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ABSTRACT: There has been a renewed interest in the description of dressed asymptotic
states a la Faddeev-Kulish. In this regard, a worldline representation for asymptotic states
dressed by radiation at subleading power in the soft expansion, known as the Generalized
Wilson Line (GWL) in the literature, has been available for some time, and it recently
found applications in the derivation of factorization theorems for scattering processes of
phenomenological relevance. In this paper we revisit the derivation of the GWL in the light
of the well-known supersymmetric wordline formalism for the relativistic spinning particle.
In particular, we discuss the importance of wordline supersymmetry to understand the
contribution of the soft background field to the asymptotic dynamics. We also provide
a derivation of the GWL for the gluon case, which was not previously available in the
literature, thus extending the exponentiation of next-to-soft gauge boson corrections to
Yang-Mills theory. Finally, we comment about possible applications in the current research
about asymptotic states in scattering amplitudes for gauge and gravity theories and their
classical limit.

KEYWORDS: Perturbative QCD, Resummation, Scattering Amplitudes

ARX1v EPRINT: 2009.07863

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP02(2021)007


mailto:domenico.bonocore@uni-muenster.de
https://arxiv.org/abs/2009.07863
https://doi.org/10.1007/JHEP02(2021)007

Contents

1 Introduction 1
2 Spin zero 5
2.1 Dressed propagators and conserved charges 5
2.2 Asymptotic propagators in a gauge boson background 8
3 Spin one-half 10
3.1 Worldline representation 10
3.2 Numerator contribution 12
3.3 Denominator contribution 15
4 Spin one 16
4.1 Generalized Wilson Line for gluons 16
4.2 The supersymmetric model 19
5 Discussion 22

1 Introduction

The use of first-quantized techniques in quantum field theories has a long history. The
origin can be traced back to the early days of quantum electrodynamics, when Schwinger [1]
proposed to use the distribution identity

lim _— gim [ T HFOT (1.1)
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to interpret the inverse propagator of a scalar field as the matrix elements of a Hamilto-
nian H(Z,,p,) governing the evolution in proper time 7" of a first-quantized model with
canonical variables #, and p,. By writing a path integral representation for the matrix
elements of the evolution operator e*T the dynamics of the relativistic particle then is
described by a classical action for the fields x#(¢) and p#(t) leaving in a one dimensional
space of length T'. The worldline formalism [2, 3] is based on the observation that such
actions can be derived from first principles, starting from the constrained quantization of
the relativistic particle rather than the field theory propagator.

A major obstacle for the program is given by the presence of matrices in the exponent,
which occur e.g. for spinning or colored particles. This in general requires either a path
ordering prescription or the introduction of Grassman variables 1, (t). With the latter
option, the action for a free massless particle of spin N/2 reads [4—7]

5= [[dt (pu + 50005~ Gepa” — bl — Jastv]) (12)



with ¢ = 1,..., N. The symmetry structure of this action is quite rich, since it involves
reparametrization invariance, N-extended local supersymmetry and O(N) gauge invari-
ance, with the corresponding gauge fields e(t), x;(t) and a;;(t). As is evident from eq. (1.2),
these fields play the role of Lagrange multipliers which are typically gauged away for prac-
tical calculations.

Most of the early work (see e.g. [8—11]) focused on quantization issues of the supersym-
metric model and on attempts to formulate it on curved spacetime. However, an application
showing the practical advantages of this formulation for actual calculations remained some-
what elusive. In this regard, a major advance was put forward by Strassler [12]. The idea
stems from the fact that a one-loop effective action in the background of some gauge boson
field can be described as a dressed propagator whose extrema have been closed to form a
loop. Using a worldline representation for such a propagator, Strassler verified that upon
solving the path integral order by order in the coupling constant g, one is left at order
g~ with the amplitude for N external gauge bosons in terms of integrals over Feynman
parameters only, thus bypassing the construction of the Feynman amplitude via standard
Feynman rules. In this way he recovered the Bern-Kosower rules [13] previously derived
from string theory insights.

Motivated by this success, most of the applications of the worldline approach have
aimed at the computation of effective actions (see e.g. [14, 15]). On the other hand, the
worldline representation of an open dressed propagator has received less attention, with
intermittent progress [16-25], although it has a richer structure that might reveal new
methods for the efficient calculation of scattering amplitudes.’

A situation which is somewhat intermediate between the open and the closed dressed
propagators is given by asymptotic dressed propagators. This is what was considered by
Laenen, White and Stavenga [28], who combined the aferomentioned body of work and
the long-standing problem of infrared exponentiation beyond the leading power in the soft
expansion (there dubbed next-to-eikonal) [29-32]. Such exponentiation emerges neatly in
this picture by solving the path integral representation of the dressed propagator order by
order in the soft expansion (but to all-orders in the coupling constant). More specifically,
in the abelian case it corresponds to the familiar exponentiation of connected diagrams,
while for non-abelian theories one has to invoke the so-called “replica trick” from statistical
physics. This bypasses highly non-trivial combinatorics that one should use in a purely
diagrammatic approach [33], showing the power of the worldline formulation. The approach
has also been implemented for soft gravitons in [34].

Building on this work, and motivated by the rising interest in the field of next-to-
leading power (NLP) corrections to the soft and collinear limits both in phenomenol-
ogy [35-53] and in more formal contexts [54-70], the worldline description of [28] has
proved to be a valuable tool to derive factorization theorems at NLP [71, 72]. The asymp-
totic dressed propagator defined in this way at NLP has been dubbed Generalized Wilson
Line (GWL), and it is defined for a semi-infinite straight line starting from the origin in the

!For recent progress in this direction see [26, 27].



direction n* as
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where P is the path-ordering symbol and A, (k) = AZ(k)T“ is the Fourier transform of
the non-abelian gauge field corresponding to a soft gluon emission of momentum k*. The
term of order k=1 in the first line of eq. (1.3) corresponds to the usual Wilson line for a
semi-infinite straight path, while the remaining terms correspond to NLP corrections. Two
of these subleading terms contain the total angular momentum J*¥, which for an emitting
particle in the representation specified by the indices 7 and j is given by the sum of the
Lorentz generators for spin (S#*)¥ and angular momentum L §%.2

The validity of eq. (1.3) for generic spin has been motivated by the result one would
expect for the closed propagator of the one-loop effective action [12, 21], where the coupling
between the spin and the background field is contained exclusively in the chromo-magnetic
interaction S, F'*¥. In fact, after replacing the external lines of a scattering amplitude
with the straight and semi-infinite GWLs, these close at infinity at the cross-section level,
by unitarity. Therefore, one should expect the one-loop effective action description to be
equivalent when the formalism is implemented in physical processes. Moreover, this picture
has been corroborated for tree-level amplitudes with a single soft emission by the recently
discovered next-to-soft theorems [55], and a comparison has been provided in [73].

However, one would like a less heuristic argument that could put eq. (1.3) on a solid
ground for a generic scattering amplitude. In fact, a derivation of eq. (1.3) from the
worldline representation of an open propagator of generic spin is still missing. Even for
the Dirac case, which was analyzed in [28], some issues still remain to be clarified. For
instance, in that case eq. (1.3) has been obtained by first decomposing the dressed Dirac
propagator in terms of the covariant derivative D,, = 9, — A,, as®

1 iD+m iD+m

= = 1.4
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with S# = L[y#, +”], and then writing a worldline representation for the denominator only.
In fact, the numerator does not contribute for the one-loop effective action [12]. On the
other hand, as remarked in [28], for an asymptotic dressed propagator the numerator does

2The angular momentum L*” was not included in the definition provided in [28, 71, 72|, since the
corresponding internal emissions from Low’s theorem give rise to contributions that do not exponentiate
to all-orders, unlike the other terms which are due to external emissions. However, as observed in [72],
the separation between internal and external emissions is not gauge invariant. Hence, in order for the
Generalized Wilson Line to transform better under gauge tranformations, it might be convenient to include
the angular momentum in the definition.

3Unlike [28], we use the (+, —, —, —) metric throughout.



contribute but it is supposed to cancel a la LSZ with the numerator of the free inverse
propagator. However, this is obviously correct only if the gauge field contribution in the
numerator vanishes. What is the mechanism behind that?

Things get even more subtle for spin-one (which was not discussed in [28]), where in
the massless case one has to deal with the gauge dependence of the emitting particle. In
Feynman gauge, the numerator of the dressed propagator is unity and thus one expects the
argument to mimic what done in the case of the one-loop effective action. However, a more
precise derivation would be desirable. Moreover, one would like to extend the validity of
eq. (1.3) also to massive vector particles, and possibly to higher spin.

Quite generally, what is missing is a clear relation between the supersymmetric formu-
lation of the relativistic spinning particle (i.e. the equivalent of eq. (1.2) with a background
field) and the generalized Wilson line of eq. (1.3). This is the main goal of this paper
and in fact it will turn out that a clear relation between the two descriptions will an-
swer the previous questions, putting the derivation of the GWL on a firm basis also for
spinning particles.

As we have remarked, the need for a clear derivation of the GWL for the case of spinning
particle is mainly of phenomenological origin, since QCD scattering processes involve quarks
and gluons in the initial and final states. In this regard, the GWL turned out to be useful
in the recent attempts to extend the traditional soft-gluon resummation program to NLP.
In particular, the GWL has been already implemented in the Leading-Logarithmic NLP
soft-gluon resummation for the inclusive production of color-singlet states, such as Higgs
production via gluon-fusion [72], although a formal proof from first principles for the spin-
one case has been lacking. This last point makes a derivation of the spinning GWL from
first principles even more desirable.

However, the GWL have a much broader scope, which offers other motivations for
the present study. One arises from a revived interest in asymptotic states a la Faddeev-
Kulish [74-87]. Most of these methods revolve around the existence of an asymptotic Hamil-
tonian governing the evolution of the asymptotic states. In particular, reference [88, 89],
building on insights from soft-collinear effective theories, provides a systematic calculation
of such Hamiltonians that makes the S-matrix infrared finite. The use of GWLs in this con-
text would easily extend such description beyond the leading power in the soft expansion.
Indeed, this could provide more efficient definitions of infrared-finite S-matrices, allowing
to move effects from the asymptotic to the S-matrix. To this end, it is therefore desirable
to have a firm derivation of the GWL also for spinning particles.

More generally, there has been recently a great deal of interest in the classical limits of
scattering amplitudes [90-92], mainly motivated by the growing interest in precision calcu-
lations in gravitational physics. In particular, there is evidence that the high-energy-limit
and the corresponding eikonal approximation are key to extract the classical limit [93-97].
In this context, the semiclassical picture of the GWL extends the eikonal approximation
to subleading power, and thus provides a new tool to study the classical limit of scattering
amplitudes. Work in this direction has been done in the scalar case in [98, 99]. Besides,
the GWL might provide an efficient way to extend the classical limit of soft theorems to
subleading power [68, 69, 100]. Therefore, given the importance of spin in gravitational



physics [101-111], it would be desirable to extend the derivation of the GWL to particles
of arbitrary spin.

The structure of the paper is the following. We begin in section 2 by revisiting the
scalar case originally presented in [28]. The goal here is to highlight the relation with
the worldline formalism and its symmetries, stressing the distinctive features that arise
for asymptotic propagators dressed by soft radiation. Then, in section 3 we will move to
the Dirac case, where the supersymmetry of the model will allow us to write the dressed
propagator in terms of conserved charges and subsequently to observe that the soft field
in the numerator does not contribute in the asymptotic limit. Finally, in section 4 we will
discuss the spin-one case, where we will first justify the definition of the GWL for gluons
without wordline fermions. Then we will discuss the corresponding supersymmetric model,
paving the way for a generalization to particles of higher spin. We conclude in section 5
with a short discussion.

2 Spin zero

Although the generalized Wilson line for a scalar particle has been already discussed in [28],
it is useful to revisit the derivation in a different approach, i.e. starting from the constrained
quantization of the relativistic particle, which is more standard in the worldline literature,
highlighting the distinctive features that appear in the case of an asymptotic propagator
dressed by soft radiation.

2.1 Dressed propagators and conserved charges

We start from the well-known? phase space action for a free relativistic scalar particle

1
S:/dt (p-i—eQ(pQ—m2)> . (2.1)
The system is invariant under the following gauge transformations
oz, = Ept, op, =0, e = é, (2.2)

generated by the first-class constraint

Qo % ( 2 _ m2) . (2.3)

Following the Dirac procedure, and equipped with the Hamiltonian H = e@)q, the quanti-
zation consists in defining the Hilbert space as the linear space spanned by |x) or |p) where
the physical states [1) satisfy Qply) = 0.

In this language, the free Feynman propagator (¢(z )¢ (z;)) of the corresponding scalar
field ¢(z) can be defined by the matrix elements of the first-quantized operator (2Qq+i€)~!,
with the following path integral representation

z(1)=zx

(D(xg)o(x)) = (2f|(2Q0 + ie)_l\xi> = ;/x ! DeDxDp e_ifo1 dt (p'i_e(QOHE)), (2.4)

(0)==;

1See e.g. [112] for a pedagogical review.
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Figure 1. Schematic depiction of a propagator dressed by soft radiation, from an initial state
localized at position x; in the Hard function H to a final state of momentum py.

where the integration measures have been normalized to unity. The validity of eq. (2.4)
is perhaps clearer after gauge fixing e(t) = 7. Thanks to de/d¢ in eq. (2.2) being field-
independent, this choice yields a trivial Faddeev-Popov determinant. Then, the path inte-
gral over the einbein e(¢) reduces to an integration over gauge-non-equivalent parametriza-
tions labeled by the Schwinger proper time T. After rescaling ¢ — Tt in the action, the
r.hs. of eq. (2.4) becomes

z(T) —z T . . 1 0 . .
2/ dT/ "Dappeth 4w = 2 [ AT gl @ty (25)
—1'2

which matches (zf|(2Qq + i€)~t|z;) by virtue of eq. (1.1).

The procedure above can be easily generalized to a scalar particle propagating in a
classical background B( ). In that case one has to isolate the quadratic part in the field
theory Lagrangian £?) = ¢*(z)A (4, 0u)¢(x). Then, the corresponding first-quantized
system exhibits again a gauge symmetry generated by the Noether charge

QY (#,9) = A&y, —iDy) - (2.6)
Thus, the definition in eq. (2.4) is still valid, after replacing Qo — QF in Weyl-ordered form.

So far we have considered a dressed propagator between an initial and a final spacetime
points x; and xf, since this corresponds to the two-point function (¢(zs)¢(x;)) in the
common second-quantized approach. On the other hand, in the first-quantized approach
nothing prevents us from working in a mixed position-momentum representation. For
instance, we can consider

0r1(2QF +i0) o) = 5 [ dT pgle @ @Oy,

p(T)=p ; i [T i '
2 / / ! xDp elp(T)'x(T)il fo dt (p.foOB(x,p)*lE) ) (27)

where the uncommon term p(7T') - z(T') is due to these mixed boundary conditions. This
is the representation used in [28] for asymptotic propagators of a scattering amplitude.
Indeed, as depicted in figure 1, in this case one typically considers a dressed propagator
emitted from the hard function at a spacetime point z!, which will be integrated over,
to a final state of momentum pf. The reason for having a final state with well-defined



momentum is that eventually we would like to perform the path integral over z* order by
order in the soft expansion w.r.t. the hard momentum p’]f.
The previous arguments become clear after expanding around the classical solutions

pPrE) =+ pM(1),  at(t) =a + Pt +3M(t). (2.8)
Then, the dressed propagator reads

<pf|(2@<§ U;PW - ;/ Car / . DiDpe i Jo @ (Prr4pi-QF @p@)=ic) (99)
LD 0 Z(0)=0

where we have included the normalization factor (pf|z;) = e#%. The need for such a

factor is evident by considering the free case that should return z(p?c —m?)~L

Before continuing with the calculation of eq. (2.9), we discuss a point that will become
central for the spinning case in the next sections. Looking at eq. (2.9), one is tempted to
pull QF out of the integration over ¢, since it is a conserved charge. Of course, this is true
only on the equations of motion, therefore the correct statement is formulated in terms of
its expectation value, i.e.

[ @R (6).p(0) = (@B atto) plio))T (210)

where tq is arbitrary. However, this is different from ((QZ)~!) which appears on the Lh.s.
of eq. (2.9). Therefore, the only thing we could do on the same line of reasoning is to
note that

Li@h ™ = @@, (211)

Then, a simple calculation from Noether’s theorem reveals that a generic correlator of some
operator F[g;] with the time derivative of a Noether charge Q[g;] can be expressed in terms

of the transformed canonical variables §g;(t) as®
: . o OF 5]
(Qlai| Flai)) = —i Zi:(&h(t) salt) (2.12)
Therefore,
B\—-2 B\—-2
Q™) = =itaa, ) A2 — i, (0 ). (213)

In the free case, the Noether charge Qo = %(p2 — m?) does not depend on x and the
momentum is gauge invariant, i.e. dp = 0. Hence, the r.h.s. of eq. (2.13) vanishes and one
can effectively evaluate Qo(z(t),p(t)) in the exponent of eq. (2.9) at an arbitrary time,
say 1. Then, the remaining integrations over p* and Z* are trivial, and one gets the free
Feynman propagator with momentum p‘; .

However, for a generic dressed propagator, the charge QF does depend on x# and the
momentum p* is not gauge invariant. This makes eq. (2.13) more involved, so that it is
actually more convenient to keep Qé? inside the integral over t. To see how to proceed, we
consider in the next section a specific case for the background field B(x).

5 . .
We are assuming that the symmetry is non-anomalous.



2.2 Asymptotic propagators in a gauge boson background

We consider a background gauge boson field A* that for simplicity we assume to be abelian.
In this case, we define QS‘ from the quadratic part of the scalar QED Lagrangian as

5 (=A@ —m?) = 257 — - A@) — i5(0- A@) + S A%3), (214)

A/ n ~
QO ($7p) 2 9

where in the second equality we took into account that the path integral representation in
eq. (2.7) requires a Weyl-ordered Hamiltonian.

Then, we can plug eq. (2.14) into eq. (2.9) and perform the Gaussian integration over
p. We get

(py|(2Q4 + ie) |
(pglz:)

) _ ;/ dTei%(p?‘_m2+ie)Tf(xi,pf,T), (2.15)
0
where we have defined
T 1. .
f(a;i,pf,T):/() Di P exp z/ dt 535 + (g +8) - Al +pyt + (1))
Z(0)=0 0
+%8-A(xi+pft+x(t)) . (2.16)

We see that eq. (2.15) represents a dressed propagator in terms of a radiative factor f, equal
to unity in the free case, which takes into account the interactions with the background
field via four one-dimensional fields z#(¢) living on the worldline of proper time 7'

Now we define the asymptotic dressed propagator as the dressed propagator truncated
of the external free propagator of momentum py. This means that we should consider

(ps1(2Q0 + i) |as)
<Pf’9€z‘>

e} d -1 .
i(p% —m?) - / dT (e%@?—m”“”) flxips, T).  (2.17)
0 dr
Assuming that the dressed propagator in eq. (2.15) develops a simple pole for p?» — m? with
residue one and that the factor f(x;,ps,T’) remains finite in this limit, we can integrate by
parts to get

A C N — )
lim z(p? _ m2) <pf’(2Q[) + 16) 1’$z>

p?c—rm2

{prlws) B pilgrylﬁ f(@ipy, 00). (2.18)
Therefore, the asymptotic dressed propagator equals eq. (2.16) in the limit 7' — oco. We
are now ready to perform the remaining path integration in the soft expansion.

Following [28], we introduce a book-keeping parameter A and rescale p’]ﬁ — An#, such
that the soft expansion corresponds to an expansion in 1/A. Accordingly, it is convenient
to re-define the integration variable in eq. (2.16) as ¢t — t/\. Then, we get

F(i, ), 00) :/(0)0 Di ¢ I3 dt (3824 (n+3)-A(wi+nt+2(1))+ 55 0-A(wi+nt+(t))) . (2.19)



The crucial observation is that all two-point correlators of ## and #* are of order 1/\ and
thus at a given order in 1/\ we need to include a finite number of diagrams. Therefore,
by Taylor expanding A, in powers of ## we can solve this one-dimensional QFT order by
order in 1/ and to all-orders in the coupling constant. More specifically, up to order 1/\™
we need the diagrams with at most m propagators, hence with vertices with at most 2m
powers of Z#. Then, the sum of all diagrams can be rearranged in the exponential of the
sum of connected diagrams. The calculation has been already carried out in detail in [28].
For the sake of completeness, here we review the most important steps, as these will be
invoked in the derivation of the spinning cases in the following sections.

Let us start at leading power (LP) in 1/A. In this case we set # = 0, which means
that we ignore the fluctuations around the classical straight path (see eq. (2.8)) and we
evaluate the path integral on its stationary point. Thus eq. (2.19) becomes

f(zi,nA, 00) = exp <z /Ooo dtn"A,(z; + nt)> +0 <i>

= exp (—/ (;ii’;d %Au(k) e“> +0 G) : (2.20)

The term e™®i** gives subleading corrections in the soft momentum k, so at LP we can safely

set zf' = 0. Therefore, at LP the asymptotic dressed propagator f(z;,n\,c0) reduces to
the well-known straight Wilson line.

At NLP there are two sources of corrections: the first one comes from having x4 # 0 in
eq. (2.20). This combines with the contribution from Low’s theorem [28], to give the orbital
angular momentum L*. Although this contribution does not exponentiate, the separation
between the orbital and the spin contributions is not gauge invariant, as observed in [72].
Thus, it is convenient to put also L*" into the exponent, albeit regarding the expression as
valid up to NNLP corrections.

The second source of corrections comes from including quantum fluctuations in the
path integral. Up to order 1/ we need diagrams with only one propagator, which means
that we need to expand the action up to second order in #* and #*. This yields

T

oo [e.e]
F(0,n), 00) = e~ 2x Jo dto-Awi) / Di exp (z/ dt (35;2 + @ A, (nt)
(0)=0 0 2

SN 5V ~V 1
+ (nf 4+ 2#)2"0, A, (nt) + ntT xpayapAu(nt))> + 0 ()\2) . (2.21)
The exponential with no power of Z* yields
A% kH

Then, there are two class of connected diagrams with one propagator, as shown in figure 2:
a loop-diagram with a single #? vertex, which yields

d n 2
- | e W35 (22
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Figure 2. Connected diagrams needed up to order 1/ for the evaluation of the path integral in
eq. (2.21). The diagram on the left corresponds to eq. (2.24), while the loop on the right corresponds
to eq. (2.23).

and a diagram where a propagator connects two #! vertices, which reads

1 d'k di - ~ nH nYltn -k +ntkVn -1
X/ (2m)d / (QW)dA“(k)AV(Z) <2n (k+0)  2n-Dn-k)[n-(k+1)]
+ (k- Dnn” > . (2.24)
2(n-0)(n-k)[n-(k+1)

It is noteworthy that eq. (2.24) contains two gauge fields, which means that NLP soft
emissions at different times are correlated pairwise along the worldline. More generally, at
N"LP we expect correlations among n + 1 gauge bosons.

Exponentiating the sum of the connected diagrams in eq. (2.23) and eq. (2.24), and
combining the result with eq. (2.20) and eq. (2.22), we conclude that the asymptotic dressed
propagator f(z;,ps,00) for a scalar particle reduces at NLP to the Generalized Wilson line
defined in eq. (1.3) with J# = L*.

The derivation we have reviewed in this section can be generalized to the case of a non-
abelian gauge field. In this case the dressed propagator becomes matrix-valued, hence we
have two routes: either we introduce additional Grassmann variables on the worldline (as
discussed in [24]) or we stick with matrices in the exponent after introducing a path ordering
prescription. Although the former approach is more elegant and the quantization of the
model is derived from first principles, the latter is often preferred in practical calculations
involving soft gluons and it is the choice adopted in [28]. Therefore, also in this work
we stick with the second option. Then, the definition of eq. (1.3) is essentially the same,
although the exponentiation is not derived in terms of connected diagrams but the so-called
webs [28, 31, 32, 113].

3 Spin one-half

Having reviewed the generalized Wilson line in the scalar case, we are going to present the
Dirac case following the same procedure i.e. starting from the classical single-particle model
and its symmetries. This will bring us to identify the distinctive features of asymptotic
propagators and subsequently to justify eq. (1.3) for spin 1/2.

3.1 Worldline representation

We start with the phase space action for a free massless spin 1/2 particle, which reads

S = /dt (p#dv“ + %w@ — H) : (3.1)

~10 -



where the Hamiltonian H is

1 .
H = §epﬂp“ + ixup” - (3.2)

Here v, are classical Grassmann variables, which after quantization satisfy the Clifford
algebra {1/3#, 1[1,,} = N - Unlike the scalar case, this action enjoys two gauge symmetries:
local supersymmetry and reparametrization invariance, with the respective gauge bosons
e(t) and x(t). The transformations are

dxt = fpﬂ + icwu7 5]7# = 07 51/)“ = _Cp'u ) de = é) 5X = é? (33)
while the relative Noether charges are

QO p2 ; Ql = ¢ P, (34)

1
2
whose kernels define the physical Hilbert space. More specifically, the Dirac equation
Q1]1) = 0 generates the other constraint Qy|1) = 0 thanks to the N = 1 supersymmetry

algebra {Q1,Q1} = —2iQo.
Consequently, the Feynman propagator for the field ¢(z) admits the following first-
quantized representation

2Q0 —i—ze i

. .l . ; .
— / DeDy /¢ o Dy / o 'D:C'Dpelp(l)'x(l)—l o dt (pitdvd—eQo—xQi—ic) (3.5)

(psl

A few comments about the boundary conditions are in order. First, we note that as for
the scalar case we are considering a mixed representation from an initial state of position
zt (which eventually is integrated over) to a final state with momentum p’;. Then, we
note that the propagator is open and thus we do not set antiperiodic boundary conditions
Pr(0) + (1) = 0, as typically done for the computation of the effective action. In
fact, it is known (see e.g. [22, 26]) that an open propagator requires the inhomogeneous
conditions ¥£(0) + ¢4 (1) = I'*, where I'* is a set of constant Grassmann variables that
should generate the spin structure of the propagator. Given that the external states of a
scattering amplitude must have a well-defined spin, while we sum over the spin values of the
initial state attached to the hard function, we set only the final value of the spin variable by
requiring ¢, (1) =T, where I', will eventually be set proportional to the gamma matrices.
Then we can proceed as in the scalar case and gauge-fix the Lagrange multipliers, by
setting (e(t), x(t)) = (T,0). The corresponding path integrations become regular integrals
over the proper time 7" and the “supertime” 6, respectively. In this way, eq. (3.5) reads

x;) dT/dH/
<pf|2Q —i—ze 2/ W(T)= r

/ P DxDpe p(T)(T)—i [ dt (pitEerip—Qo— FQi—ic) (3.6)
z(0)=x;
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Once again, the role of the Lagrange multipliers is to exponentiate the constraints (o and
Q1. In particular, the Grassmann nature of the supertime 6 allows the exponentiation of
the numerator of the propagator, while the proper time 7' exponentiates the denominator
as for the scalar case.

The generalization to the presence of an abelian gauge boson background field is
straightforward. This can be achieved by replacing p, — p, — A, = II, in the charge
@1, while the charge Qo is obtained by the supersymmetry algebra {Q1,Q1} = —2iQo.
The new transformations read

112 ik
S B LU 1 L N
24z, oy,
de = & + 2ix¢ sx = ¢, (3.7)
and are generated by the new charges
& =112 + 0, PP A= 10. (3.8)

Then, the structure of eq. (3.6) remains the same.

At this point, we note that unlike the scalar case where the dressed propagator is
represented by the expectation values of the inverse of a conserved charge, here we have an
additional charge in the numerator. Therefore, we can directly apply eq. (2.10) and evaluate
Q4" in the exponent of eq. (3.6) at an arbitrary time and pull it out of the integral. Given
the boundary conditions that fix ¢(7"), we choose this arbitrary time to be T". Therefore
we consider

T
| @i ®.p0) = @ a(T).p))T. (39)
and eq. (3.6) becomes
fa =g [ o ]

——|x;) = = dr | do D 3.10
<pf|2Q64+ie|x> 2 Jo Y(T)=T 4 ( )

/ P(T)=ry DaDp PO ()Fi0Q1 @(T).pg)=i [ dt (pit 5--Qgt i)

z(0)=x;

This is the worldline representation for a Dirac propagator in the presence of an abelian
background field with boundary conditions suitably chosen to handle the asymptotic states
of a scattering amplitudes. In the following sections we are going to discuss how such
representation is related to the numerator and the denominator of a dressed propagator,
respectively.

3.2 Numerator contribution

The presence of (T in the argument of the numerator contribution Q4 in eq. (3.10) seems
to suggest that the procedure outlined above is pointless, since x(7") is not fixed by the
boundary conditions. However, there are at least two cases where this can be handled: the
free case and, most importantly, the asymptotic case. We start with the former.
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In the free case the gauge field vanishes so the Noether charges Qo and @7 do not
depend on x,. Making use of the boundary conditions on p, and v, we get

Qu(z(T),p(T)) =T - py. (3.11)
This gives
Q1 vy L /°° S(pF+ie)T 0T
;) = ePrriZ T2pf€/ wlpg
<pf|2Q +Z€|Ji> e 5/, dT e df e
T . rp(T)=0 i dt [ 2215

/ leefo dt%ww/ DiDpe Jo t(2+ ) (3.12)

(T)=T #(0)=0

The remaining path integrals are Gaussian and can be absorbed together with e/ into
the normalization factor (py¢|x;). Then, assuming that the constant I'), can be represented
by the Dirac gamma matrices v, one is left with

Q1 1/00 §(@3+ioT wo_ Py
; 2L == dT e2'\Pytie /d9 Py = -, 3.13
(pflws)™ <Pf|2Q HEI 5 ), e € Pt e (3.13)

as expected.
Coming back to the interacting case in eq. (3.10), we first note that the Noether charge
with the given boundary conditions reads

Q' (z(T),p(T)) =T - (py — A(z(T))) - (3.14)
Then, it is convenient to get rid of the Gaussian integration over p,, to get

Q7

_ 1 o0 (p2 1€ ir-
(pflwi) 1<pf|m|ﬂfi> = 5/0 dT e2 @5t )T/dgepref(l'iapfvryTae)a (3.15)
0

where, in analogy with eq. (2.16), we have defined

f(xi,py, T, T,0) = / Dy / o—100-A(zi+ps T+E(T))
(0)= o
eXP( / (_1/} ¢+7~2 (py + ) - A(z; + pst + Z(t))
0

+ %a - Al + pst + () + ;W%FW» . (3.16)

Now, for asymptotic propagators we should truncate the external line by multiplying
by a free inverse propagator, similarly to eq. (2.17). Hence, we should consider

QA

e |z:)

u(py) pf<pf|$z> <pf\

Df
apf/ dT %pﬁ“ /d@ezrpfef(xl,pf,FTﬂ) (3.17)
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With similar assumptions leading to eq. (2.18), we can integrate eq. (3.17) by parts to get

Qf L 1 / Tep 0
——————|x;) = lim u — [ dOe" P f(x;,pr, T, 00,0). (3.18
2Q64+i6‘ ) A, (Pf)p/f f(@i,py ) (3.18)

i
Df

Therefore, also in the Dirac case, the asymptotic propagator is obtained by taking the

a(py)—pHpylei) ~ (pyl

T — oo limit of the dressed propagator, in this case of eq. (3.16).

The practical consequence is that the gauge field A, (2(7)) in eq. (3.14) is evaluated at
infinity. Let us assume for a moment that it vanishes. Then, we can drop the #-dependence
in f(zs,pf,I',00,0) and the #-integral in eq. (3.18) cancels with p; in the denominator.
Therefore, the asymptotic dressed propagator in the presence of an asymptotically vanish-
ing background field reads

lim (ps) f (2 py. T, 00) (3.19)
D f—>0
In other words, the numerator Q{‘ of the dressed propagator has been taken effectively
free, leaving the entire dependence on the background field in the denominator Qé‘. This
is very reminiscent of the closed loop topology of the one-loop effective action, as pointed
out in the introduction.

At this point we should examine more carefully the assumption of the vanishing
Au(x(T)). In fact, what we should consider is the asymptotic limit in the soft expansion.
We have seen in the scalar case that such expansion is achieved by rescaling p‘]ﬁ — An#
and then expanding in 1/X. Looking at eq. (3.14) we can immediately see that A, (z(7T))
is subleading w.r.t. p‘;. This is reassuring, since it is well-known that one should get a
regular Wilson line in the strict soft limit, which is insensitive to the spin of the emit-
ter. The question is whether A, (z(7T")) can also be neglected at subleading power in the
soft expansion.

The answer is yes. This can be seen by mimicking what done in section 2 for the scalar

case: after expanding the gauge field in powers of &#, the only relevant vertex up to order
1/ is

7k
(2m)¢

This contains no power of Z# and can thus be pulled out of the path integral. Vertices

I A(psT)=T" / e*PiT A (k). (3.20)

with higher powers of Z* would be needed in diagrams with Z-propagators, which are thus
subleading in 1/A.

The integral in eq. (3.20) is suppressed if the integrand oscillates very rapidly, as
happens in the asymptotic limit 7" — oo, assuming an integrable flu(k‘). An obvious
counter-example is given by the limiting case of a constant field, where the integrand has
support only at kK = 0. One might wonder whether the soft limit is dangerous here since it
corresponds to a long-wavelength background field with [lu(k) concentrated around k — 0.
However, the soft limit on the worldline has been defined by rescaling p; — An and letting
A — 00 so that py -k does not tend to zero. In other words, while it is legitimate to assume
a constant field strength tensor F'*¥ in this limit, the field A* is not exactly constant and it
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vanishes for T' — oo. Therefore, eq. (3.20) vanishes and we conclude that for an asymptotic
propagator dressed by (next-to-)soft radiation the numerator contribution Q' reduces to
the free numerator ).

3.3 Denominator contribution

Now that we have established that eq. (3.19) holds for asymptotic propagators dressed of
soft radiation, we can perform the remaining path integrations in eq. (3.16) in the limit 7" —
oo. In principle we could integrate out 1 exactly, since it appears quadratically. However,
this will bring an intricate dependence on the background field.® For our purposes it is
actually more convenient to perform the integration order by order in the soft expansion,
where we can use the same rescaling implemented in the z-integration, i.e. py — An and
t—t/\, to get

/w( - Dip o Jo dt (— 39tk FPY) (3.21)

It is convenient to expand the field v,(t) around the boundary condition with the
replacement 1(t) = ¢ (T") + 1 (t). In this way eq. (3.21) becomes

sk Dl [J° dt FrY (w4nt+&(t)) D(E ei Jo e (*%J‘JJF%%%F“”(xi+nt+5c(t))) .

e -~ (3.22)
¥(00)=0

We note that the propagator (i(t)¢(t')) is of order A° and is proportional to the step
function 0(t —t'). The interaction term is of order A~! and generates vertices with various
powers of Z by expanding A,(z(t)) = Au(x; + nt + Z(t)) around T = 0. As already
observed in the scalar case, the effect from x; # 0 is subleading in 1/\. Moreover, here this
is multiplied by an additional 1/\ coming from the vertex, hence it is a 1/A\? effect that
we can neglect. Now we recall that the propagator of the Z(t) field (and more generally
all correlators with two powers of # or Z) are of order 1/\. Therefore, vertices with higher
powers of T are needed only for diagrams that are subleading in the soft expansion. Thus
we can expand the gauge field in F),, at leading order in & so that no dependence over
is left and the path integral over {/; in eq. (3.16) decouples from the one over Z.

In analogy with the free case of eq. (3.13), we can absorb such remaining Gaussian
integration over 1 in the normalization factor (pflx;), so that one is left with the factor

Lrr, [ a e = L [ 4% kg
exp { oy Tul'y ; dt (nt) | =exp X Gr)ink u(B) ], (3.23)

where we used the representation I'), = %’m and we introduced the spin 1/2 generator

SH = ﬁ[w“, ~v¥]. Also, we set x; = 0 since it is a subleading effect, as discussed in section 2.
As we can see, eq. (3.23) equals the fourth term in the first line of eq. (1.3).

The remaining path integral over & matches exactly the scalar case and therefore we
conclude that the only difference between the Dirac and the scalar case is given by the
result in eq. (3.23), in agreement with [28]. As we have remarked in the introduction

5The result significantly simplifies for a constant background field [21].
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with eq. (1.4), it is a pure “denominator” effect, which is present also in the effective
action [12]. It represents a chromo-magnetic interaction between the emitter and the next-
to-soft radiated particles by the coupling of F#*¥ with the Lorentz generator S#”. This is
precisely the spin term in the generalized Wilson line of eq. (1.3).

So far we assumed an abelian background field. A similar derivation can be presented
in the non-abelian case, by assuming that the exponentials are path-ordered. One still ends
up with eq. (3.21). However, in this case F*¥ contains the commutator [A*, A”] which gives
rise to the following spin-dependent term

ig? [o° ig2 d d ~ 3
29—)\/0 dtTHTY[A(nt), Ay (nt)] = %Sﬂ”/ (;lwl)ﬁd/(jwédn.(liJrl)A’“‘(k)A”(l)’ (3.24)

where we exploited the anti-symmetry of the Lorentz generator. As we can see, eq. (3.24)
reproduces the spin-dependent term with two gauge fields in eq. (1.3).

We conclude this section with a small remark about the introduction of a mass term,
which is notoriously subtle for Dirac particles. Traditionally, this requires an additional
spin variable 5 [6, 17, 20, 26, 114]. This is a necessary choice if one wants to incorporate
the mass term in the extended Hamiltonian of eq. (3.2), since the additional variable would
make the term Grassmann-even. Alternatively, it is sufficient to leave it out of the path
integral as a Grassmann-odd projector, as already proposed in [16, 22]. However, for the
purpose of this paper one is forced to include this extra dimensional variable in order
to justify the vanishing contribution of the gauge field in the numerator for asymptotic
propagators. This can be achieved with the conserved charges

S =12 + up, FP —m? A=y T+ mas. (3.25)

The derivation then is analogous: both the mass term in the numerator and in the denom-
inator can be factored out and cancel with the free inverse propagator.

4 Spin one

4.1 Generalized Wilson Line for gluons

Before discussing the details of the supersymmetric worldline model for higher spin parti-
cles, it is instructive to derive the GWL for gluons starting from the dressed propagator of
the corresponding field-theory, rather than the quantization of the relativistic particle. In
fact, as we have seen in the Dirac case, the model with worldline fermions is introduced in
this context to explain the role of the background field in the numerator of dressed propa-
gators. However, for spin-one we can use gauge invariance as a shortcut. Indeed, recalling
that the GWLs are meant to represent the external states of a scattering amplitude, the
dressed propagator can be computed in a gauge where the numerator is unity and thus
does not depend on the background gauge field. Let us discuss this in more detail.

We start from the quadratic part of the field-theory Lagrangian. In order to preserve
the gauge invariance w.r.t. the (soft) background field, it is convenient to work in the class
of background-field-gauges. This is a well-known procedure (see e.g. [115]), which consists
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- 2
of replacing A* — A¥+ A* in the Yang-Mills Lagrangian £ = —i (F gy> , and subsequently
fix the gauge by adding the term

1

Ly =~ (Du)?, (4.1)
with the corresponding ghost term
Lonost = (Du@)*(Dpw)® + g f (D)  Abwe. (4.2)
Here, we defined
D = 9,6% — gf*e A, (4.3)

where we chose A* to be the background field. Importantly, this gauge-fixing term breaks
the invariance only w.r.t. the propagating A* field, while the gauge symmetry of A* is
preserved. Then, after some algebra, the quadratic part reads

1 a v(a 1 ML TV\a . pabe e v\ po
Lo = AL [ (B - (1~ £> (DFDY)™ 4 igfaeFe, (swvye| 4l (4.4)
where we introduced the spin-one Lorentz generator
(S = (0005 — 6465, (45)

Therefore, setting £ = 1 and taking the inverse of the expression in brackets in eq. (4.4),
we see that the numerator of the dressed propagator is unity. The denominator on the other
hand has the same structure that we found in the spinor case, i.e. a scalar term D? and
a spin-dependent term F),,S*” representing a chromo-magnetic interaction between the
magnetic moment of the emitting particle and the background field. This leads us to
define the following Hamiltonian

V,a ]' v a . aoc ¢ v\ po
HI = 2 (" (D) +ig " Fy (S™)) (4.6)

where we have dropped the tilde over the background field. Thus, by replacing 9, — —ip,
the covariant derivative can be written as an operator in the Hilbert space generated by Z
and p, i.e.

D (&,p) = —ip6® + ig Al (2), (4.7)
where we defined as usual
Al = AT = —if™c As . Fb = F5 T8 = —if*F¢,. (4.8)

Then, we can proceed as in the scalar case and consider the following path integral represen-
tation for the dressed propagator with a mixed position-momentum boundary conditions:

N 1 e —i &.p)ie
sl (o i6) i) = 3 [ dT {pylem e (49)

_ 1 /oo T /p(T)pf DDy 'Peip(T).m(T) N —i foT dt (p-& v —Hyuw (£,p)—i€)
2 Jo z(0)=mx; |
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where for notation purposes color indices have not been explicitly shown. Performing the
Gaussian integration over the momentum and factorizing the normalization factor (pf|z;),
we get

(s|(Hyw + i€) |z
(pflzi)
This expression can be compared with the corresponding representations in eq. (2.15) and
eq. (3.15). Here, in analogy with eq. (2.16) and eq. (3.16), we defined

1 [ ‘ ‘
- 5/0 dT 2O (s pp, T). (4.10)

T 1. .
fu(zispg, T) = /( : Dz P exp z/ dt (2532 + (ps+ ) - Az + ppt + 2())
#(0)=0 0

+ %a Az +pst + i(t)))n,w + 9(Spu)?” Fp (i + pyt + gz(t))] . (4.11)

where once again we have expanded around the classical solutions given by eq. (2.8).
Since the numerator of the dressed propagator is proportional to 7,,, the truncation
of the external propagator is harmless. Indeed, we get

. ) Hl,+z'e_1xl- . o0 d i1(p244e
e (pr) (w“"pfv)@f’( L )l _ € “(pf)/o dT <6 2 (Pt )T> fu(@i,pg, T) .

(prlzi) T
(4.12)
Integrating by parts and taking the on-shell limit pfc — 0, eq. (4.12) reduces to
12im €M (pg) fuw(xi,py,00). (4.13)
pf—>0

Therefore, in analogy with the scalar and the Dirac cases, the dressed asymptotic propa-
gator for a gluon is given by eq. (4.11) in the limit 7" — oo.

Finally, the path integral can be solved order by order in the soft expansion after
replacing p’; — An* and considering only diagrams up to order 1/, as discussed in section 2
for the scalar case. Here, the only difference is given by the presence of the F),,(S,.,)""
term. By expanding the gauge field in F),, at leading order in Z# we get two additional
terms of order 1/A. The first involves one power of A*:

9 po _Y PU/ A’k ko £
Y (S0, Actn) = VS [ G T A, (4.14)

The second one contains the non-abelian term [A,, A,]. Exploiting the anti-symmetry of
(Suw)P? yields
2 2 d d
g° [ g d*k d*l 1 ~ ~
I [ a4t (8,)77 Ay (nt) As t:—Sl,p”/ / A (k)AL (D).
LS A Aot = S50 [ G55 [ o i A A
(4.15)

Neither term contains a power of &#. Hence, the path integral can be performed precisely
as in the scalar case, thus showing that soft gluon emissions naturally exponentiate at NLP
also for spin-one emitters. Finally, including the angular momomentum generator L,, into
the exponent for gauge transformation purposes (as remarked in footnote 2) leads to the
generalized Wilson line defined in eq. (1.3).
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4.2 The supersymmetric model

At this point we have achieved our goal, since we have shown that eq. (1.3) is a suitable
representation for the asymptotic states of a scattering amplitude also in the spin-one case.
However, it would be desirable to explore the connection of eq. (1.3) with the supersym-
metric worldline model, for several reasons. The first one is that this analysis would make
a better parallel with the method presented in section 2 and section 3. More importantly,
one would like to investigate whether there exists a wordline representation that is suitable
for a propagator whose numerator is not unity, such as for massive vector bosons or gluons
in generic gauges, and more generally for particles of higher spin. A complete and detailed
solution to this problem is beyond the scope of this paper. Here, we limit our analysis to
the N = 2 model in four dimensions,” following the same strategy adopted in section 3
and highlighting the typical features and difficulties that one encounters in the study of
the asymptotic dynamics for spin higher than 1/2.

We consider eq. (1.2) for N = 2. Following [9] and [116], we first redefine our vari-

ables via
- 1
w:\gw&‘ww’;), W= s Wl - i)
V= %( B ik = \g O — i) (4.16)

Then, the action reads

N——

S = /dt (pﬂi'” +iptap, — H) | (4.17)

where the Hamiltonian H is
1 L .= -
H= §€pup“ +ixXup" +ixbup" — appt (4.18)

The tranformations for reparametrization invariance, N = 2 local supersymmetry and O(2)
symmetry are respectively generated by

Q=g Q=vp,  Q=vp,  J=00. (119)

The O(N) symmetry, with gauge field a, is a distinctive feature of particles with spin N > 1.

The quantization of this model on the closed line topology has been carried in detail
in [116-118] while the free open propagator has been discussed in [18]. Here, in analogy
with section 2 and section 3, we must consider a path integral representation for the
open line compatible with the less common boundary conditions of asymptotic dressed
propagators, i.e.

P(1)=T _
/ DeDxDxDa / DyYDy
Y(1)=r

/ P b Dy (V1)1 [} dh (pitid—eQo—XQu—x@rtatie) (4 90
z(0)=x;

"The quantization in d-dimension is more subtle (see e.g. [116]).
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Now we fix the gauge multiplet. The einbein e can be set equal to the proper time 7', as
usual. Unlike the close topology of [116], the Grassmann variables x and ) cannot be set
to zero, since they must generate the spin structure of the propagator, in analogy with the
Dirac case of section 3. The gauge field a deserves special attention, since its role is to set
the degrees of freedom that one wish to propagate on the worldline. From this point of view,
the choice a = 0 is not the best one, since the corresponding propagator carries undesired
remainder terms [18]. However, it provides a great simplification since the corresponding
Faddeev-Popov determinant is trivial. Therefore, we set (e, x, X, a) = (T, 6, 6,0) to get

0 _ o(T)=r _
/ dT/deH/ DYDY
0 Y(T)=r
/p(T)pf DaDp eip(T)-m(T)—ifoT dt (pi+idp—Qo— L Q1— £ Qa—ie) ’ (4.21)
z(0)=x;
which can be compared with the analogous expression for the Dirac case of eq. (3.10).

At this point, a simple dimensional analysis reveals that eq. (4.21) cannot yield the
propagator for a vector boson field A,(x), since the Grassmann integrals yield Q1Q2/Qo,
which behaves as ~ p#p”/p?. In fact, the worldline representation of the N = 2 model
returns the propagator for the field strength tensor F),,, rather than the fundamental
field A,. This property, which is well-known [8, 9, 18, 19, 118] and shared by all models
with N-extended supersymmetry with N > 2, should come as no surprise. It could have
been guessed by the fact that the physical states corresponding to the quantization of the
N-extended model in eq. (1.2) are constructed by taking the tensor product of the spin
variables ¢, which correspond to the reducible Dirac representation (2,0) @ (0,1) of the
Lorentz group. However, one could argue that for our purposes this is not a huge problem,
since the underlying idea behind the representation of a dressed propagator for spin 1/2 is
that what matters for the asymptotic dynamics is the denominator contribution, and not
the numerator.

In fact, the main obstacles appear when introducing a background gauge field [12, 21,
119]. One might be tempted to do so by proceeding as we did for the spin 0 and spin 1/2
cases, and replace the free charges ); with the corresponding Q{‘, where p, — p, + g[l#.
However, the equations of motion become inconsistent unless the field strength Fre of
the background field is constant [120]. Moreover, a simple calculation reveals that the
corresponding supersymmetry would require a vanishing F**. Once again, this problem is
shared by all models with N > 2, and is related to the consistency problems of theories
with charged fields of spin higher than 1/2 [9, 11]. However, we can assume that for
a soft background field the above conditions are approximately fulfilled. In fact, if flu
is dominated by long wavelength components, the field strength is of order kuflu and
thus is subleading w.r.t. the hard momentum p; in the Lagrangian of eq. (4.21). Hence,
supersymmetry is “softly” broken, and we can repeat the previous analysis carried in
section 3. Let us discuss this in more detail.

The fact that the background field strength vanishes in the soft limit implies that
eq. (4.21) can be regarded as the expectation value of the (approximately conserved)
Noether charges Q¢ and Q‘ZA, which can be evaluated at an arbitrary time. Again, for
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the given boundary conditions, the proper time 7' is a convenient choice which yields

Q7 ((T),p(T)) =T - (py — A(x(T))),  Q4(x(T),p(T)) =T - (py — A(=(T))). (4.22)

Plugging this into eq. (4.21) and performing the momentum integration around the classical
solutions of eq. (2.8), we get

ANA
1, Qfed
(pf|m2> <pf|2Q64+. |;)
1 00 i . _ . = _ _
5 / AT 3@ +ieT / g doe’ POt f(q; py T, T, T,6,0), (4.23)
0

where, in analogy with eq. (2.16) and eq. (3.16), we have defined

f(‘riupf7r7f‘7T)9 6 prd)
=I'¢(T)=

e~ 100 A(zi+ps T+E(T))— —i0¢-A(zi+p T+2(T))

&\@\

T .7 H 1 L2 A ~
exp /0 dt(—z¢-¢+2x + (pr+ ) Az +prt + Z(t))
+ %6 Az +ppt+2(t)) + %ﬂﬂqu)) . (4.24)

At this point we should implement the same manipulations that we performed in the
scalar and the Dirac cases, and truncate the external free propagator. However, in this
case it means that we have to divide by the free correlator (Fj,, F,,). Then, in analogy
with eq. (3.17) and eq. (3.18), we consider the asymptotic limit 7' — oo of eq. (4.24). The
effect of this limit is that the background field in the first line of eq. (4.24) is evaluated for
asymptotic times and thus it can be set to zero, so that the dependence of radiative factor
f(xi,pyp, T, r,T,0, 9_) on 0 and 6 can be dropped. Subsequently, the Grassmann integration
over A and 6 in eq. (4.23) becomes trivial and yields the prefactor I'- pff -ps. This can be
related to the numerator of the free correlator (F,, F,s), once a suitable representation for
the constant I' and T' in terms of the gamma matrices is provided [9, 18].

To summarize, by studying the worldline N = 2 model with the boundary condi-
tions suitably chosen to describe the asymptotic dynamics, we obtained that the correlator
(FuFpe) in the presence of a an asymptotic soft background field can be expressed in terms
of the radiative factor

i DT, 00) = Dy D 4.25
flwipp, LT 00) /w( =T i (00) =T ¢/o> 0 (4:25)
T _ . . .

exp (z/o dt(—il/ww—i-2i2+(pf+i)-A(:L’i+pft—|—5v(t))

+ %a Al + prt+ B(t)) + b P (i + pyt + :E(t)))) .
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Now we can solve the path integral order by order in the soft expansion by performing the
usual rescaling p’; — Ant and t — t/X. We start with the Grassmann integrations, and
expand around the boundary conditions

P =M (T) +x"@), () =PM(T) + X)) (4.26)
Then, the path integral becomes

o3 Jo ATl Fo (@itpt+(2)) X(00)=0 DDy ¢ Jo© dt (—ixexct X P (witppt+E(1)) (4.27)

x(00)=0
Once again, the argument of F* significantly simplifies by noting that z! # 0 is a sub-
leading effect, and that vertices with powers of # and x* would require additional Z-
propagators, which are suppressed in 1/\. This means that we can expand F*” at leading
order in T#, to get

i SO DT e (nt) / Dy Dy e Jo dt (~iX§ X () (4.28)
x(00)=X(c0)=0
In analogy with section 3.3, the path integral is Gaussian and can be reabsorbed in the
overall normalization with the factor (ps|x;) of eq. (4.23). The prefactor, on the other
hand, contains boundary information in the term [fu, I',]. With a suitable representation
in terms of gamma matrices [9, 12, 18], this returns once again the Lorentz generator
(Suw)P?, in agreement with eq. (4.14) and eq. (4.15).

Therefore, we recover the same structure of the previous section where the GWL has
been derived without worldline fermions. Thus, despite the fact that the N = 2 model
corresponds to the propagation of the field strength F*” rather than the potential A,
the denominator contribution is still given by a scalar term and a spin dependent term
that involves the Lorentz generator (S,,)””. This is in agreement with the analogous
result obtained with a one-loop effective action [12], thus confirming that the GWL is an
equivalent description where only the denominator of a dressed propagator contributes to
the asymptotics.

It is clear that the arguments presented in this section can be generalized to the case
of a (massive) particle of arbitrary spin, thanks to the fact that the background field
for N > 2 is introduced in analogy with the N = 2 case with a term proportional to
Yy FHY (11, 120]. Although this is not investigated further in this work, the term ¢!¢?
gives rise to the corresponding Lorentz generator, once a proper representation in terms
of gamma matrices is provided [8]. Therefore, the derivation is similar to the spin-one
case, where the numerator is composed of quasi-conserved and effectively free Noether
charges, while the contribution of the background field in the denominator is coupled to
the corresponding Lorentz generator.

5 Discussion

The Generalized Wilson Line, originally proposed in [28] to extend the exponentiation of
infrared radiation to next-to-leading power (NLP) and subsequently applied in [71, 72] to
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derive factorization theorems, is a powerful tool to describe asymptotic states dressed by
soft radiation at subleading orders in the soft expansion. The derivation proposed in [28]
concerned essentially the case of a scalar particle dressed by next-to-soft radiation, both
in the abelian and in the non-abelian case. Although an argument for an extension to the
case of spin 1/2 particles was presented there, some issue remained to be clarified, while
no proof was given for spin 1 or higher.

In this work, building on the well-known supersymmetric model for a spinning particle
on the worldline, we have revisited the derivation for spin 1/2. In particular, we have shown
that the contribution of the soft background field to the numerator of an asymptotic dressed
propagator vanishes. This fact, which was tacitly assumed in [28], is crucial to prove the
truncation of the external free propagators in a scattering amplitude and was proven here
by exploiting the supersymmetry of the corresponding worldline model.

Then, we considered the spin 1 case. Thanks to the gauge invariance of a scattering
amplitude, a shortcut can be used in Feynman gauge, where the numerator is unity: since
no background field appears in the numerator, no supersymmetric model is necessary and
the derivation closely follows the scalar case. This implies that the next-to-eikonal expo-
nentiation presented in [28, 33] and the related diagrammatic analysis of webs [31, 32] can
be naturally applied to Yang-Mills theory.

Finally, we discussed how the GWL can be derived for particles of higher spin, by
studying the N = 2 wordline supersymmetric model. The obstacle here is that this model
naturally describes the propagation of F),, rather than the fundamental field A,,. Moreover,
a general background field is not compatible with wordline supersymmetry. However,
although the derivation of the GWL is more challenging in this case, we presented an
argument based on the observation that the field strength for the background field vanishes
in the soft limit and that worldline supersymmetry is only softly broken.

For both the spin 1/2 and spin 1 cases, the denominator contribution to the dressed
propagator matches the one corresponding to the one-loop effective action [12], where the
first-quantized Hamiltonian is given by the squared coviariant derivative D? plus a spin
dependent term S, F'*¥ representing the interaction between the magnetic moment of the
emitting particle and the background soft field. For a single soft emission, this result was
shown in [73] to be in agreement with the so-called tree-level next-to-soft theorems [55].
Although the GWL extends this statement to an arbitrary number of emissions, one must
be careful in applying these technique in a scattering amplitude beyond the tree-level when
massless particles are present or when the mass of the emitters is much smaller than the
energy scale of the process, since it is well-known that collinear effects are not captured by
this description alone and must be compensated by radiative jets [40, 52, 53, 71].

The analogy with the one-loop effective action is not surprising: as remarked in the
introduction, at the cross-section level the external lines close at infinity, so it is natural
to expect that the denominators, which do contribute to the asymptotic dynamics, must
be the same for the closed and open dressed propagators. What we have shown in this
work is that the GWL makes this picture valid at the amplitude level. This corroborates
the intuitive idea that asymptotic propagators are a somewhat intermediate case between
the closed and the open topologies. In fact, although the worldine formalism has been
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known for some time, the quantization of supersymmetric actions for spinning particles
on the open topology is a relatively unexplored area, which might offer new insights into
the structure of scattering amplitudes. The GWL offers a complementary point of view in
this direction.

Although this paper has focused on the description of asymptotic states of a scattering
amplitude dressed by soft photons or soft gluons, most of the ideas carries over to gravity
theories. In fact, the gravitational GWL for scalar emitters has been already presented
n [34], where the exponentiation of next-to-soft gravitons propagating in flat spacetime
is discussed. In particular, defining the graviton h* via ,/gg"” = n*” + xkh*, where
k? = 327G, one can treat h*¥ as a classical background and derive a consistent next-to-
soft representation of the dressed scalar propagator with an expansion up to 2. This leads
to a single-particle Hamiltonian of the form

1
H= §(p2—m2)+/§}"(p”,h“”), (5.1)
where the presence of the background graviton field has been collected into a functional
F(pt, h*). As we can see, eq. (5.1) is the generalization of eq. (2.3) to gravitational
interactions. The subsequent derivation is essentially the same of the one outlined in
section 2, even though the algebra is more involved, and it leads to the following structure

for the gravitational GWL:
—~ dk - uw
Wn(07 OO) = €xp "i/ Whuu(k)v (p, k)

ddk dil - ~ Voo
+x / Gy Dl OV (k1) (52)
where ﬁwj is the Fourier transform of the graviton field, while V#(p, k) and V#*P?(p, k,1)
are respectively a single-graviton and a double-graviton vertices, whose expressions can be
found in [34]. In particular, the single graviton vertex is in agreement with the tree-level
soft theorems [73].

At this point one might wonder whether the gravitational GWL can be defined also for
spinning emitters. Although a complete derivation is beyond the scope of this paper, a naive
guess is that one has to modify eq. (5.1) by adding a spin-dependent term that includes
the Riemann curvature tensor, in analogy with the gauge theory case where one adds
the term S, F*¥. In fact, the consistency of the equations of motion with a gravitational
background field can be obtained from the gauge theory ones by replacing the field strength
F* with [VH#, VY], where V# is the gravitational covariant derivative [120]. Therefore,
leaving out the discussion of potential algebraic complications, the derivation does not
seem to pose huge obstacles, at least for the contributions to the denominator of the
dressed propagator. The main difficulties arise when considering numerators, where the
contribution of worldline fermions is more delicate than the gauge theory case. This can be
seen e.g. in the spin 1/2 case, where the presence of gamma matrices in curved spacetime
requires a careful treatment of the weak field expansion in terms of the graviton field.
Moreover, one has to cope with the same issues encountered in section 4 of this paper, i.e.
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the corresponding worldline supersymmetric theory with a background gravitational field
becomes inconsistent for N > 2 (see e.g. [120]), which prevents a naive application of the
method to pure gravity theories. The softness of the background field presumably restores
the consistency of such representation. Work in this direction is ongoing.

For both gauge theories and gravity, the use of worldline techniques in the study
of asymptotic dynamics can be also analyzed in the light of the revived interest in the
Faddeev-Kulish coherent states [77-87], where the GWL offers a natural way to extend the
analysis at subleading power in the soft expansion. In particular, the recently proposed
prescription to define an infrared-finite S-matrix [89] provides a modern derivation of the
asymptotic Hamiltonian in terms of Wilson lines and effective field theory techniques.
In this regard, it is noteworthy that the asymptotic Hamiltonian of the Faddeev-Kulish
construction corresponds to the single-particle Hamiltonian of the worldline formalism,
i.e. the inverse propagator dressed by soft radiation. Therefore, the GWL offers a nice
semiclassical interpretation of the asymptotic dressed state and also a natural extension
of this picture at subleading power that bypasses the long derivation of the subleading
Lagrangian in the effective field theory. In fact, although at the amplitude level infrared
divergences are controlled by the well-known LP Wilson line operators, the situation is
different for individual gauge-dependent diagrams, where in dimensional regularization
poles might correspond to NLP effects that are controlled by the GWL. Moreover, the
emergence of the spin-dependence at NLP has a very clear origin in the GWL description
and it shows how it affects the asymptotics dynamics. Besides, the quantization of the
asymptotic states emerges quite neatly in this picture, since the Hamiltonian is derived
form the standard Dirac procedure to deal with constraints.

The semiclassical description of the GWL can shed light also on the logarithmic cor-
rections to classical next-to-soft theorems in gauge and gravity theories, recently discussed
in [68, 69, 100]. At the quantum level, the origin of such corrections is clear e.g. in dimen-
sional regularization: loop corrections contains infrared poles which generate logarithms of
the various scales involved the process. For particular configurations of the virtual particles,
these scales contain the soft momentum k and generate log(k), in contrast with the tree-
level soft theorems [37, 38]. At the classical level one can trace back these logarithms to the
long range forces that in four dimensions produce a logarithmic dependence on the proper
time 7" in the trajectory of the scattered particles. It is then argued that the corresponding
contribution to soft theorems can be obtained by replacing log(7") with log(k). The GWL
of this paper offers a nice bridge between the classical and the quantum description, being
a tool to describe soft radiation of a quantum scattering amplitude as a perturbation of
the classical path of the hard emitters. In particular, we have seen that the gauge field A,
in eq. (2.16) (and similarly the gravitational field h,, in eq. (5.2)) acts as a source term
on the worldline, generating fluctuations around the classical path of eq. (2.8). Assuming
that the radiated field drops as 1/t in the asymptotic limit, one could imagine to modify
the classical trajectory by including a term ~ x? log(t) due to the long range gravitational
or electromagnetic force. In eq. (2.4) we have seen that a NLP contribution comes from
having 2%' # 0 in eq. (2.20) (from Low’s theorem), which in turn gives the orbital angular
momentum L*” dependence of the next-to-soft emission. Therefore, a log(t) term in the
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classical trajectory will give a logarithmic dependence in L*”, in analogy with [68], hence
in the exponent of the GWL, which corresponds to log(n - k) in Fourier space.

The results presented in this work can be extended in many directions. The most
obvious one is the generalization of the spin-one case to gluons in arbitrary gauges and to
massive vector bosons. This problem would presumably need a worldline model where the
spin variables take into account the different degrees of freedom that one wish to propagate,
in analogy with the massive Dirac propagator that requires a fifth Grassmann variable. A
second direction for future work is the generalization of the GWL to soft gravitons for
spinning emitters, as already observed. The growing demand for precision calculations in
gravitational physics, and the crucial role that spin effects might have to this aim [101—
111], make it natural to pursue this direction. Another aspect which is left for future work
is a derivation of the GWL where the non-abelian nature of the soft background field is
incorporated with additional Grassmann variables, on the line of the results obtained in
the scalar case [24, 121]. In this regard, it would be interesting to investigate what is the
role of such variables in the soft expansion. Finally, there is growing evidence that the
eikonal approximation underlies the classical limit of quantum scattering amplitudes [90—
96]. Hence, a comparison of the GWL for gauge bosons and gravitons might shed light
on the worldline realization of the classical double copy [122], which has been recently
investigated in [123-128].
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