattering angle is then obtained from (4.1),
and our final result up to two loops, or 3PM, is

Gn 2mima (2y% — 1 G2, 3«7

X \/?% ) 7 4\fm1m2(m1 +ma) (57 1)
G3, mima/y? — 1 21 (649° — 120y* + 60y? — 5
+ ﬁ s mim3(mi +m3) ( 5 ) )
3(y*—1)
(5y% —8) (1 — 2y2)2 Ly (2y* —3) (1 — 2y2)2 arccosh(y)

6 (y2 — 1)%? 2(y2 — 1)°
y (55 — 6y (6y* — 19y + 22)) . (4y* — 12y - 3) arccosh(y)} }

6(y> —1)° V21

This is in agreement with the result of [15, 18, 19, 102]. The radiation reaction part (third
line of (8.9)) was also computed in [18, 103, 104] and our result agrees with theirs.

(8.9)

+ m‘i’mg(—&r) {

We conclude this section with two comments. We note that the imaginary part of
our 2MPI amplitude, quoted earlier in (8.3), is very similar (but not identical) to that
of [18, 19]. There is no reason for these quantities to agree completely since there are
subtle differences in how iterating terms are removed in [18, 19]. However the relation [19]

: (2) _ (2)
lim [Re dyppy],, = — lim [relm dyppy], (8.10)
where rr stands for the radiation reaction part, does hold also in our case, with our
[Re 51({2}?3FT] being identical to that of [18, 19].

rr

The appearance of the imaginary part (8.3) in the 3PM amplitude is a very interesting
fact, related to radiation emission. The radial action (from which the deflection angle is
extracted) is believed to be related to the matrix element of the hermitian operator N
introduced in [94]. As discussed in section 4.4, the real part of our dggpr is identical to
this matrix element — with the extra imaginary part only arising from the first diagram
in (2.17) of that reference (the triple cut involving two massive particles and a radiation
graviton). Hence at 3PM order we just need to drop the imaginary part of dggpr to obtain
the matrix element of N and hence the radial action.

Beyond 3PM the situation is more involved. It is reasonable to expect that the correct
prescription in our HEFT approach is again to relate dggpr to a specific matrix element of
N, generalising (2.10) of [94] to the next PM order. Our expectation is that our approach
again automatically implements many of the subtractions implied by the definition of N
but will require the subtraction of a larger set of radiation cut diagrams.
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9 All-loop conjecture for the classical contribution in the probe limit

In this section we present a conjecture for the all-loop structure of the leading terms in the
2MPI amplitude in the probe limit. Consider the following “fan” diagram at L loops:

b1 > H > Pa

The lower part of the diagram is tree-level amplitude in HEFT, which is of O(m?) while
the upper is of O(m%?) at L loops. Therefore the diagram behaves as O(m3ml*2), which
dominates the classical gravitational scattering in the probe limit mg > m;.

A similar procedure to the one followed in previous sections at one and two loops
allows us to express the L-loop diagram in terms of a basis of master integrals. Leaving
a systematic study of general higher-loop diagrams for the future, here we conjecture that
the simple fan structure found at one and two loops gives the leading contribution in the
probe limit also at higher loops. In particular, all the internal propagators arising from
the lower tree-level HEFT amplitude are absent in the master integrals. That implies that
there is only one master integral, given by

b2 b3
a) —
b 2
1 50y -v2)6(La - v9) -+ -8(LL - v2)
— (2m)f / dty - dey, . 9.2)
nLD/2 G '6%6%-‘:-1

The needed HEFT amplitude has some simple general properties, which allow us to write

down a general expression for the fan diagram at an arbitrary number of loops L. The tree-
level amplitude in the HEFT as obtained from the double copy contains a factor W from
each heavy-mass propagator, which will generate a factor ﬁ after the IBP reduction,
ﬁ. The terms that do not contain any heavy

propagators will have a similar velocity dependence as the tree-level amplitude, which is

resulting at L loops in a factor of

of O(y?) in the limit y — oo. Therefore we conclude that the L-loop contribution to the
classical potential in the probe limit takes the form
2,0, L+2~L+1
L mimy G
M 2) iz ~ 11 N

T2 YN . ial i (L)
! W21t X [degree (2L + 2) polynomial in y] G\ (9.3)

We can now compare the tree-level amplitude

327G m3m}3

(0 2 1] (9.4

mim

M(O% 2 — —
17772
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together with the one-loop and two-loop results in (5.13) and (6.5), respectively. We then
observe some interesting pattern for the D-dependent factors:

(D -3)"

e The overall prefactor is of the form m

o In the degree-(2L + 2) polynomial in g, the coefficient of the 3? term is proportional
toD—24 L(D —3).

o The ratio between the y?/*2 coefficient and the y? coefficient in the polynomial is
proportional to D — 2 + L(D — 3) + 2j.

Combining these observations, we expect that the amplitude contributing to the scattering
angle in the probe limit at L loops takes the form

M® 1 (320G m3md (D - 3)E
mimy 2 (L4 1)1 2L(4m)LD/2 (D — 2)L+1 (2 — 1)F
L+l -1 (9.5)

[Z%H( — 2+ L(D - 3) + 2§ )y | GP),

where cr, ; are some undetermined D-independent constants. For example, at three loops,
the relevant amplitude in the probe limit is conjectured to be

1 (327G y)*t mim3(D - 3)3

MB) i [5.4(4D — 5)(4D — 7)(4D — 9)(4D — 11)y°

mim3 E 8(47T)3D/2 (D _ 2)4 (yQ _
+¢33(4D — 7)(4D — 9)(4D — 11)y® 4 c39(4D — 9)(4D — 11)y*
+e31(4D = 11)y* + 03,0} G®. (9.6)

We have verified this pattern up to 9PM by comparing (9.5) to the scattering angle for a
massive probe particle in the background of a Schwarzschild black hole (see for example
the appendix of [117], and we conjecture that it holds for any loop order.

10 Outlook

In this paper we have studied the 2 — 2 scattering amplitude of two heavy particles at
one and two loops using a formalism based on heavy-mass effective field theory. We have
defined a new HEFT phase as the Fourier transform to impact parameter space of the sum
of all 2MPI diagrams in this theory. We have found that this phase is directly related to
the scattering angle by taking the derivative with respect to the angular momentum of the
binary system.

An important question is to understand more precisely the connection of our work
to the results of [24, 94], and in particular the relation of our HEFT phase to the radial
action (or the real part thereof), which our phase agrees with for the conservative part.
This hints at a strong relation between the ab initio removal of iterating terms advocated
in [24] and our approach, avoiding the task of explicitly evaluating terms which exponen-
tiate as usually done in the eikonal approach. It would also be interesting to compare to
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worldline approaches, which tackle directly the computation of an effective action sitting
in an exponent [36].

An obvious task consists in generalising our work to higher loops. The use of our novel
colour-kinematic duality [85] will be crucial to produce compact expressions for the tree
amplitudes entering the unitarity cuts. An additional challenge beyond 3PM is that elliptic
functions appear [24, 39]. The inclusion of spin effects would also be interesting to discuss
within our HEFT approach, as well as the computation of other classical observables in
the spirit of [1, 122].

Finally, since our approach has produced integrands valid in D dimensions, it would be
interesting to work out the 3PM integrated amplitude beyond the probe limit in a general
number of dimensions. This requires work on the relevant master integrals, setting up
the relevant differential equations around integer dimension D > 4, and computing the
corresponding boundary conditions. We leave these questions for future work.
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A Asymptotic behaviour of master integrals and boundary conditions

A.1 The general methodology

In order to find the asymptotic behaviour [100] of the master integrals, it is convenient to
use Feynman parameters. A general scalar integral with a single dimensionless kinematic
parameter z (e.g. a ratio of masses and Mandelstam variables) takes the following form

m

Tarama (1) = / d"a 6(1-3 i) [ %
0 j=1 F(

=1

i—1 Uai%D(OA

a;) F‘“%D(a, x)

, (A1)

where a = Y i", a;, each a; is the power of a Feynman propagator, and F, U are the
Symanzik polynomials. The numerical evaluations of the integrals are usually performed
using sector decomposition [123, 124] or Mellin-Barnes representations [125]. Here we use
the Cheng-Wu theorem [126] to remove the delta function, as follows:

& — m % Ua*%D(a)
7. g (T) = doi A - dow - - A do ( j ) (A2
o1zt () o Z " jlll“(aj)Fa—éD(a,x) a;—1 (4-2)
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and the hat denotes the omission of the corresponding integration. In general, the integral
can be expanded as’

I(z) =5 32 (T + ) (A.3)
R

where the summation is over different regions R, and LD stands for leading term. The
parameters wgr depend on the number of dimensions and the difference of any two wg is
never an integer. In the literature, each non-vanishing Iﬁg) is called a region, while the
dots in (A.3) denote higher-order terms in each region.

In principle, all the expansion coefficients can be written as an integral over the Feyn-
man parameters. However, the closed integral form of II(JIS) for a general Feynman integral
is still not known. It was conjectured that all these integral forms can be obtained by
re-parameterising the Feynman parameters «; — of(ay, -+, am,x) and then extracting

the common factor "% as
Z(x) = xR /dm_lo/ R, x). (A.4)
Then for the region R we have
ﬁ@:/ﬂ*dRWﬂ) (A.5)

In practice, the method introduced in [101, 127] is more efficient, and we now review it.
The key assumption in [101] is that the leading terms in the power expansion of the integral
in the parameter x can be obtained by rescaling the Feynman parameters by some powers
of x and expanding the integrand directly.'” In particular, the monomials in the U and F'
functions have the form z™ [T, a;*. We then rescale «; as o; 2%, and denote by U’ and
F’ the rescaled functions, dropping all subleading terms in x. Furthermore, we introduce

vectors containing as components the powers of the monomials in the U’ and F’ functions

r(il)’ r(i2), SRR r(it)’ r(j1)7 r(j2)’ s, r(js)’ (A‘ﬁ)

where ¢t and s denote the number of monomials in U” and F’. More concretely, each r is a
vector whose components are the degrees of the monomials with respect to the variables

T, a1, G2, =, Qj, -, Qp, (A7)

where the hat indicate omission of the corresponding variable. We then scan all possible
leading terms (in x) by choosing different monomials in the original U and F' functions. For
each choice of leading term, the new U’ and F’ are represented as sums over the following
monomials from the original U and F' functions:

mg1)7 m82)7 ) mg]it)7 mgl)ﬂ mgg‘é)? Ty m%’S) : <A8)

9See [127] for a recent review.
1%For a recent discussion on this point see [127].
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As the terms in the U’ or F’ functions are of the same degree in x after the rescaling, we
have the constraint equations for the rescaling degrees

v (p0n) — plin-1)y — 0, Vh € [2,¢],

A A (A.9)
v - (rln) — plin-1)y = g, Vh € [2,s],
where v is the vector {1,v1, -, 0+ ,v,} made of the powers of the rescalings by =z,
i.e. the rescaled variables are
o', 2%, x%ag, o, Qg e, VM, (A.10)

If there is no solution to the constraint equations, then such a region does not exist. Indeed,
if the constraint equations do not fix the values of v, then there exists some rescaling
freedom such that the leading integral Zrp has the scaling

Iip LGN 2 Iip, (A.11)
where w is non-zero. In this case the leading integral always vanishes in dimensional
regularisation. If the constraint equations fix the scaling vector v, then using the solution
for v from (A.9) it is easy to check that all the other monomials in the original U and F
functions are of higher degree in x after rescaling.

We scan over all the U’ or F’ functions, and solve the constraint equations (A.9) for

the monomials in the U’" or F’ function. Finally we are able to find all the regions:

T(x) 225 5 gwn 7). (A.12)

R

where, again, the difference of any two w(®) is never an integer.

A.2 One-loop example

As an example, we consider the one-loop box integral

204 _ / a ! (A.13)
¢ wP/2 03 (pa +p3 — 1) 2(2p1 - £1)(—2v2 - £1) | .

After using Feynman parametrisation, we arrive at

7 (8=D\ [ - 2
IélA) :ng 7)F (2)/0 dSCY (Oé3+1)4 D (a%_*_ag _2a2a1yl_2a1{13+2043x> %7

(A.14)
where y' = £-2 and z = —P2%2. The power index vectors for the monomials
1
1 o3 04% oeg Qo0 LT 3T (A.15)
are given by
rD) p@)[$B) p(4) p(B) £(6) £(7)
0O 0|0 0O O 1
0 02 0 1 1 0 (A.16)
O o0 2 1 0 O
O 1,0 O O O 1
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Then we scan over all the possible leading terms for the U or F' function. For example
if we choose the leading terms to be 1,3 and o2, a3, asay, then by (A.9) the constraint
equations for the rescaling degrees are

v3 =0, V1 = V2, 209 = v1 + vo. (A.17)

These equations do not determine the rescaling degrees and hence the region with these
leading terms does not exist.

If we choose the leading terms to be 1,a3 and a?, a3, azaq,ras for the U and F
functions, respectively, then the constraint equations are

vy =0, V1 = V2, 2uy = v1 + V2, 1+wv3 =wv1 + vs. (A.18)

In this case the solution exists, which is given by
11
=<¢1,-,-,0%. A.19
v={15.5.0} (A19)
It is easy to check that the chosen monomials are the leading terms under this rescaling.
After scanning over all the possible leading terms in the U and F functions, we find
that the only nontrivial solution for the rescaling degrees is (A.18). Therefore we get, for
the asymptotic behaviour,

e el _ D
I(Cl’4) ﬂ>(/ da ng 7 F(4— 2) (a3 +1)47P (—2a2a1y’ +af +a3+ Qag,) €_4>
0

xz T [1+0(x)]. (A.20)
There is only one region for the box integral IélA) defined in (A.13).

A.3 Two-loop examples

In this section we discuss the asymptotic behaviour of the two-loop master integrals.

In order to evaluate our two-loop HEFT amplitude, only the results quoted in this
section are required. In particular, our two-loop master integrals contain both linear prop-
agators raised to arbitrary powers and delta functions. These are implemented by the
following replacements:

7:71

2

i in—l oo 1
s n—1 _ipa (n—1) _
on F(n)/o do " e ) (p)

so that in Feynman parameterisation, the parameter corresponding to a cut propagator

-1 00 ‘
/ da a1t (A.21)
™ J—o0

is integrated over the domain (—o0,00). Such integrals can usually be transformed into
contour integrals and evaluated as a sum of residues.

As a first example we consider the master integral 7 = G,1,0,1,1,0,0,1,1- Its Feynman-
parameterized form is

2

D—4
11 = 457DF(5 - D) (—q2> / dagda4da5/ dagdag 0 (ap+ay+as+ag+ag—1)
0 —00

3D

(042044 + asay + CM2045) =% (a2a§ + Oé504§ + Ckgag + a4ag + 8oy — 2&204904&7;) D=5,

(A.22)
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The integration over ag, ag is evaluated directly, leading to

2\ D—4 3D
202 (=) D(5-D) (asaaas) P~ (aas + as (as + a5)) %

)

Il = / dagda4da5
A (4—D)\/(a4—|—a5)a2+a4a5+a§ (1—19y?)

(A.23)

where we define the integral [, as

/ daildam te dair = / daildaiZ cee dOziT (5(1 — Z Ozij>. (A.24)
A 0 :
7j=1

In the static limit y — 1, this master integral has one region up to O(y/y — 1) from the
rescaling

(Ry) : g — az(y —1)°, oy — ayly — 1), as — as(y —1)°. (A.25)

Then the leading order integral in this region is

D—4
2D_27T (7§) F(57D) (012044045) D—4 (Oé4a5+a2 (Oé4+a5)) 57%
(4 —D)\/(aq + as) az + agas

475/2 (—%) b cse(mD)T (%)2

Zfi%:AdQQda4da5

= — . A2
r (359 (2;2) (A.26)
2 2
(R1)
Hence we have Z;|y—1 — Zy 7).
As a second example, we consider the master integral Zo = _gGOQ,O,l,LO,O,Ll- After
performing some integrations, similarly to what was done earlier, we obtain
D—4 D-5 6-3L  ¢*\D-4
To oo agas+as (ag+a 2 (—4 I'(5—-D
IQ:/ dasdaydos —2 (a405) (2aas+as (aatas)) (%) ( ) (A.27)
A

23_D\/(Oé4 +as) ag + agas + a3 (1 —y?)

In the static limit y — 1, this master integral has two regions up to O(y/y — 1) from the
rescalings

(R1): ag — as(y — 1)0, ay — agy — 1)0, as — as(y — 1)0,

A.
(Ry) : ag — az(y—1)°, ay — oy(y — 1), as — as(y —1). (4.28)
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Then the leading-order integrals in these two regions are

11-3D

D—4 9\ D—4
Q
Iéfil]% = /A dagda4da5ﬂ2§j(a4a5)D75 (agas+ag (atas)) 2 (_g;) I'(5—-D)

47512 (—%)D*4 ese(rD)T (252) 1 (252)
r(z-2)r(y-4)
)03 (astas) = (-4) (3-1)3-ir6-D)
23-D, [y (s + a5) — 203

)D74 (y — 1)? csc(mD)T <% - %) r (% — 2)
r(p- '

T, = /A daadaydos

. 9oI_D imD
Ime227 2 2 (—

NI

)
(A.29)
Thus, we find for Z, the following asymptotic behaviour,
Tolys1 =I5 + I + 0(Vy — 1) (A.30)
The master integral 73 can be expressed as
7 2 2 ()2
- 2(2(D=5)Ts — (D= 4) (y* + 1) T) = 3(D — 4)> (4* — 1) 117 s

2y

where Tz = (—%) G0,1,0,2,1,00,1,1- We only need to derive the asymptotic behaviour for T3

_3D D—4
7 (agauas) P (auas + as (o + a5)) 0772 (—QQ)

I'(5— D)
ajaja? \/(a4 + a5) ag + agas — a3 (y2 — 1)

= 4
13:/ dOéQdOé4dOé5
A

(A.32)
There are two regions for this master integral
(R1): ag— az(y—1)°, ay — ay(y —1)°, as — as(y —1)°, (A.33)
(Ry): ag — as(y—1)°, ay — oy(y —1), as — as(y —1).
For the first region, we have
/2 (_a?\P s D=5\ (D=3 _
_py 2 (%) T6-D)r(252)1(22) (D -3) e
") (3 3) o
2 2 2
while for the second
, 1_3D D—4 D=3
—(R») m2iPH1227% (—¢®)7 " (y —1)72 cse(nD)T (% — %) r (% — 1)
I31p = - (A.35)
r(p-i)
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We can then derive the asymptotic behaviour for the master integral
- (R (R
Tlyot — T + I8 + Oy — 1) . (A.36)

The Feynman parameterisation of the master integral is

4 D 7 (—A) P T (5 - D
Iy = —/ dagdasdas T (a2ofof)4 (az(as +as)) 7 = (-q) ( ) . (A.37)
A ajasai(D — 4)/as (ag + az + as — asy?)
The master integral has only one region
(Ry) : ag — ag(y —1)°, ay — ay(y — 1), as = as(y—1). (A.38)
In this region, we have
2 (—ﬁ)D_4 (2-2y)°7F ese(xD)T (4 - 2yr(2-1)
7(R) _ 2 2 )7 A2 (A.39)
4LD — Ds 5 : :
2050 (D - 3)
Then the asymptotic behaviour for Z is
(R2) _ A.40
Lalys1 = Lyyp + Oy —1). (A.40)
Summarising, for all of our master integrals we find a total of six regions:
R R R R R R
L b Lip Lib s Zinpe (A4

Other master integrals vanish in the static limit.

According to the canonical basis in (7.16) and the differential equation in (7.14), the
regions IA(‘}I%JQI% and Ié%% are related. Moreover the regions I{ Lllg, Iélilg and Ié?j% are

vanishing in the static limit. Hence only two regions remain:
R R
15, Tyip, (A.42)

where Iéli% is the potential region and the other one is the radiation reaction region.

The relevant master integral for the probe limit can be evaluated directly as it does
not depend on y,

47r5/2(Tq)D 4ese(rD)T (%) cs0  Am? (7q2)—2e

G2 — _ . (3([)273)) . <¥) -

(A.43)




B Integrand of the 2MPI two-loop HEFT amplitude

In this appendix we list the integrands for the four 2MPI cut graphs of the two-loop HEFT
amplitude in (6.8). The integrand basis is given by the following 71 monomials according
to the definitions (6.11) and (6.12):!!

Gi=G_11,-1,1,122,1,1 Go=G_-1,1,01,1,02,1,1 G3=G-111,-11,04,11
Gis=G_111,01,-13,1,1 G5 =G-11,1,01,021,1 Ge = G-1,1,1,1,1,-22,1,1
Gr=G_-1,1,1,1,1,0,0,1,1 Gs = Go,1,-1,1,1,2,0,1,1 Go = Go,1,0,1,1,-1,1,1,1
Gio = G0,1,0,1,1,0,0,1,1 G11=Go1,01,1,1,-1,1,1 G2 = Go,1,0,1,1,1,1,1,1
G13=Go011,-11,-1,311 G4 = Go,1,1,-1,1,0,2,1,1 Gis = Go,1,1,01,-2,2,1,1
Gi6 =G01,1,01,-1,1,1,1 G17 = G0,1,1,0,1,0,0,1,1 Gis = Go,1,1,0,1,0,2,1,1
Gi19=Go1111,-311.1 Ga0 = Go,1,1,1,1,-2,0,1,1 Ga1=Go1,1,1,1,-1,-1,11
Goo = Go1,1,1,1,-1,1,1,1 Gas = Go,1,1,1,1,0,-2,1,1 Gas = Go,1,1,1,1,00,1,1
Gos = Gl,l,—l,l,—1,4,0,1,1 Gog = Gl,l,—1,1,0,2,0,1,1 Gor = Gl,l,—1,1,0,3,—1,1,1
Gas = G1,1,-1,1,1,00,1,1 G =G11,-1112,-21,1 Gso = G1,1,0,1,-1,2,0,1,1
G31 = G1,1,0,1,-1,3,-1,1,1 G32 = (G1,1,0,1,0,0,0,1,1 Gs3 = G1,1,0,1,0,1,-1,1,1
Gss=G110102-21.1 G35 = G1,1,0,1,0,2,0,1,1 Gs6 = G1,1,0,1,1,-2,0,1,1
Gzr = G1,1,0,1,1,-1,~1,1,1 G3s = G1,1,0,1,1,0,—2,1,1 G39 = G1,1,0,1,1,0,0,1,1
Gao = G1,1,0,1,1,1,-3,1,1 Gy =G1101,1,1,-1,1,1 Ga2 = Gr11,-1,-122,1,1
Gz =G111,-1,002,1,1 G =Gr11,-11,-2211 Gas = G1,1,1,-1,1,0,0,1,1
Gas = G1110-1201.1 Gar = G11,1,00-1,1,1,1 Gas = G1,1,1,00,0,0,1,1
Gi9 = G111001.-1.1.1 Gs0 = G1,1,1,0,0,1,1,1,1 Gs51 = G11,1,01,-31,1,1
Gs2 = G1,1,1,01,-2,0,1,1 Gs3 = G1,1,1,01,-1,-1,1,1 Gsa = G1,1,1,0,1,-1,1,1,1
G55 = G111,01,0-21.1 Gs6 = G1,1,1,0,1,0,0,1,1 Gs7 = G1,1,1,1,-1,00,1,1
Gss = G111,1,-12,-21.1 Gs9 = G1,1,1,1,0,-2,0,1,1 Geéo = G1,1,1,1,0,-1,-1,1,1
Ge1 = G111.1,00,-21.1 Ge2 = G1,1,1,1,0,0,0,1,1 Ge3 = G1,1,1,1,0,1,-3,1,1
Gea = G11,1,1,01,-1,1,1 Ges = G1,1,1,1,1,-4,0,1,1 Gos = G1,1,1,1,1,-2,-2,1,1
Ger = G111.11,-201.1 Ges = G1,1,1,1,1,-1,-1,1,1 Geo = G1,1,1,1,1,0,-4,1,1
Gno=G1111 1,0,—2,1,1 G =G11,1,1 1,0,0,1,1

[t Rkt ] yy sty

The integrands for the four different cut diagrams in (6.8) are

71 71 71 71
> e > Ma, > G, 2 G, (B.1)
i=1 i=1 i=1 =1

1Since here we are describing integrands, the integrations implied in (6.11) are suppressed.

40 —



where the coefficients are given in D dimensions by
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