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ABSTRACT: In [1], logarithmic correction to subleading soft photon and soft graviton
theorems have been derived in four spacetime dimensions from the ratio of IR-finite S-
matrices. This has been achieved after factoring out IR-divergent components from the
traditional electromagnetic and gravitational S-matrices using Grammer-Yennie prescription.
Although the loop corrected subleading soft theorems are derived from one-loop scattering
amplitudes involving scalar particles in a minimally coupled theory with scalar contact
interaction, it has been conjectured that the soft factors are universal (theory independent)
and one-loop exact (don’t receive corrections from higher loops).

This paper extends the analysis conducted in [1] to encompass general spinning particle
scattering with non-minimal couplings permitted by gauge invariance and general coordinate
invariance. By re-deriving the Inw soft factors in this generic setup, we establish their
universal nature. Furthermore, we summarize the results of loop corrected soft photon and
graviton theorems up to sub-subleading order, which follows from the analysis of one and
two loop QED and quantum gravity S-matrices. While the classical versions of these soft
factors have already been derived in the literature, we put forth conjectures regarding the
quantum soft factors and outline potential strategies for their derivation.
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1 Introduction and result

The soft theorem examines the infrared properties of a scattering amplitude involving a low
(soft) momentum photon or graviton, in addition to other asymptotic particles. It establishes
a relationship between this amplitude and the one without the low momentum photon or
graviton. In a series of papers [2-6], it has been established that tree level soft photon and
soft graviton theorems in four spacetime dimensions (D = 4) are just the manifestation
of gauge invariance and general coordinate invariance at the scattering amplitude level.
Soft factorisation alone does not provide profound insights into the ultraviolet completion
of QED or quantum gravity theory, nor does it impose additional constraints on the
quantum theory beyond what has already been achieved by gauge invariance and general



coordinate invariance.! Instead, given an effective field theory (EFT) action with potential
non-minimal interactions permitted by gauge invariance or general coordinate invariance,
one can systematically compute the non-universal soft factors up to a certain order in
the soft momentum expansion [3, 5, 8]. In the past, there were challenges in obtaining
loop corrections to the subleading soft photon and graviton theorems in D = 4 due to
the presence of infrared divergence in traditional scattering amplitudes [9, 10]. However,
this issue has been successfully resolved in [1] by directly working in D = 4 and carefully
analyzing the possible non-analytic structures around w = 0. In this work, the subleading
soft photon and soft graviton theorems have been derived at the one-loop level, taking
into account both electromagnetic and gravitational interactions. Interestingly, it has been
observed that the subleading soft factors emerge at an order Inw, where w represents the
energy of the soft photon or graviton. The loop corrected subleading soft factor is dominant
compare the tree level subleading soft factor, which is of order w®, as the energy approaches
zero (w — 0). The existence of the Inw soft graviton theorem has been confirmed in [11, 12]
with perfect agreement with the result of [1] in the massless limit.

The soft graviton theorem results offer an intriguing application in deriving low-
frequency gravitational wave forms and gravitational memory for astrophysical scattering
events from their classical limit [13-23]. In a typical classical gravitational scattering
scenario, one provides initial scattering data such as masses, velocities, sizes, intrinsic
angular momenta, and impact parameters of the scattered objects, along with the specified
interaction among them. The goal is to determine the gravitational waveform as an output.
However, the classical limit of the universal soft graviton theorem directly provides the
low-frequency gravitational waveform in terms of both the initial and final scattering data,
regardless of the knowledge of the interaction involved in the scattering process. This
suggests a novel approach for deriving low-frequency and late-time gravitational waveforms
by directly studying classical gravitational scattering processes with both initial and final
scattering data, known as the classical soft graviton theorem. This approach has been
successfully pursued in [15, 16, 21, 23]. The derivation of the classical soft graviton theorem
readily extends to higher orders in the low-frequency expansion of the gravitational waveform,
and numerous higher-order terms have been derived. However, deriving their quantum
counterparts from the analysis of scattering amplitudes proves to be challenging in general,
as discussed in the main body of the paper.

"We would like to emphasize that the Ward identities relating these soft theorems to asymptotic symmetries
also do not provide any additional constraints on the quantum theory of electromagnetism or gravity beyond
what has already been achieved by gauge invariance and general coordinate invariance [7]. Instead, the Ward
identities are simply the manifestation of the equations of motion for low-frequency photons or graviton
fields at the level of scattering amplitudes. Where the soft charge is represented as an integral over the
radiation mode of gauge or graviton fields and the hard charge is an integral over the inverse propagator
operating on the current or stress tensor associated with finite energy scattered particles. The asymptotic
symmetry parameters (large gauge transformation and asymptotic radial modes of bulk diffeomorphism) on
the celestial sphere are just smearing functions that appears in both the integrands of the soft and hard
charge expressions. The conservation of asymptotic charges about spatial infinity manifests as crossing
symmetry relation between the two QED or gravitational S-matrices involving the soft photon/graviton in
the ingoing and outgoing states.



Consider a gravitational scattering amplitude involving N number of finite energy par-
ticles (hard particles) with momenta, spins and polarizations {p;, ¥;,€¢;} for i =1,2,--- /N
(N > 4) and one low-energy (soft) graviton? with momentum and polarization k, e, and
denote this scattering amplitude by AN+ ({¢;,p;, B}, ¢, k). We are following the conven-
tion that all the particles are ingoing, so if some of the particles are outgoing then we have
to flip the sign of the four momenta for those particles. We will treat the soft graviton
as outgoing with energy w, so according to our convention k* = —wn* with n* being the
null vector whose spatial part denotes the direction of soft graviton emission. Now the soft
expansion of this (N + 1) particle amplitude takes the following form

N
A(N+1)({€i7pi7 2%}7 €, k) = V8rG Z €i,a {(Sgrree)ﬁa + (SQT )ﬁa + (SQT ),Ba + - }
=1

1-loop 2-loop
x AN (i) (1.1)

where Ag)'g (pi) represents the i’th particle polarisation (e;3) stripped N-particle amplitude
AWN) ({€i,pi, X;}), which is defined by the following relation

AN ({ei,pi, Bi}) = €is Ag)v)ﬂ (pi) - (1.2)

In (1.1), the expression of tree level “soft factor™ for single soft graviton emission reads [2,
3, 8, 24-33]
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In D = 4 analyzing tree level scattering amplitudes for effective field theory the non-universal
sub-subleading soft graviton factor at order w has also been derived in [3, 8]. Reference [3]
explicitly evaluated the non-universal contribution to the sub-subleading soft factor in terms
of the non-minimal coupling of two finite energy fields to a soft graviton field through the
Riemann tensor, and the general structure of the three-point 1PI (one-particle irreducible)
vertex involving two hard particles and a soft graviton. By extending the analysis of [3], it
becomes evident that a complete soft factorization is not achievable at order w™ for n > 2
in a generic theory of quantum gravity involving all possible higher derivative corrections
allowed by general covariance. However, a partial soft factorization has been accomplished
by enforcing linearized gauge invariance of the (N + 1)-particle amplitude in [6, 34]. The
generalization of the tree-level soft factor S{r.,
subleading order can be found in [4, 5, 35-43].

for multiple soft graviton emissions up to

2The graviton is the particle created by operating metric fluctuation field huv(x) on vacuum, where the
classical metric fluctuation is defined by h.(x) = Nﬁ (guv () — Npo).

3The actual tree level soft factor should be think of the expression (1.3) with a sum over hard particles
from i =1,2,--- , N. Throughout the whole paper, we follow the same terminology “soft factor” referring to
the soft factor expression without hard particle sum.



The one-loop contribution to the “soft factor” for single soft graviton emission
n (1.1) reads
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In the expressions (1.5) and (1.6), n; = +1 if j’th particle is ingoing and n; = —1 if j’th
particle is outgoing. Under the sign ~ we only keep the logarithmic contributions after
performing the integrations following [1]. The upper limit of the integration A in (1.5)
represents the order of the energy of hard particles and the lower limit of the integration
R~! in (1.6) represents the order of the energy resolution of the detector. The first line
of (1.4) contains the O(lnw) soft factor which has been derived in [1] as an one-loop exact
result, analyzing one-loop gravitational S-matrices in the theory of scalar coupled to gravity.
In [1] a correction to O(lnw) soft graviton factor due to electromagnetic interaction has
also been derived when the scattering particles carry some electric charges as well. In this
article we re-derive the O(Inw) soft factor for single soft graviton emission in a generic
theory of quantum gravity for scattering of particles with arbitrary mass and spin. This
investigation will demonstrate the universal (independent of theory) nature of the O(Inw)
soft factor, while also extending the infrared divergence factorization prescription proposed
in [1] to encompass a broad range of quantum gravity theories. In this paper we also
conjecture the order wlnw soft factor given in the second and third lines of (1.4) which



is derivable from the analysis of one-loop scattering amplitude for the scattering generic
spinning particles in a generic theory of quantum gravity extending the analysis of this
article. The classical limit of this O(wlnw) soft factor has already been derived in [23]
in the name of spin-dependent classical soft graviton theorem which provides evidence on
the correctness of the conjecture.* Note that the tree level subleading soft theorem result
at order w” in (1.3) is not universal as it receives correction at one-loop order, which is
expected to be dependent on the theory as well as the value of detector resolution (IR
regulator) [9, 10].

The two-loop contribution to the “soft factor” for single soft graviton emission
n (1.1) reads
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The above result was conjectured in [21] as a two-loop exact result and can be obtained by
analyzing two-loop amplitudes using the same methodology being developed in this paper.
The classical limit of this order, denoted as O(w(In w)z), was derived under the name of
the sub-subleading classical soft graviton theorem in [21]. This classical derivation offers
substantial evidence supporting the validity of the above two-loop soft factor. Note that the
O(wlInw) soft factor in the second and third lines of (1.4) at one-loop receives a correction
at two-loop order. This correction is expected to depend on the theory of quantum gravity
and the value of detector resolution (IR regulator), hence non-universal. From the analysis
of the n-loop gravitational S-matrix, it is expected that the new leading non-analytic soft
graviton factor, as the frequency w approaches zero, behaves like w"~!(Inw)” relating it
to tree level N-particle amplitude. The general structure of the order w” !(Inw)™ soft
graviton theorem is provided in [21].

Note that the “tree”, “1-loop”, ...subscripts in the soft factors in the expression (1.1)
only specifies the first appearance of the soft factors in the perturbative analysis of the (N+1)-
particle amplitudes at that order (tree or n-loop) and it multiplies to the corresponding
tree-level N-particle amplitudes. But they also appears in the analysis of higher loop

amplitudes as well. For example S/ also appears as a soft factor in the analysis of

tree
(N + 1)-particle n-loop amplitude relating it to the N-particle n-loop amplitude for all
n > 1. Similarly SY' Joop
n-loop amplitude relating it to the N-particle (n — 1)-loop amplitude for all n > 2, and
SQ loop
relating it to the N-particle (n — 2)-loop amplitude for all n > 3. These observations also

also appears as a soft factor in the analysis of (N + 1)-particle
also appears as a soft factor in the analysis of (N + 1)-particle n-loop amplitude

apply to the soft photon theorem results provided below.

4For the scattering of non-spinning particles, the G?wlnw waveform is consistent with the results
from [11, 12, 44], as recently confirmed by Paolo Di Vecchia. When it comes to the scattering of spinning
objects, it should also align with the findings of [45] when one takes soft limit, as will be reported in a
revised version of [46], communicated by Carlo Heissenberg.



Now let us consider the same setup of scattering but turn off the gravitational interaction
and turn on electromagnetic interaction between charged particles. We consider the finite
energy scattered particles carry some electric charges {e;} and study scattering amplitude
involving one soft photon emission with polarization and momentum (g, k). So in this case
the soft expansion of (N + 1) particle amplitude takes the following form

AN (e, i, e, S} e, k) = Zem[Sf:ze © o+ (STToop) 8™ + (S5oop)s™ + -+ |
XA(,') (pi) » (1.8)

where Agg)'g (pi) is defined through the relation (1.2). In (1.8), the expression of tree level
“soft factor” for single soft photon emission reads [5, 8, 24-27, 47-53]
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where the generic expression for the non-universal term N/’ (—p;) contributing to the
subleading soft photon theorem has been derived in [5] and its explicit form in provided
n (A.3). Nf¥(—p;) depends on the non-minimal coupling of two finite energy fields to a
soft photon field through the field strength, and the general structure of the three-point
1PI vertex involving two hard particles and a soft photon. Extending the analysis of [5] it
can be argued that a complete soft factorization of order w™ for n > 1 is not possible in
a generic theory of QED with all possible non-minimal couplings allowed by U(1) gauge
invariance, though a partial soft factorization is achievable by enforcing gauge invariance of
the (N + 1)-particle amplitude [6, 34]. The generalization of the tree-level soft factor S§ie,
for multiple soft photon emissions up to subleading order can be found in [5].

tree

The one-loop contribution to the “soft factor” for single soft photon emission in (1.8) reads
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The O(lnw) soft factor for single soft photon emission in (1.10) has been derived in [1]
as an one-loop exact result, analyzing one-loop S-matrices in the theory of minimally



coupled scalar QED. There a correction to O(Inw) soft photon factor due to gravitational
interaction has also been derived. In this article we re-derive the O(Inw) soft factor in a
generic theory of quantum gravity for scattering of particles with arbitrary mass, charge
and spin in presence of non-minimal coupling. This investigation will demonstrate the
universal (independent of theory) nature of the O(Inw) soft factor, while also extending
the infrared divergence factorization prescription proposed in [1, 54] to encompass a broad
range effective field theories for charged objects. The generalization of the one-loop soft
factor Sf?foop for multiple soft photon emissions up to subleading order can be found in the
section-(3.5) of [55], and the final result has been provided in (3.58).

The two-loop contribution to the “soft factor” for single soft photon emission in (1.8)

reads
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The O (w(lnw)?) soft factor for single soft photon emission in (1.12) has been derived
in the section-4 of [21] as a two-loop exact result, analyzing two-loop S-matrices in the
theory of minimally coupled scalar QED. From the analysis of the n-loop QED S-matrix,
it is expected that the new leading non-analytic soft factor for single photon emission, as
the frequency w approaches zero, behaves like w”!(Inw)™ and it relates to the tree level
N-particle amplitude. The general structure of the order w™ ! (Inw)™ soft photon theorem
is provided in [21].

The rest of the paper is organized as follows: in section-2, we establish our conventions
and describe the general definition of IR-finite scattering amplitudes. We also discuss the
EFT action involving massive spinning particles which transform in a generic reducible
representation of the Lorentz group. In section-3, we review the covariantization prescription
and define one-loop IR-finite QED S-matrices involved in the derivation of the soft photon



theorem. Starting from the IR-finite S-matrices, we derive the soft photon theorem up
to subleading order. In section-4, after reviewing Sen’s covariantization prescription, we
define the one-loop IR-finite quantum gravity S-matrices that are involved in the derivation
of the soft graviton theorem. Starting from the IR-finite S-matrices, we derive the soft
graviton theorem up to subleading order. At the end of both section-3 and 4, we discuss
the possible generalizations of our derivations to higher orders. In section-5, we provide
some open directions to explore in the future after reviewing what we have been achieved
in this article.

2 Setup and strategy

Index convention: we utilize the first few Latin alphabets a, b, ¢, d, ... as Lorentz indices
for the tangent space, ranging from 0 to 3. The Latin alphabets starting from i, j, k, ¢, ...
are employed as indices for identifying individual hard particles, ranging from 1 to N. The
first few Greek alphabets «, 3,7, 9, ... are used as polarization indices for spinning particles
on the tangent space, while the Greek alphabets beginning with A, u, v, p, 0,7, ... serve as
curved space indices, ranging from 0 to 3. In section-3, where we derive the soft photon
theorem solely under electromagnetic interaction in a flat background, we employ both
a,bc,d,...and A\, u,v, p,0,7,... as flat space Lorentz indices.

Metric and unit conventions: in our convention four dimensional Minkowski metric
is nqp = diag(—1,+1,+1,+1). We work in the unit where speed of light ¢ = 1 and Planck
constant i = 1 but keep the gravitational constant G explicit. We define k = 87 (G.

Setup of scattering event: let us consider a scattering amplitude involving N number
of finite energy massive particles (hard particles) with charges, momenta, spins and polariza-
tions {e;, pi, Xi, €} for i = 1,2,--- | N and one low-energy (soft) outgoing photon/graviton
with momenta and polarization k, e, and denote this scattering amplitude by ANHY 1y
our convention we consider all the particles are incoming, so if some particles are outgoing
we need to flip the sign of four momenta and electric charges for those particles. The
energy of outgoing soft photon/graviton is denoted by w so that k* = —wn* where n*
being the null vector whose spatial part denotes the direction of soft photon/graviton

N+1) at one-loop order which involves

emission. Here we are only interested to evaluate A(
Feynman diagrams involving one virtual photon/graviton running in the loop. Then we
perform soft expansion (w < |p;|) of AN to relate it with the N point amplitude which
carries all the hard particles in the asymptotic state but no soft graviton, denoted by
AWN) 5 Note that both the scattering amplitudes A and AN+ are distributions in
momenta as A®Y) contains momentum conserving delta function §(*) (pr+p2+---+pN)
and AN+ contains momentum conserving delta function 6™ (py +pa + - + py + k).
In four spacetime dimensions (D = 4), both scattering amplitudes exhibit infrared (IR)
divergences. Therefore, our first step is to separate out the IR divergent contributions from

both the scattering amplitudes in an unambiguous manner. Then we can obtain the soft

<L 1lforalli,j=1,---,N.

5Note that the soft limit can also be defined covariantly by demanding p?_‘k'

Pi-Pj



factor by examining the ratio of AN+ and AW after full /partial cancellation of the IR
divergent contributions as we explain in later sections.

Feynman diagram conventions: in all the Feynman diagrams describing scattering
amplitudes, time flows from right to left and the particles involved in the scattering will
always be treated ingoing. Solid lines in any diagrams corresponds to massive spinning
particles and dashed lines represent photons/gravitons. If in a figure multiple Feynman
diagrams appears, the counting of their numbers are always from left to right and from
top to bottom. A Feynman diagram will be called an n-loop diagram only if the diagram
contains n number of loops where at-least one virtual photon/graviton is propagating in
each loop. The loops involving only massive virtual particles will be taken care of inside
the massive EFT 1PI vertices and renormalized propagators of the massive EFT. To
determine the Feynman rules for vertices involving photons/gravitons and hard particles,
we follow the covariantization technique developed in the photon/graviton background in
the references [2-5].

Handling IR divergences in the derivation of soft theorem: the traditional S-
matrix in quantum electrodynamics and quantum gravity, in four spacetime dimensions,
exhibits IR~divergence. This is due to the long-range nature of the interactions involved.
Previous attempts to construct IR-finite S-matrices, beginning with the Kulish-Faddeev
construction [56], demonstrated explicit cancellation of IR divergences. However, a system-
atic method for extracting the unambiguous IR finite part remained absent, until Grammer
and Yennie provided one in [54]. A generalization of Grammer-Yennie prescription for
perturbative QCD and quantum gravity can be found in [57] and [1] respectively.

In the derivation of soft photon theorem, Grammer-Yennie prescription helps to factor
out IR divergences from both the amplitudes AN+ and A®) in the following way

AN = exp{Kem} A nies AN = exp{Kem} AR fike - (2.1)

Above the exponential factor containing K., takes care of the full IR divergent contribution
and the IR divergent contributions are exactly same for both the amplitudes. An explicit
expression of K, is provided in (3.28). Basically Grammer-Yennie prescription provides a
systematic procedure to compute IR-finite parts perturbatively for both the amplitudes.
When the soft factor S is a multiplicative function instead of differential operator, we get

AP g 4 A g A 22

Hence to derive the O(Inw) and O (w(Inw)?) soft factors in (1.10) and (1.12) we can directly

start from one and two-loop contributions of IR finite amplitude A%PA[_ }Liii)te and perform

soft expansion.®

N+1)

In the derivation of soft graviton theorem, A contains some extra divergent

factors relative to A®Y) due to Feynman diagrams involving three graviton self-interaction

SIn [58] a similar analysis was conducted to deduce Weinberg’s soft photon and graviton theorems from
all loop order amplitudes. In this context, exp{Kem} is referred to as the soft S-matrix generated from a
product of electromagnetic/gravitational Wilson line operators, while Agg-)ﬁnite is designated as the hard
S-matrix.



vertices. An optimistic dream of the factorization IR divergence using the Grammer-Yennie
decomposition proposed in [1] would be (see also [9, 10, 59] for dimensional regularization)

(N+1)
A(N) = eXp{KgT} ‘AIR finite ‘A<N+1 = exp{KgT + Kphase} ‘AIR —gnlte ’ (23)

where the IR-divergent expressions of Ky, and Kphase are given in (4.28) and (4.29). The
result mentioned above has only been verified rigorously up to one-loop order. Verifying
it for all loop orders is a computationally challenging task that remains open for future
investigation. Now when the soft factor S9" is a multiplicative function instead of differential

operator, we get
AN = 597 AN = AR = exp{—Kpnase} S AlR e - (2.4)

+1)

Hence to derive an unambiguous soft factor by analyzing .A%g_ finite> We need to regulate the
IR divergence of Kppase using a cut off given by the detector resolution. This procedure can
be followed to derive O(Inw) and O (w(lnw)?) soft factors in (1.4) and (1.7) respectively
by analyzing one and two loop IR finite amplitudes. But if we want to derive the O(wInw)
soft factor in the second and third lines of (1.4) we need to deal with the following

additional subtleties:

1. Since the order wlnw soft factor in (1.4) is a differential operator we can not really
commute the soft factor and infrared divergent exponential to get the second equation
of (2.4). Hence to derive the O(wlnw) soft factor we have to start with the full
divergent scattering amplitude AN+ instead of its IR finite part and at the end of
the analysis we may be able to cancel the common IR divergent factor appears in
both amplitudes in the soft theorem relation.

2. Note that the momentum conserving delta function associated with AN+ ig

N
4) (Z i + k) On the other hand the momentum conserving delta function as-
i=1

N
sociated with A is §(4) 2. pi |- Now Taylor series expansion of the first delta

function around small w produces a correction of order w. This correction, when
multiplied with the O(lnw) soft factor, yields an additional factor of order wlnw at
one-loop order. Therefore, this additional contribution needs to be accounted for, if it
contributes something non-vanishing at this order.

In light of these additional intricacies, we have decided to postpone the derivation of the
order wlnw soft graviton factor in (1.4) for future study and focus on deriving the order
In w soft graviton theorem here.

EFT involving massive particles with arbitrary spin: we begin with an effective
field theory (EFT) that describes the dynamics of massive spinning particles. The one-
particle irreducible (1PI) effective action for this EFT is obtained by integrating out all
massive loops. The tree level amplitudes computed using this massive EFT action contain
information about all the loop orders in the original un-integrated massive quantum field
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theory (QFT). However, if the un-integrated QFT includes massless fields, our initial
approach using the 1PI effective action becomes invalid. Nevertheless, our prescription for
covariantization and computation of loop amplitudes, as described below, remains valid. In
such cases, the 1PI effective action should be regarded as the tree level action for the EFT.
Let ®,(x) denotes the set of all massive fields in real representation, present in the 1PI
effective action” which transforms in a reducible representation of Lorentz group SO(1, 3)
in the following way,

SO(1,3): z% — 2/ = A%, b = (8¢ + \* )z’ + O(\?)

B (z) = B (z) = {exp{ _ ;Aabzab}] 7 A, (2.5)

[0}

where \gp = —\pq is the infinitesimal Lorentz transformation parameter and 2% is the spin
angular momentum generator of SO(1, 3) transformation in the real reducible representation.
The subscript index « is used as a combined notation for denoting different fields in the
theory as well as the spin/polarization indices of each of the fields. Under global U(1)gas
the field ®(z) transforms in the following way,

U(L) g @ Dolz) — D (z) = [exp{ige}}j ®s(z), (2.6)

where 6 is the parameter of global U(1)gys transformation and Q is the generator of global
U(1)gas transformation in the real representation of ®(x). Usually we associate U(1) gy
global charge to complex fields but since we want to covariantize the theory simultaneously
in the background of gravity and gauge theory together following [5], working in terms
of real field components is convenient. For example instead of a complex scalar field we
work with two real scalar fields considering them in a two component vector which rotates
under SO(2) and Q is the generator of SO(2) transformation. In the set of fields denoted
by ®,(x), there may be some elementary fields in the irreducible representation of Lorentz
group which does not transform under global U(1) gy, for those fields the elements of the
charge matrix Q will be zero.

Let us start with the general form of the quadratic part of the massive particle 1PI
effective action®

d d4 «
R e

4
- 5/ (2:)14 é:)i 2m)*W (g1 + ¢2) @7 (1)K (g2)®(q2) (2.7)

In &, (z) we also can include massless finite energy particles e.g. hard photon or graviton, in that case
our 1PI effective action should be thought of as tree level action.

8If the original theory contains some massless fields, then this action should be thought of as quadratic
part of the tree level gauge fixed action. Because in presence of massless fields, the 1PI effective action of
the theory may be non-local and the kinetic operator (g) may not be polynomially expandable around
¢" = 0, which is the key assumption for the validity of the covariantization prescription discussed below.
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where K(g) is the renormalized momentum space kinetic operator which satisfy the follow-
ing condition:

K*P(q) =+ K°*(—q)

K@) =+ [K(-0)] (23

In the second lines of (2.7) and (2.8) we introduced the index free notation, which we follow
through out the article. In the r.h.s. of the above equation, + sign is for bosonic field
and — sign is for fermionic field. For simplicity we work with the + sign considering ®(x)
being Grassmannian even, but the final result of soft theorem computation will be same
for both bosonic and fermionic fields. The Feynman propagator for the i-th particle with
renormalized mass m; from (2.7) becomes

as(@) = i[KK7H(9)] 5 = (¢ +mf —ie) ™" Eiagla), (2.9)
where IC;(q) is the kinetic term for the set of fields representing the i-th particle after proper
diagonalization of the quadratic part of the action S2). The above equation also defines
=i(q) as the residue of the pole of the propagator for i-th particle. The relation between
KC; and =; and their momentum derivatives satisfy the following relations in the index free
notation, which will be useful for later computation [2]

Ki(q)Zi(q) =i(q*+m; —ie), (2.10)
OKi(q) - 0Zi(q) .
Ei(q) =K 2iqq 2.11
D (9) Ki(q) 3" +2iq (2.11)
621C1(q) 8ICZ(q) 8Ez(q) 8ICZ(q) 8EZ(q) 8251(q) .
Eilg)=— — —K; 2iMab » 2.12
dq*dqb (q) dq° dqb dqb dq° (9) Dq° 0 +21Map ( )
Ei(q)Ki(q) = i(q*+m; —ie), (2.13)
9Zi(q) —  OKi(q) .
7 == 2 a s 2].4
dq® (9) (9) Dq° +21q ( )
9%Zi(q) 9Zi(q) OKi(q) 0Z=i(q) OKi(q) *Ki(q) | .
i(q)=— - -5 2iNab - 2.1
9q*0q° Ki(q) 9q*  Oq¢b g Dq® (@) dq0qb +2ab (2.15)

The Lorentz covariance of IC; and Z; implies the following two relations

oKi(q)  ,0Ki(q)
2K (q) = —Ki(g) 2 + ¢ p , 2.16
(X57)" Ki(g) (@)% +q on ¢ o (2.16)
_ _ 0=(q) 0Z(q)
2% =i(q) = —Zi(g) (20T - ¢° +q : 2.17

where 3J; is the spin angular momentum generator for i-th component field inside ®(x).
Taking derivatives with respect to momenta the above expressions become

(E@b)Ta,Ci(q) — _8K:Z(q) qu 4 qa 82’Cl(q) o b82’CZ(q) + acalci(q) _ nbcalcl(q)
! 9qc dq. ' Iqv0q. 99a0qc oq 0qa
0=i(q) 0Z;(q) T Eilq) | ,0°Ei(q) 0=i(q) | 4.0=i(q)
E?b — 2;1 _a + __ac + nbe )
dqc . ) T G000 T g0, " ow T o
(2.18)
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Invariance of (2.7) under global U(1)gys transformation implies
Q, “KP+K"Q,” =0 = QTK+KQ=0. (2.19)
This also imposes constraint on the numerator of the propagator which reads
Q=+z9l =0. (2.20)

The above two equations are also valid for component fields in real representation. We can
take momentum derivatives on the above two relations to find useful expressions. When the
i-th spinning particle is on-shell with momentum ¢; and polarization tensor €;(g;) it satisfies

K% (ai)eip(a) =0 = Kilg)ei(g) =0 and € (¢:)K] (a:) = 0. (2.21)
3 Soft photon theorem at one-loop

In this section we derive subleading soft photon theorem analyzing one-loop amplitudes for
a quantum mechanical scattering process involving N number of massive charged particles
with arbitrary spin. In [1], the order Inw soft factor has been derived analyzing one-loop
amplitude in a theory of minimally coupled scalar-QED in presence of scalar contact
interaction and the soft photon factor is determined in terms of the charges and asymptotic
momenta of scattered particles, and the direction cosine of soft photon emission. Here in
this section we show that even for arbitrary spinning particle scattering in a generic theory
of QED with non-minimal interaction, the order Inw soft factor derived in [1] is universal
(theory independent). This section should be thought of as a warm up of the next section
where we are going to derive one-loop soft graviton theorem for spinning particle scattering
in a generic theory of quantum gravity.

3.1 Covariantization and Feynman rules

In [5], the quadratic action S®) in (2.7) has been covariantized simultaneously in photon
and graviton background to determine 1PI vertices involving two hard spinning particles
and one or two photons/gravitons up to subleading order in the expansion of the momenta of
photons/gravitons. Without going into too much details, here we summarise the outcomes
of the covariantization prescription in photon background and write down the Feynman
rules for vertices involving one and two photons. We derive the vertices for off-shell photon
with Feynman gauge fixing term, such that the Feynman propagator for virtual photon reads
—i

F
A;u/(£> - 02 _ e Ny - (31)

In position space the kinetic operator in (2.7) contains derivatives over the field ®4(x),
which have to replace by covariant derivatives under covariantization in presence of photon
field A, (z). For example in the case of one and two derivatives the covariantization rule in
position space becomes

au@g — Duq)ﬂ = ((‘)uég — Z'ng A/A,u)q),y, (32)
0,0,%5 — D, Dyyy®p = [0,6% —iQp TA(,][0,)6) —iQy °A,)] ®s
= 9,0,%5 — Qs "(A,0, + A,0,) P,

B %Qﬁ T(OuAy + 0, Au) Py — AuALQp 7 Qy "5 . (3-3)
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Above we use the following symmetrization convention E,F,) = %(EMF,, + E,F),) for two
3)

—~

vectors FF and F'. For determining minimal interaction vertices I'*®) involving two massive
spinning particles and one photon up to one derivative on photon field, and T'¥ involving
two massive spinning particles and two photons with no derivative on any of the photon
fields, the information of covariantization for single and two derivatives as done above
would be enough. In momentum space these covariantization rules generate the following

minimally interacting actions starting from (2.7):

8’Ca7(Q2)
dqh

Q, 7 + 0| @(ge), (3.4)

2/ %) (2m) 46D (1 + g2 + OPalgr) | — A“(0)
32’@7(@2)

- Z(f“A"w) AN e

and

d4q1 d4QQ d4€1 d ﬁg 45(4)
32’@5((12)

Mql)bA““l)“‘”“?) 0504

Q70,7 + O(tr,6)|¥(q2) . (35)
Above A, (¢) is the Fourier transform of gauge field defined through the following relation:
Ayz) = [ %{ eTA,(¢). At the order of one derivative on the gauge field, we can
have non-minimal coupling of photon with matter fields interacting via field strength. In
momentum space, the general form of non-minimal interaction takes the following form

2m)*W (g1 + g2 + 0)

/d41 d4QQ d*¢
2

4 (2m)4
Pa(q) [ W(@) B (g2) +O(%)| ®s(a2) (3.6)
where
Fu(0) = i[0u A (0) = b AL (D) (37)

and B(q2) satisfies the following relations

Q. B (qy) + B (q2) Q4 P =0 = QTBM (go) + B"(¢2)Q =0,
B (gg) = —B*PVi(qe) = B"(g2) = —B"(ga),

B (gy) = £ B (—qi — 1) = B(q) = + (BY(~q1—0) . (3.10)

In the last equation above + sign is for Grassmannian even field and — sign is for Grass-
mannian odd field. Again during the derivation we consider ® field components being
Grassmannian even, but the final result will be valid for both Grassmannian even and odd
fields. We introduced index free notations for all the equations above.

Starting from (3.4) and (3.6), the interaction vertex describing two ingoing spinning
particles with momenta g and —(q + ), polarization index a and /3, and one ingoing photon
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with momentum ¢ becomes

F}(?)Oé,@ (Q') —q— e? E)

_OKRY(=q=0) 5 1, PRN=4=0) 5 5 supes
= 2[ o Q, 2€ 904 q" Q, 200" B, (—q — 1)
8}(:57( ) a2lcﬁ’y( ) «a v B 2
o Q,“ 2 0 0q Qy *—2i"B* ,,(q) +O0(7)]| . (3.11)

Expanding in small ¢ limit and using (2.8), (2.19), (3.10) the above vertex reduce to the
following polarization index suppressed form

r®) (g, —q—£,0) :i[a’c(“”g+1evaz’c(‘%—zmw<—q> + 0(5?)]. (3.12)

gt 2 OJqtog”
Similarly starting from (3.5) the polarization index suppressed four point interaction vertex
involving two incoming spinning particles with momenta ¢ and —(q 4+ ¢1 + ¢2) and two
incoming photons with momenta ¢; and ¢5 becomes

9’K(—q)

T (g, —q — 01 — by, 01, 05) =
P (¢ —q— 4 2,01, 42) ? DqrOq”

QO+ O(ly,4s). (3.13)

We denote the scattering amplitude describing N-number of spinning hard particle scattering
in massive EFT by I'Y), which can be expressed as a polarization tensor contracted form
in the following way

P = { T ew, ()} TR0
=1

N)a;a
= €y (pi)eaj (pj) ngj)) ](piapj)
= e, (PIT) " (02), (3.14)
where
N)a;a oo

Fy " (propg) = { H €ay (pr) f DVr02m0n (3.15)

k;ﬁl,j
T (i) = { Hea] pj)} TImaz-an, (3.16)

J#z

Above €,,(p;) denotes the polarization tensor for i-th spinning particle with momentum
p;. Here we also should remember that I'™Y) is a distribution as it contains a momentum
conserving delta function §(¥) (p1+p2+ -+ pn). We denote a part of amputated Green’s
function involving N number of spinning hard particles and one photon with momentum /¢
by IN“ELNH)(E), which describes sum of the contributions of the Feynman diagrams where
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the photon is not connected to any external leg. Since f‘fLNH)(K) does not contain any loop

involving massless particles, we can write down the following relation between f,&NH)(f)

and I'™W) using the same covariantization prescription described above

N
~ -0 1 Bi Qi1
LTI = =3 @ " G Tt £ 0. (34
i=1 i
In the above expression I'"Y) contains momentum conserving delta function §(*) (p1+pa+---+

pN) and TV+D contains momentum conserving delta function 6® (p1 +p2+---+pN+ E).

3.2 Grammer-Yennie decomposition and IR-finite amplitudes

In this section we discuss the Grammer-Yennie decomposition introduces in [1, 54] and
show how it helps to factorize the IR-divergent exponential from the IR-finite part of the
amplitudes as proposed in (2.1). In Feynman gauge we decompose the photon propagator
with momentum /¢ flowing from the leg i to the leg j for i # j

Ay = — (Kt +ar ) (3.18)
FAY = 70 e T T2 e UG (i) S 2 '
where
2pi —0) - (2p; +0)
KM — puypr ( J Y gV MY 1
(i) e (2p; - £ — 02 +i€)(2p; - £+ 02 —i€) G(ZJ) i (i) (3.19)

Note that p; and p; refer to the external momenta flowing into the legs 7 and j, and not
necessarily the momenta of the lines to which the photon propagator attaches (which may
have additional contribution from external soft photon momentum or internal virtual photon
momentum). For ¢ = j we do not carry out any decomposition i.e. for the virtual photon
involved in the self energy loop we do not carry out the KG-decomposition of (3.18). Also
if one or both ends of the virtual photon propagator are attached to any internal massive
particle propagator carrying sum of two or more external massive particle’s momenta, or
vertices of the massive EFT involving more than two massive particles in a loop diagram,
then we do not need to perform KG-decomposition as those loop diagrams are IR-finite.
In (3.18) the propagator part containing K (i) Will be denoted by K-photon propagator and
the propagator part containing G ;;) will be denoted by G-photon propagator throughout
this section.

Ward identities involving K-photon: since K-photon propagator is proportional to
£HPY i.e. pure gauge, we can study the Ward identity for an off-shell un-amputated three
particle Green’s function with one leg being the K-photon as drawn in figure 1. The Lh.s.
of figure 1 after contracting with ¢# representing K-photon can be expressed as

1 1
= (—q) T (s, —q; — £, 0) Zi(—q; — 1
Zrml—e ) G e =60 Bl =0 e
1 1 (20t B ) O
=1 —1 i = —q; ;
g7 + m? —ie (q; + 0)? + m? — ic & i(6)%

= . 202 (.
+Ei(qi)Ki(qi){€“W+ M“w + 0(63)}%]. (3.20)

1
2 dq!'dq”
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Figure 1. This figure is a Feynman diagrammatic representation of the expression in (3.22). Solid
lines represent the massive spinning particles, dashed lines represent the ingoing virtual photon with
momentum ¢ and the arrow in the photon line represents that it is a K-photon (pure gauge part
contracted). The solid blobs in the r.h.s. represent a new kind of vertices and the Feynman rules for
those vertices are just Q; and Q7 as written next to the vertices.

To write down the Feynman rule in the first line above for the diagram in figure 1, we follow
the convention that our time arrow runs from right to left. We shall follow the same time
arrow convention for all the Feynman diagrams in this article. To evaluate the first line,
with the expression in (3.12) we use the properties (2.11), (2.12), (2.19) and (2.20). Now
replacing (2¢;.£ + %) = {(q; + £)®> + m?} — {¢? + m?} within the square bracket above and
using the property (2.13), the r.h.s. of the above expression translates to

Zi(-a)Qf Ei(_%)QT
@ +m?—ie (q+02%+m?—ie
1 0=i(—q) 1 32Ei(—Qz‘) 3 T
- " —r——r— L 21
(i +0)% +m? —ie{g g’ + 2£ ¢ 9q!'0q¥ + 09 (3.21)

If we un-do the small ¢ expansion in the second line of the above expression® and use the
relation (2.20) the Ward identity turns out to be the following expression which has been

diagrammatically represented in figure 1.

1 1
————— Zi(—a) T (g1, —qi — Ei(—aq —
Si(—qi — ¢ Sil—a
=9 ) + Ca) or. (3.22)

(i +0)2+m? —ie ¢ +m?—ie

Important to note that the solid blob vertices in figure 1 carry only the information of
charge of the particle with which the K-photon is interacting. The Feynman rules for the
blob vertices are independent of the momenta or any other information of the theory.

We also need to study the consequence of Ward identity due to insertion of a K-photon
in presence of an external off-shell photon with momentum .k and Lorentz index v. The
set of Feynman diagrams describing the four point un-amputated Green’s function with
one photon and one K-photon has been drawn in the first line of figure 2. Using the Ward
identity described in figure 1 for first and third diagrams in the first line of figure 2, we

Instead of (3.12), if we use the unexpanded expression (3.11) for T® vertex, we do not need to un-do
the small £ expansion to derive the result below. Actually the relation in (3.22) is an exact relation valid up
to all order in ¢ expansion with any arbitrary non-minimal coupling contributing to I'® as it is a direct
consequence of the Ward Identity.
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Figure 2. Diagrams in the first line represents the contribution to the four point un-amputated
Green’s function with one photon and one K-photon. By using the Ward identity in figure 1 we get
the diagrams in second and third lines.

find the diagrams drawn after the equality in figure 2. Now if we can show that the sum of
the contribution of the three diagrams in the last line of figure 2 vanishes, then the Ward
identity of figure 1 is also valid in presence of an external photon line. The three diagrams
in the last line of figure 2 has been drawn again in figure 3 and the contribution becomes

1
qf—i—m?—ie

(qz)[QT gi+0—qi— 0=k, k) + 0" T (g5, —qi — € — b, 0, k)

1

. 3.23
(gi + 0+ k)2 +m? —ie (3.23)

Substituting the expressions for the vertices from (3.12) and (3.13), the expression
inside the square bracket of (3.23) turns out to be

1| OKi(—q; — 0) O*Ki(—qi — 1) i pai
T Lk o MR (o
iQ! l T k 5 ga Qi — 2ik B, (=g — 1)
02 Ki(—qi)
+ Zf” W QzQz
oK ( %) 82K (—a) ) LMY ) .
—|— 8 I/ Ql 5 ng — 2Zk BV:U‘(_qZ) Q’L . (324)

By Taylor expanding the first line above for small ¢ and only keeping terms up to linear
order in ¢ or k, we can use the identities in (2.19) and (3.8) to show that the sum of the
contribution in the three lines above vanishes up to linear order in ¢ or k. This proves
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Figure 3. Identity involving last three Feynman diagrams in figure 2 whose mathematical expression
has been written in (3.23).
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Figure 4. Generalization of the identity in figure 3 in presence of n-number of photons.

the diagrammatic identity in figure 3. By utilizing the expressions of vertices from (3.12)
and (3.13), which are given up to linear and zeroth order in ¢ or k respectively, it may
initially appear that the validity of the result in figure 3 is limited to linear order in £
or k. However, it is important to note that the results depicted in figure 3 and figure 1
hold true for all orders in the expansion of small ¢ and k. These results play a crucial
role in establishing the gauge invariance of any amplitude involving external photons in
quantum electrodynamics, as they are connected to the Ward-Takahashi identity of QED.
For further details on the spinor-QED case, please look at [54] and section-(7.4) of [60].
For an un-amputated Green’s function with two massive spinning particles and arbitrary
number of external photon legs, one insertion of K-photon in all possible way finally reduces
to sum over sets of diagrams where the K-photon is connected in the end of the spinning
particle legs with solid blob vertices as discussed above. This strong statement can be
proved using the identity in figure 1 and the generalized identity in figure 4. The identity in
figure 4 is a straight forward generalization of the example discussed in figure 3, which has
been tested with the covariantized vertices up to linear order in photon momenta expansion
for '™ and T'™™ Y vertices with n = 3.

IR-finite amplitudes: as we defined earlier, AV) represents the all loop scattering

N+1) represents

amplitude with N number of external massive spinning particles, and A(
the all loop scattering amplitude with N number of external massive spinning particles and
one external photon. If the massive spinning particles carry definite charges {e;} then the

following identity holds

Qa; b €ig:(pi) = € €ia;(pi) = Qei(pi) = ei€ei(pi) QT(Pi)QT = 6’@'6?(172')- (3.25)
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The K-photon insertion Ward identities of figure 1 and figure 4 imply the exponentiation of
the one-loop K-photon contribution K, in (2.1), as proven in [54]. However, the proof
of this exponentiation in [54] is valid only when the tree-level amplitude of the massive
EFT (I'™)) is independent of the momenta of scattering particles i.e. it is described
by a momenta-independent contact interaction between N number of massive fields, as
considered in [1]. The validity of the exponentiation of K., in a generic theory of QED,
incorporating all possible interactions without considering to any kind of approximation
(like assuming that virtual photon momenta are significantly smaller than external massive
particle momenta), is too good to be true.! But in the limit of small virtual photon
momenta the IR divergent piece of K, exponentiate, which is known as the leading Eikonal
exponentiation.

The final outcome of the Grammer-Yennie decomposition of virtual photon propagator
n (3.18) is

AN = exp{Kem} AN} e (3.26)

AN = oxp{ Ko} ANED (3.27)

i die 1 (2pi —0) - (2p; +£)
K-t i J _ 3.28
2266] /(27r)4 02 —ie (2p; - L — 02 +i€)(2p; - L + €2 — ie) (329

In equations (3.26) and (3.27), A%R )ﬁmte and .A%g Jgrlli)te represent the infrared finite compo-

nents of the N-particle and N-particle-1-photon amplitudes, respectively. These components
are obtained by removing the exponentiated IR-divergent parts from the original divergent
amplitudes defined through the relations (3.26) and (3.27). Both A%PJ\{_ )ﬁnite and .A;g_ Ei)te
comprise contributions from the corresponding tree-level amplitudes and loop amplitudes
up to all orders in perturbation theory. However, there is a condition: if both ends of a
virtual photon propagator are connected to external massive spinning particle lines (which
may already contain additional real or virtual photon lines), then this photon propagator
should be replaced by a G-photon propagator when we evaluate them for the IR-finite parts.
Additionally the same set of diagrams need to be evaluated with K-photon propagator as
well and then have to subtract by a factor of K, times the IR finite amplitude at one less

loop level. In our convention the tree level amplitudes are given by

N (N+1)
A%R-)ﬁnite,[) = F(N) ’ ‘AIRJf'Enlte 0~ F(N+1) ’ (329)

where in the subscript ‘0’ corresponds to 0-loop i.e. tree level. At one-loop order, A&Y_ )ﬁnite

and AIR ﬁnlte are given by:

N _ N N N N

A%R—)ﬁnite,l = {A(G,l) + Ag(—)ﬁnite,l + ‘Aéelf),l + Ar(lorz—div,l} ’ (330)
N+1 N+1) (N+1) (N+1) (N+1)

A%R ﬁnl)te 1= [A( + AK ﬁnlte 1 + ‘Aselfl + ‘Anon div 1} ’ (331)

where in the subscript ‘1’ corresponds to 1-loop. Above

10We are thankful to P.V. Athira for extensive discussion on this topic.
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Figure 5. Diagram contributes to A(GNl) , where the virtual photon propagator is the G-photon

propagator connected between two external hard particle lines. The diagram also contributes to
A(I?L)ﬁnite,l when evaluated with K-photon propagator and subtracted K.,,I'"Y) from it’s contribution.

3.3

. .A(GNl) corresponds to the diagram in figure 5 which we need to evaluate with G-

photon propagator.

. A%V_)ﬁnite 1 corresponds to the contribution from the diagram in figure 5, evaluated

with K-photon propagator and then subtracted the contribution of K, x TV) at
the integrand level.

Aggf) 1 represents the set of Feynman diagrams in figure 6 evaluated with full pho-
ton propagator.

Agg_div,l represents the set of diagrams in figure 7, evaluated with full

photon propagator.

Ag\flﬂ) corresponds to the set of diagrams in figure 8 when we evaluate them with
G-photon propagator.

A%V_-Eln)ite 1 corresponds to the contribution from the diagrams in figure 8, evaluated

with K-photon propagator and then subtracted the contribution Ky, x TV at the
integrand level.

Aggfﬁl) represents the set of Feynman diagrams in figure 9, evaluated with full
photon propagator.
Agrf ii)VJ represents the set of diagrams in figure 11, evaluated with full

photon propagator.

Derivation of soft photon theorem

N+1)

The goal here will be to derive the order w™! and Inw soft factors from the ratio of A%R-ﬁnite

and Agg_ )ﬁnite when the external photon energy is small i.e. w < |p!'].
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3.3.1 IR-finite one loop IN-particle amplitude

First we want to analyze all the Feynman diagrams contributing to (3.30) and show that
the result is IR-divergence free. We also provide an explicit integral expression of IR-finite
1-loop amplitude for .A%FA{_ )ﬁnite’l. Using the Feynman rules derived in subsection-3.1, the
diagram in figure 5 with G-photon propagator contributes to the following

Z/ d% — 1 1
S ~ e (b — O + T — e (py + 0P + 7 — e
7,>]

[e;fr(fpi)ljf) (piy, —pi + £, —0)Zi(—pi + f)} Gl(u;)(g)

X {f;"r(—pj)l“(f) (P —pj = L OZ(=pj — 5)} T (i — £,pj + 0)

B Z 8e<e~eTeT/ d*t —1 1 1
N i) IR ] (2m)t 02 —de (pp — 0)2 +m? —ie (pj + )2 + m3 — ie
>
v 1 VAL N
< {[PHNG (=ps) = PN (—i)] T (91 py) + OE0) | (3:32)

where to get the last two lines we have used the identity in (A.9) for both i-th and j-th
particles and Taylor expanded the numerator in the limit [¢#| < |pf'], |pj |. The expression

for N'i(—p;) is given in (A.3). On the other hand the contribution of .AK_ﬁnit&1 from the
diagram in figure 5 becomes

Z / dtt  —i 1 1
Kﬁmtel et (2m)* 02 —ie (p; — £)2 +m?—ie(pj+€)2+m?—ie
>]

[e?(—pi)rﬁg) (pi —pi + 4, —0)Zi(—pi + f)} K70

% |ef (=)D (5, —pj — L, OZ5(=p; = O] T (0 = £opy +0)

— K., xT® (3.33)
Now evaluating this expression using the identity in (A.9) and Taylor expanding Fgg)) (pi —
¢,pj + {) in the limit |£#] < |p}'|, |p¥| we get

it 1 (2pi —0)-(2p; +0)
AR e =1 ]Zl €ij € € / 2m)t 2 —ie (2p; -0 — 2 +i€)(2p; - £+ 2 —ie)

i>j

) )
x [ - eﬂwrgﬂ (pi, ps) + zf)a]rgjj)) (pi,py) + O(00)] (3.34)

Diagrams in figure 6 renormalizes the massive spinning particle propagators in presence
of electromagnetic interaction, and all the loops are IR-finite. Say the three diagrams in
figure 6 contributes to

T Zi(=pi) (), 7 Zi(=Pi) (), T 0 Zi( =D
F1p2+mz ho B, Byate ) GO
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Figure 6. Diagram contributes to Aié\lff)lﬂ where the virtual photon propagator is the full pho-
ton propagator. In the last diagram the cross corresponds to counter term, which cancels the
UV divergences.

Figure 7. Diagram contributes to AN

non-div,1?

where the virtual photon propagator is the full photon
propagator whose one or both end connected to I'™"). In the last diagram the cross corresponds to
counter term, which cancels the UV divergences.

respectively. Where F}, F», C' are unknown constant matrices, which are related using
on-shell renormalization condition
C=-F,—F>. (3.36)
Hence the on-shell renormalization condition implies
AN =o0. (3.37)

In figure 7 we draw the sets of diagrams where one or both ends of the photon loop are
attached to some internal massive virtual line or massive EFT vertex inside TY). These
diagrams are also IR-finite. For example the first diagram in figure 7 with full photon
propagator becomes

/ d*e —1i 1 v
(2m)* 2 —ie (pi — 0)2 +m? —ic g
el (=pi) [T (01 =i + £, =OF(=pi + OT (), (0 = £50)] (3.38)

Now using the identity in (A.9) for i-th particle and the Feynman rule of (3.17) it is evident
that in the limit when the loop momentum ¢* — 0 the integration behaves as [ %, hence

is IR-finite. This is the reason we call the set of diagrams in figure 7 as Agfg_div’l as those

are IR-divergence free. We do not need to evaluate the contribution Afljgg_diml explicitly for
deriving soft photon theorem. Now summing over the contributions of (3.32), (3.34), (3.37)

and AL we get

non div,1’

Z Seres / d*t i 1 1
IR ﬁmte L= Bl e (2m)* 2 —ie (pi — €)% +mi — i€ (pj + )% +m3 — ie
i>]

< [PHN (=py) = PN (=) T (i ps) + O(20)}
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aIv) V)

(GN1+ 1), where the virtual photon propagator is the

Figure 8. Set of 1-loop diagrams contributing to A 7
G-photon propagator connected between two external particle lines. Here we omitted the diagrams
involving counter terms to remove UV divergences. We need to sum over all possible external
legs while evaluating the contributions from these diagrams. When we evaluate these diagrams

with K-photon propagator and subtracted K,,,’/®V1 from it’s contribution, it also contributes to

A(Iéngiln)ite,l'
N 4
, d*0 1 (2pi =€) - (2p; +0)
o el T J
T ijzz:l i / (2m)% 02 —de (2p; - € — 0% +i€)(2p; - L + 02 — i)
i>j
w9 9 ol
+ Ar(ljf\),rz-div,l : (3.39)

From the above expression, it is clear that the loop integrals become infrared finite in the limit
as ¢ approaches zero. Therefore, the Grammer-Yennie prescription offers a clear definition
of an IR-finite S-matrix. An explicit expression of IR-finite S-matrix at one-loop order is
provided in the above expression in a general theory of quantum electrodynamics (QED).

3.3.2 IR-finite one loop (IN 4 1)-particle amplitude in the soft limit

Here we analyze all the Feynman diagrams contributing to (3.31) in the soft limit i.e. w — 0.
Let us start analyzing the first diagram in figure 8 with G-photon propagator, which has
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the following expression after using Feynman rules

NN gt 1 1 1

Ar= /
! ;Jz::l (2m)* 02 —ie (pi+k)2+m7 —ie (pi+k—L0)2+m? —ie (pj+0)2+m3 —ie
J#

x G0 [€F (=p) T (g, —py — L0 (~p; —0)| T (it k—Lpj+0).  (3.40)

Substituting the results from (A.4) and (A.9) in the above expression and after some

manipulation we get

4 —iieQe-eTeT 1 / e —i 1 1
I_i:1j:1 VI (pitk)2+mE—ie ) (2m)t 2—ie (pi+k—0)24+m?—ie (p;+L)2+m3 —ie
J#i

8e.pip;.k+ 16a.p,»pf£”/\/'gg(—pj) - 16€.pip§£”/\fpio(—pi) +8p;.p;(ePk? —sokp)Npio(—pi)

i(—pi) OZi(—pi 4pi-p; ;
+4ipi.k‘€pp;-’alc( pi) OZi(—ps) Pi-Pj {4E.pig'k+4pi'£<€pkg_ggkpwga(_pi)

op? ap? 2 f—L2+ie
. o OKi(=pi) 9Zi(—pi) (N)
+2ipickel (7 == P S0 P + Ot k) | {TE) (ipy) + OB} (3.41)

Inside the square bracket of the numerator in the above expression, we only keep the
terms up to linear order in £ or k, as our vertices are derived only up to that order. Note
that the above expression is IR-finite in the limit # — 0 and in the region of integration
| < w < [P, |p§| it contributes at order O(w’). Now to extract Inw contribution we
approximate the integrand in the integration range w < [#| < |p!'], |p§‘ |, by doing so we
can approximate

1 1 pi.ki
~ 1 . 3.42
(pi +k —0)24+m? —ie (pi—€)2—|—m12—ie{ pi.ﬂ-i-ie} (342)
With this approximation the order w™! and Inw contribution turns out to be,
N N 4 .
E.D; T T d={ —1 1
Ar = i— 8ejeje; €; / - :
J#i
1 . )
PPONI (. — nPPONT (—m. (N) . .
(p; + 0)2 —I—m? e [piﬁ Npa( ;) pjg Npo’( pz)}r(ij‘) (i, pj)
N N 4
1 d*l 1 1 1
+i fej—e€ T/ : : :
Ziz_:l]z_:le e]pi.k:6 € reg (2m)4 02 —iep;.l + iepj.l — i€
J#i
. pi-k PITNT () — PPN (.
epipj-k + bt Z,E{Qa.pzpif Nio(=pj) = 2epipil7 N o ( pl)}
i OKi(—pi) OZi(—=pi)  pi-pj
_ zk PnT — J . ka‘
e P Ty Y ie{ep
i e OKi(—pi) OZi(—pi) Ny, 0
+gphe T b wipy) + 0°). (3.43)
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Above the subscript “reg” in the loop integral corresponds to the restricted loop-momentum
range w < [¢4] < |pj'|, [P} -
Using Feynman rules the second diagram in figure 8 with G-photon propagator becomes

A Z Z d¢  —i 1 1
= (2m)t 02 —ie (pi+ k — £)% + m? —ie (pj + £)% + m? — ie
J#z
(€] (=p)e? ()T (i —pi — b + 6.k, —OBs(—pi — k + 0)] G\ (0)

% [ Pt 05, —py = ,0Z(=p; = O] T i+ k= Lpy +0). (3.44)

After substituting the results from (A.6) and (A.9) and keeping terms which can contribute
up to order Inw in the integration range reg = (w < [#] < [pf'], |pf|) we get,

aiv 1 1 1
Arr— —
= ZZZS € 6’ € /reg (2m)4 02 — i€ p;l + i€ pj.l — i€

i=1j=1
J#i
by o fOKi(=pi) 0Zi(—pi) | OKi(—pi) OZi(—pi)\  pipj
BRI { apf Ip7 " op7 opy pil + i€
OKi(—pi) 0Zi(—pi) | OKi(=pi) OZi(—pi) (N)
Py Cm-
(e 0+ 5E° { AR R o7 b )| T @ p)
+0W"). (3.45)

Using Feynman rules the third diagram in figure 8 with G-photon propagator becomes

A ZZ/ — ! 1 1
III_’L o) @) 4 2 —ie (pi—0)2+mi —ie (pi+-k—0)2+mi —ie (pj+0)2+m3 —ie
JFi
{6?(_171)6’)(16)1—‘&3)(]92‘,—pi—i—f,—E)Ei(—pi—i—f)f‘/(f)(pi_g’ _pi_k%k)gi(_pi_k%)}
x G (0) [eF (=) T 0y, =y — 6,05 (=p; = 0)] T (pitk—Lpj+0). (3.46)

After substituting the results from (A.7) and (A.9) and keeping terms which can contribute
up to order Inw in the integration range w < |[0#| < [pf], [p] we get,

¢ 1 1 1
Arrr — —
= Z;;e A /eg (2m)4 02 — ie (il + i€)? pj.l — i€
J#i
oA _ o Afi i o OKi(—pi) 9Zi(—pi)
2e.pipi 07 Ny (=) — 28.pip 7 Ny (—pi) 2pl.€pje o o7
i e OKi(=pi) OEi(=pi) | (V) 0
+ 2pz.p]f € (‘pr apf F(@-j) (pzapj) + O(w"). (3.47)
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Figure 9. Set of 1-loop diagrams contributing to Agﬂl), where the virtual photon propagator is

the full photon propagator connecting two different points on the same massive spinning particle
leg. The cross appears in some diagrams above corresponds to counter term, which cancels the UV
divergences in the renormalization prescription.

The fourth diagram in figure 8 with G-graviton contributes at order w™! but won’t contribute
at order Inw. The order w™! contribution turns out to be,

v = kK~ i€j€; €5 : :
= k P ot T freg (2m)4 02 —iie (pi—0)2+m2 —ie
#k otk
7>
1 . )
PUNT (—p) =P NE (—p VT (ps 0
oy T —ie P Mo p) N (TG i) + OGS (349

The fifth diagram in figure 8 start contributing from order w? in the soft expansion when
we evaluate it with G-photon propagator i.e. Ay = 0+ O(w’). Here we are not writing
down the non-vanishing contribution of Ay at order w® explicitly, as it is not essential for
deriving the order w™! and Inw soft factors. Now summing over the external particle legs,

total contribution of .A(GA’T;LI) at orders w™! and Inw turns out to be

N+1
AGTY
= Ar+A+Ar+Anv+Ay
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£-Pk d*¢ —1 1
Z Z ZSezeJ /eg (2m)% 2—ic (pi—0)2+m} —ic

= '11]1
j>1

1 . .
(767 N (=07) = D507 N (—2) [ DY) (01, 7)

(p; +€)2—|—m2~—ie

v 1 1 1
i Z Ze “ € / (2m)4 02 —ie p;l+ie pjL—ie

i=1 j=1
J#i
€-Pi £.Pi Ck Pi-Pj | () 0
k- i —epited ™ (p.p:) +OW0). 3.49
8 [pi-kp] .k b pjpz‘.E—H'e epite Pi.ﬁ—i—ie] (”)(p p;) +0(W) ( )

Interestingly in the above expression all the theory dependent pieces involving K; , Z;, B at
order Inw cancels out at the integrand level, when we some over the contributions (3.43),
(3.45), (3.47). This confirms the fact that the subleading soft photon theorem at order Inw
is universal. The above result can also be rewritten in the following compact form

N
N+1 €.Pk

S = S e )
k:]. pk‘

ad Ky 0 0
+;€iz€)?-k{(p58pi - i )Kg} I + 0w, (3.50)

where the expression of A(GNB is given in (3.32), and K8 is the approximated form of the
integral K., in (3.28) in the integration range w < |£“| < |pi'l; [pf|- The integration has
been explicitly evaluated in [1] and the result reads

) ¢ 1 (pe-p;)
KTreg = - J
o Z Zege] / (2m)4 2—ie (pg-L+ie) (pj-L—ie)

it
i X egey : i (Pepit/(Peps)? —pip;
1€ Pe D (3 J J 24
2_52 2 T (Inw) 2_ 2 2{577”7].’1—2%111( 2_,2 2)}
=1 =1 (pe-pj)? —pipj pe-pi—/ (Pe-ps)* —pip;
J

(3.51)

Above n; = +1 if j-th particle is ingoing and 7; = —1 if j-th particle is outgoing and under

~ sign we only have written the order Inw contribution while evaluating the integral.
To evaluate the contribution of A Iév Eln)lm 1, first we compute the diagrams in figure 8
with the virtual photon propagator replaced by the K-photon propagator. Afterward, we

(N+1)

subtract the contribution of K,,I’ from this computed result. The final contribution

of A Iév J%lmte | within the regulated range of integration w < [¢#| < [p}],|p/| becomes

N
N €.Pk
Ag( J;‘1111)1‘56 1 Z 6kpk k;‘Ag( )ﬁnlte 1 + O( ) (352)
k=1 :

where the expression of A%V_)ﬁmte 1 is given in (3.34). Note that the above result contributes
at order w~! and does not contribute to order Inw soft theorem.
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Figure 10. The first diagram above corresponds to the sum over the contributions of the first four
diagrams in figure 9 when we replace the photon polarization * by k*. The second diagram above
corresponds to the sum over the contributions of the fifth and sixth diagrams in figure 9 when we
replace the photon polarization e* by k*.

The self-energy kind of diagrams contributing to Aigfﬁl) in figure 9 are not necessary
to compute explicitly as these diagrams sum up to zero using on-shell renormalization
condition (3.36) as we are going to discuss below. The contribution from the sum of
the first four diagrams in figure 9 can be described by the following general structure

Fepifi (pi.k)f‘g) (pi + k). Similarly the contribution from the sum of fifth and sixth

diagrams in figure 9 can be described by the following structure ! £.p; f2 (plk)FEg ) (pi + k).
Where fi1(p;.k) and fo(p;.k) are two unknown functions with specific polarization/spin
indices, which we determine below by replacing ¢* — k* and using Ward identity. Using
the diagrammatic identities of figure 1 and figure 3, the first four diagrams in figure 9
after replacing e — k* reduces to the first diagram in figure 10. Similarly using the
diagrammatic identities of figure 1 and figure 4, the sum of fifth and sixth diagrams in
figure 9 after replacing * — k* reduces to the second diagram in figure 10. Now using the
constant matrices F1, Fy introduced in (3.35) for the diagrams in figure 6 and comparing

the general structure above we get

1 — 1 -
fi(pi-k) = —Wﬂ Qi=i(—pi—k), fi(pi-k) = _WFZ QiEi(—pi—k).
(3.53)
Now we substituting the above result in the general structures for the sum of diagrams
mentioned above. Finally summing over the contributions of the first seven diagrams in

figure 9 we get

G?% [ - Q- F0; + QiTC} Ei(—pi — k)FEg) (pi + k). (3.54)
Note that Fi, F> satisfy the same property under the operation of charge matrix Q as =;
satisfies in (2.20). Hence using this relation the terms inside the square bracket in the above
expression reduces to Q7 (Fy + F, + C) which vanishes using the on-shell renormalization
condition (3.36). Note that in the above expression we neglected the possible order w°
contribution in the soft expansion of counter term diagram. Using the same on-shell
renormalization condition the sum of the rest of the diagrams in figure 9 also vanishes up
to possible order w® contribution. Hence in the soft limit, the sum over all the Feynman

diagrams in figure 9 contribute as

N+1
ANEY =0 +oW). (3.55)
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(N+1)
non-div,

photon propagator is the full photon propagator, with at least one leg connected to an internal
massive particle propagator or massive EFT vertices. Diagrams involving counter terms to remove

Figure 11. Set of 1-loop diagrams contributing to A , consists of diagrams where the virtual

UV divergences have been omitted.

(N+1)
non-div,1

The diagrams in figure 11 contributing to A are IR—divergence free, as in /* — 0

limit and finite k* the third, sixth and seventh diagrams behaves like and first, second,

|€|3 9
fourth and fifth diagrams behaves like f W' On the other hand the sum of first, fourth
and sixth diagrams in figure 11 contribute to leading soft factor at order w™'. Now in the
integration region w < |¢#| < |p!'|, individually the first and third diagrams in figure 11
behave like freg %m after the expansion of the propagators, hence those have the
possibility of contributing at order Inw. But when we sum over the contributions of the
first, second and third diagrams, the order Inw contributing coefficient of freg %m
cancels each other, and left out part starts contributing from order w®. Hence leaving first,
fourth and sixth diagrams, all the other diagrams start contributing at order w® in the soft

expansion. After summing over all the contributions, we get

N
AN =S e 2P 4 0. (3.56)

non-div,1 ke non-div,1
i=1 v

Soft photon theorem result at one-loop: summing over the contributions of (3.50),
(3.52), (3.55), (3.56) in the soft limit, we get the following soft theorem expression

(N+1) (N+1) (N+1) (N+1) (N+1)
AIR finite,1 — |:‘A + ‘AK ﬁnlte 1 + ‘Aself,l + A i }

non-div,1
N
w20 S EPi (V)
= Zez % R-finite,1

i=1 p’L'

+Ze,5;{ {(») a;) —p} aa VEIEL Al hieo +OW") . (3.57)

This result agrees with the loop corrected subleading soft photon theorem, originally derived
in [1] for minimally coupled scalar QED. The derivation of this result further confirms the
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universality of the In w soft factor in scattering events involving particles with arbitrary spins
in a generic theory of quantum electrodynamics, which allows for arbitrary non-minimal
couplings. Moreover, the obtained result also verifies the well-known fact that Weinberg’s
leading soft photon theorem remains unaltered by loop corrections. Therefore, even from
the analysis presented above, we observe that Weinberg’s soft theorem still holds, relating
two one-loop IR-finite amplitudes.

3.4 Discussion on generalization

In order to obtain the order wInw soft factor from the aforementioned one-loop amplitude,
we require the vertices: I'®) as given in equation (3.12) up to order O(¢2), T™® as given in
equation (3.13) up to order O(¢1,{2), and TN+ yp to order O(¢). However, when dealing
with non-minimal couplings as expressed in equation (3.6), it is currently unknown how
to derive TV in terms of T™) at order O(¢). Additionally, at order O(£2), new sets of
non-minimal couplings will contribute to I'®). Due to these reasons, we are unable to derive
the order wInw soft photon theorem in this article, and it is not clear whether such a soft
factorization at order wInw is possible or not.

In the theory of scalar-QED minimally coupled to gravity the order Inw correction
to (3.57) due to gravitational interaction has also been derived in [1] by analyzing one-loop
amplitudes. In the theory of scalar-QED soft photon theorem at order w(Inw)? has also
been derived in [21] analyzing two-loop amplitudes and the soft factor is provided in (1.12).
Multiple soft photon theorem up to subleading order in soft expansion has also been derived
in section-(3.5) of [55], by analyzing one-loop amplitudes and the result reads:

N+M
A%R—ﬁnit)e,l
—0 il { i €¢ - Di } (N)
= i : ‘AIR—ﬁnite,l
i1 lim i ke
+§4: ﬁ iv:e'em'pj g:eigfﬂk&/{(py 0 —pl-/ 0 )Kreg} A(N) )
(=1 m=1 ]:1 ]pj : km i=1 pl : ké ’ apll/ ‘ apl},t e IR_ﬁnlte70
m#£L
+ O(w M) (3.58)

Above Agg —gﬁe , represents the IR-finite part of 1-loop scattering amplitude involving
N-number of hard particles and M-number of soft photons with polarizations and momenta
{e¢, ke = —wny} for £ =1,--- | M as external states.

4 Soft graviton theorem at one-loop

In this section we derive subleading soft graviton theorem analyzing one-loop amplitudes
for a quantum mechanical scattering process involving N number of massive particles with
arbitrary spin and one graviton, extending the analysis of [1] for a generic theory of quantum
gravity. This derivation will establish the universal (theory independent) nature of Inw soft
graviton factor.
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4.1 Sen’s covariantization prescription and Feynman rules

The covariantization of the quadratic part of the massive EFT action (2.7) in the soft
gravitational background has been carried out in [2-4]. This development has been utilized
to derive vertices involving two massive spinning particles and one or two on-shell soft
gravitons. However, when performing loop computations, we require the same vertices
involving off-shell gravitons. Due to the off-shell nature of the gravitons, it is not possible to
independently impose the traceless and transverse conditions on the gravitational fluctuation
consistently with diffeomorphism. To address this issue, we make slight modifications to
the covariantization prescription proposed in [2—4], as described below. In this work, we use
a different parametrization of gravitational fluctuation, which is closely related to the one
presented in [61]. This alternative parametrization allows us to derive the vertices within
the covariantization prescription while ensuring compatibility with the de Donder gauge
choice. Let us define the deviation of background metric from flat Minkowski metric as

1

b () = ﬂ(g/W(fU) — ) (4.1)

where k = V871G with G being the four dimensional Newton’s constant. In de Donder
gauge O"h,,, = %ayhg the graviton propagator becomes

—i 1
= 5(77“”77”” + 0P — %), (4.2)

where (uv) and (po) are Lorentz indices of the two ends of the graviton propagator. The

A (0)

polarization tensor for on-shell graviton with momentum & will be denoted by ¢, (k) which
satisfies the traceless and transverse conditions

e (k) =0 , ke (k) =0. (4.3)

With the definition of gravitational fluctuation (4.1), we express the following quantities as
a power series expansion of k:
K2 K3
V—det g =1+ rh+ E(hQ = 20 hyy) + - (

g”’/ — 77"“/ — 2khMY + 4/€2h“phpy — 853h#Tthhpy + 0(54) )

h® + 8h#Phy, hY, — 6hh* hy,) + O(kY)

,{’2 a ,{'3 a v
She b+ WS+ O(kY),

e = 0+ S — b hy

3 5
EF =6 —kht + §ﬁ2haphp“ - §H3haphpyh”“ + O(k%),
T, = k(0 = 26077 + 462007 ) (Ouhuwo + Ovhoy — Oohyw) + O(KY) |
wzb = 7,’bc GVQD”ECV — nbc €VaaﬂECV + ,,7bc eyaFZpEcp
1 1
b1 a ayg b bv a av b bv aa av ab
= w(h,0 0 h“)+n2<§h Ophy" = Gh™ b, + W0y, — 1 Oy
+ RO, — W O,h,) + O,

Ruvpo = (0,00 o + 0u0ship — 0u0,he — 050uhy,) + O(K2) . (4.4)
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In the r.h.s. of all the above expressions both curved space indices (p, v, p, o, ...) and tangent
space indices (a,b,c,...) are raised or lowered by using the Minkowski metric 7. The trace
of the metric fluctuation is defined as h = hy,,n"”. Additionally, the symbols e, represent
the vierbein, E * represents the inverse vierbein, wfjb represents the spin-connection, F;\W
represents the Christoffel connection, and R, ,, represents the Riemann tensor.

Covariantization: in the covariantization prescription, we derive the action that describes
the interaction between two spinning particles and one graviton up to second derivative
order on gravitational fluctuations. Additionally, we obtain the interaction between two
spinning particles and two gravitons up to first derivative order on gravitational fluctuations
in the derivative expansion. At the second derivative order, the interacting action of two
spinning particles and one graviton also includes a generic non-minimal coupling through the
curvature tensor, which is inherently general coordinate invariant. Under covariantization
prescription tangent space derivatives on ®g should be replaced by covariant derivative in
the curved space after multiplication of inverse vierbeins in the following way

0010y Dun®p — EJE 2. Bl D, Dy - D,y @5, (4.5)

where the expression of one, two and three covariant derivatives on ®3 are given by

1
D,®s = 9,P5 + [QW;b(zab) B”(I)J : (4.6)

1 a a 1 a
DD, %5 = 0,0,%5 + 5 (wub(zab) 50,Py + Wi (Sap) gauq%) + [za(ﬂwyg’(zab) 5P,

1 a C 1 al
+ 3w (Sab) g (Sea)y @5 — 10, 0,%5] — ST hws (Sa) 5 @ (4.7)

1 1
D,D,D,®5 = 9,0,0,85 + §8Mw§b(2ab) 5 Dp®, + §w§b(zab) 5'0,D,®,,
1
— [04T7,0:95) = 0,17, Wi (Zab) ) @y — T7,0, D50

+ %wl‘jb(Eab)B'YD,,DpCD7 —17,DsDy®5 — T D, DyPp . (4.8)
The last equation above needs to symmetrize in pu, v, p indices before substituting in (4.5).
In the above expressions the terms within square brackets are new at each derivative
order in the covariantization prescription, which are important in deriving the interaction
between two spinning particles and one graviton up to two derivative order on gravitational
fluctuation, and the interaction between two spinning particles and two gravitons up to
one derivative order on gravitational fluctuation. To the derivative order we are interested
to find the interacting parts of the action we do not need to know the new terms coming
from covariantization of more than three derivatives on ®. Also while covariantizing the
action (2.7), we need to include /—det g as a covariant measure of volume.

The Fourier transform of gravitational fluctuation h,, (z) will be denoted by h,,, (¢)
and the relation between them is given by

4 .
hy (z) = / (%4 T R (0) (4.9)
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Interaction part of the action: under the above prescribed covariantization procedure
the interactive part of the action describing interaction between two massive spinning
particles and one graviton up to quadratic order in graviton momentum becomes

S0 o e s 2 6 )0t O™ ) ), 2
+3 LR (0)— b ()} BK;;% ) (Su)+ 1zu{ebhg(z) — e hb(6)) a;g;gi) (Zap)
GBI~ (0 }q‘w
—ézu{eyhg(g)wphg(e) o }q%m+o<@)1%(qg). (4.10)

By covariantization procedure we only get the interacting action representing minimal
coupling of graviton with matter field. On top of it at the quadratic order in graviton
momentum we also need to add generic non-minimal interaction term which describes the
interaction between two spinning particles and one graviton through lineariszed Riemann
tensor. A generic form of the action describing such kind of non-minimal interaction is

given by
=5 | it e @08+ 1)
%(ql) [RW,,A ) GBI (g) + O(6%)| @ (g2) (4.11)

where R,,,,5(¢) is the Fourier transform of the linearized Riemann tensor in (4.4) which

reads
Ruvpe(l) = —6(Lpluhyug + Lulohyy — 0l shye — Lolyhy,) . (4.12)

In the non-minimal action (4.11), G satisfies the following property
GBI (gy) =+ GIH gy — ). (113)

In the above equation + sign is for Grassmannian even field and — sign is for Grassmannian
odd field. Again during the derivation we consider ® field components being Grassmannian
even, but the final result will be valid for both Grassmannian even and odd fields.
Following the covariantization procedure, the part of the action describing interaction
between two massive spinning particles and two gravitons up to linear order in graviton

momenta becomes

/d4q1 d4QQ d4€1 d@g
2

2y (2m)8 2m)46W (g1 + g2+ 1 +42)

oKes
%(Q1)[2{h(€1)h 2) =20 (1) hy (€2) Y (g2 +h(€1)< ht (Ez)qguaq;%)
1 o] Gl 1
+2{€ghz(€2)_€ghz(€2)}6(12@2)(Eab)yﬁ—2{€2ph£(€2)+€2uhﬁ(€2)—€§huy(£2)}
"
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X oy 2D ) P e 0 (e SRR (£3) qopgay T 92)
e 042,092, 2 (O, (£2)a 0924 2 (hg () gz 0924092

oK (QQ)
a(IQc

d2KeP (QQ)> 3 K (g2) 1 82K (go)

1
(Zap),” - Zhét(él)(hu{gghﬁ(@) — (53R (62)}

1 92K (¢
() + ) )+ b 02)— i (02 3y

1 PP (go)
1 () { € () + ool (2) oo (€2) Yoy 5 — 5 —
11 1
n 5 { 5hba (01) 02, % (€9) — ihaﬂ (El)ﬁmhlgf (£2) +pbo ()5 (b2) —h™ (61)€3h;w (£2)
oK™ (a2)
3‘12#

_%hlg(&){ﬁghﬁ(ﬂz)—ﬁghﬁ(@)}

o K (g2)
3Q2C8Q2u

+ R (02) Lo b (€2) — P (€1) oot (6) } (Zab),” +hP7 (02) {lophuo(La)

32’@5(612)
+ o h e (£9) —loghy, (£ _—
whpo (£2) = Lloghyw (£2) } a2, o

+O(5%75152753)] P5(q2)- (4.14)

We also need to provide a purely gravitational effective action, constructed out off
curvature tensors in derivative expansion. This action describes the self-interaction of
the graviton field and provide dynamics to graviton. For the analysis we are conducting
here, it suffices to consider the leading term of the EFT action, which corresponds to the
Einstein-Hilbert action and is expressed as follows:

St = 21? / da\[/~det(g.) (R+O(R)) . (4.15)

Feynman rules for the vertices: starting from the interacting parts of the action
given in (4.10) and (4.11), Feynman rule for the vertex describing interaction between two
spinning particles with momenta ¢ and —(q + ¢), and one graviton with Lorentz indices pv

and momentum ¢ turns out to be

3

1 K (—q)

- Lha K(=q) + smut” 0*K(=q) K(=q) 1, OK(=9)
v 9 v

1 o
+ ZTZNVEPE

0g° ograqe 1T g T 2T g
i %gb Zon agfj;)Q) B imp mzu)b + iEbKPE?ubW
i o e

- Epga{g(,upcw)(*q) + ga(uu)p(*q) - g(upu)a(*Q) - ga(l/p,u,)(*Q)} + O(fg)] > (4'16)
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where we suppressed the massive particle spin/polarization indices. The above expression
is symmetrized under p <> v exchange and in our convention momenta of the particles
are always flowing towards the interaction vertex i.e. ingoing. Analogously starting from
the interacting part of the action given in (4.14), Feynman rule for the vertex describing
interaction between two spinning particles with momenta ¢ and —(g + ¢1 + ¢2), and two
gravitons with Lorentz indices (uv), (po) and momenta ¢1, {2 respectively, turns out to be

e

OK(=q) , 1 <K (—q) ;e 0K (~q )Ub_,gbzrfa/c( )}

L) (g, —q— 0 —b2,61,65)

:wl(nﬂynpa_zmpnw){/q q)+ (z )

1
+§(€1+€2)p7+ Qp(l1+L2)" 0o T3 o 907

0q° 2
OK(—q) 1 OK(—q) 1 LO?K(—q) 1 ,0K(—q)
_npa{ ”w “!‘*(614‘62)” += q;t(gl +€2) 8q”8q” +7€Ii aq,u vb

oq” 2 oq” 2
1 oK (— 3 oK (— 1 oK (— 1 0K (—
— =065 ( q)} 5 {qg ) (b1+02) o q) (51+€2)'{7( )

aqh o e o¢ 2 o 2% 94" 0"
0K (—q)

a’C( q) 1 < 0?K(—q) O*K(—q)
0?K(—q) P K(=q)
0q¥0q° dq¥ 0q° Oq*
1 IK(—q) OK(=q) | »9K(—q) OK(—q)
+37 W{gb e Yop— 52T, B +8 9 DISL) i 9

1 9*K(—q) r PK(=q)| 1 [ K(=q) r 9°K(—q)
ity { a0 oo | Ta% agage T g ogr

+qv

1
+ 5@1 +€2)

1 1
+§{qu(£1 +02)p+ (01 +€2)M} +5audp(l+L2)"

1 x) OK(=q) 7 OK(=¢) | 1 ) 0K(=q) 7 9K(=9)
4771/0@ gl){ Oq~ EPM_EPM g~ _5771"7% dqP Efw_za# dgP

1 a{a/a—q)E e a/C(—q>} 1, {a/q—q)E g a/C(—q>}

—5771/051 dgH W Tap g Tt q° re e ggo

1 [aK(- 9K (—
—ela{ a(qVQ)Epu—qu 8(Lzyq>}+o(£%,ele2,e%)]7 (4.17)

where we suppressed the massive particle spin/polarization indices. We could have sym-
metrize the above expression under p <+ v and p <+ o exchanges. However, it is unnecessary
because any contraction involved with this vertex in the computation of loop diagrams will
already exhibit symmetry under these exchanges.

Now we want to evaluate the amputated Green’s function involving N number of
massive spinning particles and one graviton with momentum ¢ and Lorentz indices uv,
where the graviton is not connected to any external particle leg. Using covariantization
prescription it has been evaluated in appendix-B, where additional complication has been
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taken care off due to the presence of different momentum conserving delta functions between
TN+ and ™), The final result reads from (B.11) turns out to be
~ a . ) b 0 1 0>
Ljy therav () = ”; — g/ pi(u@ + (Sin)g £ o 25;;;{”%8%8%
0? 0?
oot~ P aprapy
P; OP; D; OP;

+ 0Ppyy, }1 rMar-ai—1fiaipr-an 4 0(52)‘

(4.18)

The three graviton vertex follows from (4.15) with the ingoing graviton momenta k,
¢ and —(¢ + k), and the Lorentz indices carried by them (uv), (po) and (7k) respectively
takes the following form:

v (ko —C— k)

UV, pO,TK
=ik [ - (/{:E + 62 + kQ) (nuunp’rnmi + Moo NMur vk + nrﬁn,upnua)
1
+ 4kl + 02+ KD 0o e + (kL + 0+ B 0o rw
-2 (k"rgnnupnuo— - e,u(k + g)z/innmi - (k + g)pkanm-nyn)
—2((kpulr + €lr — krly)Nupnor + (20ukp + €0y + kpukp)Nrvtie
+ (kpkr + Lokr — eTkp)an,,,c)} + Ok, K30, K202 k03, 0%) . (4.19)

4.2 KG-decomposition and IR-finite amplitudes

In Grammer-Yennie prescription we decompose the internal graviton propagator (4.2) with
momentum ¢ flowing from massive spinning particle i to j(# i) in the following way [1] (see

also [62]) -
i {

uv,po _ L
ApAD) = 02 —je 2

K5y (4 pispy) + G@Z}””(ﬁ,pi,pj)] : (4.20)
where
K37 (4 pisp) = C(4,pispy) [(pi — O + (pi = O)70"] [(pj + )07 + (p;j + )77,
Gy (Gopisps) = (00”7 + 0P — nf"nP7) — K5 (€, pis pj) (4.21)

with

_ (-1
~ Api-(i = 0) — i€} {pj.(pj +€) —ie}{ £.(€ = 2p;) —ie} {£.(£ + 2p;) — ie}

% [2(0::0)? = 07 — C(pi-ps) + 2pip) (i) = 2pip) (05-0)] - (4.22)

Note that p; and p; above refer to the external momenta flowing into the legs i and j,
and not necessarily the momenta of the lines to which the graviton propagator attaches
(which may have additional contribution from external soft graviton momentum or internal
virtual graviton momentum). For virtual gravitons whose one or both ends are attached
to a 3-graviton vertex instead of a massive particle, or to some internal massive particle
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Figure 12. This figure is a Feynman diagrammatic representation of the expression in (4.25). Solid
lines represent the massive spinning particles, dashed lines represent the ingoing virtual graviton
with momentum ¢ and the arrow in the graviton line represents that it is a K-graviton proportional
to Culy + C¥,. The solid blobs in the r.h.s. represent a new kind of vertices and the Feynman rules
for the left blob vertex is —x{2¢.(¢+£) +¢“£°S,,} and for the right blob vertex is k{2¢.q — (2T, }.

N+1)we do not carry out any Grammer-Yennie decomposition as

line or vertex inside I'(
those won’t contribute to IR divergences. In (4.20) the propagator part containing K ;)
will be denoted by K-graviton propagator and the propagator part containing G;;) will be

denoted by G-graviton propagator throughout this section.

Ward identities involving K-graviton: from the definition of K-graviton propagator
in (4.21), it is clear that K-graviton is proportional to a pure gauge of structure (*¢ + (¥ ¢,
with ( = p; — £ when it flows from ¢-th leg. Let us study the Ward identity for an off-
shell un-amputated three particle Green’s function involving two massive fields and one
K-graviton. It is diagrammatically represented in figure 12.

The Lh.s. of the figure 12 takes the following form:

1 1
@ +m?2—ie (q+0)2+m2—i

(¢h ¢ BT D —a— LD (—g-0)] . (428)

To compute the above expression we used the result of (C.4) and then simplified using the
identities in (2.10), (2.17) and derivatives of (2.17). After all the simplification we get

it e . 02(—q) ?2(=q) | .. ,,,02(=q)
2iC AT (—q) + 2iC.qlP ——— i 00Pe” =2y 9¢ ==
PRI —ie{ i LE(—q) + 2iC.ql 907 + iC.LePL 90700 + 2iC.00 o0
i 9%=(—q) i PE(—q) . .
SOy (LUl 1 20 g (— 1P E(—
+ S g 36 9 0gpaqe T G IE(=a) i ERAE(—g)

. 0=(—q) . 0?Z(—q)
v i pb 1 pb 4
IS a0 S 5+ O()

iim _ 94 =(_ Vg T
@ +m?— ie{ 2iC.q=(—q) +iC" = ( Q)Eyb} : (4.24)
Now undoing the ¢ expansion for Z(—g — ¢) the above expression can be re-written as
1 1
@>+m? —ie(q+ 0 +m? —i

= i{ =20 (q+0) — 08}

(¢ ¢ [E(—Q)Ff’u (¢, —q—4,0)=(—q — 6)}

E(=¢—-9) E(=9)
(G+ 02+ m?—ie ¢>+m?—i

: w{2¢.q - 5]}
(4.25)

The above identity is diagrammatically represented in figure 12. It is worth noting that the
blob vertices in this representation depend on the momenta of the massive particle and the
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attached K-graviton, as well as on the spin angular momenta of the massive particle, as
indicated in figure 12.

In comparison to the QED Ward identity in (3.22), the momenta dependence of the
blob vertices weakens the power of KG-decomposition. For instance, if we wish to study
the Ward identity for the four-point un-amputated Green’s function associated with two
massive particles, one graviton, and one K-graviton, analogous to figure 2, it will result in
new Feynman rules for the right blob vertex drawn in the second diagram after the equality
of figure 2. Specifically, the right blob vertex Feynman rule reads x{2¢.(g + k) — ¢"¢*°S1,},
which contains an additional term 2k( - k£ relative to the three-point un-amputated Green’s
function right blob Feynman rule k{2¢.q — ¢¥ ébE »t in figure 12. In turn this implies that
AW contains an extra exponentiation term compared to the IR-exponentiation factor
of AN). However this extra contribution arising from the momenta dependent right blob
vertex rule contributes to IR-finite part in the loop integral, allowing us to follow the same
strategy used in deriving the soft photon theorem. In [1], it is also observed that the right-
hand side of figure 3 in presence of one external graviton, due to one K-graviton insertion,
does not vanish, but instead leaves out some finite residual contribution. Fortunately, this
residual terms also contributes to the IR-finite part in the loop integral when we evaluate
AN+ which we can systematically account for it as well. However, as mentioned in
section-2, we still need to regulate some additional IR divergence in AXN+1) that arises from
the Feynman diagram involving three graviton interaction vertices of which one graviton
being the external graviton at the one-loop level.

IR-finite amplitudes: the IR-finite amplitudes associated with the scattering of N
number of spinning massive particles, and associated with N number of spinning massive
particles plus one outgoing graviton are defined by

N
-A(N) = eXp{Kgr} ~'4§R-)ﬁnite7 (4-26)
AN oxp (K} AN (4.27)

where

ate 1 1 1
23 om
= —iK : : :
ZZ; jz:l 402 —ie 0.(0—2p;) —ie L.(0+ 2p;) — ie
JFi
X [2(pi.p5)* = 970} = (0i03) + 2(p0-03) (pi-) — 2(pi-p;) (p50)] (4.28)
is the Eikonal IR-divergent exponentiated factor. In equations (4.26) and (4.27), AIR finite

and AIR ﬁmte represent the infrared finite components of the N-particle and N-particle-
1-graviton amplitudes, respectively.!! These components are obtained by removing the

"'To determine A%g_‘gii)te, we need to use an explicit IR cut-off for the diagrams involving graviton self

interaction vertices. The “reg” over the = sign in (4.27) corresponds to this particular IR regularization
scheme. Effectively this IR-regularization scheme removes a factor of exp{Kphase} from AWNHY with an
explicit expression for Kphase being

N RrR! 4
) ] 2 d*l 1 1 1
Kphase = i Z l(pj'k) /0 (2m) 2 — ic kL + ie p L — ic (4.29)
pn
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exponentiated IR-divergent parts from the original divergent amplitudes defined through
the relations (4.26) and (4.27). Both AIR finite a0d Alg Erlnte comprise contributions from
the corresponding tree-level amplitudes and loop amplitudes up to all orders in perturbation
theory. However, there is a condition: if both ends of a virtual graviton propagator are
attached to different external massive spinning particle lines (which may already contain
additional real or virtual graviton lines), then this graviton propagator should be replaced
by a G-graviton propagator when we evaluate them for the IR-finite parts. Additionally
the same set of diagrams need to be evaluated with K-graviton propagator as well and
then have to subtract by a factor of K. times the IR finite amplitude at one less loop
level. On top of it to evaluate the full IR-finite part of AN we need to IR regulate
diagrams containing at least one graviton self interacting vertex involving the external
graviton. Rigorous definitions of one-loop IR-finite amplitudes are provided below.

Now analogous to (3.29), (3.30) and (3.31), here we also split the IR-finite parts of the
tree and one-loop amplitudes in the following way

AIR—ﬁnite,O =) ) (4.30)
Afitmteo =TV, (4.31)
Al finite,] = [A(N) + ‘A(N)ﬁmtel + ‘Aself 1t ‘Anon-dlv 1 (4.32)

(4.33)

(N+1) _ (N+1) (N+1) (N+1) (N+1) (N+1)
‘AIR—ﬁnite,l = [‘A + AK finite,1 + "4 reg,1 + Aself 1 + -A :| 4.33

3-graviton- non- d1v 1

Above different components of the IR-finite one-loop amplitudes are defined as

1. .A(GNI) corresponds to the diagram in figure 5 with the dashed line being a G-graviton
propagator.

2. Agévjﬁnite , corresponds to the contribution from the diagram in figure 5, evaluated
with K-graviton propagator representing the dashed line there and then subtracted
the contribution K. x I'™) from it at the integrand level.

3. Aggf) ; represents the set of Feynman diagrams in figure 6 evaluated with full graviton
propagator representing the dashed lines.

4. Agg_div,l represents the set of diagrams in figure 7, evaluated with full graviton

propagator representing the dashed lines.

5. A(GNfr 2 corresponds to the set of diagrams in figure 8 where we need to evaluate
the diagrams with G-graviton propagator representing the dashed virtual lines. The
dashed external lines represent the on-shell graviton with momentum k.

6. A%V:;iln)ite 1 corresponds to the contribution from the diagrams in figure 8, evaluated

with K-graviton propagator representing the dashed line and then subtracted the
contribution K, x I'(V+1) at the integrand level. The dashed external lines represent
the on-shell graviton with momentum k.

7. A(NJrl)

3-graviton-reg,
ure 13, when we evaluate them using full graviton propagator and regulate the IR

1 represents the sum of the contributions of Feynman diagrams in fig-

divergence considering detector resolution as the explicit IR cut-off.
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8. Agg;rll) represents the set of Feynman diagrams in figure 14, evaluated with full
graviton propagator representing the dashed lines. The dashed external lines represent
the on-shell graviton with momentum k.

9. Ag:j éi)v , represents the set of diagrams in figure 11, evaluated with full graviton
propagator representing the dashed lines. The dashed external lines represent the

on-shell graviton with momentum k.

4.3 Derivation of soft graviton theorem

The goal here will be to derive the order w™! and Inw soft factors from the ratio of AEP]\{_ nglli)te

and AIR enite When the external graviton energy is small i.e. w < [p'].

4.3.1 IR-finite one-loop N-particle amplitude

Let us evaluate the sum of contributions from figure 5 with insertion of G-graviton propagator
and the finite part with the insertion of K-graviton propagator together. We can do this by
examining the diagram in figure 5, where the dashed line represents a full graviton propagator.
Then we need to subtract Ky x I'™) from the evaluated result. The mathematical

expression reads

4
(N) (N) dﬁ 1 1
AG,l +Ax finite,1 — Z/ p; — 0)2 —|—m —ie (pj + 0)? +m32~—ie

,j=1
1>]

x [eF (=pi) T (01, —pi + €, —0)Zi(—pi + 0)] A5 (0)
—_ N
(] =pITS (ps, —ps = £, 0)Z;(=p; = O[T i = £+ 0)
— Ky x W) (4.34)

We evaluate the above expression by using the identity derived in (C.4). The result in small
¢ expansion in the integrand turns out to be

AG 1 + AK finite,1

)
iK ;leﬁ / 2m)4 02 —ie £- (0 —2p;) —ie £- (L +2p;) —ie
J#

0 N 0 N
{2(pi-p))* — viv}} ( ZPWFEZ]-)) (pispj) + Epwfgij))(pi,pj)>

T o T o T go _ 2 p5T o) pNV)
+ {2(pi'pj)< pzzpag _ppszag >+pz pszog - pzzpaé }F(U) (piapj)

+ O(ﬁﬁ)] (4.35)

Note that in the limit /# — 0 the integrand of the above expression behaves like [ % at
leading order, hence the contribution is IR-finite as promised.

Diagrams in figure 6 renormalizes the massive spinning particle propagators in presence
of gravitational interaction, when the dashed lines represent graviton propagators. The
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contribution from the loop diagrams there are IR-finite. Hence following the analogous
wave function renormalization condition (3.36), the sum of the contribution vanishes i.e.

N
A, =0. (4.36)

Now let us analyze the diagrams in figure 7 with dashed lines being full graviton propagators
are connected to some internal massive virtual lines or massive EFT vertices inside TY). In
the limit /# — 0 the integrand of the first diagram behaves like | £|3 at leading order, and

the second diagram behaves like | |2 at leading order, hence IR-finite. We do not need to
evaluate them explicitly. Let the total contribution after removing the UV divergences by
adding counter term diagrams reads

AN (4.37)

non-div,1

Hence the total IR-finite contribution to N-particle amplitude follows from the defini-
tion (4.32) becomes

d* 1 1 1

(N) 2
AR finite,1 = ~IR ;JZIG (2m)4 02 —ie € (0 —2p;) —ie L- (0 + 2p;) —ie
J#i

9, J (N
{2(pi-pj)2—p?p§}< O or I (i i)+ 1“&5(1%%))
ag g g ag N
+{20000)) (P00 t” = DS ]0l7) + PID) S l7 = D3PI S0t} T L) (Pis py)

(4.38)

non-div,1*

+wM+A

4.3.2 IR-finite one-loop (IN + 1)-particle amplitude in the soft limit

Here we analyze all the Feynman diagrams contributing to (3.31) in the soft limit i.e.
w — 0. We start by analyzing the diagrams in figure 8 with the dashed lines being full
graviton propagators, which evaluates the contribution of Agfrl) + AgJ(V_Jrﬁln)itql + K g,,F(N +1),
By evaluating this sum with full graviton propagator, we avoid all the computational
complicacies in the KG-decomposition in presence of external graviton as pointed out in the
paragraph below (4.25). Then finally we subtract the contribution of K gTF(N 1) from the
sum to extract the w™! and Inw soft factors from A(GN1+ Yy A(N?n)lwl in the limit w < |pf'].

The first diagram in figure 8 with full graviton propagator representing the internal

dashed line takes the following form

die 1 1
B=YY "

== 210Z (2m)* (pi +k — 02 +mi —ie (pj + £)? +m3 — ie
J#i

(F (=PI T 0y —ps = b ) Zi(—ps = KT (91 + ey —ps = ke + £, =0 (—pi — b+ 0)]

X AGTH(0) €] (=py DD (0, —pj — £ 0Z5(=p; = 0)] T i+ k = £,pj +0) . (4.39)
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After using the identities in (C.4) and (C.6) and simplifying the above expression reduces to

N

Z / ¢ 1 1 1
I pik 402 —ie 0.(0—2p; —2k)+2p;.k—ie L.({+2p;) —ie

i=1j5=1
J#i

(2(pi-5-pi) {2(pi-ps)* =P} +4pi-pip; -k —2pi-pip; £ +2pi-pipi-L}
+4(pi-e.pi)pi PPl S ] 0" —2(pi-epi)Di P 2], 07 +2{2(pi-p;)° —Pi 3 D S kY

v v . ua]C p 0= —Pi
—4(pi-e.pi)pi-pipl L0 +2(piepi)p3Dt 5], 00 —2ip; kpi.pipiue” é(pu J é(pq l)p‘j’

Wa/cz-(—pi)aa(—pi)pa) ()

ipi kPP g Loy (0ips) —2(pie.pi) {2(pi-p;)* —pip; }

(3

0 0
x ((H) Gy (o) o)+ o i ’(pz,pn) + OW,MM]. (4.40)

The second diagram in figure 8 with full graviton propagator representing the dashed

internal line takes the following form

d*¢ 1 1

B = Apo,)ﬂ' /
11 = zz;]zjl/ 4 pl+k_g)2_|_ml2_Z’E(pj+€)2+mj2_i6 F ()
JFi
% X (=pi )™ ()T o (91, —pi — b+ £, K, —0)Zi(—ps — ki + 0)]
< S p)T s, —ps = LOZi(-p = O] T i+ k= Lpy+ ). (441)

After using the identities in (C.4) and (C.8) and simplifying the above expression reduces to

d*e 1 1 1

B = 3
1=k 2;6 (2m)% 2 —ie (0 — 2p; — 2k) + 2pik — ie (€ + 2p;) — i€

JFi

‘ OKi(—pi) 50Zi(—p;
{ — 4(pi.e.pi)p; + 16(pi.c.p;) (pi-ps) + 2ipi.pjpipe™ (;(p,, Z)p;'- é(pq J
(]

Ki(=pi) ., 0Zi(=pi) OKi(=pi) ,0Zi(=pi)

+ 2ip;.p ~p‘787pi e 20T 2 et P
I apg H ap;/ g a 7 ap?—
. a—alcz 1 VaEz
— i}y a(p)PM“ ;p)}FEZ))(pi,pj) + O k)| - (4.42)

The third diagram in figure 8 with full graviton propagator representing the dashed internal
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line takes the following form

Bu=33 [ a5 ! !
IH—@ 1j=1 Mt (pi—0)2+m7 —ie (pi+k—0)2+m3 —ie (pj+0)2+m5 —ic
J#i

[6?(—pi)FL33(pi,— i+z,—z)zi(—pﬁe)eﬂff(k)rg?;)(pi—e,—p,-—kw,k)si(—pi—kw)}

x A (0) [ (=T (0~ — O (—p; —0)] T (it k—L.pj+0).
(4.43)

After using the identities in (C.4) and (C.6) and simplifying the above expression reduces to

1 1 1
B =ix® /
1=K ;;6 27r4€2—ze€(€ 2p;) —ie £.(0—2p; —2k) +2p;.k—ie
J#
1

00+ 2p;)—ie
+8(pi-£.0){2(pi-p;)° —pip3 } +8(pi-e.pi)i-pjpj L +4{2(pi.p;j )2 — DD} Ipipe” S k"
—8pi.p;(pi-e-pi D S O +4D5 (pi-e.pi )Pl S, 07 +8(pie.pi)pi-pspl 5, 0
aICZ( p’l)pip&_pa 8“2(_ Z)

op!! op?

1

[(—4(pi-€-pi){2(pi-pj)2—p?pﬁ}—8(pi-s-pi)pi.pjpi-€

— 4pi (pi-e.pi)p Z;FWBV +4ip; Lp; .pjp?

p OKi(—pi) ,gpgaaxpi))ﬂm

(ij) (Pispj) —4(pi-e.pi) {2(1%-13]‘)2_1’@217?}

—2ip;. Epj pl 3 Pip ap7
1

) )
((k: 0 aurgg))(pi,pj)-f-f“wrgj))(pi,pj)) + O(M,Ek,kk)]. (4.44)

The fourth diagram in figure 8 with full graviton propagator representing the dashed internal
line takes the following form

N

By = k e (—pe)e ()T (pk, —pk — by k)Er(—pi — k)
%i/” 1 |
— =) @m)* (pi— O +mF —ie (p; + 0)? +m] —ie
75 ;ﬁz k
{ ( pZ) pv (ph —pi + e E)'—'z( —p; + 6)} A’;‘V’pa(f)
= N
{ (=Pi)T5e (pss = = 4O (=p; = E)}FEW)C)( —lpj+Llpr+k).  (4.45)

The fifth diagram in figure 8 with full graviton propagator representing the dashed internal

— 44 —



line takes the following form

B 722/ d4£ 1 1
v =121 pi — 0% +mi —ie (pj + )% +m3 — ie
JF#i
X [J(‘Pi)FS’V) (pis —pi + €, —OZi(—p; + E)]A“”’pa(ﬁ) e (k)
N
< [ (=P T 05, —ps — £,0Z5(—p; — O|T N pi = Lpy+ £F) . (4.46)

In both the expressions of By and By the integrands can be simplified using (C.4) and
the result of the following common loop integral reads

/ d*e 1 1 [ T(—p)T®) (pi, —ps + £, —0)Zi(—p; _’_5)}
(27T)4 (pl - £)2 + mZQ — 1€ (pj + 6)2 m? — 1€ T py A ? ) 7 i

X ARP(0) x| (—py )T by, =y — 60F(—p; = 0)]

it 1 1 1
_ o 2TT/ 2p;i.pi)? — p2p2
R (2m)4 02 —ie - (0 —2p;) —ie £- (L4 2pj) — ie{ i-pi)” = pip;

+ 2(pipy) (pi-0) = 2(pi-0) (9 ) + 2(pi-py) (DSl = PIE 0 l7) + PIDGS 0l

= pIpNh 7 + 0. (4.47)

ipo

Hence the total IR-finite contribution from the sets of diagrams in figure 8 reads
(N+1) (N+1)
‘AG,l + ‘AKfﬁnite,l
= By + Bir + Brrr + Bry + By — Ky x T (4.48)

where the (N + 1) particle tree level amplitude is given by

N
rVHD = 3~ 2p = eF (—pr) e (TS (pr, —pi — b, k) Er(—p k‘)TEk)) (pr + k)
k=1
+M (k) T (k) (4.49)

In the soft limit the above tree level (N + 1) particle amplitude provides the tree level soft
graviton theorem with soft factor given in (1.3).

Substituting the results of (4.40), (4.42), (4.44), (4.45), (4.46) and (4.28) in (4.48), it is
easy to see that the final expression is IR-finite in the limit /# — 0. In explicit computation,
the IR divergent contribution in the sum of (Br + Bjrr) + Bry + By cancels with the IR
divergent contribution of K, x r& +1) and Bjy is IR finite at finite value of k.

Now let us analyze the expression (4.48) in the soft limit i.e. w < |pf'|. In this limit
a part of the final expression (4.48) contributes to w™! for the full integration range of
virtual graviton momenta, which reproduce the Weinberg’s soft graviton factor relating two
IR-finite one-loop amplitudes. For evaluating the rest of the IR-finite part of (4.48) we
divide the virtual momenta integration range into three regions: |¢#| € [0, w], [w, |p!'|] and
[[pl'],00). It turns out that the integrand starts contributing at order w® in the region of
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12'in the soft limit. Finally in the region of integration

integration |¢#| € [0,w] and [[p'], 00),
M“\ € [w, [p!']] the integrand contributes at order In w which is dominant compare to order
w in the soft expansion. Hence the order w™! and Inw contribution from (4.48) turns out

to be

A(C,‘Afl—i_l) + .A(N+1)

K —finite,1
N
= - - X A A )
Kk 1 -k ( G1 + K*ﬁmte,l)
Z Z ¢! / d*e 1 1 1
i=1j=1 2m)4 £2_i€€-pi+i€€.pj—ie
JFi

pj.k 20.k 1
p;.k pi.k £.p; + i€

X l — 8(pi-€-pi)pi-p; (pi-€-pi) {2(]%-29]')2 - P?p?}

(ngﬁ)
Epz + i€

+0OWY). (4.50)

T {2(pipy)? — p0S ) — Apiepi)p; + 16(pi.e.p;) (pi pj)] E”))(pz,pg)

Above the expression of .AGl + AK finite,1 1S glven in (4.35). The “reg” in the subscript
of loop momentum integration above refers to the integration range [¢#| € [w, [p]], [p}]]-

It is intriguing to observe that the components reliant on theory, such as K;, Z;, and
orv)
Op;
vanish when the individual diagram contributions are summed in the Inw order soft factor

, along with the dependence on spin angular momenta of the massive particles,

contributing integrand. This theory and spin independence feature is not true for the order

0

w" contribution from (4.48), which we ignored here.

(N+1)

3-graviton-reg, 1" This term represents

Let us proceed to calculate the contribution of A
the sum of contributions from the Feynman diagrams shown in figure 13. We evaluate them
using full graviton propagator and regulate the IR divergence of the virtual loop momentum
integration by introducing an explicit IR cut-off R~!, which serves as the resolution of the

detector. The expression of the first diagram in figure 13 reads

c iv:/oo d4€ 1 1
1= 2 Jr @m)F (=02 +m2 —ie (p;+L+k)2+m2 —ie

<[] (=pa)TS) (s, —pict €.~ O (—pi+0)]
X AP (et (YD) (kl,—0—k)AT(0)

HUV,p0,TK

(] ()T (g, =y == (4 R)Z (—py — L= ) T35 (0= € py+L+F) (4.51)

Now using the identity in (C.4) and substituting the 3-graviton vertex from (4.19) with
on-shell and transverse-traceless condition for the external graviton the above expression

2In the integration region |¢*| € [|p¥|, 00) the integrand is UV divergent, so needs to use UV regulator
and add appropriate counter terms to extract finite result.
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i H 7

Figure 13. Diagrams containing 3-graviton vertex contributing to Agj_\g;lv)iton_reg,l after regulating

the TR-divergence considering detector resolution as the explicit IR cut-off. The solid lines represent
massive spinning particles and the dashed lines represent gravitons.

simplifies to

ir % diy 1 1 1
Cr=—— ETET/ . . .
! 8 ”zz:l C re 2m) (pi = 02 +mi — e (pj + L+ k)2 +mF —ie £2 — e
i
1 g g g ag g g T
X (EToEeT [4pfpi — P27 — 2p04° — 2p7 0P + 2p0 T, 4 2p7 % P,

— 2P IS0+ O] & (k)| = (el + £2) Mo Tyar T + Tesuoluo)

+ 4(k€ + 62)77p1/7707'77f$u - 2 (kannupnuo - gugunp‘rnan - (k + f)pkanu‘rnwi)
= 2{(lr — kel )NupNor + (20ukp 4+ €l p)ruie + (Kpke + Lok — ok p)Npuour

+ O K30 K22 k6, 04)] x [4p7pf — 2307 + 207 (€ + k)" + 25 (€ + k)7

— 2T ST (04 k), — 205 ST (0 + k) + 207 pE ST (0 + R)E + O, tk, kk)}
N
x T (pi = £.pj + L+ k). (4.52)
The above expression contributes at order Inw in three regions of integration [¢#| € [R™!, w],
(¢ + k)*| € [R71,w], and “reg”= |¢*| € [w,|p!']] in the soft limit. The contribution from
the regions |¢#| € [R™1,w] and |(¢ + k)*| € [R™!,w] turn out to be same as C; is symmetric
under the simultaneous exchange of ¢ <+ (¢ + k) and i <» j. Hence we only evaluate the
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contribution in region |[¢#| € [R™!,w] and multiply by a factor of 2 to incorporate the
contribution of other region.
In the region |¢#| € [R™!,w] we approximate the propagator denominators at leading

order as
1 1 1 1

(pi — €)% +m? —ie :_Qpi.ﬁﬂ-ie’ (pj—l-f—i-k‘)?—i—m?—ie: 2p;.k —ie’
1 1

T k)2 —de 20k —ie

(4.53)

Then only when we choose the order O(kk) terms from the V) vertex, after the loop
momentum integration we can have O(Inw) contribution. On the other hand in the region
“reg’= |"| € |w, |p!'|] we approximate the propagator denominators at leading order as
1 N 1 1 N 1
(pi— 024+ m2 —ie  2pil+ie (p; + L+ k)2 +m5 —ie  2pjl —ie’
1 o1
0+ k)2 —ie 2 —ie’

(4.54)

Then only when we choose the order O(£f) terms from the V) vertex, after the loop
momentum integration we can have O(lnw) contribution.
Hence the full contribution at order In w from all the three regions of integration becomes

ix® ror 1 [ d*¢ 1 1 1 5
= 4(pi.k)*(pj.e.pj
;11 I pik Jr— (2m)4 EQ—Zszﬁ—erﬁk—ze{(p ) (pyeps)
1#]

—4(p¢-k)(pj-k)(pi-s-pj)} Elj))(pz,pg)

m T 1 1 2, N2
Z /reg {EQ : [—f (pz-e-pz)pj

) ze}Qplﬁ—Hep]K—ze
i#]

— EQ(pj.E.pj)p? + 452(pi.pj)(pi.6.pj) + 2(pi.pj)2(€.8.f) — 2(pi-5-€)(pi-pj)(pj-€)
+ Qp? (pi-e.l)(pi-l) — p?p?(f-eﬁ) —2(pj-e.£)(pi-pj)(pi-l) + 21%2 (pj.z-:.ﬁ)(pj.ﬁ)}
x T4 (pinpj) + O) . (4.55)

Note that the integrands above are independent of the spin angular momenta of external

massive particles as well as do not depend on the theory dependent terms such as K;, Z; or
non-minimal couplings. The first integrand above can be evaluated using the result of the
integral (derived in [1])

/w v 1 1 1
r-1 (2m)* 02 —iep;d +ie bk — i€

L wr) [s Y + 0w (4.56)
= —— n(w 4 —— In| —= w )
4 p;.k memt T on (p;-n)? ’
and momentum conservation relation

N
ij = _pf- (4.57)
j=1
JFi
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Above n; convention is the same as described below (1.6). We won’t evaluate the second
integrand in (4.55) explicitly at this moment, but will simplify some of the terms which
contains (p;.£) or (p;.£) in the numerator using the momentum conservation relation in (4.57).
Also the term containing (¢.€.f) can be simplified by the following using integration by
parts relation

/ de v 1 1
(27r)4 (02 —i€)? pil +iep;.L — i€
¢ 1 1 1 1 pv Hpv
o T .
D] 27T4£2—26p1€+26p‘7£—16 pil +ie  pj.l —ie

Following all the steps outlined above and using exchange symmetry (p;,¢) < (p;, —¢) in
the second integrand of (4.55), the simplified expression of C; becomes

. 2
TDPj 5]9 ? b (N)
Cr= lno.) Ze SO AR XZG p;.k [ e 1 < )2>] F(ij) (piupj)

=

J (Pi-n
m 1 1 9 9
le reg ( 27r 4 52—16 piL+iep; E—ze[ (pi-2.pi)pj = (pj-2-py)p;
7175]
1 2,22 (N) 0
+4(pi-pj)(pi-5-pj)_M{Q(pi-pj) —pipj}(pi-eﬁﬂf(,-j) (pi,pj) +O(W"). (4.59)

Note that in the first line above j = ¢ sum is included while it was not present in the expres-
sion (4.55). The inclusion of this term originates from the second term in the numerator of
the first integral in (4.55) after using the momentum conservation relation (4.57).

For completeness here we also briefly analyze the second diagram in figure 13 which reads

N 4
3 1 [ dd 1
= L 0k S P i D

< T (py — £, —p; — k., 0+ k)Zi(—p; — k)A#7 (D) VE) (ke t,—k — 1)

UV, PO, TK

x AP0 4 T (i + K). (4.60)

In the integration region |¢#| € [R™1,w] or |(¢ + k)*| € [R™!,w] the numerator of the
potentially contributing Inw terms vanishes in the integrand. On the other hand, in the

3 —
5 T8 (0iy =i+ £~ OZi(pi +0)

integration region “reg” using a set of integration by parts to cancel (p;.k)~! factor, the
terms potentially contributing at order Inw becomes

K3 Z 1 ( 2)2
21)2 . E.Ds + _ M/ . c.
cu= /reg pz l+ 26)2 02 — e { i (pi-.pi) p;.l + ic (pi-e 5)}

x Fgl))(pi) + (’)(wo). (4.61)

The above expression of C'r; can be simplified using the following identity

/ d*e o 1 _l/ d*e 1 1 (4.62)
reg (277)4 (pze + i€)3 2 —je pi reg (277) (ple + iG)Q 02 — e’ .

and the simplified expression reads

-t f

1
P (pipi) T () +0W").  (4.63)

Y (pil + 26)2 2 —
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Set 1:

Set 2:

Set 3:

Set 4:

Set 5:

Figure 14. Set of 1-loop diagrams contributing to Aié\{fﬁl), where the virtual dashed lines represent
the full graviton propagator connecting two different points on the same massive spinning particle
leg. The cross appears in some diagrams above corresponds to counter term, which cancels the UV
divergences in the renormalization prescription.

The third, fourth and fifth diagrams in figure 13 do not contribute to order Inw from
any integration region. Hence the total order Inw contribution to AN

3-graviton-reg,1 after
summing over (4.59) and (4.63) turns out to be

N+1
“Ai(i—grav)iton—reg,l
iK> N TDjE-Dj N i Py (N)
= —Elnw j;ej ik X ;61' (pi-k) l‘sm,l T or In ((pi-n)2>] F(ij) (pi, pj)
.3 N 4
b= o 1 LI N S A
+ 2 ”ZI i /reg (2m)% 02 —iepil + iep; L — ic (p,.E.pZ)p] (pj-2-p;)pi

i#]

) (piepi) — 02— 22 (p, (N) () .
+ 4(pi-p;) (pi-£-p;) Dl + e {2(pi-py) pipj}(pz.s.ﬁ)l L (pi, ;)

2 3 “ g (2m) (pi.l +i€)? 02 — jeli\Piebi (i) \Pi W) :

Let us now analyze the set of Feynman diagrams in figure 14 which contributes to

Aéé\{fil). All the diagrams are IR-finite for finite £ and the UV divergences in the sum
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of contributions cancel by using on-shell renormalization condition with proper choice of
counter terms. After renormalization a finite contribution remains, and it contributes at
order Inw in the region “reg”. In specific, the sum of the diagrams in Set 1, Set 2, Set 4
and Set 5 individually vanishes using the gravitational analogue of the wave functional
renormalization condition (3.36). On the other hand the counter term choice of the last
diagram in Set 3 cancels the sum of UV divergences appearing in the first four diagrams in
Set 3 and the second and third diagrams of figure 13. After the cancellation of these UV
divergences, only in the integration region “reg” we get the following expression, which can
potentially contribute at order Inw in the soft limit

N+1) 1 1 N
Agelfl - Z /re pl 7 26)2 2 _ pzZ(p15pz) X FE@))(pz)

+ O(w ) . (4.65)
Before even evaluating .Anon dl)v ; from the set of diagrams in figure 11, it becomes
evident that these diagrams are IR-finite for finite £ when ¢# — 0. The sum of first, fourth
and sixth diagrams in figure 11 contribute to leading soft graviton factor at order w™!
multiplying .Anon div,1- On the other hand in the integration region w < [¢#] < |pt'|, though
individually the first and third diagrams in figure 11 have the potential to contribute at
order Inw as those behave like [ %, when we sum them up, in the numerator we get an
extra factors of £ and/or k. Hence they can only contribute from order w® or wInw. Hence,

summing over all the contribution we get

AWNHD Zp”pl AN oW, (4.66)

non-div, 1= non-div,1
i=1 pl

Summing over the contribution of (4.50), (4.64), (4.65) and (4.66) we get

(N+1) bi-€.p;
Alr finite,1 — ¥ § , ik AIR finite, 1
i

=1
ix’ pj-p p
-1 T2 5> (pik) |61 —=— In . x (V)
47 21 . ; o 27 (pi-n)?
e N/ 1 1 1
= 13 . reg (2m)4 02 —ie L.p;+ie L.pj—ie
J#i
pj.k Lk 1 5 9.9
X[ (piepi)pipy ot Wi e.pi) {2(pi-pj)*~pip}}
pi.s.ﬁ
—ép,ﬂ)e{?(m-pj) —p;ip;}+4(pi.e.p)) (pi pj)] x TN +O(w?), (4.67)

where the expression of A%g_ )ﬁnite | is given in (4.38).
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Soft graviton theorem result at one-loop: the expression for one-loop amplitude in
the soft expansion derived in (4.67) can be re-written in the following compact way

N
(N+1) Di-E.D; (N)
'AIR—ﬁnite,l =K Z , x AIR—ﬁnite,l

i=1 pi-k
N piepi (N)
reg i-C-Pi
+ Kphase X KZ Di k X AIR—ﬁnite,O
i=1 L

al P kp
+ K ! P

where the expressions of K;‘fise and K# are given in (1.6) and (1.5) respectively. This result

agrees with the loop corrected subleading soft graviton theorem, originally derived in [1] for

I'jaK;'f,g B paK;f;g
‘ 8pip ' Opiv

} X A pnite0 + OWP),  (4.68)

minimally coupled scalar-gravity with scalar contact interaction. Here the re-derivation of
this result from a scattering amplitude involving particles with arbitrary spins in a generic
theory of quantum gravity confirms the universality of the Inw soft factor. The universal
properties of tree-level soft graviton theorems in spacetime dimensions D > 5 have also
been established from the soft expansion of string theory amplitudes in [2, 63—77]. It would
be interesting to explore whether the Inw soft factor can also be derived from one-loop
amplitudes in string theory compactified into four spacetime dimensions.

The soft theorem result (4.68) also verifies the well-known fact that Weinberg’s leading
soft graviton theorem remains unaltered by loop corrections. Therefore, even from the
analysis presented above, we observe that Weinberg’s soft theorem still holds, relating two
one-loop IR-finite amplitudes.

4.4 Discussion on generalization

When some of the massive spinning particles carry electric charge, the order In w soft graviton
factor in (4.68) undergoes correction due to electromagnetic interactions. The correction
term has been derived in [1] in a minimally coupled charged scalar theory. A straightforward
generalization of our derivation, combined with the covariantization prescription outlined
in [5], will be useful for establishing the universal nature of this correction. At one-loop order,
it is also possible to derive the spin-dependent order wInw soft graviton factor as provided
in (1.4), once we understand how to account for the additional subtleties highlighted in the
discussion below (2.4). Furthermore, through an analysis of two-loop amplitudes in the soft
limit, it is possible to derive the order w(Inw)? soft graviton theorem as conjectured in (1.7),
which is also expected to be universal. We intend to pursue these analyses in the future.

Using the Feynman rules derived in subsection-4.1, in combination with the identities
in appendix-C, it is possible to derive the tree-level simultaneous and consecutive double
soft-graviton theorems up to sub-subleading orders in a generic theory of quantum gravity.
This result does not exist in literature and will be interesting to explore in future.

5 Summary and outlook

In this article, we have proved that the order Inw soft photon and graviton theorems are
universal (theory independent) by working within a generic setup of arbitrary spinning
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particle scattering. Along the way, we have also provided the definitions of IR-finite ampli-
tudes in the generic theory of QED and quantum gravity for scattering involving spinning
particles. We used the Ward Identities along with the Grammer-Yennie decomposition
to perform Eikonal exponentialization and extract the IR-finite amplitudes. At one-loop
order, we provide integral expressions for the IR-finite amplitudes, which have been used to
derive soft factors. While it would have been desirable to explicitly evaluate these one-loop
IR~ finite amplitudes and explore their crossing and unitarity properties in a specific theory,
this remains an avenue for future investigation.!> We have also discussed that while the
KG-decomposition is powerful for extracting IR-finite amplitudes in a generic theory of
QED, it loses efficacy in the generic theory of quantum gravity. Furthermore, we have
provided a set of soft photon and graviton theorems up to two-loop orders in section-1,
with some of these theorems conjectured based on classical analysis. These set of new
soft theorems can be derived by extending our analysis to higher loops as discussed in
subsection-3.4 and 4.4.

In [13, 14], a relation between low-frequency electromagnetic/gravitational waveforms
and the classical limit of soft photon/graviton factors has been derived. In frequency space,
the low-frequency gravitational waveform in D = 4 is given by'4

_ 26 . ad
e (k)éu (w, RA) = —i e R+2GImR > pj-n|xSH o, (51
j=1
nj=-1
where SY ..., represents the classical limit of quantum soft factor for single soft graviton
emission with momentum £* = —wn*. In the above expression €, is defined by

0o ] 1
Em,(w,f) = /_ dt et (hﬂy(t,f) — QHHVhZ(t,f)> . (5.2)

Note that to derive the classical limit of the quantum “soft factor” from (1.1), first we
need to incorporate the sum over particles indexed by i. Subsequently, in their respective
expressions, when the orbital momentum operator operates on AW it must be substituted
with the classical orbital momenta of the scattered objects. Furthermore, based on explicit
classical computations of gravitational waveforms presented in [16, 21, 23], it has been
conjectured that the validity of the relation (5.1) holds true solely when, in the classical
limit, the soft graviton factor is calculated using the retarded propagator for the graviton
field instead of Feynman propagator. In practice this prescription suggests that in the
integral representations of (1.5) and (1.6), the term (¢2 — i¢)~! should be substituted with

-1
— ((EO + i€)? — P) in order to extract SY|, With this substitution, S% ..., only

classical*
receives contributions from the part of the loop integrals in which the virtual hard particle

13BS acknowledges Waél Aoun for pursuing his master thesis project on this topic using the IR-finite
S-matrix formalism proposed in [78] and making substantial progress.

" The explicit expression is given in equation (2.5) of [23], where we have adopted the convention that the
energy of the outgoing particle is positive, which is contrary to the convention used in this paper. After
Fourier transformation in frequency variable, it provides gravitational memory along with multiple tail
contributions at late and early time for generic gravitational scattering event.
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propagator goes on-shell (referred to as the potential region) and the graviton propagator
with principal value. However, it does not receive contributions from the part of the
loop integrals in which the virtual graviton goes on-shell (known as the radiation-reaction
region). Unfortunately, we lack a fundamental understanding of why the classical limit of
the quantum soft factor does not include contributions from radiation reactions.

For a 2 — 2 scattering process with a large impact parameter or low momentum
transfer, the contribution of radiation reaction to the quantum soft factor turns out to be
suppressed compared to the contribution from the potential region (classical), as discussed
in [1]. This has also been established in [79] using the KMOC formalism [80, 81] after
substituting the final momenta of the scattered particles in terms of initial momenta and
the perturbatively computed momentum impulse in terms of initial scattering data and
specified interaction. However, for hard scattering (small impact parameter scattering), the
reason why the radiation reaction contribution to the quantum soft factor does not affect
the classical waveform in the classical limit has not yet been resolved. We believe that a
generalization of recent investigations into deriving classical gravitational waveforms from
Eikonal exponentiation in [44, 82-86] could potentially resolve this puzzle even for hard
scattering. It would be interesting to explore whether there are any observable consequences
resulting from the contribution of radiation reaction in the quantum soft factor.

There have been many applications of soft theorems both in the context of scattering
amplitudes and in relation to gravitational memory. For instance, the universal characteristic
of Weinberg’s soft theorem imposes an infinite hierarchy of constraints on the linear
momentum impulse within the KMOC formalism, as derived in [87]. Tt is also anticipated
that the universality of the In w soft theorem should impose an infinite hierarchy of constraints
on the angular momentum impulse within the KMOC formalism.'® As discussed in section-1,
while the soft theorems alone cannot impose non-trivial constraints on the quantum theory in
the UV, combining the results of the soft theorems with certain physical assumptions about
scattering amplitudes, such as analyticity, unitarity and crossing grants them the ability
to constrain the UV quantum theory. As an illustration of this concept, the article [88]
derived non-perturbative bounds on the a-anomaly coefficient of the UV conformal field
theory (CFT), the deformation of which leads to a massive QFT along the renormalization
group (RG) flow. These bounds were established by incorporating the constraints from the
double soft dilaton theorem within the framework of non-perturbative S-matrix bootstrap.
For numerous astrophysical scattering events, the order of magnitude of gravitational tail
memory follows from the Inw soft theorem has been estimated in [16, 20]. In certain classical
scattering scenarios, the gravitational waveform resulting from the In w soft theorem has also
been derived in [89-91], carrying observable consequences in the present era of gravitational
wave physics.
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A Intermediate steps in deriving soft photon theorem

Let us evaluate the following expression appears in (3.40) after substituting the vertex (3.12)
and using the identities (2.19), (2.20) and (3.25),

Cuu =€) (=pi)e” ()T (pi, —pi— b, k)Ei(—pi — k)T (pi+-k, —pi —k+£, —0)Zi(—pi —k+0)
IKi(=pi) OZi(=pi) 1, ,O°Ki(—pi)

3’@‘(—]%)_ —_
=ele; |e” Ei(—pi)+e’k° €’k Ei(—pi
i opf (pi)ve opy] oy 20" gl =r)
2i ; ~ OKi(—pi) = OKi(—pi) 0Zi(—pi)
PR (NS (. M\ = N (e p\E
+ oK By (i) Eil pz>+0<kk>]x[ e R v
1 ,;82]Ci(_pi),— 21 K 120 —

Now using the identities (2.11), (2.12) and (2.21) we simplify the above expression and get

OKi(—pi) OEi(—pi)

1 i :
Cu= eje; [QiE'pi+2(5%a —e7k") + L(Epko —e7k") B (—pi)Zi(—pi)
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+0<kk>]x 22k, 4 ) A Lok ) D)
1 OKi(=pi) OZi(—p;) 1 O (—pi) OZi(—pi) | 20 -
+5¢ T o +5(2k=0) o T +e/ B,,..(=pi)=i(—pi)
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Let us define a specific tensor structure which will appear together in all the computations
in section-3.3, which is also the non-universal contribution to the tree-level subleading soft

photon theorem as derived in [5]

+eina(—Pz‘):z‘(—Pi)1~

op? op? op? opf
(A.3)
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With the above definition, the expression of (1, can be written in the following compact form

Ciu = €€} |26 pi(2pi + 2k — £), — 8e - pil N} ,(—pi) + 4 pin(e’k” — €7k )Ny (—ps)

OK;(—pi) OZi(—p;)

2i pi.k P
+ 2t p;.k € 8105 8pf

+ O(kk, ke, e0) | . (A.4)

Let us evaluate the following expression appears in (3.44) after substituting the vertex (3.13)
and using the identities (2.19), (2.20) and (3.25),
Cop = € (—pi)e? (k)DSH (pi, —pi — ki + €.k, —0)Zi(—p; — k + £)

r_p0°Ki(=pi)
T opfon]

2T

=1ie; €

Zi(—pi) + O k). (A.5)

Using the identity in (2.12) and on-shell condition (2.21) the above expression reduces to

Cop=—cZel OKi(—pi) 0Zi(=pi) , OKi(—pi) OZi(—p

2¢e,,+1eP AN
e { oplf opt opl op!!

i) }+O(£,k)1. (A.6)

The expression below appears in (3.46) and can be evaluated analogous to the evaluation
of (1. The final result reads

Gu=el (—p)e? (BT (ps, —pi+ €, —0OZi(—pi +OT P (pi — €, —pi — k+£,k)Zi (—pi —k+0)
—=e2el l25-pi(2pi—E)M—45.€pm—85-pi€”/\/ﬁp(—pi)+4 pm(epk"—a"k”)/\/';g(—pi)

OK;(—pi) OZi(—p;)

2 pil &P
PP g opf

+O(kk, kt,00)| . (A.7)

Let us evaluate the following expression appears in (3.32), (3.40), (3.44) and (3.46). After
substituting the vertex from (3.12) and using the identities (2.19), (2.20) and (3.25) we get

v = €] (=p))TP (pj, —pj — L, 0Z(—p; — €)

: OK;(=p;) - OK;(—p;j) 0=5(=p;) | 1 ,,0°K;(—p)) -
= e T |\ TP ) =y g e PR\ TPG) 9238 TP) 2 g T R\ ) =
21 , —
+ By (=pj)Z(=pj) + OW)] - (A.8)
J

Using the identities (2.11), (2.12) and the on-shell condition (2.21), the above expression
reduces to

T

Caw = eje) | (205 + 0y + UON o (—p;) + O(L0) ] . (A.9)
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B Amputated Green’s function involving single graviton

Following the covariantization prescription described in section-4.1, we compute the ampu-
tated Green’s function involving N number of massive spinning particles and one off-shell
graviton, where the graviton is not attached to any external spinning particle leg. The

resulting expression is given by

N
. o B
B (TG en () = g (2m) 6 (pr++- -+pN-+e>§:’}5;fdf)—éﬁzfﬂt<£nuuapy
=1 [
0 0? 0?
v al b = a, nv O O .

2

pz.fw}—l—owz)] pN)enaiafioipr oy (B.1)
Above T®) is defined after stripping out the momentum conserving delta function
(2m)46@ (py + - - - +py) from the expression of T™V) i.e. T = (27)46@W (py + - - - + py )T,
Now starting from the above covariantized expression, the goal is to express IN“EL],YH)(E) in
terms of some operator operating on I'™) up to linear order in ¢. To do that we mostly
follow the analysis of [3] with the only difference being h*¥(¢) is an off-shell graviton so
we can not impose traceless or transverse condition. Instead in de Donder gauge, we use
0,0 (€) = $0Vh(¢) in the intermediate stages of calculation.

Let us first analyze the first two terms within the square bracket in (B.1) which is
defined as

hl“’ szy, 8]) ] N)ag-—an

=1

1=k @2n)'0W(pr+ - +py +0)|h

= (2m)*"6W(p1+ - +p)
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0 91 "
w (2m)* ep{(%p W (py + - +py + 6)}4—0 [h(g) N0, prapy] F(Nai-ay
B i=1 i

+ 0%, (B.2)

Above we have just Taylor expanded the delta function and kept terms up to linear order
in £. Now to evaluate the second line above we use the property involving momentum
conserving delta function

N ) @ N o W
;Puap;, (p1+---+pN) ;p“(?p{ (p1+-+pN)
o N
= 57 2P0 ot pn) = D1+ )
1 =1
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So using the above property and commuting the delta function through the momentum
derivative the expression of J; becomes,

N
0 ~
Ji=—K (277)4 h* (£) Zpiuaipy{(s(zl) (p1+-+ pN)F(N)a1~~aN}
i=1 %

5 N o R
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+O(0%). (B.4)

Last two terms within the square bracket in (B.1) can be evaluated in the following way

N
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where
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To evaluate £ we use the same trick as described earlier i.e. derivative w.r.t. p; on the delta
function is same as derivative w.r.t. £ and then use the momentum conservation relation

enforced by the delta function. After all these steps we get

N

~ 5 0
Y — (27r)4 F(N)OélmoczflﬁzOéz+1“~o¢Nh/“/(£> lZ(Ewb) a; Eb Mé( )(p1 + .-+ pN+ g)
=1

+15 0P—— & £, + e o 0, — 0P o ¢ 5(4)( 4oty +0)
2°F oLroLv T order” YT A D1 PN

N
0 prar-an ) )
+ /{(271,)4 Z {agp(s( )(p1 +---+pN+ €>}T{pwgph“ (f) —i—pwﬁ hﬂp(g)
=1

)

— pilh (0)} . (B.7)

— H8 —



To evaluate the first term within the square bracket above we use the conservation of total
angular momenta follows from the Lorentz covariance of I'

al a;T(N)ar-a; i Qi1 9 9 \p a1
i:ZI [(Eiub)ﬁilr(]\[) 10— 1Biit1an {in@ —pibap;j }I‘(N) 1 N:| =0. (B.8)

Using the above relation in the first line of the expression of £ in (B.7), operating the
derivatives w.r.t. ¢ in the second term within the square bracket in (B.7) and using de
Donder gauge condition, we find

2 2
_ Kk 401 an vop Y 20w Pi 4)
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Now after substituting the expression of £ from (B.9) in (B.5), then Taylor expanding the
delta function and keeping terms up to linear in £ we get
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Finally after adding the expressions in (B.4) and (B.10) we get
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C Intermediate steps in deriving soft graviton theorem

We want to compute the following expression involving the vertex in (4.16) which takes the
following form once we expanded in power of small ¢ and keep terms up to quadratic order

3 =

,02(—q) | 1 9°E(—q)

= i M K(=0)=(=0) + 0w K (=) —=5 5= + S K (=) 5 25

— 59 —



1 oK (— 1 OK(—q) 0=(—q 1 0?K(—
L L A Lo L U S

2™ gge dgr 9 4 agrog — 9
_0K(—q) - ,OK(=q) 92(—q) 1 - OK(—q) 9*2(—q)

(" dq” v) _‘( Q) q(ﬂg aqy) 8(]'0 2 He & aqy) 8qP8q"

1, OK(—q)_ 1, ,0K(-90=(-¢) 1 ,0°K(-q),

~ 5t dg”) ==a) = 3t a¢Y) g 2 wt ") 0qP =(=9)

1 o aaQIC(_ ) ( ) 1 p po 83IC(—q) —

54t . = 14wl oo ()

2 dq¥)0qr  Oq° 4 9q")0qrOq°

1 ,0°K(—q) - 1,0K(-9). — 1,,,0K(=q), 92(—¢)

3 e =0 T3 g 2= P G R

OK(—q) - IK(—q) 9E(—q) 1 PK(-q) ¢ -

= b T =(_ bpp T _ —pbyp —=(_

+52 S I S VR P S ¥ P L]

+iMPET mE(— )+ 4{5 wPK(=) |, ,0°K(=q) 229%(—6])}5(_6])

W0 5gi) dgP 0qPOq YT 0gPgt T dqrdgY

1 9*K(=q) 3K (—q) PK(—q)
iy p Y ATH) _
+ 126 {qué dqPdq’ dq° +aqt? 8qP9g D qg@q“@ql’@qa =(—q)

- Epgg{g(upm/)(_Q) + ga(uu)p(_Q) - g(upl/)cr(_Q) - ga(up,u)(_Q)}E(_Q) + 0(63)‘| :
(C.1)

Now to simplify the above expression we need to move the momenta derivatives from K
to = as much possible and also move the spin operator to the extreme right using the
identities (2.10)—(2.17). Following these steps the result up to order O(¢?) reads
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The symmetrization in the exchange between 1 and v can be omitted since any contraction
involving the above expression in any Feynman diagram calculation will always exhibit
symmetry under the exchange of u and v. Also the above expression can be written in a
compact way by introducing the following tensor structure
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Hence removing the p > v symmetrization, the expression in (C.2) can be compactly
written as
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Now we want to compute the following expression involving two vertices of kind (4.16)
which takes the following form once we expanded in power of small ¢1, /> and keep terms
up to quadratic order
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In principle the above expression can be evaluated using the identities (2.10)—(2.17), but
it is tedious and we don’t need the full contribution. Instead we only evaluate the above
expression by contracting e(—¢)? from the left considering the particle with momentum g
being on-shell i.e. ¢*> +m? = 0 and ¢(—q)"K(—¢) = 0. Implementing these conditions and
using the identities (2.10)—(2.17), the above expression simplifies to
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To write the above expression in a compact form we used our compact structure A defined

n (C.3).

We also need to compute the following expression involving the vertex in (4.17) which
takes the following form once we expanded in power of small /1, 5 and keep terms up to

linear order
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Now we contract the above expression with e(—q)T from the left considering the particle
with momentum ¢ being on-shell i.e. ¢ + m? = 0 and ¢(—q)TK(—¢) = 0. Then using the
identities (2.10)—(2.17), the above expression up to order O(¢1, ¢2) simplifies to
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Above we removed the terms which are anti-symmetric under p <> v and/or

p < o exchanges.
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