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ABSTRACT

Spontaneous symmetry breaking occurs when the vacuum state is not pre-
served under (a subset of) symmetries in the theory. Instead, the symme-
try is non-linearly realized by the associated massless degrees of freedom, the
Nambu-Goldstone bosons. At the level of on-shell observables, the non-linearly
realized symmetry is manifested as a universal structure of scattering am-
plitudes in the so-called soft limit, which means sending the momenta of a

Nambu-Goldstone modes to zero.

In this dissertation, we further explore the link between spontaneous symme-
try breaking and infrared dynamics of massless scalars. First, we derive soft
theorems for theories with spontaneously broken Poincaré symmetries, corre-
sponding to effective field theories for condensed matter systems such as solids,
fluids, superfluids, and framids. We also implement a bootstrap in which the
enhanced vanishing of amplitudes in the soft limit is taken as an input, thus

sculpting out a subclass of exceptional solid, fluid, and framid theories.

Next, we consider spontaneous breaking of higher symmetries. We derive a new
sub-leading double soft pion theorem in theories with a spontaneously-broken
continuous 2-group global symmetry, which intertwines amplitudes with dif-
ferent numbers of pions and photons. We also provide a novel derivation of
the leading soft photon theorem from the Ward identity of an emergent 1-form
global symmetry in effective field theories where antiparticles are integrated

out.

Finally, we turn to universal features in low-energy dynamics of generic effec-
tive field theories. We extend the scalar geometric soft theorem by allowing
the massless scalar to couple to other scalars, fermions, and gauge bosons. The
soft theorem keeps its geometric form, but where the field-space geometry now
involves the full field content of the theory. As a bonus, we also present novel
double soft theorems with fermions, which mimic the geometric structure of

the double soft theorem for scalars.
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Chapter 1

INTRODUCTION

The discovery of the Standard Model—our current theoretical description of
elementary particles, tested to a high precision—was largely guided by the
search for symmetries of the underlying fundamental interactions. Histori-
cally, one of the key insights to the Standard Model puzzle was provided by
Nambu and Goldstone, who showed that spontaneous breaking of continu-
ous symmetries mandates a presence of massless scalars in the spectrum, the
Nambu-Goldstone (NG) bosons [1]-[3].

Spontaneous symmetry breaking refers to a scenario in which the vacuum state
is not invariant under the full set of symmetries of the underlying Lagrangian.
For the case of spontenously broken internal symmetries, there is a NG mode
corresponding to each broken generator, which transforms non-linearly under
the full symmetry. In turn, the low-energy dynamics of NG bosons is con-
strained by the algebra of spontaneously broken currents associated with the

symmetries of the theory.

At the level of on-shell observables, the non-linearly realized symmetry dictates
the form of a soft theorem—a universal behavior of NG amplitudes in the
so-called soft limit, as we send a momentum of a gapless mode to zero and
perform an expansion of the amplitude in the soft momenta. For a flagship
example of such a relation, consider the non-linear sigma model (NLSM) which
describes the interactions of massless pions, the NG bosons of spontaneously
broken SU(N) axial symmetry. As shown by Adler [4], the conservation of the
axial current implies that an amplitude with n pions vanishes as we send the

momentum of one of the pions to zero (single soft limit).

In fact, the algebra of non-abelian currents can be accessed from amplitudes
with multiple soft pions; see [5|-[7]| for early work on multiple-pion emission.
In NLSM, in the simultaneous double soft limit (two of the pion momenta are
sent to zero at the same rate) the amplitudes do not vanish; instead they have
a universal structure, which can be expressed as a kinematic soft operator
multiplying a lower point amplitude [8]. The form of a soft operator in the

double soft theorem is controlled by the commutator of broken axial currents.
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However, such underlying simplicity of the low-energy dynamics is often hard
to diagnose just by looking at a particular form of the effective field theory
(EFT) Lagrangian with non-linearly realized symmetry. First of all, the form
of the Lagrangian is not unique, as we can perform field redefinitions which
do not change the physical content of the theory.! Secondly, going back to
the NLSM example, the pion Lagrangian contains a tower of two-derivative
interactions, and so it is not clear that the amplitudes should vanish in the sin-
gle soft limit. In fact, the Adler zero condition requires cancellations between
different n-point interaction terms. Thus, for a systematic study of EFTs with
“special” soft behavior, it is much more convenient to work at the level of

scattering amplitudes, which is known as the soft bootstrap program [9]-[12].

The example of pion amplitudes revealed that the structures appearing in soft
theorems are dictated by the spontaneous breaking of internal symmetry. How-
ever, such relation between non-linearly realized symmetries and low-energy
on-shell observables should, of course, hold more generally. In particular, in
this dissertation we explore three different directions in the study of how the
spontaneous symmetry breaking pattern is encoded in the soft amplitudes. To

this end, we derive soft theorems for massless scalars in

(1) abroad class of nonrelativistic EF'Ts with spontaneous breaking of space-

time symmetries (Chapter 2);

(74) an example of an EFT with spontaneous breaking of higher-group sym-
metry (Chapter 3), where the set of Goldstone modes includes both

spin-zero and spin-one particles;

(17i) general relativistic EFTs coupled to particles with higher spin, without
assuming an internal symmetry structure (Chapter 4). This paper builds
upon the work of [13], which developed a framework of geometric soft

theorems for scalars.

We will now discuss each of these points in turn.

!The geometric approach to EFTs—which we will discuss in Chapter 4—exploits this
fact to organize the EFT data into structures according to their transformations under field
redefinitions.



1.1 Spontaneous breaking of spacetime symmetries

Famously, models with spontaneous spacetime symmetry breaking are relevant
in cosmology, such as the proposed EFTs for inflation [14]-[16]. Specifically,
in the limit as gravity decouples from inflation [17], the scalar metric mode
interactions are captured by flat-space amplitudes of NG bosons for sponta-
neously broken time diffeomorphisms. Indeed, the first on-shell soft theorem
for non-linearly realized boosts was derived in this context [18]|. In fact, the
same symmetry breaking pattern EFT describes superfluids [14], which brings
us to another important class of models with spontaneous spacetime symme-
try breaking, namely EFTs corresponding to condensed matter systems in the
continuum limit [16], [19], [20].

Depending on the way spacetime symmetry is spontaneously broken, the num-
ber of NG bosons can be less than the number of broken symmetry generators
[21]-]25]. An example of such scenario is the spontaneous breaking of trans-
lational and rotational symmetries in solids, yielding only phonon degrees of

freedom associated with broken translations.

The coset construction, a standard procedure for deriving Lagrangians with
spontaneous symmetry breaking [26]—28|, can be augmented to take that into
account via the so-called inverse Higgs constraints [21], [29]. Using this “top-
down” method, the authors of [19] obtained general Lagrangians for phases of
matter classified by their possible symmetry breaking pattern. Such general
considerations yielded—in addition to phases of matter found in nature—a toy

model characterizing a framid, which only breaks boost invariance.

In Chapter 2, we present the soft theorems for a class of non-relativistic EFTs
appearing in [19], which correspond to various condensed matter systems, such
as solids and perfect fluids, as well as framids. As we will see, the form of
the soft theorem encodes the symmetry braking pattern. In particular, in
some cases only a subset of terms in the soft amplitude obeys a soft theorem,
meaning that it can be expressed as a soft operator acting on lower point

amplitudes in a given theory.?

Next, we apply soft bootstrap techniques to non-relativistic condensed matter
EFTs to find theories with the enhanced soft limits—that is, vanishing in the

2The remaining terms in the soft amplitude also possess a universal structure, as dictated
by the geometric soft theorem (see Chapter 4). However, that universal form involves a
derivative acting on the space of couplings in the EFT, and so we will not discuss it here.
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soft limit faster than naively expected from derivative counting—signaling a

presence of additional “hidden” non-linearly realized symmetry.

In some special cases, knowing the soft limit of scattering amplitudes provides
enough information to obtain higher-point amplitudes in the theory directly
using on-shell methods [9], [30], [31]. For instance, NLSM amplitudes can be
constructed in this “bottom-up” way, imposing Adler zero condition. Simi-
larly, a non-vanishing soft theorem can be used as additional input. For the
case of framids, requiring that the soft theorem is satisfied allows us to boot-
strap higher-point interactions, bypassing the redundancies in the Lagrangian

construction.

1.2 Spontaneous breaking of higher symmetries

Recent years have witnessed numerous developments in the field of generalized
symmetries, motivated by extending—in several different ways—the standard
notion of group-like symmetry acting on local objects; for a review, see [32], [33]
and references therein. In particular, one can consider higher-form symmetries
which act on non-local operators (ie., p-form symmetries act on p-dimensional
objects). Crucially, associated charge operators always commute; therefore,
higher-form symmetries are necessarily abelian. Furthermore, different p-form
symmetries can mix in a non-trivial way, giving rise to a higher-group structure.
In Chapter 3, we will focus on 1-form symmetries, which act on Wilson lines,

and can mix with an ordinary (0-form) symmetry to form a 2-group.

Just like in the case of ordinary symmetry, higher-form symmetries can also be
spontaneously broken. The higher-form analogue of the NG theorem [34]|-[36]
states that, for instance, the NG mode of spontaneously broken continuous
1-form symmetry is a massless spin-one boson. Consequently, one can identify
the photon in pure Maxwell theory as a NG boson associated with sponta-
neously broken 1-form symmetry [34]. Given the link between soft theorems
and spontaneous symmetry breaking, some immediate questions arise: is it
possible to recast the Weinberg soft photon theorem [37], [38] as following
from spontaneously broken 1-form symmetry? Also, are there any new soft

structures associated to higher symmetries that we can discover?

At first glance, reinterpreting soft photon theorems with higher-form sym-
metry seems to be obstructed by the fact that charged matter breaks 1-form

symmetry explicitly. However, in Chapter 3, we will argue that in the soft limit
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there is an emergent 1-form symmetry. The associated 1-form Ward identities
provide constraints which allow us to derive the Weinberg soft photon theorem
at leading order. Therefore this framework provides a unified picture for soft
theorems for pions and photons, and moreover suggests that there are new soft
structures as dictated by the spontaneously broken higher-group symmetries,

which can intertwine NG bosons of different p-form symmetries.

For a non-trivial example of a new soft theorem, we consider a theory with a
2-group structure, which encodes a non-trivial mixing between non-abelian 0-
form and U(1) 1-form symmetry. In particular, the 2-group structure constant
appears in a modification of the 0-form current algebra, which could affect the
form of the double soft limit of O-form NG bosons.

Concretely, we consider a theory with spontaneously broken 2-group symmetry
discussed in [39], namely the NLSM with gauged vector U(1) symmetry cor-
responding to baryon number. We show that the NLSM double soft theorem
at leading order in soft momenta is not modified, but the sub-leading order
has an additional contribution sensitive to the 2-group structure. Finally, we

illustrate the new double soft theorem in explicit examples of soft amplitudes.

1.3 Soft theorems and field-space geometry

The intuition built from theories with non-linearly realized symmetries im-
plies that the soft limit of amplitudes probes the neighborhood of the vacuum
expectations value (VEV) of the spontaneously broken theory. For pions, a
vanishing single-soft limit reveals there is an underlying moduli space of vacua
in the unbroken phase, whereas double soft limit corresponds to different paths
in moduli space [8]. In turn, this suggests that in a general EF'T without inter-
nal symmetry, a soft limit of a massless scalar should reflect the EFT structure
in the neighborhood of the VEV [13].

Parametrizing scalar EFTs using field-space geometry [28], [40]-[44] provides a
suitable framework to address this question. In this setup, a multiplet of scalar
fields can be viewed as functions from spacetime to a target scalar manifold,
which encodes the EFT data.

In general, as we discussed above, a theory can be described by a family
of Lagrangians that map into each other under field redefinitions. Choosing
a field basis corresponds to picking a particular coordinate system for the

underlying target manifold, yielding a set of couplings dependent on that basis.
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In turn, a field redefinition with no derivatives® corresponds to a coordinate

transformation, with associated mapping of couplings to a new basis.

With this insight, we can group higher-dimensional operators with a fixed
number of derivatives into compact geometrical structures, which map onto
themselves under field redefinitions. Clearly, physical observables such as scat-
tering amplitudes depend only on geometrical data of the target manifold, such
as Riemann curvature and its derivatives, and not on a choice of a particular
basis. Organizing EFT data in the Lagrangian in such a way proved to be a
practical tool for streamlining calculations [40], [46], [55]-[64] and also allows

us to study infrared dynamics of scalars in theories with no internal symmetry.

Generally speaking, the scalar geometric soft theorem [13] relates a soft limit
of a (n + 1)-point amplitude to a field-space covariant derivative of n-point
amplitude, which acts in the space of couplings. In other words, to apply the
soft theorem, one needs to know the couplings in the amplitude as functions
of the VEV. However, in the presence of non-linearly realized symmetry, the
covariant derivative in the soft theorem can be expressed in terms of soft
operators acting on lower-point amplitudes, recovering the familiar form of
soft theorems for spontaneous symmetry breaking. Moreover, recently the

geometric soft theorem has been extended to one-loop order [65].

Given the computational advantages of the geometric scalar construction, one
would like to extend this framework to incorporate particles with higher spin.
There are different approaches to this question [47], [66]-[69]; perhaps a mini-
mal extension is dictated by considering field redefinitions depending on scalar
fields only. Similarly, in Chapter 4, we extend the geometric soft theorem of
[13] to include scalars coupling to fermions and gauge bosons. We employ
the existing formulations of field-space geometry for fermions [66] and gauge
bosons [69] and derive a general soft theorem for massless scalars coupled to

particles with higher spin.

We find that the soft theorem still acts as a covariant derivative, but now
in the full field-space accommodating scalars, fermions, and gauge bosons.
Including massive fermions and gauge bosons gives rise to additional terms
in soft theorem, which are in closely related to analogous terms for massive

scalars. In addition, we derive a double soft theorem for both soft scalars and

3For extensions of field-space geometry to accommodate field redefinitions with deriva-
tives, see [45]-[54].
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soft fermions. Last but not least, we discuss several examples of geometric
EFTs coupled to fermions and gauge bosons (with and without masses) and

verify the validity of the new soft theorems explicitly.



Chapter 2

SOFT PHONON THEOREMS

C. Cheung, M. Derda, A. Helset, and J. Parra-Martinez, “Soft phonon
theorems,” JHEP, vol. 08, p. 103, 2023. DOI: 10.1007/JHEP08(2023)
103. arXiv: 2301.11363 [hep-th].

2.1 Introduction

The seminal work of Nambu and Goldstone [1]-[3] revealed a deep connection
between spontaneously broken internal symmetries and a corresponding set of
gapless degrees of freedom. These Nambu-Goldstone bosons (NGBs) parame-
terize a continuous degeneracy of vacua and transform nonlinearly under the
broken symmetries. Notably, spontaneous symmetry breaking often mandates
universal features in scattering, as perhaps best illustrated by the Adler zero

[4], which refers to the vanishing of certain NGB amplitudes in the soft limit.

As is well-known, similar statements apply to the spontaneous breaking of
spacetime symmetries [70]-[74], albeit with a fewer number of NGBs than
naively expected [21]-[24]. More recently, it has also been suggested that
spontaneous breaking of Poincaré invariance is not merely a calling card of
certain condensed matter systems, but can actually be elevated to an organiz-
ing principle for these theories [19]. In this approach, nonrelativistic effective
field theories (EFTS) are classified by their spacetime symmetry breaking pat-
tern, yielding a rich array of physical systems corresponding to the phonon
excitations at zero temperature of perfect solids and fluids, as well as modes
of a superfluid. The authors of [19] also discovered some exotic, yet-to-be-
experimentally-realized systems which include the framid, whose correspond-
ing framon degree of freedom exhibits the minimal nonlinear realization of

spontaneous Lorentz symmetry breaking.

In this paper we study the soft behavior of scattering amplitudes of NGBs
arising from the spontaneous breaking of spacetime symmetries. Our analysis
focuses on the nonrelativistic EF'Ts classified in [19] by the symmetry breaking
pattern corresponding to solids, fluids, superfluids, and framids. In all of these

systems, the group of spatial rotations is preserved at low energies, so the


https://doi.org/10.1007/JHEP08(2023)103
https://doi.org/10.1007/JHEP08(2023)103
https://arxiv.org/abs/2301.11363
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NGBs reside in a linear representation of SO(3). For example, the superfluid
phonon is described by a scalar field m, while solid and fluid phonons and
framons are described by a three-vector field 7?.! In general, the latter NGBs

nonlinearly realize the underlying broken spacetime symmetries via
7ri—>7ri+o/+ﬁij7rj+--- : (2.1.1)

for parameters o and 3, which are in general position-dependent, and where
the ellipses denote terms higher order in the field. In our analysis, we focus
primarily on the case in which the broken spacetime symmetry generators are
translations or boosts, but also consider the case of broken spatial diffeomor-

phisms in a fluid.

Following the logic of [18], we use current conservation to derive a broad class
of soft theorems applicable to NGBs arising from the spontaneous breaking
of any symmetry. Technically, our results apply to any symmetry breaking
pattern involving spacetime or internal symmetries or both.?2 The schematic

form of our soft theorem is
lim afA,.+1] ~ — lim [Z v;,AAn} Y BlAL (2.1.2)

where the soft limit ¢ — 0 corresponds to sending the energy and momentum
components of the soft leg to zero. Here both sides of eq. (2.1.2) are O(q°)
in the soft momentum, which is to say that terms O(¢') or higher have been
dropped. The summations above run over all external legs in A,, which are

assumed to be hard.

Since a and S are in general functions of spacetime, they act as differential
operators on the external momenta. In particular, in eq. (2.1.2), a acts on the
soft energy or momentum, while 5 acts on the energy or momenta of each hard
leg in A,,. Depending on the differential degree of o and 3, they will extract

different powers in the soft expansion of the amplitudes. For example, if « is

!'Throughout, we use Greek letters y, v, p, - - - , to denote four-vector indices, late Latin
letters i, j, k, - - - , to denote three-vector indices, and early Latin letters a, b, ¢, - - - , to denote
external particle labels. For products of three-momenta we will sometimes employ the
shorthand, p - ¢ = plq;.

2While the present work focuses solely on theories which preserve SO(3) rotation sym-
metry, this is actually not required for our soft theorem. In particular, our results apply
to any symmetry breaking pattern that preserves some version of spacetime translations in
the broken phase such that energy and momentum are well-defined. We leave an analysis
of more drastic symmetry breaking patterns for later work.
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a constant, then eq. (2.1.2) extracts the O(q°) piece of A, 1, while if « is a
single derivative with respect to the soft energy or momentum, then it probes
the O(q') piece of A,41.

eq. (2.1.2) is an on-shell soft theorem because both the left- and right-hand
sides are operations acting on the on-shell amplitudes A, ,; and A,. Fur-
thermore, as required of any physical on-shell scattering, the soft theorem in
eq. (2.1.2) is satisfied irrespective of the choice of field basis. This feature is ac-
tually rather miraculous when one considers that eq. (2.1.2) depends explicitly
on the off-shell three-point vertex V3, which is field basis dependent along with
the symmetry parameter . However, as we will later argue, any change of
field basis that sends V5 and /3 to an alternative choice of Vi and 8’ necessarily
cancels in the soft theorem. The fact that the soft theorem is on-shell makes
our results distinct from the soft theorems for correlation functions derived in
[75]-79].

The structure of this paper is as follows. In Sec. 2.2 we state the general soft
theorem and present a proof as well as a discussion of its invariance under
changes of field basis. We then turn to concrete examples of theories that
satisfy the soft theorem: superfluids in Sec. 2.3, solids in Sec. 2.4, fluids in
Sec. 2.5, and framids in Sec. 2.6. In Sec. 2.7 we discuss a soft bootstrap for

nonrelativistic theories, and we conclude in Sec. 2.8.

2.2 Soft Theorem

2.2.1 Degrees of Freedom

In this work we focus on nonrelativistic theories describing a NGB arising
from a spontaneously broken spacetime symmetry.®> For concreteness, let us
consider here the case of an SO(3) vector field 7, which transforms linearly
under

spatial rotations: 7' — R’ 7/, (2.2.1)

for a constant orthogonal matrix R. Here we emphasize that ¢ does not
describe a gauge theory in the conventional sense, since all three of its com-
ponents are physical: they correspond to one longitudinal and two transverse

modes of the NGB, which we describe in terms of one-particle states, |w, p, L)

3For simplicity, we focus on the case of NGBs of type I with a linear dispersion relation.
While we do not explicitly analyze NGBs of type II with quadratic dispersion relations (see
[23], [25], [80]—[86]), all of our results, including the general soft theorem, should apply more
generally.
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and |w, p, T), respectively. These states overlap with the 7’ field according to

(Ol7"(t, 2)|w, p, L) = ep(p)e P, (2.2.2)
<O|7Tz<t7 $)|w7p7 T> = e%’(p)e_iwt—i-ipm ' N

Here w and p are the energy and three-momentum of the particle. Depending

on the particle type, these quantities obey the dispersion relations,
w?—cp* =0 o Ww-cpt=0, (2.2.3)

where ¢y, and cr are the speeds of sound for the longitudinal and transverse

modes, respectively. The polarization vectors in eq. (2.2.2) satisfy
pictr =0 and eppel = 0. (2.2.4)

This implies that ey, encodes the single longitudinal mode while er encodes the
two transverse modes. For explicit calculations, we will use the unit normalized

longitudinal polarization,

. C i
¢l = i}p _ (2.2.5)

We can think of eq. (2.2.3) and eq. (2.2.4) as the on-shell conditions for the

kinematic variables that characterize the phonon modes.

Here it will be convenient to define the projection operators,

ij 'y
i (2.2.6)
ij ij P
HYZ(p) =0 — pz )
which leave the polarizations invariant, so
%7 (p)er; = b and 1% (p)er; = ek . (2.2.7)

In terms of these projectors, the phonon propagator is

1T} (p) I (p)
A(w,p) = L cEt e (2.2.8)

whose inverse, Ai_jl(w,p), is the two-point Lagrangian term in momentum

space.

To define the n-point scattering amplitude of phonons we define a set of ex-

ternal particles labelled by a = 1,--- ,n, whose corresponding momenta are
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P = (wa, pt), with speed of sound ¢, and polarization vector e which is cho-
sen to be either longitudinal or transverse. The n-point scattering amplitude
is

A (prs o o) = (0] (Jwr, p1)™ - wns pa)™) (2.2.9)
where we have defined a shorthand for a state |w, p) that carries an arbitrary
polarization and is related to the physical longitudinal and transverse states
defined previously by |w,p, L) = €%|w,p); and |w,p,T) = e4|w,p);, respec-
tively.

The quantity A% is simply the amputated correlation function of phonon
fields, which can be computed straightforwardly using Feynman diagrams.
To compute the physical amplitude we simply dot this object into external
polarization vectors. Note that we have used a schematic notation in which
Alrin ig written as a function of just the three-momenta py, - - - , p,. However,
since we are interested in on-shell kinematics, momenta and energies can be
interchanged freely. So in explicit calculations, our actual amplitudes may be

functions of energies as well as the three-momenta.

2.2.2 Proof of Theorem
To begin, recall that the NGB of spontaneous spacetime symmetry breaking

transforms nonlinearly under the broken symmetry transformations,
mt — 4+ ot (2.2.10)

In general, the nonlinearly realized symmetry transformation may also involve
changes of coordinates, but this will not be important for our analysis. In
addition, we will assume that the Lagrangian does not depend on the second
and higher derivatives of fields. The statement that the Lagrangian is invariant

implies that

L— L+6L, (2.2.11)
where the Lagrangian variation is
51— 0, (57 -2L Sn'E; = 0,K" (2.2.12)
= ™ - — O Ly = . L.
a 60, m! "

Here K describes any shift of the Lagrangian by a total derivative, as would
often appear in a spacetime symmetry transformation. Meanwhile, £ denotes
the equation of motion,

5L 5L on-shell
E =0, (W) - =00, (2.2.13)
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which vanishes on the support of on-shell, physical field configurations. Re-

calling the definition of the conserved current,

. 0L
JH = on' - — K*# 2.
(s D ; (2.2.14)
which satisfies the conservation equation,
i on-shell
o J' =om'E;, =0, (2.2.15)

for on-shell configurations of fields. In order to derive our soft theorem we
evaluate matrix elements of the above equation, keeping contributions up to
O(q") in the soft limit.

For later convenience, let us define a bracket that acts on a local field operator
O(t, z) via

(O)8* (1 + -+ +pa) = }Iig%/dtd?’w e e (0|0(t, 7) (lwr, p1)™ -+ [wn, pn)™)

(2.2.16)
which is the matrix element obtained by sandwiching the operator between a
set of on-shell physical states with arbitrary polarizations. By construction,
the field operator itself is imparted with energy w and three-momentum ¢
which are taken to zero, yielding a soft limit. Throughout, we assume that an
on-shell momentum flows through the operator, so w also scales as ¢ and is

implicitly sent to zero in the soft limit.

To derive a soft phonon theorem we evaluate eq. (2.2.15) as an operator equa-
tion sandwiched between on-shell physical states. To this end, let us define a

general parameterization of the infinitesimal shift of the NGB field,
ot = + Bijﬂ-j +o (2.2.17)

where o and [ are spacetime-dependent in general and the ellipses denote
terms that are higher order in the field. Meanwhile, the equation of motion

takes the general form,
E; = Vo) + §Vagrlnh 4 - (2.2.18)

where V5;; and V3,5, correspond to the two- and three-point Lagrangian terms.
Going to momentum space, the Feynman propagator and three-point Feynman
~1 and Viijk, all multiplied by i.

vertex are equal to A;; = %]
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Figure 2.1: Diagrams computing the contribution from operator insertions on
the external legs.

The classical conservation of the current in eq. (2.2.15) uplifts to the operator

statement,

0=(0,J") = (07'E;) = ((o + 5ij7rj + (A D + %‘/&'klﬂkﬂ'l +-)).

(2.2.19)
To derive the soft theorem we must calculate the matrix elements in each
term in eq. (2.2.19). In principle one should evaluate all possible insertions of
each operator, both on internal and external lines. However, many terms can
be neglected since we are only interested in terms at O(¢”) but not higher.
In particular, since the first equality in eq. (2.2.19) implies that the matrix
element is automatically equipped with an overall factor of ¢, any contributions
to (J*) which are analytic in ¢ will only generate O(¢') contributions to the
matrix element. Conversely, O(q°) contributions only arise from terms in
(J#) that go as O(q™!). Such terms appear due to soft pole contributions
from ¢-dependent propagators, which in turn only arise from insertions of the
operator on external legs (see Fig. 2.1). On the other hand, operator insertions
on internal legs and terms of O(73) or higher yield terms that are analytic in
¢ and thus vanish in the ¢ — 0 soft limit. Thus we can drop all such terms in
the evaluation of the right-hand side of eq. (2.2.19).

Shuffling around terms in eq. (2.2.19), we arrive at
(A7) = = (G V5" mme + B,y (AT et + -+ (2.2.20)

where the ellipses denote irrelevant O(7®) contributions and the “ext” sub-
script instructs that the matrix element should be evaluated with the operator
inserted only on external legs. As described above, all insertions of the op-
erator on internal legs are subleading in the soft limit and can be neglected.
Importantly, each of the terms in eq. (2.2.20) can be recast in terms of on-shell

scattering amplitudes.
As a warmup, let us consider the matrix element
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where as before, we use an abbreviated notation where we write out explic-
itly the three-momentum dependence of functions, but implicitly there is also
energy dependence everywhere. eq. (2.2.21) simply says that the matrix ele-
ment of the one-point function of an amputated field is precisely the ampu-
tated (n + 1)-point amplitude. In the case where the operator includes the

spacetime-dependent factor «, we obtain
<ai(A_1>ij7rj> = - hH(l) az( P Zaq) [A;l-t,-llnz(pla e 7pn>q)} . (2222)

Note that in transforming to momentum space the dependence of o on time

t and position = becomes dependence on i+~ and —z respectively.

8

Meanwhile, the terms involving  are written in terms of amplitudes as

</Bz 7Tj( ) Tk) ext = Zﬁ %, —lg - ) [A“"']a“'“l( ©  Pas )} ,
(2.2.23)

which corresponds to the sum over § acting on each external leg in the n-point

amplitude. Last but not least, the term (— V” kﬂ'jﬂ'k)ext is

— lim Z Oéz &d, o [VzZa (q7pa)Ajak;a (p(l + q)A;lkaln( 5 Pa + q,- - )} :

q—0
(2.2.24)

Here the propagator and n-point amplitude on the right-hand side are evalu-
ated at shifted external energy and three-momentum, w, +w and p, + ¢, where
we have suppressed the dependence on the former in the various expressions

for ease of notation. At low orders in the soft expansion we can express this

alternatively as (1 + wa%a +q 8‘; ) acting on these objects.

As noted earlier, the n-point amplitude is in general a function of three-
momenta as well as energies—which is expected since these are generally in-
terchangeable due to the on-shell conditions. Thus, the energies and three-
momenta in the n-point amplitude should both be shifted. We will discuss
later on how this shift is explicitly implemented in order to maintain the on-

shell conditions.

In conclusion, each term in eq. (2.2.20) can be expressed in terms of differential
operators acting on the (n+1)-point and n-point scattering amplitudes. Hence,
eq. (2.2.20) implies that

lim iy, —i) (A" (s e )] =
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q—0

— lim Z ai(i%, —Z%> |:‘/3iiaja (qua)Ajaka (pa + q>A7;L1kaZn< “  Pa —+ q,- - )]
a=1

=i i) [ )] (2229
a=1

which is our final expression for the soft theorem after dropping terms O(q')

or higher.

Let us comment on several subtle aspects of eq. (2.2.25). First of all, the
limit ¢ — 0 with all other momenta unchanged will not, in general, preserve
the on-shell conditions. Hence, a strict soft limit of this kind is not actually
well-defined. The same is true for the shift of energy and momenta on the
right-hand side of eq. (2.2.25). For these reasons, all of the amplitudes in
eq. (2.2.25) should be evaluated in a minimal basis of kinematic invariants,
which we will describe in great detail in Appendix A.* With this prescription,
the amplitudes will be on-shell for any value of ¢ and any value of p,, so the

soft limit and the shift of momentum are both well-defined on-shell operations.

2.2.3 Field Basis Independence
Next, we show how the soft theorem in eq. (2.2.25) is invariant under changes of
field basis. To begin, we clarify that there are actually two physically distinct

senses in which a soft theorem can be considered field basis invariant.

The first sense is simply the statement that the soft theorem is valid irrespec-
tive of which field basis the quantities 8 and V3 are defined in, which enter
explicitly into eq. (2.2.25). If we transform to a different field basis, these
quantities will change to 5 and V. But crucially, all of the manipulations in
the previous section still hold. Hence the soft theorem will still apply, so its

validity is field basis independent.

The second sense is more nontrivial, and it is the statement that the on-shell
amplitudes A,,.; and A, can be computed in different field bases and the soft
theorems will still be satisfied. As is well-known, changes of field basis induce
new terms which always vanish on-shell in the amplitudes. However, since our
soft theorems involve differential operators in energy and momentum, one can

worry whether these vanishing terms end up contributing to the soft theorems

4Throughout, we assume complex kinematics, as commonly used in the study of gauge
theory amplitudes.
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anyway. We consider this possibility now, and show that such terms have no
effect.

Concretely, we will now show how terms that vanish due to on-shell conditions
in A% will always cancel automatically in the soft theorem in eq. (2.2.25).
Thus, the soft theorem in eq. (2.2.25) commutes with the on-shell condition,
ensuring the field basis independence of the soft theorem. We assume ¢, # cp.
The case where the transverse and longitudinal speeds of sound are equal is

simpler, since then we don’t need the projection operators.

A key relation we will need to show this cancellation comes from the symmetry
transformation in eq. (2.2.17). Since this is an invariance of the Lagrangian,
this symmetry transformation relates the inverse propagator and three-point

vertex,

i ag V3™, (g, pa)] + B, [A 7 (pa)",] = 0, (2.2.26)
which is even satisfied off-shell. In the following, we will assume that a and
[ are linear operators, which is indeed the case for all the examples we will

discuss in this paper.

There are two types of off-shell contributions that will vanish on-shell. The first
is the dispersion relation for a specific external particle a. Consider corrections

to the amplitude of the form

JAL = (wy — capp )T (pa)';, O (2:2.27)

where we have inserted a projector II* that enforces that leg a has the correct
corresponding longitudinal or transverse polarization, thus making the on-shell
condition manifest. By construction, § A% » vanishes on-shell. Next, we apply
the right-hand side of the soft theorem in eq. (2.2.25) to the above expression
and then apply the on-shell conditions, yielding

-0 [l (V5) 4 5 o = ) ), O,
¢ Lg—0
(2.2.28)
at the relevant order in the soft expansion. To show that eq. (2.2.28) vanishes,
we sandwich eq. (2.2.26) between two projectors for particle a. Suppressing

the indices, we obtain the relation

1 [l (V)| 10 =~ fa(a e

— _JJ° [5 ((wz . Cin)Ha 4 (w2 _ C%pz)Ha) }Ha (2.2.29)

= —"[B(w* — cop)I1°,
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where a denotes the mode orthogonal to a. To obtain the last line in eq. (2.2.29),
we have used that I1°I1* = 0 and II*[(I1%)]I11* = I1*[5(11*)]II* = 0. This can

be seen from
I1°[3(I%)]I* = M*[B(I1**)|T1* = T1*[II"B(I1°) + B(I1°)I1°] 1%, (2.2.30)

which vanishes both when b = @ and b = a. Hence the sum of field basis

dependent contributions in eq. (2.2.28) vanishes.

The second off-shell contribution we consider, when the speeds of the two types

of modes are different, ¢y, # cr, is
SALm = T1%(pg)'e;, OpJan (2.2.31)

corresponding to contributions that vanish due to the projectors coming from
the choice of external polarizations. As before, a denotes the mode orthogo-
nal to a, so JA% " again vanishes on-shell. First applying the soft theorem

followed by the on-shell condition, we obtain

B Ha(pa)iaja {(111_13% % (V?fja ka) A" (Pa) kg1, + 7" (11 (pa ), za)l Qllazin
(2.2.32)
To show that these terms vanish, we sandwich eq. (2.2.26) between II* and

A% which yields
I {lima(%)] A" = —TI*[3(A~H)]A®
q—0
= I8 (@ — I + (w® — 2p?)II7) | A"

— T (WP — Y)Y + (o — )BT A,
(2.2.33)
where again we have used I1°II° = 0 to get to the third line in eq. (2.2.33).
The first term in the square brackets in the third line in eq. (2.2.33) vanishes

on-shell. Hence we obtain
I1° llin% Oé(‘/g):| A% = —H“ﬁ[Ha]Ha, (2.2.34)
q—

so that the off-shell terms in eq. (2.2.32) cancel out. This shows that the
soft theorem in eq. (2.2.25) commutes with the on-shell conditions, thereby

guaranteeing the field basis independence of the soft theorem.
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2.3 Superfluids

To start, we will consider the soft theorems for superfluids corresponding to
nonlinearly realized time translations and Lorentz boosts. These constrain
the O(¢°) and O(¢') terms in the amplitude in the soft limit, respectively.
Note that the latter was exhaustively studied in the interesting recent work
of [18] in the context of single field inflation, which in the flat space limit
is described by the superfluid EFT [14]. For completeness, we recapitulate
results for superfluids here even though the important insights on this theory

were discussed already in [18].

2.3.1 Setup
The superfluid EFT arises from spontaneous symmetry breaking an internal
U(1) symmetry where the phase degree of freedom ¢ has a time-dependent

vacuum expectation value (VEV),”

(@) =t. (2.3.1)

The VEV spontaneously breaks U(1) symmetry and time translations down
to a diagonal subgroup. Lorentz symmetry is also spontaneously broken. The

fluctuations around the VEV are described by a field 7, so
p=t+m. (2.3.2)

Under time translations and Lorentz boosts, the field 7 transforms nonlinearly,

time translations: w(x) — 7' (2') = 7(x) + T, (2.3.3)
Lorentz boosts: 7(z) — 7'(2') = n(z) + vz’ + v; (2°0; + tV') 7(),
(2.3.4)

where T" and v are constant parameters.

As is well-known, the superfluid Lagrangian can be written in terms of the

spacetime translation and Lorentz invariant combination,

X = —%(8,@0’% +1) =7 — %awaﬂw =7+ %7%2 - %(aﬂ)? (2.3.5)

_ SEquivalently, the VEV of the field transforming linearly under internal U (1) is (e?#®) =
e where p is the chemical potential.
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Considering terms with the fewest possible derivatives per field, we write down

the leading terms in the superfluid EFT Lagrangian,

M, Ms

ﬁsuperﬁuid = MX + TXQ + ?X?’ 4+ ...
g MM M Mo M o)
2 2 3! 2
1 -2 _ 1
= i 58 = Om) + G+ (= A+

(2.3.6)
where ¢ is the speed of sound, ¢ is the coupling in the three-point on-shell
amplitude, and the canonically normalized Lagrangian parameters are

(1—c*)?
c2 '

Mi=c*, My, =1—c*, M;=gs5+3 (2.3.7)

As is common for spontaneously broken spacetime symmetries, the interactions

are related to the speed of sound by symmetry.

The Feynman rules for the superfluid are trivial to derive from the Lagrangian

in eq. (2.3.6). The propagator for the superfluid scalar is

1
AP) = s 22 (2.3.8)

Given the convention defined in eq. (2.2.18), the cubic interaction vertex is
Vs = iggwiwaws +i(c? — 1) (wl(wgwg — *py - p3) + cyclic) ) (2.3.9)

2.3.2 Amplitudes
For completeness, let us summarize here some amplitudes describing the scat-
tering of superfluid modes. For example, the three-point scattering amplitude
is

Az = igwiwaws . (2.3.10)

For later convenience, let us define the kinematic variables

2 2
Wop = (We +wp)™,
= )2 , , (2.3.11)
Sab = (wa + Wb) —C (pa +pb) )
where s, reduces to the familiar Mandelstam variables for ¢ = 1. The four-
point amplitude is

w2 Wi Ww? 1—c?
Ay =—g; <£ + 14 ﬂ) W wowswy + F(S%Q + 515 +53,)  (2.3.12)
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g3 , o 2 2
to2 (wWiyS12 + WiS13 + WiyS14) + gawrwowswy ,

where gy = My — 14g3(1 — ¢?)/c®> — 15(1 — ¢?)3/c*. Note that the coefficient
of the first term in A, is fixed by factorization. Naively, the coefficients of
(825 + 523 + s1,) and (wiys1e + wiss13 + wiys1s) could have been independent
contact terms. Nevertheless, the nonlinearly realized boost symmetry relates

them to the speed of sound ¢ and the tree-point coupling gs.

2.3.3 Soft Theorem

As noted earlier, the superfluid exhibits the spontaneous breaking of time
translations as well as Lorentz boosts. Let us now derive the soft theorems
correspond to each of these broken symmetries. To achieve this, we take the
general form of the soft theorem in eq. (2.2.25), plug in the cubic interaction
vertex V3 for the superfluid, and then insert the o and 3 parameters corre-
sponding to either time translations or Lorentz boosts. These will constrain

the O(q°) and O(q') terms in the amplitudes, respectively.

2.3.3.1 Time Translations

For the case of time translations, we see by inspection from eq. (2.3.3) that
the symmetry transformation parameters a and 3 defined in eq. (2.2.17) are
simply

a=T and [=0. (2.3.13)

Hence, the corresponding soft theorem is
(lll_I)%An—l-l(pb oy Doy Q) = - (1]1_13’(1); ‘/Ei((bpa)A(pa + Q)An<p17 5 Pa + q,: - 7pn)

1 o igww?
:—E ———2—A, (p1,- ,Pn) -
2 Wwe — €% q - Pq (1 Pn)

a=1
(2.3.14)
To derive the second line in eq. (2.3.14) we have used that
Apo+q) = ! - ! (2.3.15)
P et ) = @pa + 0 20ewa—Pq-pa) -
and that the three-point interaction vertex with two legs on-shell,
‘/i’)(%pa) = _igwwa("‘)a + w) + 22’(672 - 1)("‘]& + W)(wwa - Czq : pa)
(2.3.16)

"L —iguw? + 2i(c7 = Dwa(wws — ¢ pa)
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where in the second line we have taken the soft limit. Plugging the above
expression to eq. (2.3.14), we see that the first term persists while the to-
tal contribution from the second term, after cancellations with corresponding

propagators, vanishes due to energy conservation ) w, = 0.

2.3.3.2 Lorentz Boosts

Next, we consider the soft theorem arising from the spontaneously broken
Lorentz boosts. The parameters in eq. (2.2.17) are identified by comparing
with eq. (2.3.4), giving

a = v’ and B=v; (20, +tV*) . (2.3.17)
By specifying to the values in eq. (2.3.17) for the general soft theorem in
eq. (2.2.25), we get

hn(l) 81(12 [An+1(p17 oy Pny Q)] =

q—

— }15% o Z [Va(q, pa) A(pa + Q) An(- - s pa + ¢, )]
a=1

=i (wapls + phg ) Aalprs - opa)] (2.3.18)
a=1

where the propagator and three-point vertex are those in eqs (2.3.8) and (2.3.9)

respectively, and we have stripped the constant vector v.

Our derivation of this soft theorem only differs from that in [18] in the field
basis chosen, which changes the form of V3 and /. The basis chosen in [18] is

related to ours by

T—=7—(c?=1)7r. (2.3.19)
In such basis the three-point vertex is
Vi = igwiwows (2.3.20)
and the symmetry transformation is
o = vt and g =v; (¢ P20, + V') | (2.3.21)

so the soft theorem is as derived in [18]

‘111—I>I(l) aiql [An+1(p17 5y Pn, Q)] =
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n

—1im 2 " [Vi(q, pa) Apa + @) An(- -+ pa + ¢, )]

a=1

=i (g ph ) [Anlpr o)) (2:3.22)
a=1

The above version of the soft theorem features a boost operator that is non-
relativistic, whereas the one in eq. (2.3.18) is relativistic. The former has the
advantage that it annihilates the on-shell condition w? —¢?p? = 0, thus making
invariance under field redefinitions more manifest. Nevertheless, as explained

in Sec. 2.2.3, the soft theorem can be written in any basis.

2.4 Solids
2.4.1 Setup
The Lagrangian description for solids utilizes a three-vector field which ac-

quires a vacuum expectation value,

(") = 2", (2.4.1)

which spontaneously breaks part of the Poincaré symmetry. Fluctuations of

this field are the NGBs for symmetry breaking, defined via
¢ =2+ 7, (2.4.2)

where 7 is the phonon field. Under spatial translations, the phonon transforms
as

spatial translation: 7'(z) — 7'(z') = 7'(z) + w', (2.4.3)

for a constant vector w. At the same time, the phonon transforms nonlinearly

under boosts as

Lorentz boost: 7'(z) — 7 (2') = «'(2) + v't + v; (70, + tV7) 7' (z),
(2.4.4)
for a constant vector v. Here the first term on the right-hand side arises
because 7w transforms under boosts exactly like spatial position, as implied
by eq. (2.4.2). The second term on the right-hand side arises because the

spacetime argument of the phonon field actively transforms under boosts also.

To construct a Lagrangian that is invariant under nonlinearly realized boosts,
we follow the procedure of [16], [19] and define

BY = 9,¢'0"¢) — § = V'n! + Vint + 9wl . (2.4.5)
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In three spatial dimensions, the only independent scalar components of this
matrix are [B], [B?], and [B?], where the square brackets denote a trace over
spatial indices. Hence, the general Lagrangian for the phonon is

(o olNe O lNe o]

Lia=»_ > > XulBI'BY[B", (2.4.6)

=0 j=0 k=0
corresponding to the modes of a solid.

The three components of the phonon can be further decomposed into a single

longitudinal mode and two transverse modes via
=7t + 7k where Virh =0 and eppVITh =0, (2.4.7)

By expanding the Lagrangian to quadratic order, we learn that the longitudinal
and transverse speeds of sound, ¢y, and c¢r, are related to the coupling constants
via

)\010 = i(l — C%) and )\200 = —%(1 + C% - 26%) . (248)
Otherwise, the couplings are completely unfixed by the spontaneous symmetry

breaking pattern.6

The soft theorem in eq. (2.2.25) depends on the propagator and cubic vertex,
A and V3. Let us briefly present expressions for these quantities in the case
of a solid. The propagator for the phonons of the solid is given in eq. (2.2.8).
From the solid Lagrangian in eq. (2.4.6), we also compute the cubic interaction

vertex,

V“WS (p1,P27P3) %(1 + C% - 20%) ((w2w3 — D2 p3)p11 51213)
+i(1 — ) ((waws — pa - p3) (P62 + p26"%))
— 2iAoo1 (PEPEDY + 3(pa - p3)p20"™)) (2.4.9)
— 4idao (P 5D + (p2 - pa)p0™"))
— 82’)\30010? p? p@f + permutations,
which we can freely rewrite on the support of total momentum conservation.
2.4.2 Amplitudes

Next, let us briefly describe some explicit phonon amplitudes. The three-point

scattering amplitudes for various combinations of longitudinal and transverse

6Tn general, there will be further thermodynamic constraints on the couplings, depending
on the physical system of interest.
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polarizations are

23
Aprp = —i—((1 = ¢)? 4+ 16(Aoo1 + Ar10 + Aso0) )wiwaws ,

L,
1 )
ATTT = —Zc—2(<1 — C%)2 -+ 6)\001)W3(W1 — w2)(61 . 62)(}?2 . 63) + Cy(ﬁhC7
T
. W% - W% 2 9 (/2 2 2 2 2 2
Aprr = @222—(]91 ce3) | 2¢7.c (¢ — ) (W + w3) + wiws (7 — 3¢1))
Cr CrW1W2
(2= 2 — 322 + 8(2h10 + 3h0n)) (2 — E)(w? + ) — ZC%wle))> |
o .(P2 : 61)(191 : 62) 2 2 2
ATTL = — 3 2CT(1 — Cp + 4)\110 + 9)\001)&)3
CLCTwWs3

(1= b+ 6o ) (P + ) + A (1 — c@wlwz))

el -e
+ zﬁwg (c%cQT((czT — 7)) (wi +w3) +265(1 — ] + ¢ )wiws)
L.CT

+ct ((1 — )+ 6/\001) ((C% — ) (wi +w3) — 20%&)10}2)

+ (02T + 8110 + 6)\001) (C%(w% + w?) — CZTw??)) ,

(2.4.10)
where we have eliminated p; - p; using the minimal on-shell kinematic basis
defined in eq. (A.0.7). Asnoted in [87], for real on-shell kinematics the external
three-momenta are necessarily collinear, so the three-point amplitudes with
an odd number of transverse polarizations are zero. However, collinearity is

avoided in the case of complex kinematics.

2.4.3 Soft Theorem
Next, to evaluate eq. (2.2.25) we must specify o and 8 which depend on which

symmetry is spontaneously broken. In what follows, we consider the case of

spatial translations and Lorentz boosts, respectively.

2.4.3.1 Spatial Translations

By inspection, we see that the nonlinearly realized spatial translation in eq. (2.4.4)

corresponds to eq. (2.2.17) by identifying

o =w' and B =0. (2.4.11)
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Plugging this into eq. (2.2.25), we obtain the soft theorem corresponding to

spatial translations of a phonon in a solid,

11Ut

(lli_I}[l)AnJrl (ph”' 7pn7Q) =

B (lllir(l) ‘/;iaja (qvpa)Ajaka (pa + Q)Aizljaln( yPa Qe ) )
a=1

where we have stripped off the constant translation vector w;, leaving a free i

index.

We have explicitly evaluated eq. (2.4.12) for the case of four- and three-point
amplitudes and verified its validity. Here A3 and A4 should be evaluated in
the minimal kinematic bases defined in eq. (A.0.7) and eq. (A.0.10). Also,
to evaluate the above expression one must, in the end, contract the polariza-
tion indices of the hard particles, 71, 19,43, with explicit polarizations which
are either longitudinal or transverse. The on-shell conditions for those legs
should also correlate with the choice of polarizations, since the longitudinal
and transverse speeds of sound are in general different. By computing all pos-
sible combinations of longitudinal and transverse combinations for the external

legs, we have verified that the above formula holds.

Note that in general for the soft limit of A, with n > 4 we do not encounter
the fractional soft limits of [87]. In that setup, the authors assume real kine-
matics, for which taking the soft limit from four- to three-point yields collinear
momenta for the latter. For five- and higher-point amplitudes the soft limit
does not yield collinear kinematics in the amplitudes on the right-hand side of
the soft theorem. Moreover, as noted earlier, we assume complex kinematics

throughout, as is common in the study of gauge theory amplitudes.

2.4.3.2 Lorentz Boosts

Next, we consider the soft theorem corresponding to spontaneously broken
Lorentz transformations. Comparing the nonlinearly realized Lorentz boost
of the phonon in eq. (2.4.4) to eq. (2.2.17), we see that the transformation
parameters are

o =v't and 3 = (20, + tV") & (2.4.12)
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Inserting eq. (2.4.12) into eq. (2.2.25), we obtain the soft theorem correspond-

ing to Lorentz boosts of a phonon in a solid,

(111_1}(1)% (AL (015 pas )] =

_ (11141)1(1) a% [‘/'?)iiaja (q’pa)Ajaka(pa + q)A;}jazn( L Da + q,- )i|
a=1

— ZZ (Wa% +p28;ia> [A:;lazn (ph s Pas 7pn)} )
a=1
(2.4.13)
where the propagator A and cubic vertex V3 are defined in eq. (2.2.8) and
eq. (2.4.9), respectively. As before, we have stripped off the constant Lorentz

boost vector v;, leaving a free i index.

We have verified by explicit calculation that the soft theorem relating the
four-point and three-point amplitudes is satisfied. As before, in order to verify
this soft theorem it is important to go to the minimal kinematic bases for A
and Ay in eq. (A.0.7) and eq. (A.0.10). Furthermore, we must contract with
explicit longitudinal or transverse polarizations for the hard external states.
Performing this for all combinations, we find that the above soft theorem is
indeed satisfied.

2.5 Fluids

2.5.1 Setup

As emphasized in [19], fluids are nothing more than solids with an enhanced
symmetry. In particular, the Lagrangian for fluids is the same as the one for
solids except with couplings constrained to exhibit an additional invariance

under infinitesimal volume-preserving diffeomorphisms,
diffeomorphism: ¢' — ¢ = ¢" + £(¢). (2.5.1)

The volume-preserving condition implies that 9;£* = 0. In terms of the physical

phonon field this corresponds to

diffeomorphism: 7' — 7" = 7' + (z +7) = 7' + &(x) + 0, ()7 + -+,
(2.5.2)

expanded to linear order in the phonon field.

Invariance under volume-preserving diffeomorphisms implies that the fluid La-
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grangian can only depend on the combination

det B = det(1+ B) =1 + [B] +  (1B] - [B?)
+ o (1BP - 31BYBY +21B%) |
and thus it takes the form
Lauid = —%detB’ + 19 detB? + 7 detB”® + o det B 4 - - - | (2.5.3)

where 79 = (1 — ¢%)/8. This implies that fluid dynamics are obtained by

imposing the following constraints on the solid Lagrangian,

Aoto = }17

Aoor = —%,

A20o = —é(l +c7),

Ao20 = 3%(1 - Ci) )

Mot = 5(1—¢7), (2.5.4)
Mo = 2(1+4c}),

A210 = —%(1 - C%) - %7'17

)\300 = i(l — 30%) + 7,

)\400 = %(1 — C%) + ng + T2,
where 7y and 7y are residual free parameters of the fluid Lagrangian.

As emphasized in [19], [20], the fluid EFT is peculiar because the transverse
speed of sound is vanishing, so ¢y = 0. Consequently, the transverse modes
lack a gradient kinetic term and the corresponding degrees of freedom are not
localized particles in any conventional sense.” Instead, we will consider the
fluid case as a mathematically well-defined limit of small ¢ — 0. While strict
vanishing may be ill-defined, the limit is a straightforward way to regulate the

corresponding solid amplitudes on the approach to fluid dynamics.

"We will not shed any new insight on this particular problem, though there has been re-
cent progress making sense of perfect fluids in two dimensions by recasting volume-preserving
diffeomorphisms as SU(N) transformations as N — oo [88]. Curiously, a similar construc-
tion yields a nonperturbative formulation double copy relating scalar EFTs in two dimensions
[89]. This double copy structure also arises in certain non-Abelian generalizations of the
Navier-Stokes equations [90].
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2.5.2 Amplitudes

Next, we record explicit fluid phonon amplitudes. The three-point scattering

amplitude of longitudinal modes is

T
ALLL = —Z—;wl(,g)Q(,Ug, (255)
‘L

where 71 = 3((1 — ¢%)? + 167, ), whereas the four-point amplitude is

=2 /2 2 2 2
T (W w w —c
1 12 13 14 L2 2 2
Aprrr = ——% (— +—+ —> Wiwalswy + ——5— (875 + 513 + 514)
cr, \S12  S13  Sua 4ct,

T 2 2 2 72
+ —4(w12312 —+ W13513 -+ w14814> + —6w1w2w3w4 s
2cy cl

(2.5.6)
where 7, = 3¢2 (1287 — 5(1 — ¢2)%) + 71 (37 + 10c3 (1 — ¢3)).

2.5.3 Soft Theorem
2.5.3.1 Diffeomorphisms

In order to verify the soft theorem in eq. (2.2.25), we must compute the trans-
formation parameters o and 3 for volume-preserving diffeomorphisms, and the

propagator and cubic vertex A and V3 for the fluid.

To begin, let us series expand a general volume-preserving diffeomorphism in

powers of the space coordinate,
o) =) & al-al  where & . =0. (2.5.7)
a=1

Here we will be interested in verifying the leading nontrivial component of the

diffeomorphism, which is linear in the space coordinate
¢(z) = éija:j where ¢ =0. (2.5.8)

Recasting this leading diffeomorphism in terms of the parameters in eq. (2.2.17),
we find that

of =& a and  f,=¢. (2.5.9)
Next, to obtain A and V3 we simply take the expressions in eq. (2.2.8) and
eq. (2.4.9) for the solid and insert eq. (2.5.4).
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Putting this all together, we learn that the soft theorem in eq. (2.2.25) applied
to the leading volume-preserving diffeomorphisms of a fluid is

lim 72- dq; [A:zl+1lnl(p17 © s Pns q)} -

q—0

- hmZ oo (V35 (6,pa) A (pa + @A (o pa g,

q—0

_ Zz(;wa(gja AQ---Ja”-%n (p1, - s Pay - ’pn)}

a=1
+ terms proportional to §
(2.5.10)

where we have stripped off the constant diffeomorphism parameter &;;, leaving
free ¢ and j indices. Thus we see that the terms proportional to 6% are pro-
jected out when the left- and right-hand sides are contracted into &;;, which is

by construction traceless.

To verify the above soft theorem we compute the three- and four-point ampli-
tudes for fluid phonons by imposing the conditions on coupling constants in
eq. (2.5.4) on our amplitudes for solid phonons. By explicit computation we
have verified the validity of the above soft theorem relating the four- and three-
point amplitudes. As before, this check requires going to minimal kinematic
basis for A3 and A,. Furthermore, to avoid pathologies involving transverse
polarizations of external states, we restrict to the case where all external po-

larizations are longitudinal.

Note that in principle, one can also derive soft theorems for high-order dif-
feomorphisms. In particular, we could consider the next-to-leading diffeomor-
phism defined by

J

where &', = £%,. = 0. In this case, the corresponding soft theorem will involve

the action of the differential operator, a® = ——fl This effectively ex-

ka a
tracts O(¢?) terms from the amplitude. The generiﬂ s((l)ftqtheorem in eq. (2.2.25)
applies for any spontaneously broken symmetry, including next-to-leading dif-
feomorphism. We do not explicitly construct and evaluate the soft theorem
for next-to-leading diffeomorphism in this paper, but it is straightforward to

do so by inserting eq. (2.5.11) into eq. (2.2.25).
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2.6 Framids
2.6.1 Setup
The framid theory exhibits a minimal field content needed to represent the
spontaneous breaking of Lorentz symmetry. The setup centers on a four-vector

field whose vacuum expectation value,
(Au(z)) =0, (2.6.1)

spontaneously breaks Lorentz symmetry. Fluctuations about this value are

parameterized by framon fields which are the NGBs of boosts,
A, = exp(in’K;) 6, , (2.6.2)

where K® is a three-vector parameterizing Lorentz boosts. Expanding in pow-
ers of the fields, we obtain explicit formulas for the four-vector field,
o (2.6.3)

Aj=m(l+gm°+---).
By construction, boosts are nonlinearly realized as constant shifts of the fra-

mon field,

Lorentz boost: 7'(z) — 7'(2') = n'(z) + v' + v (279, + tV7) 7'(),
(2.6.4)
where, as before, the last term on the right-hand side appears because the
spacetime position of the framon is boosted in the transformation. Note that

the framon does not nonlinearly realize translation symmetries.

The leading order boost invariant Lagrangian for the framon is
Liamia = —sM3(9,A")? — LMF(0,4,)* — L(MF — M})(AP9,A,)*. (2.6.5)

As before, we can expand to quadratic order in the framons in order to express
some of the couplings in terms of the speeds of sound of the longitudinal and
transverse modes,

M;3

M2 + M?
M? '

2.6.6

C% = and ci =
In order to evaluate the soft theorem in eq. (2.2.25) we must compute the

propagator A and cubic vertex V3 of the framid theory. Conveniently, the



32

framon has an identical dispersion relation to the phonon, so A is defined as
in eq. (2.2.8).

Meanwhile, the cubic interaction vertex is straightforwardly extracted from

£framid7 yleldlng

V:J,ilm3 (p17p27p3) = (1 - CQT) (Wl(éimpés + 51‘11'3])?))

— 2 _ 2 172,13 1143 .92 . (267)
(e — 1) (wi(8"72p5 + 6" p5)) + cyclic.

As noted in [19], in the relativistic limit of ¢, = ¢ = 1, the framid coincides

with the nonlinear sigma model (NLSM), which is why V3 vanishes in this case.

2.6.2 Amplitudes

The three-point on-shell scattering amplitudes for framons are
(1—ci)
CrL
ATTT = (1 — C%w) (w1 — WQ)(el . 62)(}71 . 63) + CYCHC,

(2 —c%) w2 2
Appr = wy <%—3 + (1 - CL)) (p1-e3) + (14 2),

cr wiwa

Aprr = (Wi +ws +w3),

2 —c2 —3c2 c —c2
Aprr = 3c(1 — C?F)(Pz “e1)(p1 - e2) + (( L 22(3% K T>W§ —2 L(012T T)wlwz)(el “e) .
(2.6.8)

2.6.3 Soft Theorem
2.6.3.1 Lorentz Boosts

Comparing eq. (2.2.17) to eq. (2.6.4), we see that the transformation param-
eters corresponding to the nonlinearly realized Lorentz boosts of the framon
are

o =’ and B = vy (29, + tV¥) (52 : (2.6.9)

J

Combining this with eq. (2.2.25), we obtain
};_}1’% A;Brllnl(ph 0y Py q) =

=) Vi (@ pa) A (pa + Q)AL g, ) (2.6.10)

a=1

which is the soft theorem corresponding to boosts in the framid.
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By explicit calculation, we have verified the framon soft theorem at five-,
four-, and three-point, by using a minimal kinematic basis and plugging in all
possible combinations of longitudinal or transverse polarizations for the hard

external legs.

2.7 Soft Bootstrap
Our analysis thus far has focused on incarnations of the soft theorem in
eq. (2.2.25), which relate nonzero expressions involving the (n + 1)-point and
n-point amplitudes. However, in the special circumstance where soft limits
vanish—also known as Adler zeros—the corresponding theories typically ex-
hibit enhanced symmetry structures. Concretely, the Adler zero stipulates
that

i A1 (pr, -+ pos ) = O(g'), (2.7.1)

which is the case for, e.g., amplitudes of pions in the NLSM [4]. In special

circumstances, scalar EFTs can exhibit an enhanced Adler zero,
lim An—‘rl(ph 0y Pny q) - O(QQ) : (272)
q—0

This is the case for Dirac-Born-Infeld (DBI) theory and the Galileon. Remark-
ably, the NLSM, DBI, and the Galileon exhibit a soft behavior of amplitudes
that is enhanced beyond what is naively expected simply from counting the
number of derivatives per interaction vertex. Hence, by writing an ansatz and
imposing eq. (2.7.1) or eq. (2.7.2) as constraints, one can bootstrap these the-
ories from first principles [9], [91]-[93]. These resulting theories have highly
constrained interactions, and were dubbed ezceptional scalar EFTs. The soft
bootstrap has also been extended to broader classes of theories, including theo-
ries with vectors or fermions [10], [30], [31], [94]-[105] as well as nonrelativistic
theories [11], [12], [106].

In the context of spacetime symmetry breaking, it is natural to ask: Are there
exceptional nonrelativistic EF'Ts? Are there exceptional theories of phonons

and framons?

2.7.1 Exceptional Phonons
We start by considering effective theories of phonons, i.e., corresponding to
spacetime symmetry breaking pattern of solids, fluids, and superfluids, which

all have interaction vertices with one derivative per field. First, we want
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to establish the Adler zero for these theories, i.e., the requirement that the

amplitudes vanish as O(q') in the soft limit.

For a theory with one derivative per field, all interaction vertices involving
the soft particle will scale as O(q'). This suggests that the on-shell ampli-
tudes should also scale as O(q'), thus exhibiting an Adler zero. However, as
is well-known, this reasoning fails in the presence of three-point interaction
vertices, which generically induce O(g™") soft poles. These contributions can,
in principle, conspire with O(q') contributions from the interaction vertex to

give an amplitude that scales as O(¢).

In relativistic theories of derivatively coupled scalars, there are no such soft
poles because there are no on-shell three-point amplitudes. The only nonzero
three-point amplitude for relativistic scalars is a constant arising from a cubic
potential term, which is absent by definition for derivatively coupled scalars.
The absence of relativistic three-point scalar amplitudes implies the existence
of a field basis where the corresponding three-point vertex is zero and thus

there are no singular terms in the soft limit.

In contrast, nonrelativistic theories can have nontrivial three-point amplitudes,
even in theories with interaction vertices with one derivative per field. Thus,
the Adler zero is not automatic. A sufficient condition for having an Adler zero
for such nonrelativistic theories is to demand that all three-point amplitudes

vanish.

2.7.1.1 Solids

Let us begin by imposing an Adler zero for phonons in a solid. The three-point
solid amplitudes are given in eq. (2.4.10). Demanding that all of these vanish
for any choice of external modes, transverse or longitudinal, implies a universal
speed of sound, ®

cr=cL=c, (2.7.3)

in addition to the constraints

6)\001 — _8/\110 = 48)\300 = —(]_ — 62)2 . (274)

8Note that this constraint is not compatible with thermodynamic constraints imposed
by bulk stability in ordinary solids [107].



35
Given the restrictions in Eqgs. (2.7.3) and (2.7.4), the following field redefini-

tion,
=+ (1 -Aror, (2.7.5)

sets the three-point vertex to zero. In this basis the soft theorem for spon-
taneously broken spatial translations in Eq. (2.4.12) with V3 = 0 shows the

existence an Adler zero for n-point amplitudes.

One might ask whether such restrictions on the solid couplings are technically
natural. In other words, do the choices of couplings in Egs. (2.7.3) and (2.7.4)
enhance the symmetries of the solid EFT? Unfortunately, the answer is no.
While the vanishing of the three-point amplitude and a relativistic dispersion
relation suggest a possible emergent Lorentz symmetry, this is trivially broken

by higher-point amplitudes.

Next, it is natural to further impose the condition that the O(q') term in
the amplitude vanishes, yielding an enhanced O(g?) soft limit. A necessary
condition for this is given by the soft theorem for spontaneously broken boosts.

In the basis where the three-point vertex is zero it takes the form

lim 2 [AL (1, P )] =

o (2.7.6)
—Z (s + i) LA (o, )]

Interestingly, the enhanced Adler zero requires choosing couplings in the solid
EFT such that the theory has an emergent boost symmetry with respect to

the speed of sound c.

The boost soft theorem in eq. (2.4.13) does not capture all terms of O(q) in the
soft expansion of the solid amplitude. Hence, the emergence of a relativistic
symmetry is not sufficient to guarantee an enhanced Adler zero. By explicitly
imposing the enhanced Adler zero on the four- and five-point scattering am-
plitudes of longitudinal phonons in a solid, we constrain the couplings in the

solid Lagrangian in eq. (2.4.6) according to

252101 = 672020 = 1152400 = —224 910 = 21(1 — *)?, (277
192310 = 320A190 = —240Aa01 = —120Ag1; = — 768500 = 5(1 — 2)*.

These conditions must be imposed in addition to the constraints in Egs. (2.7.3)

and (2.7.4) which are needed to ensure the ordinary Adler zero. We find
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that the five-point scattering amplitude vanishes identically for this choice of

couplings.

This bootstrap suggests that there should exist a solid with an enhanced Adler
zero. To investigate this possibility, we generalize to a solid in arbitrary space-
time dimension while including all [B"] operators in the Lagrangian. Remark-
ably, we find that the three-, four-, and five-point scattering amplitudes for a
solid with the constraints in Eqgs. (2.7.3), (2.7.4), and (2.7.7) agree with the

scattering amplitudes derived from a physically equivalent Lagrangian,

£exc. solid — %\/_ det (Thw + kK (Qﬁrﬁ{,w’)) s (278)

with a coupling constant k = —(1 — ¢?), where we introduced c‘% such that
90" = —0f +*0;. In addition, we have verified that the theory in eq. (2.7.8)

yields a six-point amplitude that vanishes as O(¢?) in the soft limit.°

Since the phonon indices in eq. (2.7.8) are only contracted with each other, they
effectively label an internal symmetry. Moreover, eq. (2.7.8) clearly describes a
theory that linearly realizes the Lorentz symmetry with respect to the speed of
sound ¢ in eq. (2.7.6). Note that the coupling s vanishes when ¢ = 1, yielding
a free theory. Thus, we have arrived at the Lagrangian for multiple relativistic
DBI fields. The enhanced soft limit we have encountered is not surprising in
light of the results of 9], [92], [93], which show that the only relativistic theory

of single derivatively coupled scalar with an enhanced soft limit is DBI.

2.7.1.2 Fluids

Let us now attempt to construct an exceptional fluid theory. As noted earlier,
we only consider the longitudinal external states. That makes the fluid case
different from the solid case. The only condition for the fluid comes from
requiring Ayrz in eq. (2.4.10) to vanish, subject to the fluid constraints in
eq. (2.5.4). That fixes the free coupling in the fluid amplitude in terms of the

speed of sound for the longitudinal modes,

n=—%(1-c). (2.7.9)

9Since eq. (2.7.8) is expressed in terms of a determinant over spacetime indices, one must
impose kinematics in a specific dimension in order to verify the enhanced soft theorem. In
this case, the on-shell identities in Appendix A must be supplemented with dimensionally
specific Gram determinant constraints.
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As for the solid, this is sufficient to ensure an Adler zero thanks to the soft
theorem for spontaneously broken spatial translations in eq. (2.4.12). Simi-
larly, the soft theorem for spontaneously broken boosts in eq. (2.4.13) shows

that an enhanced Adler zero requires an emergent relativistic symmetry.

Next we demand that the four-point amplitude for all longitudinal polariza-
tions has an enhanced Adler zero. Imposing the constraints in Eqs. (2.5.4) and
(2.7.9), we find that the four-point amplitude is

2
—cC
L2 2 2
2 (312 + 813+ 514) 5

dcg
(2.7.10)
where s,, was defined in eq. (2.3.11) and here ¢ = ¢;. In the soft limit, the first

ALLLL = _6_4 (5(1 — C%)B — 1287’2) W1WoWwswy +
L

term scales as O(q) and the second as O(q?). Imposing the enhanced Adler

zero constraints the coupling to be
Ty = %8(1 —c2)3. (2.7.11)

From the choice of coefficients in Egs. (2.7.9) and (2.7.11) it is easy to guess

the pattern for the exceptional fluid Lagrangian

1
Eexc. fluid :@\/1 + (1 - C%)detB’ — (2712)

2

1 1 1
=— §detB’ + §(1 —c%)detB? — E“ —c)?detB®  (2.7.13)

D
+ @(1 —c7)PdetB*t + - - - .

Although not obvious, can we identify a different Lagrangian which repro-
duces exactly these fluid amplitudes which have an enhanced soft limit. That

Lagrangian takes the form

1 . .
e maia = 1+ (7 = (077 (27.14)

The coupling constant is & = —(1—c2)/c%. As it turns out, this Lagrangian is
tree-level equivalent to relativistic DBI with the longitudinal phonon playing
the role of the DBI scalar. To understand why this is so, we simply expand
the phonon field in terms of its longitudinal and transverse components as in
eq. (2.4.7), yielding

1 : . .
Iexc. fluid — E\/1 + K (TF% + 7T12J - C%(@ﬂri)Q) . (2715)
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Crucially, since 7 enters quadratically, it can only be pair-produced. Thus,
for tree-level amplitudes with all external legs with longitudinal polarizations,
the transverse modes decouple completely. Hence, the resulting Lagrangian is

equivalent to that of DBI for the longitudinal phonon mode at tree level.

2.7.1.3 Superfluids

A similar analysis was carried out for the superfluid in [18], [108]. In order to
have an Adler zero, one demands that the tree-point amplitude in eq. (2.3.10)
vanishes, which imposes g3 = 0. Then the soft theorem in eq. (2.3.22) shows
that an enhanced Adler zero requires an emergent boost symmetry. From
directly requiring the O(¢?) vanishing of the soft limits of higher-point ampli-
tudes it follows that the only such theory is

1
£exc. superfluid — E\/l + (1 - 02) (QLgb@“qﬁ) , (2716)

written in terms of the field ¢ defined in eq. (2.3.2). This superfluid DBI
Lagrangian corresponds to one of the symmetric superfluid theories in [108],
found by considering all possible new symmetries that form a consistent alge-

bra with Poincaré and U(1) shift symmetries.

As before, we can identify a classically equivalent Lagrangian

1 .
/exc. superfluid — F\/l + K (('02 - 02<ai§0)2) ) (2717)

with x” = —(1 —¢?)/c*, which also follows from the emergent boost symmetry
and the results in Refs. [9], [92], [93]. This Lagrangian describes a brane

moving with constant velocity in an extra dimension [109].

A more general soft bootstrap for nonrelativistic theories with a single scalar
was also performed in [106], including the case of NGB with quadratic disper-
sion relations. By imposing the enhanced Adler zero for a theory with a single
scalar with one derivative per field—such as the superfluid—the resulting the-

ory was also found to be effectively relativistic.

2.7.2 Exceptional Framons

The analysis of enhanced soft limits for framids is slightly different. Framon
interactions, unlike phonons, do not involve one derivative per field. This is
analogous to what happens in the relativistic NLSM, where at leading order

in the derivative expansion the interactions have the structure 7"(9,m)>.
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The framon soft theorem in eq. (2.6.10) shows that an Adler zero requires the

vanishing of the three-point amplitude. This is achieved for
Cr = C, = 1, (2718)

corresponding to a genuine relativistic dispersion relation for all modes. With

this choice the soft theorem still yields
n
lim AL (PP ) = = ) (wa% +pia%) (A (e pay )]
(2.7.19)

so an Adler zero requires full boost symmetry of the framon amplitudes. This

a=1

is indeed a consequence of the choice in eq. (2.7.18) which corresponds to the
Lagrangian
L exc. framid — _%Mg(auAy>2 s (2720)

at the leading order in the EFT derivative expansion. Note that the derivative
indices are independent from the Lorentz indices of A,. Thus, this theory
simply describes a relativistic NLSM realizing the spontaneous breaking of an
internal SU(2) symmetry corresponding to the boosts of A,. That such choice
of couplings at this order corresponds to the relativistic NLSM was already
pointed out in [19]. Here we have derived this condition from the bottom up as
a necessary condition for an Adler zero. Furthermore, since our soft theorem
is a consequence of symmetry it is valid to all orders in the EFT derivative

expansion.

2.7.3 Alternative Bootstraps

Given the soft theorem in eq. (2.2.25), can we extend the approach of on-
shell soft bootstrap to theories with nonzero soft limits? Immediately, we see
an obstruction: as we have noted, the soft theorem in eq. (2.2.25) contains
field basis dependent terms: the off-shell three-point vertex V3 and the field
transformation under the symmetry 5. If we do not know these beforehand,

how can we initiate a bootstrap procedure?

Despite this apparent lack of data, such a bootstrap is actually possible in
some circumstances, e.g., for the framid. Suppose we want to find theories
with two derivatives per interaction vertex which spontaneously break Lorentz
boosts. Let us start with the general soft theorem in eq. (2.2.25), together with

eq. (2.6.4) for the framons. For this particular case, the soft theorem for the
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on-shell three-point amplitude encodes enough information to constrain all
couplings in V3. Then, imposing the soft theorem on higher point amplitudes
recursively, we obtain a set of constraints on the couplings in a Lagrangian
ansatz with only rotational symmetry. We find that the only solution at the
two-derivative order coincides with the expansion of the framid Lagrangian in

[19], which was constructed using the top-down approach.

Similarly, higher-derivative deformations of the framid Lagrangian can be ob-
tained either from the top-down or the bottom-up construction (by adding
higher dimensional operators to the Lagrangian ansatz). The two methods
are complementary, however the bottom-up on-shell approach allows us to by-
pass the field-dependent redundancies of the Lagrangian and directly obtain

the on-shell framid amplitudes.

2.8 Conclusions

In this paper we have initiated a systematic analysis of the soft behavior
of scattering amplitudes in a broad class of condensed matter systems. The
common thread linking these theories is that their gapless modes are the NGBs
of spontaneously broken spacetime symmetries. As per the classification of
[19], the dynamics of superfluids, solids, fluids, and framids can all be derived

from universal principles governing nonlinearly realized symmetries.

Using current conservation equation, we have derived the general soft theorem
in eq. (2.2.25), which encodes the action of broken symmetry generators on
the NGBs. The ingredients entering the soft theorem are the parameters of
the broken symmetry transformation, o and 3, together with the propagator
and cubic vertex of the theory, A and V3. While g and V5 are generally de-
pendent on the field basis, and thus not individually invariant, they enter into
eq. (2.2.25) in a way that is field basis independent. Furthermore, eq. (2.2.25)
should be viewed as a soft theorem because it is an operation relating on-shell

scattering amplitudes.

Applying this construction to various EFTs, we present and check a broad
array of soft theorems, including those corresponding to temporal translations
and Lorentz boosts of the superfluid, spatial translations and Lorentz boosts of
the solid, volume-preserving diffeomorphisms of the fluid, and Lorentz boosts
of the framid.

Last but not least, we have applied a soft bootstrap approach to these con-
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densed matter systems. In this analysis we take as input the assumption of an
enhanced Adler zero condition for soft NGBs. While we have identified excep-
tional theories of the solid and fluid with these enhanced infrared properties,

they are all closely related in structure to relativistic DBI.

Our analysis leaves a number of directions for future work. For example,
as noted earlier, our soft theorem does not actually require SO(3) rotation
invariance in the broken phase. Indeed, the only requirement is that symmetry
breaking preserves some notion of a conserved energy and momentum. For
this reason one can in principle study condensed matter systems with even
less rotational symmetry. It would be interesting to classify these theories and

their corresponding soft theorems.

Throughout this paper we have focused on scattering induced by the self-
interactions of phonons. However, the interactions of phonons with other
degrees of freedom, e.g., crystal defects or vortices are also of interest for many
condensed matter systems. As long as these other modes can be incorporated
consistently into the EFT of spontaneous spacetime symmetry breaking, it
should be possible to mechanically derive new soft theorems for scattering

processes involving these other degrees of freedom.

Another avenue for exploration is more elaborate variations of the soft boot-
strap. In particular, it should be possible to assume a general ansatz for the
broken symmetry parameters a and [, as well as a general ansatz for the
propagator and cubic vertex, A and V3. Sculpting out the space of amplitudes
satisfying our soft theorem might offer insight into new condensed matter sys-

tems of interest.

Finally, it would be interesting to understand whether the geometric perspec-
tive on soft theorems presented in [13], [47] extends to a nonrelativistic setting.
A geometric description of the corresponding EFTs has already been described

in [85], so generalizing to this case should be relatively straightforward.
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Chapter 3

SOFT THEOREMS FROM HIGHER SYMMETRIES

J. Berean-Dutcher, M. Derda, and J. Parra-Martinez, “Soft Theorems
from Higher Symmetries,” 2025. arXiv: 25605.03566 [hep-th].

3.1 Introduction

Symmetry is one of the cornerstones of our understanding of nature at all
scales, from the world of fundamental particles to the physics of phase transi-
tions and the early universe. Perhaps the most striking consequence of global
symmetry in quantum field theory (QFT) is the existence of massless scalar
particles, predicted by Nambu [1] and Goldstone [2], [3], when such symmetry
is continuous and spontaneously broken. Beyond their existence, the dynamics
of such Nambu-Goldstone bosons (NGB) is weakly coupled and heavily con-
strained by the broken symmetry. This allows a detailed effective field theory
(EFT) description of their long-distance interactions, which lets us understand
a variety of systems: from ferromagnetic materials to the dynamics of pions

in low-energy quantum chromodynamics (QCD) [110]-[112].

A direct implication of spontaneously broken symmetry in the dynamics of
NGB are soft theorems, which govern the universal behavior of the scattering
amplitudes of NGB in the limit in which some of their momenta are taken
to zero. An early example is the so-called Adler zero [4] in the low-energy
dynamics of pions, and its generalizations [5], [6] including to multi-soft pion
limits, 7], [8], [94], [97], [113], subleading [97|, [114], [115], higher-derivative
corrections [116], and other theories of NGB [18], [40], [117]-[119]. Soft limits
are not limited to scalar NGB, and are found to be universal for other massless
particles, including scalar moduli [13], [47], [65], [120], photons [37], [38], [121],
[122], gluons [123|-[125] and gravitons [37], [38], [118], [126], [127]. However,
our traditional description of such soft theorems often requires going beyond
the language of spontaneous symmetry breaking or ordinary symmetries, and
utilizes notions of asymptotic symmetries [128]-[139], or other considerations
[127], [140].

Recently, there has been a leap in our understanding of what constitutes a


https://arxiv.org/abs/2505.03566

43

symmetry in QFT. Beyond the familiar textbook symmetries that act on local
operators and whose charges are carried by particles, there exists a zoo of so-
called generalized symmetries or higher symmetries (for references, see [33]).
These include higher-form symmetries, which act on lower-codimension oper-
ators (lines, surfaces, etc.), and are carried by extended excitations (strings,
membranes, etc.), higher-group symmetries [141]-[148], which mix symmetries
of various ranks, and even non-invertible symmetries [149]-[154]. A simple ex-
ample of these is the (electric) 1-form symmetry of Maxwell theory, which acts
on Wilson lines and has as current the electromagnetic field-strength, con-
served by the vacuum Maxwell’s equations. From this modern perspective,
non-scalar massless particles, such as the photon, can often be interpreted as
the NBG (or pseudo-NGB) associated with the higher symmetry [34], [155],
[156]. These novel symmetries have found wide application in high-energy and
condensed-matter physics [33|, [157], but their consequences on the on-shell
S-matrix describing scattering processes remain largely unexplored (with a few
notable exceptions [158]-[160]).

In this paper we argue that these new notions of symmetry enable the unifi-
cation of our understanding of soft theorems for the various kinds of NGB. In
particular, we will explain that the familiar soft photon theorem can be derived
as a consequence of 1-form symmetries which act on line operators and as a
shift symmetry on the electromagnetic field. Such symmetry is emergent in
the limit where particle production is suppressed, which can be made precise
using the language of heavy-particle effective theories such as Heavy Quark
EFT (HQET) [161], [162]. Furthermore we will derive a new double soft pion
theorem, in theories with a spontaneously broken continuous 2-group symme-
try, wherein the current algebra of ordinary (or 0-form, in modern parlance)
symmetry is intertwined with that of a 1-form symmetry. This double soft the-
orem includes contributions which change particle species—between NGB of
the O-form symmetry (pions) and of the 1-form symmetry (photons)—thereby
reflecting the intertwined current algebra. As an example, we focus on the
low-energy effective theory of QCD with massless quarks and with gauged
U(1)y vector symmetry corresponding to Baryon number, which shows that

such structure is far from exotic.

The rest of this paper is organized as follows: in section 3.2 we review the

familiar understanding of scalar NGB, which henceforth we call pions, and the
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derivation of their single and double soft theorems from the current algebra
of O-form symmetry. In section 3.3 we review the modern perspective on the
photon as a NGB and show that leading soft photon theorems follow from
the Ward identities of emergent 1-form symmetries. Finally in section 3.4
we derive the new double soft pion theorem for theories with spontaneously
broken continuous 2-group symmetry using its current algebra, and illustrate
it with some examples at tree level. Finally, in an appendix we provide some
technical details for the current algebra proof of the known sub-leading double

soft pion theorem (which is presented here for the first time).

Conventions: This paper deals with scattering amplitudes, so we work in
Lorentzian signature with a mostly-minus metric (+, —, —, —). This is in
contrast to most of the literature on generalized symmetries which uses Eu-
clidean signature. Our scattering amplitudes are defined with all external

momenta taken to be outgoing.

3.2 Review: Soft pions from ordinary symmetry

In this section we will review the spontaneous breaking of continuous O-form
symmetry and the associated soft theorems for the scattering amplitudes of
pions. This is all textbook material, which we choose to collect here with the
purpose of highlighting the similarities with our discussion of 1-form symmetry
in Section 3.3, and to provide the background for our new double soft theorem
in Section 3.4. The only novelty here is the current algebra derivation of
the known sub-leading double soft pion theorem, whose technical details are

collected in Appendix B.

Continuous 0-form symmetries have conserved currents
8"jZ(x) =0, (3.2.1)

which we can integrate over codimension-1 cycles, X p_; to define an associated

conserved charges:
Q" (Xp_1) :/ A wnt e (3.2.2)

Yp_1
Here n is a unit normal vector to Xp_;. These conserved charges are in one-

to-one correspondence with the Lie algebra generators of G, t*, satisfying

GRAESET (3.2.3)
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Local operators may be charged under O-form symmetries. Given a O-form
symmetry with group G, an operator transforming under GG with representa-
tion R will satisfy the Ward identity,

0"ji(2)OR(y) = 0 (z — y)tR Or(y)., (3.2.4)

where t* are the generators of G. If such a local operator develops a vacuum

expectation value
(Or(y)) ~v®. (3.2.5)

the symmetry is spontaneously broken down to a subgroup H which is gen-
erated by the charges {T%} C {t,} that leave the vacuum expectation value
invariant [v®, 7% = 0. The rest of the generators, X¢, form a coset G/H.
This implies the following decomposition of the commutation relations for the

generators of G,

[T, T = ifebeTe, (3.2.6)
(X, X" = iFebeTe (3.2.7)
[T X =ifeeXe. (3.2.8)

The f&¢, f¢ and F%° are structure constants which satisfy the appropriate
Jacobi identities, and coincide in the case of the chiral symmetry breaking in
QCD. Here we have assumed that the coset G/H is a symmetric space, i.e.,

that it has the additional symmetry X* — — X sometimes called G-parity.

Goldstone’s theorem |[3| implies that the spectrum contains a massless NGB
— a pion 7 — for every broken generator X More concretely, there exists
conserved currents J¢(x) corresponding to the broken generators, which in-

terpolate the pion,
(7" ()| T () = i fapud™e™?. (3.2.9)

Here f, is the dimensionful pion decay constant. The interpolation property

implies that this current contains a contribution that is linear in the pion field,
TiH(x) = fz0,m"(x) + O(x?) . (3.2.10)

Thus, the symmetry is non-linearly realized and at leading order acts as a

constant shift of the pion field

(z) =» 1 (x) +c+ - with Ouc® =0. (3.2.11)
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In contrast, the 7 transform as the broken generators, that is, in a linear

representation of the unbroken subgroup H, which infinitesimally takes
7(z) — 7%(x) — fLr(z)AC. (3.2.12)
The associated symmetry current then has the form

Va(z) = fEenb(x)0,m(x) + O(r). (3.2.13)

m

The symmetry structure furnished by eq. (3.2.8) implies the following set of

operator equations for the currents,

Vi)V (y) = iff oW (@ — y)Vi(y) (3.2.14)
M TN @) T (y) = iF6W (z — y)Vi(y) (3.2.15)
T @)V (y) = ifL6W (@ — ) TS (y) - (3.2.16)

From this point on we will focus on theories possessing a chiral 0-form global
symmetry G = G x G which is spontaneously broken down to a vector
subgroup H = Gy, so we will refer to J¢(z) as the axial current, and to V}?(x)
as the vector current. In the example of the chiral effective theory of pions
describing (massless) QCD at low energies, G = SU(Ny) x SU(Ny)g and is
broken down to the vector subgroup, SU(Ny)y.

An effective theory for these pion NGB can be written in terms of the charged

operator

9
U(x) = exp <f—z7r(x)“t“) : (3.2.17)
parameterizing fluctuations of the vacuum expectation value in Eq. (3.2.5),
where we choose the normalization Tr (tatb) = %5“1’. The effective Lagrangian
for a general O-form spontaneous symmetry breaking pattern G, x Gg — Gy

is given by [26], [27], [41], [110], [163]-]165]

2

L= T (0,U0"UT) +--- . (3.2.18)

where the dots include higher derivative terms. This is the famous non-linear
sigma model (NLSM).
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3.2.1 Pion Adler zero

It follows from eq. (3.2.9) that momentum-space form factors describing the
overlap of the axial current with an on-shell scattering state of n-many outgo-

ing pions, |a), admit a decomposition

— f”g“ (a+7(q)|0) + (| Tu}(q)) - (3.2.19)

(al T q) =

The first term carries the single-pion pole, whose coefficient is the matrix ele-

ment corresponding to the amplitude with a additional pion with momentum

q
(a+7(q)]0) = iApin(q) - (3.2.20)

where we leave a momentum-conserving delta function implicit. The second
term contains the ‘hard part of the current’ Jxj,, which includes the infinite
number of higher-order contributions that make up the axial current. The
axial current is conserved in the correlation function on the LHS of the above
equation since there are no other insertions of charged operators in the corre-

lator. Conservation then implies the relation

1
Apiriq) = —if—q“<oz]jHZ(q)) : (3.2.21)

Taking the limit ¢ — 0 of this equation yields the soft theorem known as the
Adler zero [4],

lim An+ﬂ(q) =0+ O(q) , (3.2.22)
q—0

where we have assumed that (a|Jx7,(¢)) is regular in this limit. This regularity
follows from spontaneous symmetry breaking, and is realized in the theory by

the lack of any cubic coupling for the pions.

In summary, we have seen that the Adler zero follows from the spontaneously
broken symmetry as a consequence of Goldstone’s theorem and the conserva-

tion of the axial current.

3.2.2 Double soft pion theorem

Now we will discuss the double soft pion theorem [5], [7] which encodes the
non-abelian current algebra described by the operator equations in eqs. (3.2.14)
to (3.2.16). Several different derivations of the double soft theorem for pions

exist in the literature, for example in [8], [113]. The sub-leading contribution
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for flavor-dressed amplitudes was first derived in [97], [114], [115] at tree-level
or using diagrammatic arguments. Here we follow Ref. [94] and extend the
analysis to emphasize how the leading and sub-leading theorem are a direct

consequence of current algebra.

The starting point is the momentum-space correlator with two axial current
operator insertions, which satisfies the Ward identity eq. (3.2.15) in either of

the currents. For the current with momentum ¢; we have

¢ (al T ) T (@) = F*(al V(g + q2)) (3.2.23)

and there is an analogous Ward identity for current with momentum ¢,. Hence

we can write the RHS of eq. (3.2.23) in the manifestly symmetric form

L0l T @) TN@) = — 3P — ) alViln +e)) . (3:2.24)

On the other hand, decomposing axial currents according to eq. (3.2.19) yields

' g5 (al T (@) T} (@2)) = — f2{e + 7 (q1)7"(g2)|0)
+ifrgh (@ + 7 (q2)| Tuf (1))
+ i fxgs (o + (1) | Ta (q2))
+ ¢l g5 (| T () Tu ) (42)) (3.2.25)

which with the help of eq. (3.2.21) we can rewrite as

i g5 (o) TH ) T (a2)) = f2 o+ 7(q1) 7 (q2)]0) + ¢l gb (@l Tufe(a1) Ty (q2)).-
(3.2.26)

The first term on the RHS of eq. (3.2.26) contains a scattering amplitude of
(n 4 2)-many pions. Combining eq. (3.2.24) and eq. (3.2.26) we obtain
1
f2o+ 7 (q)7"(q2)[0) = — §Fabc(€h — )" {a|Vi(a + ¢2))
— di'ds | T (1) Ty (42)) - (3.2.27)

To arrive at the double soft theorem we take the simultaneous limit g1, g2 — 0
of this expression. In Appendix B we derive the applicable soft limits of
the two form factors on the RHS which are shown to be related to n-point

scattering amplitudes of the remaining n hard pions 7% (p;) in the state (a/.
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More concretely we find that at sub-leading order the soft vector current form

factor is given by

. c . & aa;d (2]71' + Q)u o quLiW ai...d...an
angledVulan = ;f ( wre? o) - B22)

where the angular momentum operator L is defined as

0 0
N O S 2.2
= (pz o Vi apét) (3.2.29)

Meanwhile, the hard axial currents form factor at leading order in soft mo-
menta is

n

11 a b — Fraaie ebd Fbaie ead Umz Aal"'d"'an .
Jm (o] Tw(01) Ty (a2)) ?:1( S+ )—22% PR
(3.2.30)

Combining these results we obtain for an (n + 2)-particle amplitude with soft
particles 7%(q;) and 7°(qz) and n hard particles 7% (p;),

Hm A, aggme () = (S +SW) A, (3.2.31)

q1,92—0

where we scale both soft momenta to zero simultaneously. The leading soft

factor is

1 — - —
S(O)An - = Fabc]c)c(aid p (ql QQ) Aal...d...an (3232)
i=1

f2 4 2pi - (1 +q) " ’

and the sub-leading soft factor is!

n

1 | | (¢1 - q2)
S(l)An _ Faachcbd + Fbalc cad —AZL,.d...an

VE: ;( * * )21% (@ + q2)
1 < (@ @) i (@ — @) yar.a

4+ = Fabcfcazd ;lll """ an
E ; T2 (@ + @)
1 « ity L

L Jrabe ca;d 142 ~pv _A‘;led'“an , 3.2.33
fﬁ; Y opi (ot ) (3239

with the angular momentum operator Lt given by eq. (3.2.29).

IThe sub-leading order soft factor is modified in the presence of four-derivative operators
in the chiral Lagrangian; see [116] for a full expression. It also receives loop corrections that
will be explored elsewhere.
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3.3 Soft photons from higher-form symmetry

In this section we will discuss photons as NGB for 1-form global symmetries.
We will show how the development of the previous section for 0-form NGB
is suitably generalized and how the familiar soft photon theorems derive from

corresponding Ward identities.

3.3.1 Photons as Nambu-Goldstone bosons

Let us begin by quickly reviewing some basic facts about continuous 1-form
symmetries, and the modern perspective of the photon as a NGB. We aim
to be pedagogical and to stress the similarities with our discussion of 0-form
symmetry breaking in the previous section. This discussion can (and probably

should) be skipped by the experts.

Continuous 1-form symmetries have conserved currents which are antisymmet-

ric rank-2 tensors
S () = Jpu (), with  0"J,(z) =0. (3.3.1)

The corresponding conserved charges are integrals over codimension-2 cycles,

Yp-ao
Q(Sp ) = / s 1., (3.3.2)
YXp-2

and, as such, are always commuting. Hence, 1-form symmetries are always
abelian, and are in correspondence with group elements of U(1) when the

symmetry is continuous.

Local operators are not charged under 1-form symmetries, since they trivially
commute with charges of the form eq. (3.3.2). Line operators, however, can be
charged under a 1-form symmetry U(1)2. Consider a line operator, Wy(C),
with charge () supported on a curve C, then the corresponding Ward identity

" ()W (C) = Q6 (v — C)Wo(C). (3.3.3)

where we have defined a higher-codimension delta function,

v

6 (x—C) = /ds %5(4)@ —y(s)), (3.3.4)

2Henceforth, we use a superscript () to denote 1-form symmetry.
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with y(s) a given parameterization of the curve C, such that its integral over
any cycle intersecting the curve equals one. This is analogous to the contact
term in the Ward identity of eq. (3.2.4) for local operators charged under a
O-form symmetry. The Ward identity of eq. (3.3.3) constitutes a non-trivial
constraint on correlation functions involving the line operators Wy (C). We
will show momentarily that it also implies the familiar soft photon theorem

for scattering amplitudes in quantum electrodynamics.

1-form symmetries can be spontaneously broken if a charged operator develops

a vacuum expectation value [34]
(Wo(C)) ~ 1. (3.3.5)

This is equivalent to the perhaps more familiar “perimeter law” for a Wilson
loop (Wo(C)) ~ e~ where L(C) is the length of the loop, by a scheme
choice in which a local counterterm on the line is added and tuned to cancel
the perimeter scaling. Eq. (3.3.5) indeed indicates a deconfined phase, and a
version of Golstone’s theorem [34], [36] implies that the current must overlap

with a one-photon state, which for helicity /4 and momentum p yields?
v Z 123 vk DT
()" (x)) = ;(p“fh —pYe”) e?T (3.3.6)

where ¢ is the gauge coupling and &), is the corresponding polarization vector,

which satisfies the on-shell and normalization conditions
e-q=0, e-e=0, e-ef=1. (3.3.7)

This is in precise correspondence with eq. (3.2.9).

Eq. (3.3.6) implies that the current must contain a contribution linear in the
NGB field,

T () = %(amv COAM) e (3.3.8)

where the dots denote possible higher-order contributions. Thus under U ( 1)(1)
the photon transforms by a shift analogous to that of 7* in eq. (3.2.11)

A (z) = Ap(x) + (), with I (z) = 0. (3.3.9)

3The polarization vector appears complex conjugate because the current creates an
incoming photon.
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Note that A,(z) are the components of a closed, but not exact 1-form, so this

is not equivalent to a small gauge transformation A4, — A, + J,a.

As in eq. (3.2.17) the charge operators can be constructed by exponentiating
the NGB field

Wo(C) = exp (z@ /C A,Ax“) : (3.3.10)

so the NGB parameterizes fluctuations of the vacuum expectation value. In
the present case, these are of course the familiar expressions for the Wilson
line operators, and by combining Egs. (3.3.2) and (3.3.8) their 1-form charges

simply correspond to the electric flux.

Finally, we must discuss the fate of the 1-form symmetry in the presence of
electrically charged matter. Indeed this induces the explicit breaking of the

1-form symmetry. The current for the 1-form symmetry is no longer conserved:
M (z) = ju(x), (3.3.11)
where j, is the electromagnetic current.

Physically, the presence of electric charges allows the vacuum to polarize by
pair production with the result that Wilson lines are screened and do not
induce a non-trivial electric flux. Thus they cannot carry a 1-form charge.
This is closely related to the fact that the Wilson lines can now have endpoints
on local charged operators, so the putative 1-form symmetry charges would

act trivially on them.

3.3.2 Soft photon theorems
The famous soft photon theorem [37], [38], [121], [122] concerns scattering
amplitudes with charged particles. It states that the leading term in the soft

expansion of an amplitude in the photon’s momentum, ¢, is given by

1

. €D

where (); and p; are the charges and momenta of the hard particles.

In light of our discussion of breaking of 1-form symmetry by charged matter,
it might naively seem that it is not possible to interpret eq. (3.3.12) using this
language. We are then forced to ask: is there any limit in which the 1-form

symmetry re-emerges and explains the soft theorem? We will explain below
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that the answer to this question is positive, but let us begin by making some

general comments that might give us hope that this is the case.

From the modern viewpoint, the masslessness of the photon is a consequence of
the spontaneously broken 1-form symmetry and not of gauge invariance. From
this perspective, one might also wonder why the photon remains massless even
in the presence of charged particles. The answer is that 1-form symmetries are
robust in the sense that they cannot be broken by adding any local operators to
the effective action, as these are not charged under the symmetry. Incidentally,
this also implies that when 1-form symmetries emerge in some limit they are
exact. This robustness protects the masslessness of the photon (though not
completely, as it could be Higgsed by the charged matter). More generally, the
breaking of the 1-form symmetry is universal: it can only happen by adding
charged degrees of freedom and in the form of eq. (3.3.11). One might expect
that this universality is the moral reason for the existence of the soft photon

theorems. In the rest of this section we will try to sharpen this perspective.

3.3.2.1 A photon Adler zero

Let us first consider a trivial limit in which the 1-form symmetry is emergent.
If we consider charged particles with mass m, then the scattering of photons
with momenta k < m is described by an effective theory a la Euler-Heisenberg
[166], in which the charged matter is integrated out. This results in the non-

linear Lagrangian

1 v C1 v Co Vo 1
E:—@F!L F#l/—i_ﬁ(FuyF‘u >2+ﬁ(FNVF Fo—pr#)‘i_O(%) .

(3.3.13)
where F),, = 0,A, — 0,A,, is the usual field strength, and ¢; are dimensionless
Wilson coefficients which depend on the details of the matter that is integrated

out. This theory has an exact electric 1-form symmetry U (1)21) with current

1
JH = ?F"” + O(F?), (3.3.14)

conserved by the equations of motion derived from (3.3.13). It also has a

magnetic U (1)%) 1-form global symmetry with the current

1
Jh = EewﬁFaﬁ, (3.3.15)
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conserved by the Bianchi identity and which measures magnetic flux. The
NGB associated to U (1)%) is a dual photon which does not appear explicitly
in eq. (3.3.13) but likewise transforms non-linearly by a shift under U (1)7%).
This symmetry will play an important role in section 3.4, but not in our current

discussion.

Let us now follow the steps analogous to the derivation of the pion Adler zero.
We separate the single-photon and hard contributions in the form factor for

the 1-form symmetry current within a multi-photon state |a),
1 (q“&‘”* _ qyg,u*)

(a2 (9)) = 7 (o +7(9)[0) + (ol e (9)) - (3.3.16)

On the RHS we have left a sum over helicities implicit. The coefficient of the
pole is simply related to the scattering amplitude with an additional photon

with momentum ¢

(@ +(@)]0) = i) (3.3.17)

Then the conservation of the 1-form current implies the relation

Anirte) = —ig quevalJiy () , (3.3.18)

where we made use of eq. (3.3.7). Taking the soft limit we find that the RHS
vanishes, since as before, the hard current contributions are regular in the soft
limit due to the shift symmetry of the NGB implying that there is no cubic

coupling. Thus we find an Adler zero for photon amplitudes in this theory
(IJE% Aniyg =0 (3.3.19)

This is in exact analogy with Eqgs. (3.2.21) and (3.2.22) in the previous section.

Such a zero is perhaps an unsurprising statement, since the effective theory in
eq. (3.3.13) is derivatively coupled with at least one derivative by field, that
is, it is a theory of abelian NGB. This soft photon theorem is, nevertheless, a

direct consequence of the electric 1-form symmetry of the theory.

3.3.2.2 Low’s soft photon theorem

By integrating out the charged matter we have seemingly thrown away the
baby with the bathwater, and have only been able to reproduce eq. (3.3.12) in

the case where the scattering amplitude involves no external charged particles.
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However there is a middle way in which we can keep both external charged

states and see the 1-form symmetry emerge.

Consider a scattering amplitude involving n massive charged particles with
‘hard” momenta, p;. In the limit that all hard momenta are neighboring the
mass shell of either external particle or anti-particle states, we can write /' =
pi' + k* with p; on-shell and k; < p;. Expanding in this limit, the scattering
amplitude will be given by a correlation function of Wilson lines plus a hard

(local) operator insertion, Oy,
iAn ~ (Wo,(C1) -+ Wa,(Cr)On) (3.3.20)

where ~ denotes that the equality holds up to corrections in inverse powers
of the masses. The Wilson lines are extended from the origin to infinity along
trajectories with four-velocities v{ = pf'/m; (that is, C; : y'(s) = sv!') with

s € [0, 0], and carry the corresponding charges, Q;,

Wo,(C;) = exp (2@1/ ds vl‘-‘AH(sv)) (3.3.21)
0
The hard operator Oy is inserted at the origin. Its form will not be important

in what follows.

We claim that the electric 1-form symmetry emerges in this limit. We will show
that this is the case momentarily, but first let us consider the consequence of
the Ward identity eq. (3.3.3) upon the correlation function appearing in the
expanded amplitude eq. (3.3.20)

(TR ( H Wo,(C,

(ZQz/d ‘%5 (z — (s )HWQZ NO0x) . (3.3.22)

We will contract this equation with a polarization £”(q), and Fourier transform
in . On the one hand, the LHS yields,

/ d'z e 179, JWHWQ )Ow) (3.3.23)

’ H VVQ2 OH + uné,, H I/VQZ

(3.3.24)
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where the the derivative operator has effected an amputation of an external
photon ~,(q). The first term is then identified with the amplitude with an

additional external photon

|HWQZ NOm) ~ iAy (3.3.25)

On the RHS of eq. (3.3.22) we just need to compute the Fourier transform of

the contact terms

/d4;p e—iq.x (Qz/ dse - %5(4)(1. _ US)) — Qz’5 i Ui/ ds eisq-v
0 0

fo Vi (3.3.26)
which shows that the the RHS of the Ward identity gives
> Qiz Z TIWa.(€)0m) ~ > Qi%An (3.3.27)
Putting all together yield the relation
Anir@) = 9 Z Qz A +iggue, (T H Wo,(C (3.3.28)

In the soft limit the matrix element of the hard current can only give terms
which are at most singular as O(¢™!), so taking the small ¢ limit of this relation

gives the soft theorem in eq. (3.3.12).

3.3.3 Emergent higher-form symmetry in heavy-particle EFT

Above we have claimed that in the limit where the soft photon leaves particles
(or antiparticles) close to the mass shell there is an emergent 1-form symmetry,
which we then used to derive the soft photon theorem. Let us now make this
precise using the language of effective field theory. The manipulations in this
section are not new, and very familiar in the context of HQET [161], but we
will describe them emphasizing the physics of the emergence of the 1-form

syminetry.

We begin by considering a charged massive particle associated to a field ¢(z)
interacting with the photon. In order to manifest the excitations close to the
mass shell we perform a field redefinition which pulls out the large part of the

momentum )
elmv-x

¢(x) = N (o +©,) (3.3.29)
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where v* = p*/m with p on-shell, and we have also separated the field into pos-
itive and negative frequency modes corresponding to the particle and antipar-
ticle.* This field redefinition turns large derivatives of the field O¢ ~ pp ~ ma
into manifest couplings, and leaves only small derivatives dp ~ kp < myp in
the effective Lagrangian

L= —4%2}7/‘”15’W +ip (v D)l +ip, (v D+ 2m)p, + O(%) , (3.3.30)
where D, = 0, + @A, is the usual covariant derivative. Thus we see that
the positive frequency ¢ fields describe excitations close to the particle mass
shell, and ¢, describe antiparticle excitations which have a large gap k ~ 2m.
This is illustrated in Fig. 3.1. We can integrate out the antiparticle excitations

to get an effective theory describing only particles

D2 F,, Mm
L=ipi(v-D)p, + pi==p, + dpi—"——p, + - - . (3.3.31)
2m dm

Here we have kept terms only up to subleading power in 1/m, including the
kinetic energy written in terms of D/ = D — v#(v - D); and the magnetic
dipole moment operator with Wilson coefficient d, written using the Lorentz

generator, M in the appropriate representation.

At this point an astute reader might guess that this theory has an emergent
1-form symmetry. As explained above, the explicit breaking of 1-form symme-
tries by charged matter is closely related to the phenomenon of pair creation
or vacuum polarization. However in constructing this effective theory we have
integrated out the antiparticles, so such processes cannot occur. A further con-
sequence of this is that the coupling constant g does not run in the EFT and
is frozen at the matching scale, m, which makes the current J* = g%F e
well-defined.

The symmetry can be made manifest by performing one further field redefini-
tion (due to BPS [167]) which strips a Wilson line from the particle fields

b= Wo@p = (i [ ")) B33

This justifies our claim in eq. (3.3.20) that the amplitude of charged particles

can be related to a correlation function of Wilson lines. Furthermore, by the

4These can be extracted using projection operators ¢ = P.¢ which depend on the
spin of the particle. For instance, for scalars Py o (iv - D +m) and for Dirac fermions
Pr o<1 £v,y*.
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Figure 3.1: Illustration of the decomposition of a momentum ¢* = p* + kH,
as a large component on the mass shell, p*, and a small component £* < p*.
The field ¢ describes small fluctuations around the mass shell in the shaded
region, whereas all modes outside this region are integrated out in the effective
theory.

identity®

1
DM(PU = WQ(C) (@ —+ mFMV'UV) (,51,, (3333)

it removes the dependence on bare gauge fields without derivatives in the

effective Lagrangian

2 v
L= @00+ g (0 + mighun) Gt del T

(3.3.34)
which now manifestly exhibits the shift symmetry in the gauge field eq. (3.3.9),
as it only depends on field strengths. In fact, this observation is not restricted
to the leading powers in the k/m < 1 limit, but holds to all orders. We
have shown that, as expected, the one-form symmetry emerges as an exact
symmetry in the heavy-particle limit, which is dual to the soft photon limit,

justifying our analysis of soft photon theorems.

While we have focused here on the case of emergent U(1) 1-form symmetries
in theories with an abelian gauge field, we expect this to be a generic feature of

theories in which anti-particle production is suppressed and Wilson lines play

>The notation with 1/(v-9) is shorthand for operator insertions on the Wilson line, e.g.,

1 o0
me(m)z/O ds Fy,(x + sv).
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a significant role. For instance, we think it is likely that the discrete 1-form
symmetries of pure Yang-Mills theory emerge as symmetries of HQET or of
the ultrasoft sector of Soft Collinear Effective Theory (SCET) [168].

3.4 New soft theorem from higher-group symmetry

The fact that higher-form symmetries are always abelian means that the opera-
tor equations satisfied by their currents do not contain non-trivial contributions
at coincident points,® and hence there are no interesting double soft theorems
for the associated NGB. However there exists a generalized symmetry struc-
ture known as higher-group global symmetry which mixes global symmetries
of different rank in a non-trivial way [39], [141], [144], [169]-[171]. We will
focus on the case of 2-group symmetry and show that, when spontaneously

broken, such structure leads to interesting double soft theorems.

The hallmark of a continuous 2-group symmetry is an additional contact term
in the Ward identity of O-form currents which depends on the 1-form symmetry

current
0" ji(@)ib(y) > =00 6D (x — y) Ja(y), (3.4.1)

where k is a quantized constant. The 2-group symmetry is denoted by G X,
U(1)®, where G is generated by the j* and U(1)V) is a 1-form symmetry
generated by J. Due to the form of the Ward identity the O-form currents do
not form a closed subalgebra, so the group GG does not label a 0-form symmetry.
One might think of the 2-group as a non-trivial extension of the 0-form G by
the 1-form U(1)M).7

Intuitively, one might think of x as an f%¢ structure constant in which one
of the indices points in the 1-form “direction”. Hence, when the symmetry
is spontaneously broken one can expect that the double soft theorem will
describe mixing of the O-form NGB (pions) and the 1-form NGB (photons).
Furthermore, the fact that the contact term in eq. (3.4.1) has an additional
derivative suggests that the 2-group structure will be visible at the sub-leading

order. We will see that this is precisely correct.

6t Hooft anomalies are, of course, the exception to this rule.
"The 0-form analog of this is the fact that a coset G/H need not be a subgroup of G,
but one can think of G as an extension of G/H by H.
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3.4.1 2-group double soft pion theorem

In what follows we focus on a theory possessing a 2-group global symmetry,

(G x Gr) x, U1)D . (3.4.2)

where G x G is a non-abelian chiral group, and U (1)%)

a magnetic 1-form
symmetry. When this 2-group symmetry structure is spontaneously broken to
Gy, the low-energy dynamics are universally described at low energies by a
theory of NGB featuring pions 7* associated to G x Gg, as well as a photon

associated to the U(l),(ﬁ), and currents
a a 1 8}
T (w) = frO,m"(x) + - - and Jw(x) = E(—:WQBF Alz), (3.4.3)
as well as a vector current V() quadratic in the fields. The 2-group is encoded

in the structure of the Ward identities

" T ()T (y) = iF6W (z — y)Vi(y) (3.4.5)
M TH )WV (y) = i f6W(x — y) TS (y) + z'%aaba%s@) (z —y)Ja(y). (3.4.6)

IV (2)V,) (y) = if 8 (@ — y) Vi (y) (3.4.4)

The new term appearing in eq. (3.4.6) contains the symmetry current associ-

ated to magnetic 1-form symmetry U (1)%) and the quantized constant k.

The effective Lagrangian realizing such symmetry breaking pattern|39] is,

2
™ 1 .
£= T OVOT] = gafu (3.4.7)
/L,i rvo . . .
— S @ AT [((U1D,U) (U0 U) U ,U)] + -

Comparing to the action for O-form spontaneous breaking eq. (3.2.18), we have
added a dynamical U(1) gauge field — a photon — and a term which couples
it to the pion. One consequence of this coupling is to explicitly break the
putative 1-form U (1)21) symmetry associated to the photon. However U (1)%)
is the 1-form symmetry participating in the 2-group eq. (3.4.2). This means
that strictly speaking the photon is a pseudo-NGB and the dual photon is a
NGB.

The pions are uncharged under the U (1) gauge group, however the pion-photon
interaction term in eq. (3.4.7) is a coupling of the photon to a topological
symmetry current,

Bt = if; BTy [(iU10,U) (iU 0,U) (iUT0,U)] . (3.4.8)



61

In the absence of a dynamical photon, and hence in the absence of the 2-group
global symmetry, the current B* would generate a topological 0-form U(1)

global symmetry.

This theory is far from exotic, as for G, X Gg = SU(Ny), x SU(Ny)g it
describes the low-energy limit of massless QCD with gauged U(1)y vector
symmetry corresponding to Baryon number, which acts diagonally on quarks.®
Such symmetry, with current (3.4.8), is associated to the non-trivial homotopy
group m3(SU(Ny)) = Z, and the field configurations where B* integrates to
a non-trivial winding number are identified with baryons [172]. In fact, the
photon-pion coupling term was first suggested in [173|, where it was introduced
as an anomalous contribution to the baryon current in the chiral effective
theory.® As explained in [144], 2-group global symmetries may arise from
gauging a O-form global symmetry with a mixed anomaly. This is possible,
for example, when the original theory possesses a mixed 't Hooft anomaly
which is quadratic in a non-abelian G' and linear in a U(1) symmetry, which is
then gauged. Indeed this is the case in massless QCD where there is a mixed
anomaly between the U(1)y and SU(Ny)p x SU(Ny)r which gives rise to the

2-group structure.

Let us comment on the discrete symmetries of this theory. In the absence of
the pion-photon interaction term the theory has four distinct Zy symmetries:
parity, Py : z; — —uxz; for ¢ = 1,2, and 3, charge conjugation of the photon
Cy . A, — —A,, charge conjugation of the chiral field Cy : U — U”, and pion
number mod-2 (—=1)" : U+ U~! (or 7 — —7?). The pion-photon interac-
tion breaks one of these, leaving the (Z,)? discrete symmetry associated to the

combinations [39]
P=Py(-1)™,  C=CCy  C=Ci(=1)", (3.4.9)

which include a new parity, P, and charge conjugation C, as well as pion +
photon number mod-2, C'. We see that the 2-group theory allows, for example,
scattering amplitudes involving an odd-number of pions so long as there is also

an odd-number of photons such that C is conserved.

8Technically, one must also add a Wess-Zumino-Witten term to match the various ’t
Hooft anomalies in the chiral symmetry, but we drop this here for simplicity.

9Note that our photon is not the usual photon of electromagnetism, which arises from
gauging a linear combination of U(1)y and a U(1) subgroup of SU(Nys)y. An easy way to
see this is that the pions in our effective theory are not charged under U(1)y .
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The main result of this paper is a new double soft pion theorem for amplitudes
with n, + 2 pions and n., photons stemming from the continuous 2-group

symmetry, which takes the form

lim A (na4+7e(q1)mb(q2),ny) = (S(O) + S(l) + S,(il)) A(nﬂ,ny) (3410)

q1,92—0

where the S are those given in eq. (3.2.33) and

1 abaZ qlq?p’b zh) a1...a;—1Q;41..-Gn
S'(ﬁ )‘A(”m"v) 2f3 2 Z Z f A(rlzw—l,;vﬂl)

(1 + q2)
ik wd CQ@kic;)  daa
PY R " 3.4.11
2f37T2 f ijj . (Ch + q2> (na+1,ny—1)" ( )

where in the first line we sum over helicities of internal photons and we in-
troduced the notation e(abed) = €*?a,b,c,d,. This new soft factor S s
the consequence of the spontaneously broken 2-group global symmetry. Its
salient feature is that it is odd under parity and thus allow for external pions
‘rotating’ into photons and vice versa. As we will see, the presence of those
terms is required precisely by the appearance of the new term with the 1-form
symmetry current in the 2-group Ward identities in eq. (3.4.6). We also note
that the non-trivial 2-group soft factor depends on the antisymmetric non-
abelian structure constant of the O-form group, and thus at this order we do
not expect an analogous non-trivial 2-group soft factor for abelian 2-groups
[32].

3.4.2 Proof

We will now explain how the derivation of the double soft theorem is aug-
mented by the 2-group. We emphasize that since the proof uses current alge-
bra it is valid to all loop orders. As in section 3.2, our starting point is the
following consequence of the Ward identity

Falol T @) TN @) = — 5P (0 — ) alVila +a). (3412

Notice that this relation is unmodified by the 2-group current algebra, since
the Ward identity involving two axial currents is unmodified. Thus, the inter-
mediate relation eq. (3.2.27) follows in the new theory,

1
- §Fabc((h — @) (| V(a1 + ¢2))
— ai'd5 (| Ty (@) T (a2)) -

f2o+ 7 (q1)7"(g2)]0) =
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Next, we need to analyze additional contributions to form factors (a|V(q))

and (| T (q1) Ty (g2)) in the new theory.

3.4.2.1 Soft vector form factor

We follow the same strategy as in the case of spontaneous O-form symmetry
breaking (see Appendix B.1) and insert a complete set of states into the form
factor, where (| now denotes a state with n pions and m photons. The
dominant contribution in the soft limit comes from single-particle states. We
have

n—+m
lim(o|V%(q) Z i (Xi|[VH@) | X)Ax (X + &]0) (3.4.13)

q—0

where by &; we denote the state o with the i-th particle X; removed, |X)
stands for a single-particle state of either pions or photons, and Ay is the

corresponding propagator.

The (7°(p)|V,¢(q)|7(k)) form factor is the same as in the O-form case de-
rived in Appendix B.1. Since there is no flavor-structure corresponding to
(W (P)|VH(@)|yw (K)), the form factor vanishes. Thus the only additional form
factor we need is (°(p)|V,¢(q)|vx(k)), which at leading order in soft momentum

can be parametrized as

(T OIVH D) Im(k)) = A, Q) B €uped e’ + O(4%) (3.4.14)

where k = q+p, A(p, q) is a Lorentz-invariant structure function and B is an
arbitrary flavor-structure. Here we have specialized to a parity-odd ansatz for
the form factor. As discussed above, the theory is invariant under the product
of any two of the four Z, transformations: Cy,Cy, Py, and (—1)"=. It follows
that the form factor eq. (3.4.14) must be parity-odd. We can constrain the
coefficient in the ansatz by considering a related object (J2(p)V,*(q)|vn(k))

and its axial current decomposition.

We write an ansatz for (7 (p)V,(¢)|vx(k)) and impose the Ward identity for

the axial current

P (0)Vi (@) (k) =

where we used the fact that (J,(p + ¢)|v(p + ¢)) = 0. Similarly, we require

=0 (Jyu(p + 0) i (R)) (3.4.15)

that the Ward identity for the vector current is satisfied. Those two conditions
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allow us to constrain the correlator at the leading order in soft momentum

K 2p, o
(DT D) =5 (st 0 = L’ )
+0(¢* %), (3.4.16)

which in turn implies, using eq. (3.2.19), that
a a K
(T )V (@)l (k)) = =55 oy

Finally, putting everything together we arrive at the soft limit of the vector

57 Cuvpad pp5 + O( ) (3417)

current in the theory with a 2-group global symmetry,

sz + Q> ZqVLl v ai...d...a
hm oz|Va fe i < A ;Ln "
q—0 Z p + q) (pl . q) ( ™ ’Y)

} :§ :5aa €pvpod pz i Aal---ai—1ai+1---an,r
47T2f7r (nr—1,ny+1)

—1 2pj - q
_ ik .- aa: Envpad kj 5j day...an
* A2 f, ; 0 W’A(nﬁlm_l) ; (3.4.18)

where (a| again denotes a state with n, pions and n, photons. The first line
of eq. (3.4.18) is the contribution from the G x G symmetry as derived in
Appendix B.1.

3.4.2.2 Soft axial-axial hard current form factor

Repeating the same analysis for the soft axial-axial hard current form fac-
tor <a\jHZ(q1)jH’;(qg)> we see that the new relevant form factor we need is
(Wc(p)|jHZ(q1)ng(q2)|'yh(k)>,10 which can be obtained from the 2-group cur-
rent algebra. As is consistent with the discrete Zy symmetry structure of the

theory, we start with the parity-odd ansatz

(1) Tnf (@) Tur (@) (k) = Ap, 41, 42) B €upop”ei” + Ol1, 42)
(3.4.19)

where A(p, g1, ¢2) is a Lorentz-invariant structure function and B¢ is an ar-

bitrary flavor-structure. We consider a related object,

(TS (0) T (@) T (@) (k)

0The form factor ('yh|szng|7hz> is suppressed in the soft limit, as can be deduced from
an analogous bootstrap argument imposing Ward identities. One can also explicitly perform
a perturbative check and see that the loop diagrams contributing to (yu|Jm},J; 10|y are
suppressed in the soft limit.
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Figure 3.2: Graphical representation of the singular contributions comprising
the 2-group soft factor St in eq. (3.4.10) and eq. (3.4.11).

which we constrain using the Ward identity

NI THa) T (@) (k) =F“(Vi(p + q1) T, (q2) (k)
+ F(THq) Vi (p + q2) (k). (3.4.20)

where the RHS can be evaluated using the result from the previous section
eq. (3.4.16). As before, from axial current decomposition we can deduce at
leading order in soft momenta

(7°(p)| e (1) Trry (q2) [ m (K)) = —F*

KR
A2 fr

E,uupoppgza + O(ql, QQ) . (3421)

Therefore we have the 2-group soft axial-axial remnant theorem

li a b — Fraaie ebd Fbaie ead 77/“’ ai...d...an
Jim (| Taii(01) Trr (a2)) g( FR A e ) gy A
- Nx P ~xo
2y - € apf' al...;—1Q;41...a
Fabaz HVPTLy < g 1:0-G3—1Qj41...Qn
Am? fr 2_1: 2pi - (@ + qg) " bt
LK i abd G“Vpgkjeg.? day...an
4772f7r 2k] . (Ch i q2) (ne+1n,—1)"

(3.4.22)

where again (| denotes a state with n. pions and n, photons. The first line
of eq. (3.4.22) is the contribution from the G x Gx symmetry as derived in
Appendix B.2.

Finally, plugging in eq. (3.4.18) and eq. (3.4.22) into eq. (3.4.13), we obtain the
full double soft theorem eq. (3.4.10). The 2-group contributions in eq. (3.4.11)
are represented graphically in Fig. 3.2.

3.4.3 Examples
Here we provide some examples of tree-level amplitudes in the theory in

eq. (3.4.7). We have verified the double soft theorem in all amplitudes with up
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to six external particles, with any allowed combinations of pions and photons.

We only present explicit checks in some simple cases.

The first nontrivial amplitudes appear at 4-point, A0y and A1), and all
other 4-point tree-level amplitudes vanish. The four pion amplitude is the
same as in the NLSM eq. (3.2.18) for spontaneous 0-form symmetry break-
ing. The amplitude with three pions (with momenta p;, ps, p3) and a photon

(momentum py) is

aijazas3

Gy (P1p2,ps,pa) = UK e(pipopacs), K= (3.4.23)

K
243"

272 3

where we used K to denote a common combination of constants.

To illustrate the double soft theorem in a simple example, we consider an
amplitude with four pions (momenta py,...,ps) and two photons (momenta

ps and pg) given by

01020304 :famchcaga‘l]C? €<p1p2p555)6<P125p3p686) + E(p1p2p686)6<P126p3p585)
(4,2) S12 + S15 + S25 S12 + S16 T S26

+ (1 3)+(2+3), (3.4.24)

where P/}, = pj'+p/ +pj, and we introduced Mandelstam variables s;; = 2p;-p;.
Taking the double soft limit of two pions, p; — 0 and py — 0, we obtain

aiazaszaq

lim 42)

p1,p2—0

_ f“la?cfca?’““lCQ €(P1p2p5€5)€(p5p3p6€6) i 6(2911)217656)6(]96]93]?555)
S15 1 S25 S16 1 S26

Y

(3.4.25)

which is at next-to-leading order O(p;) in soft momenta.

Now we evaluate the double soft limit of A9 using the soft theorem in
eq. (3.4.10). Note that since A9 and Ay 3) vanish, we only get non-trivial

contributions from the soft operator in eq. (3.4.11) acting on external photons

.1 rarase | E\A192P5E5)  casa
S Ap9) = — ik fue gA(y)if(ps),ps,m,pe)
S15 + So5 ’

6(Q1Q2p656) casa
+ ‘A 3l ) 9 )
16 + 596 (3.1) (p6 D3, P4 p5)
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:}CQfa1a20fca3a4 €(q1Q2p555) (

€(pspspecs) +

E(QlQ2p656) (
S15 + So5 S16 + S26

€ P6p3p5€5) )
(3.4.26)

where in the second line we plugged in for the amplitudes using eq. (3.4.23).
This recovers the soft limit obtained in eq. (3.4.25), showing that the double

soft theorem is satisfied.
Next, consider the 6-point pion amplitude, which decomposes into a NLSM
part and A’(% 0) denoting terms with two separate color-structures

Aoy = Aoy + Als.o) (3.4.27)
The contribution A?G,o) is a sum over ten factorization channels with different
color-structures. Writing the (123)(456) channel explicitly, we have

fauzgag fa4a5a6 ICQ
8(812 + 513 -+ 823)

A?&O) -

[334(—815523 + 513525) + S35(—S13524 + S14523)

+ S12834(S25 — S15) + S12535(S14 — S24)

+ (813 + S23)(S15824 — S148925) | + -+,  (3.4.28)

where the dots denote the other nine channels, which can be obtained by

permutation.

Now we consider the double soft limit of the six pion amplitude in eq. (3.4.27)
and keep the terms to sub-leading order. The Al(\éLOSM satisfies the NLSM
double soft theorem; here we focus on A’(“&O). Clearly, the double soft limit
of eq. (3.4.28) vanishes at leading order in soft momenta O(g"). At next-to-
leading order, only the terms with a soft pole survive, and so four channels
contribute. Again, focusing on the (123)(456) channel, the double soft limit

yields

A 1 fa1a2a3 fa4a5aglc2

1 - - )

prpabo 1 60) T 513+ 590 534(—8155023 + 513525) + 535(—S13524 + 514523)
+B+4)+ B3+ 5)+(3+6), (3.4.29)

where we used that the second and third lines in eq. (3.4.28) are higher order

in soft momenta.

On the other hand, we can evaluate the new contributions to the double soft

limit using the soft theorem in eq. (3.4.11), which is a sum of soft operator
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acting on all external particles. For instance, when the soft operator acts on

the pion with momentum ps3, we have

fo1e293¢(ppopsel)
S13 + So3

S (ps) Ao =ik Z

spins

A??f,%%(p%p&p&pzs) s (3430)

which we can evaluate using eq. (3.4.23). Hence we obtain

S 2% e(p1pap3cy) Lasasa
ngl)(pS)A(4,0) = —K* Z (1P 3)f 1995 ¢ (papspaes)

S S
spins 13 + 23

zfalagagfa4a5a6 1
=K — [534(815523 - 513825) + 535(513824 - 814523)]

S13 + S923 8
(3.4.31)

which agrees with eq. (3.4.29). Repeating the same steps for the other three
channels, we see explicitly that the double soft theorem holds for the 6-point

pion amplitude.

3.5 Conclusions

In this paper, we explored the implications of spontaneously broken higher
symmetries for the soft behavior of scattering amplitudes. Our principal result
was the derivation of a new double soft theorem for NGB in theories possessing
a spontaneously broken continuous 2-group global symmetry. This structure is
characterized by a current algebra which mixes O-form and 1-form symmetry
currents. We showed that the corresponding Ward identities imply a universal
subleading soft factor acting on lower point amplitudes. This soft factor con-
tains terms where particles in the lower point amplitude change species, from
the O-form NGB pion to the 1-form NGB photon, and vice versa. We have
also illustrated the new soft theorem with explicit examples of amplitudes in

theories with such symmetry.

Along the way, we presented a unified picture for soft theorems from sponta-
neously broken symmetries. This allowed us to recast well-known results, such
as the leading-order soft photon theorem as a consequence of 1-form symmetry
emergent in the soft limit. In this limit, the energy of a soft NGB is much
smaller than the energies of massive particles. The leading soft behavior of
the amplitude is then captured by an EFT with Wilson lines of charged par-
ticles treated as background insertions, similar to those familiar from particle
physics such as HQET [161]|, SCET [168], and their relatives. Our analysis



69

shows that higher-form symmetries can generically emerge as accidental sym-
metries of such EFTs. It would be interesting explore the connections between
this observation to factorization phenomena, and derive the associated soft
theorems or selection rules on matrix elements. We expect that such an EFT
perspective will also be useful in extending our analysis to sub-leading soft

theorems.

Throughout the paper, we carried out the derivations of all soft theorems
without making reference to diagrammatics or perturbation theory, and in-
stead using the Ward identities of currents which take the form of ordinary
local operators in spacetime. We have not attempted to connect our analysis
to the derivation of soft theorems from asymptotic symmetries [128], [131],

[133]. This seems a worthwhile exercise, which is left for the interested reader.

While our analysis of soft theorems focused on soft pions and photons, we
expect that it will extend to other interesting cases. For instance, it is natural
to consider the free gluons of non-abelian gauge theories at weak coupling as
the (pseudo-)NGB of emergent 1-form symmetries in the zero-coupling limit,
around which point their scattering amplitudes are well-defined (see [174], [175]
for related observations). Hence, one can likely derive their soft theorems using
analogous symmetry arguments. One might also wonder if a similar picture
holds for soft gravitons, perhaps in connection to the symmetries in Refs. [176]-
[179].

Finally, we believe that further soft theorems might be discovered using higher
symmetry as a guiding principle, perhaps in connection to higher-rank or more
exotic symmetries in other dimensions, as well as non-invertible symmetries
[150], [151], [154], [180]-[185] which might be related to the existence of mass-

less (or light) particles. We leave such explorations for another time.
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SOFT SCALARS IN EFFECTIVE FIELD THEORY

M. Derda, A. Helset, and J. Parra-Martinez, “Soft scalars in effective
field theory,” JHEP, vol. 06, p. 133, 2024. DOI: 10.1007/JHEP06 (2024)
133. arXiv: 2403.12142 [hep-th].

4.1 Introduction

Low-energy modes are often related to the symmetry properties of a theory. In
scattering amplitudes, this connection takes the form of a soft limit, where the
momentum of a particle is sent to zero. If this limit exhibits a universal pattern,
we declare it a soft theorem. Salient examples of such relations are the pion
soft theorem—the Adler zero [4]—which is a consequence of the spontaneously-
broken chiral symmetry, the soft theorem for gauge theories [37], [121], [122],
which follows from charge conservation, and the graviton soft theorem [37],
due to energy-momentum conservation. In general, a theory with a nonlin-
early realized symmetry manifests this fact in scattering amplitudes through
soft theorems. Also in condensed matter systems, such as solids, fluids, and
superfluids, phonon soft theorems are direct consequences of spontaneous sym-
metry breaking [18], [119]. Finally, there is a close connection between soft
theorems and asymptotic symmetries [128|-[138] (see also ref. [186] and refer-

ences therein).

However, symmetry is not the only possible origin of these universal relations
between scattering amplitudes. A geometric soft theorem for scalar effective
field theories was derived solely as a consequence of the geometry of field
space [13|, which did not rely on any symmetry of the theory. In the simplest

case with no potential, the geometric soft theorem takes the form
q—0

where A, is an n-particle scattering amplitude, V; is the field-space covari-
ant derivative with respect to the vacuum expectation value (VEV), and i is
the flavor index of the soft scalar. Mathematically, as explained in ref. [13],
scattering amplitudes of scalars take values in the tangent bundle of the field-

space manifold and the soft theorem is described by the familiar Levi-Civita
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connection on the tangent space. This geometric picture is general for any ef-
fective field theory and manifests the invariance of scattering amplitudes under

changes of field basis.!

In this paper, we extend the geometric soft theorem for a massless scalar by
allowing the scalar to couple to fermions and gauge bosons. The geometry
must be extended to include the full field content of the theory, since we can
perform field redefinitions for any field in our theory. Remarkably, this is
precisely what we need to complete the geometric soft theorem, which takes a

form similar to eq. (4.1.1) but with the upgrade
Vo V=0+T+T7 419, (4.1.2)

i.e., the covariant derivative for the full field-space geometry which includes a
connection for scalars, I'*, fermions, I'/, and gauge bosons, I'Y. More precisely,
the additional fields take values in a vector bundle over the field space, with

an associated connection which features in the soft theorem.

We can also reverse this logic and use the new geometric soft theorem as
justification for the extension of the geometric picture to include particles
with spin. For example, the scalar soft theorem for a theory of scalars and

fermions involves the connection I'? | where 7 is a scalar flavor index and p, r

nr?
are fermion flavor indices. This shows that the definition of a scalar-fermion
geometry is not simply a formal exercise but that it has physical consequences

manifested in the soft scalar limit.

The geometric soft theorems have wide applicability and are realized in many
theories of interest. For instance, when the massless scalars are Nambu-
Goldstone bosons (NGBs), they generalize the Adler zero and describe the
coupling of NGBs to other species. They also describe the dependence of am-
plitudes in supersymmetric theories on the VEV of scalar moduli [187]-[191].
Furthermore, they provide a vast generalization of the well-known low-energy
theorems for a light Higgs (see, e.g., ref. [192], [193]). This is, of course, not

an exhaustive list.

The paper is organized as follows. First, we review the geometry of field space
for scalars, fermions, and gauge bosons. Then we derive the geometric soft

theorem, valid for any effective field theory with a massless scalar. We present

!The geometric soft theorem has also found an interpretation in the context of celestial
holography [135], [136].
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the geometric soft theorem in three parts: first with only scalars, then with
fermions, and last with gauge bosons. In the following section, we present a
novel double soft theorem, where the momenta of two scalars are sent to zero.
In this case, the soft theorem involves the curvature of the full field-space
geometry, including components for fermions and gauge bosons. Then we
present new double-soft theorems for fermions. These soft theorems are almost
identical to the double-scalar soft theorem, up to the simple replacement of a
kinematic factor. Numerous examples are listed in section 4.5. We end with

a discussion and outlook.

4.2 Geometry of Field Space
We consider an effective theory that includes scalars, fermions, and gauge

bosons. To low orders in the derivative expansion, the Lagrangian is

L :%hu(ﬁﬁ)(DM@I(DN@J — V() + Z’%kpr(@(wp,yuguwr)
iy ()87, (D0) — B M)y + a0 (B (70

- igAB<¢)FfVFB“V + dprA(@(iZﬁU“”W)ny +..., (4.2.1)

where we allow for higher-derivative operators and operators with more fermion
fields, but do not list them explicitly. To keep the discussion simple, we omit
the CP-odd scalar—gauge-boson couplings, —igAB(gb)F lfyﬁ Buv but all results
generalize straightforwardly when they are present. We group all fields with
the same spin into multiplets, with scalar indices I,.J,..., fermion indices
p,D, ..., and gauge indices A, B, ... The functions h;;(¢), V(¢), ks (¢) etc.,
are functions of the scalar fields. By introducing these functions, we group
infinite families of higher-dimensional operators into compact structures [58].
This grouping of operators underlies the geometric construction. The scalars
¢' and fermions ¥ can be charged under the gauge symmetry through the

covariant derivative, which we describe in more detail below.

As in any effective field theory, the number of independent operators is less
than the number of possible composite operators consistent with the symme-
tries of the theory. This is because integration-by-parts relations and field
redefinitions can be used to write the Lagrangian in a form with a mini-
mal number of operators, i.e., a nonredundant operator basis. This freedom
of redefining the fields (at least when the field redefinition does not involve

derivatives) takes on a geometric meaning, paralleling coordinate changes in
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differential geometry. The field-space geometry for scalars is by now a stan-
dard quantum-field-theory technique. See refs. [28], [41]-[44] for some early
works on the connection between differential geometry and field redefinitions
and refs. [40], [46], [55]-[64] for modern applications of the scalar geometry
in effective field theories. Recently, this geometric picture has been extended
to include both fermions and gauge bosons [47], [66], [67], [69], and several
proposals attempt to extend the geometric description to accommodate field
redefinitions with derivatives [47]-[52].

4.2.1 Scalars
The geometry of the scalar field space is dictated by the metric h;;. From this

metric, we can derive the Christoffel symbol
1
Phg = §h1L (hyrx +hoks —hikr) (4.2.2)
where hyjx = Oxhyy, and the Riemann curvature
Rrykr = hov (OkT), + TRNTY, — (K & L)) (4.2.3)

The covariant derivative V; uses the connection in eq. (4.2.2). The field-space
geometry for scalars captures field redefinitions of the form ¢ — F(¢), where
F'(v) # 0 at the VEV v/, and was used to describe the geometric soft theorem

for scalar effective field theories [13].

The scalar field in the Lagrangian, ¢!, can be used as an interpolating field

between the vacuum and a one-particle state,
(il (@)|0) = el ()er, (12.4)

where the momentum is on the mass shell, p> = m?(v), and e!(v) is the tetrad,

[

which is defined from the metric
hrs(v) = eni(v)el (v). (4.2.5)

The tetrad is the wavefunction factor in the LSZ reduction formula. Its role is
to canonically normalize and rotate between the flavor-eigenstate fields in the
Lagrangian and the mass eigenstates used in scattering amplitudes. Therefore,
a scattering amplitude is a tensor with lowercase tetrad indices. Further details

on the geometric construction for scalars can be found in ref. [13].
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4.2.2 Fermions

We follow the setup in ref. [66] to describe fermions geometrically. A similar
approach, but with certain differences in the technical steps, is described in
refs. [67], [68]. The main novelty for the fermion geometry compared with
the scalar geometry discussed above is that we now must accommodate anti-
commuting fields into the geometric picture. This can be conveniently done
by replacing the Riemannian manifold with a supermanifold, which involves
Grassmann coordinates [194]. Note that the notion of a supermanifold is
distinct from supersymmetry, and we do not require our theories to possess

supersymmetry.

The fermion geometry is defined by the metric?

h1y (Yw ) (Wh)ss
Gy = | —(Yw)ps 0 krp + crp | 5 (4.2.6)
_(Wﬂ/});ﬂ _kﬁr — Cpr 0

where w;i ;= Wprr £ %k:m ;- The scalar indices [, J, ... and the fermion indices
P, P, ... are unified in the indices i, j, . ... The metric and descendant quantities
are denoted with a bar to distinguish them from the corresponding quantities

in the scalar geometry.

Four-fermion operators were not included in the geometric construction in
ref. [66]. We include them in the metric in eq. (4.2.6) through the term
Cpr = 4(cprst + Cprsr)W')5. There are several reasons why this construction
is sensible. First, the four-fermion operators transform as tensors under redef-
initions of the fermion fields that depend on the scalar fields. Thus, they are
fine objects to add to the metric, as they do not spoil any of the transformation
properties used to bootstrap the metric for the two-fermion sector. Second,
the other operators which make up the scalar-fermion metric are combinations
of two scalar currents or one scalar current and one fermion current. Thus, it
is natural to expect that operators with two fermion currents can also reside in
the metric. Lastly, in the supersymmetric nonlinear sigma model, the coeffi-
cient of the four-fermion operator is the Riemann curvature. Therefore, these

operators must be included in the metric even for a general theory without

ZFollowing the conventions of ref. [194], the metric should be written as gj, and shifting
the indices to the right will pick up additional signs, gij = (—1)' ig;. Here, we exclusively
deal with the metric and allow ourselves to abuse the notation by having the indices on the
right from the start.
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supersymmetry, since the supersymmetric theory should be obtainable from
the general theory by picking the correct field content and tuning the coeffi-
cients. The virtue of this definition will be apparent when we consider single

and double soft theorems of scalars and fermions.

From this metric we can also calculate the Christoffel symbol and the curva-
ture, but with the definitions appropriate for a supermanifold. In particular,

the relevant connection coefficients are |66]

s =1k, (4.2.7)
It =kPwl |, (4.2.8)
[0 = —w k?, (4.2.9)

and the corresponding curvatures are

Ryry = wypyy + wotk™ i — (I 45 ), (4.2.10)

Rprgt = 4(cprst + Cptsr)s (4.2.11)

all evaluated at the VEV. The covariant derivative V uses the connections in
eqs. (4.2.7) to (4.2.9). For our purposes, where we analyze the geometric struc-
ture of scattering amplitudes, we only need the geometric quantities evaluated
at the VEV. Other applications, such as background-field calculations [61],

[64], [66], also use the geometric information away from the VEV.

Similar to the scalars above, the flavor-basis field Y% sandwiched between the

one-particle fermion state and the vacuum is

(el "(2)0) = a(p)es (v)e™™. (4.2.12)
Note that we here used capital indices for the flavor-basis field 1/_JR to distinguish
them from the lowercase indices mass-eigenstate basis. However, for esthetic
reasons, we used lowercase indices in the Lagrangian in eq. (4.2.1). Hopefully,
this slight abuse of notation will not cause confusion. The tetrad, which is

derived from the metric, will implicitly be used to transform between the two

0  kgp 0 6
P — e ") e, (4.2.13)
_kPR O _5137“ O

where 05, is the Kronecker delta. The fermions are canonically normalized and

bases,

sl

rotated to the mass-eigenstate basis via the tetrad. The tetrad shows up in
the LSZ reduction formula for the fermions as the wavefunction factor, exactly

as for the scalars.
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4.2.3 Gauge bosons

There is a larger freedom in how to construct a geometric field space which
includes gauge bosons. One option is to use the geometry-kinematics map
[47], where essentially the gauge bosons act like scalars, and all the geometric
quantities in the scalar field space get upgraded to depend on both the scalars
and the gauge fields. As an added bonus, the geometry-kinematics duality
allows all higher-derivative operators to be placed on the same footing as the
two-derivative operators, thus providing a geometric understanding of deriva-
tive field redefinitions. The advantage of using the geometry-kinematics map
is that statements which hold for scalar effective field theories immediately get
upgraded to statements which hold for general bosonic effective field theory.
This includes the geometric soft theorem. Some drawbacks of this approach
are that the notation is rather compact and that there are some ambiguities

in the initial choice for the metric.

Another option is to treat the gauge fields separately from the scalar fields.
One such formulation was introduced in ref. [69]. By using a geometric gauge

fixing [57], the metric takes the form

G 0
Gap = (gJ > ) (4214)
0 gaB

where we also include the fermions via the metric in eq. (4.2.6). For a theory
without fermions, we simply replace g5 — hrs in eq. (4.2.14). We have stripped
off a factor (—7),,) compared to the metric in ref. [69]. This factor can be triv-
ially reinstated with the replacement gap — —gapnu,u,- The indices a, 3, . ..
include all scalar and fermion indices, as well as the gauge-field indices A, B, . ..
Here we slightly abuse the notation by denoting the full scalar—fermion—gauge-
boson metric with a bar, as we did in the scalar-fermion metric in eq. (4.2.6).
If we included the CP-odd scalar-gauge-boson couplings, —%QAB(cﬁ)F lﬁ,ﬁ’ Buv
the metric in eq. (4.2.14) would change to gag — g55 = gap & jap for posi-
tive/negative helicity gauge fields. This is analogous to how positive/negative
helicity fermions couple through the vertex w;'i ;- For simplicity, we omit the

CP-odd couplings in the gauge metric.

In this paper, we opt for using eq. (4.2.14) for concreteness. This cleanly
separates the particles of different spin. However, we will in passing mention

how our results change when using the geometry-kinematics map. Intrigu-
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ingly, both definitions of the gauge-boson metric lead to a new geometric soft

theorem. These soft theorems are equivalent but differ in form.

With this choice of metric, we can calculate the connection [69],

= 1
i = 59" (Viga), (4.2.15)
and the curvature,
2 1 1 cd
Raijp = §Vivj9ab - Z(ngac>g (Vigap)- (4.2.16)

Next, we need to relate the gauge field to the scattering state. The gauge field

creates a one-particle state,
(P, €| AB(2)[0) = € (p)ef (v) ™. (4.2.17)

The polarization vector €, encodes the two degrees of freedom for a massless
gauge field, or the three degrees of freedom for a massive gauge field. Some-
times, we combine the polarization vector and the tetrad, which is defined
as gap(v) = eaq(v)eh(v), into a new polarization tensor, e, (v) = €.ef (v),
which carry the tetrad indices. The scattering amplitude is multilinear in
these polarization vectors, and it will be a tensor with gauge-boson indices in

the mass-eigenstate basis.

We also consider massive gauge bosons which get their mass through the Higgs
mechanism. As is well known (and reviewed in ref. [13]), a global symmetry in

the scalar sector is associated with a set of Killing vectors, tf 4(¢), such that

o' — o' + Mt u(9) (4.2.18)

A

leaves the Lagrangian invariant for any ¢”. The Killing vectors satisfy com-

mutation relations

t7 ()05t 5(9) — t7 B(0)0st" a(0) = fas“t c(9) (4.2.19)

corresponding to a Lie algebra. When this symmetry is gauged, the covariant

derivative which describes the coupling of the scalars to gauge bosons is

(Do) = 0,0" + () A7, (4.2.20)

3Note that we use a convention different from the usual one in the amplitudes literature
([t*,tB] = V2fapCtc, see, e.g., ref. [195]), so our gauge-boson amplitudes carry additional
factors of v/2 in comparison.
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where t!,(¢) is a Killing vector of the scalar field-space manifold. The gauge
bosons can acquire mass through the Higgs mechanism. Some of the scalar
fields then take on a nonvanishing VEV, which spontaneously breaks the gauge
symmetry. In this case, some of the Killing vectors are nonzero at the VEV,
tl (v) # 0. The mass of a gauge boson is generally given by the square of the
Killing vectors evaluated at the VEV,

m2,(v) = t' ()t (v). (4.2.21)

a

However, if the gauge group is not broken, then the Killing vectors vanish
at the VEV, t}(v) = 0, and the gauge bosons remain massless. We will not
commit to either case, and allow for having both charged and neutral scalars

as well as massless and massive gauge bosons in our effective field theory.

For later reference, it is useful to quote the Goldstone boson equivalence the-
orem in the geometric notation:
i,
lim A, (1) = I(U)Ail.._usca,ar ), (4.2.22)

p1—00 mg

where the left-hand side is the amplitude of a longitudinal massive gauge
boson, and the right-hand side is the amplitude of the “would-be” NGB scalar

which is eaten in the Higgs mechanism.

4.3 Geometric Soft Theorem

Below, we present the geometric soft theorem for a massless scalar in a general
effective field theory with other (possibly massive) scalars, fermions, and gauge
bosons. The derivation of this result is analogous to the derivation for scalar
effective field theories [13]. We first review the case for scalars before also
including fermions and gauge bosons. The general soft theorem is the union

of these results.

4.3.1 Scalars

The geometric soft theorem for scalars was derived in ref. [13]. We reproduce
it here. It involves the covariant derivative in field space acting on either the
lower-point amplitude or the mass matrix of the external particles. The index
j on the covariant derivative corresponds to the index of the particle with

momentum ¢, whose momentum is sent to zero. In full, the geometric soft
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theorem is
ViV, 0
hm An+1 J1ing —V An i1 vin + Z pa i q) 2 <]_ -+ q#apéLt) An,ilu-ja...in,
(4.3.1)
where V;; = V,;;. The first term in the soft theorem acts on all coupling

constants and masses in the amplitude, which are viewed as functions of the
VEV. The second term is essential to be consistent with the on-shell conditions

for all particles.

This geometric soft theorem unifies the Adler zero for Nambu-Goldstone bosons
on a symmetric coset [4], soft theorems for more general Nambu-Goldstone
bosons [117], and the dilaton soft theorem [118], [196]-[198|. For illustration,
we have listed in section 4.5 examples of scattering amplitudes for four and
five scalar particles and shown how they are connected through the geometric

soft theorem.

4.3.2 Fermions

Next, we add fermions to the mix. The geometric soft theorem for a mass-
less scalar in the presence of both scalars and fermions is new. It bears stark
resemblance to the soft theorem above. The geometric soft theorem again de-
pends on the covariant derivative in field space, but this time for the combined
scalar-fermion geometry defined through the metric in eq. (4.2.6). This covari-
ant derivative V; is denoted with a bar to indicate that it is also sensitive to

fermionic flavor indices.
The full scalar-fermion soft theorem is

limAnH,il g — Vj An,h cvipy
q—0

V V ]a
+ > 0T 0 ( H) e

a€{scalar}

VM (a(p+ q)u(p)) 9]
1 F— ] A [P
+ Z Z pb+ ) _m2 ( +q ap,ltj) N1 Th " In

be{fermion} spin

VM, ( Jo(p + q)) 8
+ Z Z —m2 1+ qug_pg Apiy i

_|_
be{anti-fermion} spin pb q

(4.3.2)

where M is the fermion mass matrix. Let us unpack this soft theorem. We

take all momenta to be incoming and write the amplitude with lowered flavor
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indices. Note that the tetrads are implicitly included for both scalars and
fermions, although we use the same index for the fermion flavors in the am-
plitude as in the Lagrangian. The tetrads canonically normalize and rotate
the states to the mass-eigenstate basis, where the mass matrix is diagonal.
Another thing we have kept implicit is the label for the spin component of
the fermion wave functions. The spin is summed over for the external fermion

wavefunction in the n-point amplitude and the shifted spinor in the prefactors.

The first line in eq. (4.3.2) is similar to the scalar soft theorem in eq. (4.3.1),
with the replacement V; — V;, while the second and third lines are the
covariant derivative acting on the external fermion propagators. The last
three terms can be unified to the covariant derivative of a single mass matrix,
where the indices run over both scalar and fermion flavors, but we choose to

write out all the terms explicitly for clarity.

The geometric soft theorem in eq. (4.3.2) holds at tree level. However, in
the case where the potential and fermion mass matrix vanish, V(¢)=0 and
M(¢) = 0, we believe the soft theorem holds at all loop orders, for the same

reasons as in the soft scalar theorem [13].

For this soft theorem to have a sensible on-shell interpretation, it must com-
mute with the on-shell conditions. Consider the action of the soft theorem on

the on-shell condition for an incoming fermion,
(psérs — M u(ps) =0. (4.3.3)
The covariant derivative shifts the mass matrix,
Vi(p, o'y — M Julps) = = (VM u(ps), (4.3.4)

and the third term in eq. (4.3.2) acts on the spinor,

vats u(ps u(ps 0 r T
Z (w(ps + q@)u(ps)) (1+qﬂa_pf§> (po", — M" u(ps)

(ps + q)2 - m72"

=50 DAL LM (4 4 gy, — Ml +0) = (T, )

where we have used that the sum over spins is

> ulp)ulp) = (p+m). (4.3.6)

spin
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Clearly, egs. (4.3.4) and (4.3.5) cancel, which means that the soft theorem

does not spoil the on-shell conditions for incoming fermions and can therefore

be applied unambiguously to scattering amplitudes.

The soft theorem also commutes with the on-shell condition for incoming anti-
fermions. In this case, the cancellation happens between the covariant deriva-
tive and the fourth term in eq. (4.3.2), where we now have to use that the sum
over spins is

> u(p)o(p) = (p—m). (4.3.7)

spin
Perhaps the most well-known case of low-energy dynamics for relativistic
scalars is the theory of pions. The soft limit of pion—pion scattering vanishes,
known as the Adler zero [4]. In contrast, the soft limit of a pion scattering off
nucleons does not vanish. However, this limit is universal and can be derived
using current algebra methods. The nonzero soft limit of pion-nucleon scatter-
ing is related to the coupling in the so-called gradient-coupling theory [199].
This is nothing but the couplings w®, which enter the geometric soft theorem
through the covariant derivative V. Thus, the pion-nucleon soft theorem is a
special case of the geometric soft theorem [199]-[202]. Another special case of
the geometric soft theorem is the low-energy limit of the 7’ particle in large- /N
QCD described long ago by Witten [203|. This is a pseudoscalar NGB for the
axial U(1) symmetry of QCD which remains unbroken in the planar limit. Its
soft limit computes derivatives of scattering amplitudes with respect to the
QCD 6 angle, or equivalently the 7’ VEV. More generally, the leading term in
the soft limit goes as 1/(p - ¢) and comes from the covariant derivative acting
on the scalar potential V' (¢) or the fermion mass matrix M (¢). This universal
soft behavior of scalars is analogous to the leading soft limit of photons and

gravitons, and it follows from similar polology considerations [204], [205].

The derivation of the geometric soft theorem in eq. (4.3.2) is analogous to the
derivation for a scalar effective field theory in ref. [13]. We will here highlight
the main novelties compared to the scalar case. The derivation begins by using

the Euler-Lagrange equations,
0,J}" = 0L, (4.3.8)

where
0L oL
v T = —
\7[ p— 5(au¢[) and (91L 5¢I (439)
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Figure 4.1: Diagrams computing (O).;, which sums over the insertion of an
operator O on each external leg a of the n-particle amplitude. This figure is
directly reproduced from ref. [13].

Since the scalar field ¢! is expanded around the VEV v!, their appearance in
the Lagrangian is identical, and we can equivalently calculate the variation of
the Lagrangian with respect to the VEV to obtain 0;L.

The only terms that will affect the soft theorem are operators that are at most
cubic in the field. We split the contributions coming from scalar and fermion
operators. We find that

‘71 = <‘7[u)scalar + iwﬁrl(’l})(&ﬁﬁyﬂwT) + ... ) (4310)
1L = (D1 L) + 3y s (D)D) ~ Moy 0)@P0) + ... (43.11)

We now collect the contributions from the fermion operators, and insert them

on external fermion lines,

<a[L - aujju>ext. fermion — — <(&w7>t1(i5tra o MtT)wr>eXt

P8+ M) ()i
- <61Mﬁrﬁﬁwr>ext s (4312)

where the notation is defined in fig. 4.1. By evaluating these operator in-
sertions, we find that the first line in eq. (4.3.12) either vanishes due to the
on-shell condition, or it cancels a propagator and becomes a local term mul-
tiplying the amplitude. These local terms are —I' or —f";f, depending on
whether the operator is inserted on an incoming fermion or anti-fermion line.
This is precisely the fermion connections in eqs. (4.2.8) and (4.2.9), and when
combined with the scalar contributions, they complete the covariant deriva-
tive V; in the soft theorem in eq. (4.3.2). What is left is the insertion of the
operator in the second line in eq. (4.3.12), which becomes the second and third

lines of the soft theorem in eq. (4.3.2).

In section 4.5 we will check some examples of the soft theorem for an effective

field theory with scalars and fermions.
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4.3.3 Gauge bosons

The last particle to make an appearance is the gauge boson. In this case,
we use the geometric construction in eq. (4.2.14). Due to the block-diagonal
structure of the metric, the fermions and gauge bosons do not couple directly

through the geometry, and we can simply ignore the fermions for the moment.

The soft theorem for a massless scalar in a theory with scalars and gauge

bosons is

lim An+1,a1~~-anj :vjAn,a1~--an
q—0

VVJ“ 0
1402 ) Ao
" Z (Pa + @)% —m3 ( T4 8195) a1 Jaran

a€{scalar}

Bbx |
S Z (2V i, B)(€ 2q) Anor o

2
a€{scalar} spin pa + q

s U D,

(p +q)>—m3 "

be{gauge}

V . JAax o
-y & impa)le ) <1 o ) Ao
be{gauge} spin Py + q —Ma p

(4.3.13)

SRS

Note that the covariant derivative V; now uses the connections derived from
the metric in eq. (4.2.14) and sees the gauge group indices of the gauge bosons.
Here, the spin is summed over for the external gauge-boson polarization vector
in the n-point amplitude and the polarization vector in the prefactors 4 (p+

q), evaluated at shifted momentum.

As a first check, we act the soft theorem on the on-shell condition for the gauge

boson,
(Prgas — mip)es’ = 0. (4.3.14)
The covariant derivative picks up the variation of the mass matrix,
vj(ngAB - miB)efb = _<vjm1243)€5b- (4.3.15)
The first term vanishes due to metric compatibility, Vg = 0.

Then we contract the on-shell condition with the last term of the soft theorem,

B Cc*)

— 1+¢"'—; "= My
s}; (7 + q)? —m? q apf (Ppgacr — AC)
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(v,mz )(GB . GCC*) ) B
== Y e (e aP gac = mo)el, = +H(T )l
spin ¢
(4.3.16)

We see that egs. (4.3.15) and (4.3.16) cancel, which means that the soft theo-

rem commutes with the on-shell conditions.

Note that there are no terms of the form Vm?2 in the soft theorem for massless

gauge bosons since
Vim2,(v) = Vi ('a(0) tp(v)) = Viet' o (v) tr(v) + o (v) Vit (v), (4.3.17)
and in the unbroken phase, one has t£(v) = 0, so
Vixma,(v) = 0. (4.3.18)

This means that the gauge boson masses vanish even in an infinitesimal neigh-
borhood of the unbroken VEV.

To fully understand the form of the soft theorem, we need to consider the inter-
play between longitudinal gauge bosons and Goldstone bosons. We will show
how different representations of the soft theorem are linked via the Goldstone
boson equivalence theorem. Consider the second and third lines in eq. (4.3.13).
In unitary gauge, the Goldstone boson decouples, and we only exchange mas-

sive gauge bosons

2V;t? ) (g" 0Pa
il QJp Za');q ) (-1 <nuu _ %) Ayt (4.3.19)

In R, gauge, we instead get

. (Wﬂfi’)( “)
pat a2 —m?
(th]é)(eb ~q) |
Ty ) — gz e
il

2Vt )(q )<_1) AW
—2pa 4 mg N1 buam

. (2V5t)(d") (1) (Pare) 4
(pa +Q)2 _fmg mg n,aq-brea

NEAZ G D
(pb‘|’Q)2 _ gmczl Q1 Ja " Qn

v PaPa
(—1) (77” —(1- f)pg_—gmg) Anaybvan

(4.3.20)
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If we identify the longitudinal polarization with the momentum €7 — p#/m,
then the last two terms in eq. (4.3.20) cancel, and we end up with the same re-
sult as in eq. (4.3.19). This is due to the Goldstone boson equivalence theorem
in eq. (4.2.22). Here, instead of taking the high-energy limit for the longitu-
dinal gauge boson, we take the soft limit for a scalar. These limits yield the
same result because the longitudinal gauge boson has a large energy relative

to the soft scalar.

Incidentally, if we instead used the geometry-kinematics map, the soft theorem
would take the form

WM A1 ayean) =V Anay e, (4.3.21)

q—0 J

This coincides with the first term in eq. (4.3.13), but the greater freedom
in the mapping also puts the nonlocal terms into the covariant derivative as
extensions of the connection. Ref. [47] showed that this soft theorem also

captures the leading and subleading soft photon theorem.

The proof of the geometric soft theorem with gauge bosons is completely anal-
ogous to that for scalars and vectors, so we will not describe it here. Instead,

we will directly check the soft theorem in various examples in section 4.5.

4.4 Double Soft Theorems

Another way to study scattering amplitudes is to send the momenta of multiple
particles to zero. If we do so in a consecutive order, we simply need to apply
the geometric soft theorem multiple times. However, if the momenta are sent
to zero simultaneously, we will discover a genuinely new geometric structure in
the scattering amplitudes: the curvature. This demonstrates the non-abelian

nature of pion scattering [7].

To ease the presentation, we turn off all couplings which appear in the nonlocal
terms in the geometric soft theorem, i.e., the scalar potential V' (¢), the fermion
mass matrix M (¢), and we make the particles neutral, i.e., t = 0 and Vt = 0.

This avoids multiple soft poles in the expressions.

First, we consider the double soft limit where the momenta of two scalars are
taken to zero at the same rate. This will be an extension of the double soft
theorem in a scalar effective field theory [13]. Then, we change the protagonists
and consider the double soft limit where the momenta of two fermions of

opposite helicity are sent to zero at the same rate. This new double soft
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fermion theorem has striking similarities to the double soft scalar theorem.

Here, all momenta are outgoing.

4.4.1 Scalars

The double scalar soft theorem is identical to the form derived in ref. [13],
when using the appropriate geometric extensions when fermions and gauge
bosons are present. Here, the potential and other terms singular in the soft

limit are neglected. The simultaneous double soft theorem is

lim Ay 120 anjig =V vjz)An,ar--an
q1,q2—0

LIS @ —a)y g

. Aoy (4.4.1)
. 91J Qq, n,a1-+Baran
2 a=1 Pa (QI + Q2) e

The particles with flavor labels {aq, -+ , @, } can be any combination of mass-
less scalars, fermions, or gauge bosons. Remarkably, the same double soft
theorem holds regardless of whether the scalars couple to fermions, gauge
bosons, or other scalars; the various interactions are captured by the combined
curvature R; j,a.5,- We present several examples of soft limits of scattering

amplitudes in section 4.5, where the double scalar soft theorem can be checked.

4.4.2 Fermions
We can also consider the soft limit of two fermions with opposite helicities. For

convenience, let us use the spinor-helicity formalism (following the conventions
in ref. [195]). The result is

lm Apioayanmr == { lim, lim } Ant2.01anfirs

q1,92—0 2 q1—0 g2—0
I~ [alpde) 5 s
+ = E —Rﬁrf aw AnarBoan-  (4.4.2)

2= pa- (0 + ¢)

The double fermion soft theorem is equal to the double scalar soft theorem
under the replacement p, - (1 — q2) — [q1]palq2), as first noted in ref. [206]
for supersymmetric theories. The proof is diagrammatic and the same as for
two soft scalars (see ref. [13, sec. 6.2]). The first term in eq. (4.4.2) is written
in terms of the anticommutator of two consecutive soft limits, rather than as
covariant derivatives acting on the lower-point amplitude. This is because we
do not have a geometric way of writing the soft limit of a single fermion in terms

of lower-point amplitudes. However, the single soft fermion limit vanishes in
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many instances, and then we end up with the simpler form of eq. (4.4.2),

q]-|29a‘q2 D Ba
ngILOAn-FQ ap-anTire = Z q1+q2 R’Fﬂ“z Qq An,al-'ﬂaman- (443)

The curvature that enters the double soft theorem depends on the other par-
ticles in the theory. In the presence of scalar particles, the mixed scalar-
fermion curvature Rﬁmj controls the nonlocal term, whose expression is given
in eq. (4.2.10). For fermion-fermion interactions, the four-fermion curvature
Ry rorar, 0 eq. (4.2.11) enters the double soft theorem. Even though the kine-
matic expressions that come with these different curvature components in scat-
tering amplitudes are very different, they reduce to the exact same term in the
double soft limit.

4.4.3 Other simultaneous soft limits

Now, the door is open to consider even more exotic simultaneous soft limits.
Take, as an example, the simultaneous soft limit of one scalar and one fermion.
Concretely, we take a positive-helicity fermion with a holomorphic soft scaling,
in spinor-helicity variables (\, 5\) — (2, 5\), with z small. Rather than deriving
the double soft theorem as we did above, let us try to guess the answer from
the intuition we have accrued. A natural guess for the double soft limit is

lim An+2 apanfijs — = lim ijAn—i-l a1-anfi
q1,92—0 q1—0

1 Z" [@]azlpa)
+ = —R— Ja. Ana g
2 Da - (Q1 + q2) T1Ta J2 &1 Ja n

a€{fermion}

1 1l@2lpa) = 5
—'I_ - —R’F SE,L' - An a "'ga"'an .
2 Z Po-(n +q) " 2T

a€{scalar}

(4.4.4)

This mixed double soft theorem can be derived via a diagrammatic approach
analogous to the double scalar and fermion soft theorems. We have verified in
the examples in section 4.5 that this mixed double soft theorem indeed holds.
Again, the soft theorem is identical in form to the double scalar and double
fermion soft theorem, up to a simple replacement of a kinematic factor. The
first term in eq. (4.4.4) is written in terms of the single soft limit of a lower-
point amplitude rather than as v(Flvig)An,ay"an- The single soft limit of

a fermion is hard to interpret in terms of scattering amplitudes because it
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would involve the derivative of a would-be amplitude with an odd number of

fermions?.

Based on this, we expect that any double soft limit will be universal. It will
involve the curvature in field space, accompanied by an appropriate kinematic
factor to account for the helicity weight of the soft particles. Indeed, we know
that this is true for double soft limits involving gauge bosons, through the
geometry-kinematics map. In this case, the double soft limit will be identical
to eq. (4.4.1), with replacements V — V' and R — R’. The kinematic factors
that carry the helicity weights are folded into the geometry, which now also

depends on the kinematics.

One can also consider more soft particles. The case with three soft scalars
was analyzed in ref. [13]. As one might have guessed, the triple soft theorem
involves various terms with V3, RV, and VR acting on the lower-point ampli-
tude. We expect that the generalization of multiple soft limits with a mixture
of particles will be the natural generalizations of the scalar case, but where
the kinematic factors are replaced and the geometry is extended. We will not

explore this direction further here.

4.5 Examples

We now present tree-level scattering amplitudes for scalars, fermions, and
gauge bosons. With these amplitudes, we can check the single and double soft
theorems. All momenta are outgoing, and we use the spinor-helicity conven-

tions for massless and massive particles in refs. [195], [209], [210].

4.5.1 Scalars
We start by listing some scattering amplitudes for scalars with two-derivative

interactions. The corresponding Lagrangian is

1

£ = Shiy(@)(,0) (06)'. (4.5.1)

The scattering amplitudes for four and five particles are

Ay ivigigis =RiviginiaS34 + RijigigiaS24, (4.5.2)
AS,i1i2i3i4i5 :VigRi1i4i2i5345 + vi4Ri1i3i2i5335 + V’L4Ri1i2i3’i5 525
+ Vis RitiginiaS34 + Vig Riligigia (S24 + Sa5), (4.5.3)

4The exception is for supersymmetric theories, where the soft fermion theorem is related
to a soft boson theorem (e.g., for Goldstinos [207] or photinos [208]).
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where s;; = (p; +p;)?. We will use these amplitudes to illustrate the geometric
soft theorem for scalar effective field theories in eq. (4.3.1). For more examples

and the original derivation, see ref. [13].

Take the limit py — 0 of eq. (4.5.2),

lim A4,i1i2i3i4 = 0. (454)

pa—0

This adheres to the geometric soft theorem, because the scalar three-particle

amplitude is zero when the potential is absent.

Next, look at the limit p5s — 0 of eq. (4.5.3):

lim A5,i1i2i3i4i5 = vi5Ri1i3i2i4334 + visRi1i2i3i4524 = vi5A4,i1i2i3i4- (4-5-5)

p5—0

This is precisely the statement of the geometric soft theorem with no potential:
the soft limit of the amplitude is equal to the covariant derivative acting on the
lower-point amplitude. This is the cleanest illustration of the geometric soft
theorem. However, the soft theorem is valid for general scalar effective field
theories, including potential and higher-derivative interactions. Additional

examples can be found in Ref. [13].

4.5.2 Fermions

Next, we look at scattering amplitudes with fermions and scalars, coming from
the one-derivative fermion bilinear operators and scalar operators with two
derivatives as well as from the four-fermion operators. These are the operators

which appear in the scalar-fermion metric in eq. (4.2.6). The Lagrangian is

£ =5his(0) 06 )(00") + ihyn () (FP U)o (6)(FP307) (0#6')

2
(4.5.6)
+ Cprst(0) (PP 07) (V5AH1).

The scattering amplitude with two fermions and one scalar vanishes. The

scattering amplitudes with two, three, or four scalars are
A4f17’2i32‘4 = [1|p4|2>RF17‘2i3i47 (457)
A5ﬂ*17”2i3i4i5 = [1|p4|2>?i5Rf1r2i3i4 - [1|p5|2>?i4Rﬁr2i3i57 (45.8)

1 - = 1_ _
A6f17"2i3i4i5i6 - {_[1’p4|2> (ZvisviﬁRhTzisu + aRﬁrzig ]Riu'siﬁj
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B, s
- Rfl S35 R

— (B 4)+(5b+06)

r2i416

| =

(304,50 6)) + Cycl(456)}

1 — ) P — 2y _ _
+ [ ’(PE) P6) 234(]93 p4)] >Rf15i5i5Rs
168234

791304

+ perm(3456)}

+ { [1|p6|52> R i’ [534(Riiing — 2Rigisiaj)
+ 535(Rigiginj — 2Rizisisg)
+545(Ri3i4i5j + Ri3i5i4j)] + cycl(3456) }
(4.5.9)

Here, s;x = (pi +p; + pi)? and Pj;k =pi' + p;‘ + pl, and we sum over all or

cyclic permutations denoted by perm() or cycl().

The scattering amplitudes with four or six fermions but no scalars are

A4f17“21731”4 :[13] <42>Rf1r2F3r4> (4510)
[5](p1 + ps)|2)[13](64) 5 ;7
AG,?1T2F37’4F5T5 = (_ 5193 Rf‘lT‘gfg R,§T'4F5T6 + CYC1(135>
+ cycl(246). (4.5.11)

Let us now check the new geometric soft theorem in the presence of fermions.
First, the limit p, — 0 for the two scalar, two fermion amplitude is

lim A4,F1r2i3i4 = 0, (4512)

pa—0
which is consistent with the soft theorem in eq. (4.3.2).
A more nontrivial example is the ps — 0 soft limit of the five-particle ampli-
tude,

lim A5,F1T2i3i4i5 = _[1|p4|2>?i5Rf17"2i3i4 = v1'5*’44,1:11”21'31'4' (4'5'13)

p5—0

This is the scalar-fermion soft theorem in eq. (4.3.2) with the potential and
fermion mass matrix turned off. Structurally, it is identical to the geometric
soft theorem for scalars, but with the crucial difference that V; — V,. The
geometric soft theorem depends on the combined scalar-fermion geometry dic-
tated by the metric in eq. (4.2.6).



91
Next, consider the limit pg — 0 of the six-particle amplitude in eq. (4.5.9),

hmo A6 JF1roiziqisic _[1|p4|2>v16?iséfﬂ2i3i4 - [1|p5|2>viﬁvi4RﬁT2isi5
= v2'6A’45,f17‘2i3i4i5 . (4514)

This example showcases an intricate cancellation between local R? terms and

R? terms with factorization channels which become localized in the soft limit.

We can also study these amplitudes in the double soft limit. Take the simul-
taneous soft limit ps, ps — 0 of the six-particle amplitude in eq. (4.5.9),
pjll)?io Ag 7y roigisisic = — [1‘p4|2>v(i5vi6)RF1r2i3i4
(315 = 516) Rigir, ®
2(s15 + S16)
(s25 — 526)}?15167«2
2(s95 + S26)
_ (s35 — 836)Ri5i6i3
2(s35 + S36)
($45 — 546)Ri5i6i4 !

- -1 2RFT@"
2(545+346) ( [ |p4| > 1 23])

- ¢ Pa -
- V(Z5 Viﬁ)A4,f1’r‘2i3l4 Z

(_ [1 |p4 | 2>RST2i3i4)

s

(_ [1 |p4 | 2>Rf1si3i4)

J

(—[11pal2) Ry, rpjis)

Ad, B -

Qg

(ps + ps)
(4.5.15)

This novel double soft theorem is again structurally similar to the correspond-
ing double soft theorem for scalar theories, but with the uplifts V;, — V, and
R— R

With these amplitudes in hand, we can ask a different question. What happens
when the momenta of two fermions are sent to zero? Take two fermions with
opposite helicity and democratically scale their spinors in the soft limit. The
double fermion soft limit of the six-particle amplitude in eq. (4.5.9) is

1 [lps2) -
i Agrimsisi, = — P62

5 A ivirisi + cycl(3456 4.5.16
p1,p2—0 2p6 . (pl +p2) 7"1r2 ig “14,131415] cyc ( ) ( )

This agrees with eq. (4.4.3), since the single soft fermion limit vanishes.

As a last example, we take the double fermion soft limit of the six-fermion
amplitude in eq. (4.5.11), which gives

s

1 A [1|p3|2>RF17‘2F3
1m 6 ,F1T2T3T4T5T6
p1,p2—0 S13 + S23

([35] <64> R§T4f57“6)
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[1|p4|2>17z7717"2'r4s D
35((64) Rr. s~ r
+ 51t _524 ([ ]( > 3575 6)
[1|p5|2>lzfl7”2fr§ >
5 35[(64) Rs.r,5r
515 + o5 ([ [(64) Rz, 6)
1ps2)R.. y 5
[ |p6‘ > 717276 ([35](64>RF37’4F5S)‘ (4517)

S16 + S26

Again, this agrees with eq. (4.4.3).

4.5.3 Gauge bosons

Third, we consider the scattering of scalars and gauge bosons. For the sake
of illustration, we take the scalars to be neutral and massless. The relevant
Lagrangian is

£ = 5h1s(0)(0,0)' (0"9)’ — J9an(O) FAF™™. (4:5.18)

The scattering amplitudes for two positive-helicity gauge bosons and one, two,

or three scalars are

1
A3,a1a2i3 :[12]2§vi3ga1a27 (4519)

1_

A4,a1a2i3i4 :[12]2§vi4vigga1a27 (4520)
1 - _

A5,a1a2i3i4i5 :[12]2§V(i4vi5vi3)ga1a2
+ { (Vi5ga1b1)gblb2(vi4gb2b3)963b4(Viggluag)
515523

1 1
X [§[1|p5p3|2]2 - ﬂ315523[12]2} + perm(345)}

[12]°V7 94,4 _ _ _ _

+ 6—12 [534(Rigininj — 2Rigisiag) + S35(Rigisiaj — 2Rigisiss)
5345
+S45<Ri3i4’i5j + Ri315i4j>] . (4521)

Note that the amplitudes do not vanish due to metric compatibility, Vg = 0,
because the connection in the covariant derivative V; is for the scalar bundle,
i.e., Vigap = gap,i- However, for the four-particle amplitude the connection for

the full scalar—gauge-boson geometry is in play:

vi4vi3gala2 = vi4visgalaz - Fb i visgbm - Fb i Vl'3galb' (4522>

a4 az14

Now we can study the single soft limit, starting with p, — 0 in the four-particle
amplitude,

. 1 _

hm A4)a1a2i37;4 :[12]2_vi4vigga1a2 - vi4A3,a1a2i3‘ <4523)

pa—0 2
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A more involved example is the soft limit p5; — 0 for the five-particle amplitude,

1- -
p151§0 A5 102131415 [12]2§Vz5 Vi4vi3ga1a2
[12] 6 (RZ‘” 513 ]ngalcm + RZ4Z5CL1 V”Lngaz + Rzusaz vz‘ggmb)
1, -
+ [ ]26 (Rz315Z4JV]ga1a2 + R1315a1 Vugbaz + R2315a2 Vi4ga1b)

1
4 (T2 )9 Tah )0 (Vi) | - 571128

+ perm(345)}

1

* { (vi4ga1b1 )gblb2 (Vi5ngb3)gb3b4 (Visgb4a2> |:§ [12]2}

+(3<—>4)}

[12]2nga a > R
+ Tw [(Rigisisj — 2Rigisias)]

1o = _
:[12]2§Vi5vi4vigga1a2 - Vi5A4,a1a2i3i4- (4524)

Here again there are intricate cancellations between local curvature terms and
curvature terms coming from factorization channels which localize in the soft
limit.

As a last example for the scalar—gauge-boson theory, let us send the momenta

of two scalars to zero. For the five-particle amplitude, where py, ps — 0, we

get
2 1= =
p4:7l;151l)0 A5 ,a1a2131415 — [12] §V i4vi5)vi3ga1a2
1, -
+ [ PE (R131425 ngmaz + Rl3l4a1 bv%gbaQ + R1314a2 v’isgalb)
1 -
1P (B IV i Garas + Rigicas "VisGbas + Riioas"VisGars)

1
+ {(visga1b1)gblb2(vi4gb2b3)gb3b4(viagbwz) |: 24[12] :|

(Vi5ga1b1 )gb1b2 (vi4gbzb3 )gb3b4 (vi3gb4a2)
515523

+

el

+ perm(345)}

i [12]2nga1a2
65345

[834(Rigisini — 2Risisiaj) + 935(Rigininj — 2Rigisisi)]
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1_ _
= [12]2§V(i4vi5)vi3ga1a2

(834 — S35) = ol
O A
(514 — S15) = b o2l
T 3(s0s F 1) s _[12] §Vz'39ba2
(524 =525) 5 b [11op2]
T R 1275 Vg
2(824 +525) 141502 _[ ] 2 3g 1b

3
= = 1 Pa-(Pa—Ds) 5 5
=V, Vi A is T 5 —— R, A

(i4 VY i5)413,a1a2i3 + 9 o Da - (p4 +p5) iais g 213, Ba

This is the double soft theorem in eq. (4.4.1) where the scalars interact with

gauge bosons.

4.5.4 Scalars, fermions, and gauge bosons
In this example, we will combine scalars, fermions, and gauge bosons in the

same scattering amplitude. The relevant Lagrangian is

£ =2 hrs(0)(0,68)!(00) + i ke (6)(FPDY") + e (0) (572,07 (076)'
—1 TP )T

where the fermions and gauge bosons couple through the dipole term dj, 4. The

1
- ZQAB(¢)F£,FBMV +

normalization for the dipole term is chosen for later convenience. The scatter-
ing amplitudes with two negative-helicity fermions, one negative-helicity gauge

boson, and zero, one, or two scalars are

A37717’2¢l3 :<13> <23>d7_'1'r2a37 (4527)
A4771’r‘2a3i4 :<13> <23>vi4d7’17‘2a37 (4528)
A57F1T2a3i4i5 :<13> <23>?(i5?i4)dﬁrza3

D1 (]94 —P5) <1|P4P5 —p5p4\3><23>> D
+ 13)(23 + Rl i f8d§r2a
(< /28] 2py - p3 4ps - p3 e ’
D2 - (P4 - P5) <2|P4P5 - p5p4|3><13>> B
+ 13)(23 + Rz isr Sdﬁsa
(< /23] 2p1 - ps 4p1 - p3 e ’
S34 — S35 — S
+ {dﬂwbgbc(v%gcd)gde(vugeag) X [<23><13> > ] 2 =
5345

+((25)(31) + (23) (51)) 2258 (3 5
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— ((24)(51) + (25)(41)) W] + (4 < 5)}

85345534
(4.5.29)

Here we see the interplay between the various sectors in the full field-space
geometry. Consider the four-particle amplitude. It depends on the covariant

derivative of the dipole coupling, which is
Vidpra = 0idra — Diydsra — Diydpsa — Thydpr,. (4.5.30)

Recall from eqgs. (4.2.8), (4.2.9) and (4.2.15) that

" = kPu?,, (4.5.31)
M = —w k7, (4.5.32)
- 1

I = igac(vigcb) : (4.5.33)

Now we can investigate the soft limits of these amplitudes. Taking the soft
limit py — 0 in the four-particle amplitude in eq. (4.5.28), we immediately

land on the covariant derivative of the three-particle amplitude in eq. (4.5.27).

The soft limit p; — 0 of the five-particle amplitude is a bit more involved. By
collecting all the terms, we find that

hm A5 ,F1T2a31415 _<13> <23> (v(%vu)dmzas)

p5—
1 D b
+ <13> <23>§ (Rz415r1 d57”2a3 + R2415r2 dT15a3 - Ri4i5a3 dFITQb)
:<13> <23>vi5vi4d51r2a3 = v’i5144,1711ﬂ2a«3,i4 . (4534)

This is the geometric soft theorem.

Finally, we look at the double soft limit of the five-particle amplitude. The

scalar double soft limit is

lim A5T1T2asz415 =(13 > Vi) dyraas

p4,p5—0

P5) 5
+ 147 ‘SdET’ a
2]91 (P4 +p5)> tater RS

)(2
( — ps)
E (P p5))R,m dryoas

_|_
(pa + s

p4 - p5) = b
R d? r
2]03 (P4 +p5)> iaisa T1rab
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3
o < I Pa (Pa—p5) 5 5
Vi Agaagis + LS P P

(ia VY i5)413,a1a2i3 2a:1pa,(p4_|_p5) 4is g 138

This agrees with eq. (4.4.1).

4.5.5 Massive gauge bosons
Lastly, we will consider an example with massive gauge bosons. To keep the
expressions manageable, we restrict to a flat field-space geometry for the gauge
fields with the Lagrangian
1 1 5

L :§h1J(¢)(DM¢)[(D“¢)J —V(¢) — Z(sABF,j},FBM : (4.5.36)
Furthermore, we assume the following spectrum: scalars with arbitrary masses
m; (could be either massive or massless) and massive gauge bosons with mass
m. The three- and four-point amplitudes for massive gauge bosons and mass-

less scalars are

Vi3m2

Aoy = — 57 (12)[21], (4.5.37)
1|ps|1
A37a1i2i3 = _i\/ivigtaliz%a (4538)
1 V., Vi) V;m?
Ay ayanisis = — Vi, Vigmz, . (12)[21 SR J__@192 (19)[21
4,a1a21314 m2 4 3ma1a2< >[ ]+;s34—m? m2 < >[ ]
1 1

2 b 2 1
o | 5 Vel Vismi, (12)121] + 5 (a2l [2))

2vi4ta1j 1 1
> < |€4| ]Vigta2j<2\p3\2] + (1« 2)] .

S14 — mj

j (4.5.39)

Note that in eq. (4.5.39) we allow for the exchange of scalars of arbitrary

masses my;.

We will verify the soft theorem for the four-point amplitude in eq. (4.5.39).
Sending the momentum of the massless scalar p, to zero, we obtain in the soft
limit

. 1
hm A4,a1a2i3i4 — EVMV%TTLQ <12> [21]

pa—0 ara2
Vi ‘/Z J Vmg a

1 I a2 (19)[21]

2ps - pa m?
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1
m2 2p1 D4 Vigmagbl <<12>[21] + 2_?/)12(1’]74’1](2‘1)3‘2])

2 b
1 [Vu’l’)’bal 9

2(Viytayr)e"? (1pa|1]
+
2p1 - pa

Vistasi(2|ps|2] + (1 < 2)] :
(4.5.40)

On the other hand, the soft limit is given by the soft operator in eq. (4.3.13)
acting on the lower-point amplitude. Note that this requires a choice for
the off-shell continuation of Ag g, a,i,- As discussed in section 4.3.3, the soft

theorem is independent of that particular choice, as we will see later on.

In our example, it is convenient to write the normalization of polarization
vectors in terms of momenta |p;| = /p? in eq. (4.5.37). Evaluating the soft

theorem for this case, we find that

lim A4,a1a27j3i4 = (4541)
p4~>0
V,;.m?2
V,, [ 219212 21)
( pullpe] 22
R VA V. m?2
AL (1 4t 5’“)( 9m“l“?<12>[21])
2p3 - pa opl [p1|[p2]
(Viumi 4) (1]er4o1) ) (2] |2]
- : (14720 (V212
Sp; 2p1 - pa m Py Pl |

2i(Vi,ta,1)€" (1]pa|1] ( . <2|p3|2])
+ —Z\/§Vi3ta2 ——— ) + (1 <+ 2)]|.
2p1 - pa \/ﬁm ! |P2| ( )

(4.5.42)

Comparing the two expressions, we see that first, second and fourth lines in
eq. (4.5.40) match with eq. (4.5.41). Next, we need to implement the soft-
momentum-shift operator acting on the lower-point amplitude in terms of the
spinors (see ref. [211]). One such option of a shift by soft momentum ¢ is given
by

(p|pq
%
{p[ = {pl+ 5 5
qp|p]
N . 4.5.43
Ip] = [p] + o2 ( )
Applying the above shift with soft py to hard momentum p;, we obtain
0 \(21)[12]  (21)[12]  (1[p4|1] (2|p:|2] 2
1+ pff ) — - +O(p
( Lop ) Ipillpal T [pallpe 27 |pillpal T OV
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m2 2m?2 m2

where we used that in the soft limit, (2|p3|2] = —(2|p1|2] + O(ps). This
matches with the third line in eq. (4.5.40). Hence, we have verified that the
soft limit of Ay 4,495, 1S given by the soft theorem in the presence of massive

gauge bosons.

Let us briefly comment on a different choice of an off-shell continuation of the
lower-point amplitude. Suppose we chose to evaluate the soft limit by directly
applying the soft operator to eq. (4.5.37), instead of using eq. (4.5.41). We see
that the covariant derivative VAs will now pick up additional terms. At the
same time, the soft shift eq. (4.5.43) acting on Az will also have extra terms.
Those two contributions precisely cancel, as required, and the soft theorem

again agrees with eq. (4.5.40).

All these examples demonstrate that the universal behavior of the soft limits

for massless scalars is captured by the geometric soft theorem.

4.6 Conclusion

Scattering amplitudes in any effective field theory have a universal feature;
they are invariant under changes of field basis. This invariance is manifest
when we express all couplings in the theory as geometric structures, such as
the Riemann curvature in field space. This was initially appreciated for scalars,

and now this geometric picture has been extended to both fermions and gauge
fields.

The geometry also exposes new relations between scattering amplitudes. The
geometric soft theorem for scalar effective field theories [13] relates scattering
amplitudes with different number of particles via the covariant derivative. In
this paper, we complete this story by extending the geometric soft theorem to
generic effective field theories with scalars, fermions, and gauge bosons. The
more general soft theorem is still linked to the covariant derivative but now
for the full field space.

Soft theorems in effective field theories can be leveraged to recursively calcu-
late higher-point scattering amplitudes from lower-point amplitudes. The bad
high-energy behavior of effective-field-theory amplitudes can be ameliorated
via an appropriate subtraction which uses the knowledge of the soft behavior
[9], [10], [30], [31], [92]-]95], [101], [104], [105]. This also applies to general
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massless scalars using the geometric soft theorem in ref. [13]. Of course, in the
latter case there is no free lunch. Information about higher-point contact terms
is encoded in the Riemann curvature, which appears in the four-point ampli-
tude when viewing the curvature as a function of the VEV. Using the more
general geometric soft theorems presented here we can enroll many additional
effective field theories (e.g., eq. (4.5.6)) in the list of on-shell constructible
theories, whose amplitudes satisfy recursion relations. We look forward to

studying such recursion relations in future work.

Even though the field-space geometry has proven valuable for understanding
effective field theories, there is still a larger landscape of invariances which
is not accounted for. Namely, field redefinitions with derivatives also leave
the scattering amplitudes unchanged. A full geometric explanation of this in-
variance is a topic of current investigations [47]-[52|. However, any extension
of the geometric picture to accommodate such field redefinitions will not af-
fect the geometric soft theorem because the derivative deformations needed to

accomplish this would vanish in the soft limit.

A natural question to ask is whether there is a version of the geometric soft
theorem that holds beyond tree level. In the simpler case where singular terms
in the soft limit are absent, we believe that the soft theorem remains valid at
all loop orders, perhaps even non-perturbatively. In this case, the derivation is
nearly identical to one derivation of the Adler zero for pions, or the geometric
soft theorem for scalar effective field theories. It will be instructive to find a
rigorous proof of this, and also to investigate the fate of the geometric soft

theorem at loop-level when the singular terms are present.
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Appendixz A
NONRELATIVISTIC KINEMATICS

Our analysis will require a careful treatment of on-shell kinematics for scat-
tering amplitudes with nonrelativistic dynamics. For the n-point amplitude,

A, we define the four-momenta of the n hard legs to be

P = (Wa, P} (A0.1)

where the external particle index is an integer in the range 1 < a < n.

It will be crucial to define the notion of a minimal on-shell basis of kinematic
invariants. A priori, the n-point amplitude is an SO(3) invariant quantity
that is a function of the energies w, and all inner products of three-momenta,
Pa Py for 1 < a < b <n. A minimal on-shell basis defines a set of kinematic

variables for which all on-shell constraints are automatically imposed.

To achieve this, we first eliminate the energy and three-momentum of some

leg, chosen here to be leg n, so
n—1 n—1
Wp = — Z We and  p’ = — sz : (A.0.2)
a=1 a=1

The elimination of the energy w, and three-momentum p!, of leg n via the
above equations then automatically enforces total momentum conservation.
Second, we impose the on-shell conditions for the external legs, allowing us to
eliminate the kinematic invariants
w2
pz:c_; for 1<a<n-1, (A.0.3)
a
where ¢, is the speed of sound for the corresponding leg. For example, for
phonons it would be the longitudinal or transverse speeds of sound, ¢y, or cp.
The above condition allows us to eliminate pi for 1 <a <n-—1. However
since we have already eliminated p’ by momentum conservation, for the case

of a = n the on-shell condition imposes a more elaborate constraint,

n—1 2 n—1 2
1
pi = <§ pa) = 0_2 <§ wa) s (A04)
a=1 n \a=1
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which should can be used to eliminate one more kinematic invariant, which
we can choose to be p,_o - p,_1 without loss of generality. In summary, the

minimal kinematic basis is comprised of the variables

Wy for 1<a<n-1,
Da - Db for 1<a<b<n-—2 and 1<a<n-3, b=n-1,
(A.0.5)

with all other kinematic variables fixed by on-shell conditions.

With the inclusion of external polarization vectors, e, for 1 < a < n, similar
logic applies. Without assuming any special properties of the external polar-
izations, for example whether they are longitudinal or transverse, we simply
eliminate all invariants involving pi. Hence, we obtain

€q * €p for 1<a<b<n,

(A.0.6)
Da " €p for 1<a<<n—-1, 1<b<n,

for the elements of the minimal kinematic basis involving polarizations.

Let us also write down the explicit minimal kinematic basis for three-point

scattering,

basis for As : wi, Way,

P1-€1, P1-€2, P1-€3, P2-€1, P2-€2, P2 €3, (A-0-7)

€1-€2, €1-€3, €2-€3.

The utility of these variables is that we can freely change them while remaining
on the kinematic surface that defines on-shell configurations. From here on,

we will write all on-shell quantities in terms of these minimal bases.

Finally, to evaluate the amplitude for a specific configuration of external
modes, we plug in explicit longitudinal or transverse polarizations. The trans-

verse conditions put additional constraints on the minimal basis

Pa-€q =0 for 1<a<n,

n—2 (A.0.8)
Pn—-1-€n = _Zpa'en-
a=1

For our analysis, we will be interested in how the soft limit of the (n+ 1)-point
amplitude, A, 1, can be expressed in terms of the n-point amplitude, A,,. For

this reason, we define legs 1,--- ,n to be hard, since they are present in both
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A1 and A,. On the other hand, leg n + 1, with external polarization e, will

be taken soft, so we parameterize it with a special four-momentum

" = (w,q"). (A.0.9)
To be very explicit, A, is a function of py,--- , p,,q while A, is a function
of ,--- . p,. Both should be evaluated in a minimal kinematic basis in which

the energy w,, the three-momentum p, and the invariant p, 5 - p,_; have
been eliminated. Consequently, for any values of the soft momentum ¢, the
amplitudes remain on-shell. This ensures that the soft limit is taken while
maintaining all on-shell conditions. The minimal basis for four-point scattering

is then

basis for A, : W, Wi, W2, ¢-P1, q-P2, q-€, q-€1, q-€2, q-e3,

bi-€ pP1-€1, P1-€2, P1°€3, P2°€ P2-€1, P2-€2, P2-E€3,
€-€1, €-€3, €-€3, €163, €1"€3, €3"€3.
(A.0.10)
By construction, the minimal basis for A4 in eq. (A.0.10) reduces to the min-

imal basis for Az in eq. (A.0.7) in the soft limit, ¢ — 0.

While the above approach is somewhat convoluted, we emphasize that any
definition of the soft limit of an on-shell amplitude requires something anal-
ogous. In general, simply changing the momentum ¢ of a leg to be soft will
not maintain on-shell conditions. For the case of on-shell soft recursion [30],
[93], [212], [213], the soft limit of a given leg must always be compensated by
a slight shift of one of the hard legs. The minimal basis construction we have

described above achieves this automatically.
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Appendix B
SELECT FORM FACTOR SOFT LIMITS

In this appendix we provide the technical details for the derivation of the soft
behavior of the correlators (a|V¢(q)) and (a|Tw},(q1)T, 12 (g2)) which appeared
in eq. (3.2.27) of the main text.

B.1 Soft vector current

Consider the behavior of the following matrix element where an off-shell vector

current is inserted into a scattering amplitude of on-shell NGB,

(m(p1) ... 7 (i) - 7 () V() (B.1.1)

In |94] the leading order soft behavior of eq. (B.1.1) was proven. Here we
will extend that proof to the sub-leading order in the soft momentum ¢. This
extension will closely follow the development appearing in [127], wherein sub-

leading soft theorems are proven for photons, gluons and gravitons.

In the soft limit, the singular behavior of eq. (B.1.1) will derive from processes
in which a propagating single particle state is created. Such a pole structure
will be generated for each of the outgoing NGB states (7% (p;)|. We insert a
complete set of states 1 = ¥  |X)(X| between the soft current operator V,¢'(q)

and the rest of the process,

—

XS GV @OACX + 7 ()7 () A0 (B2

=D (T )V (@)[7(pi + @) A (pi + @) (7 (1) - 7 (ps + q) ... 7 (pa)[0)
i=1

with 7% denoting the omission of the corresponding particle. Where | X) is a

multi-particle state, the kinematics in the soft limit will not produce singular

behavior. The singular behavior will receive contributions from only those

| X') which are single-particle NGB states, where A%(p; + q) is the associated

propagator.

To obtain the sub-leading contribution we begin from the decomposition,

Lim (7 (p1) ... 7 (p;) ... 7 (pn) |V (0))

q—0
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-3 e e ) ) )

+ R (g5 1y - Do) (B.1.3)

Here the first term is the result from [94] without having expanded the prop-
agator pole, and the second, remnant term, parameterizes insertions of the
current which do not contain said pole. The entire matrix element satisfies
the Ward identity,

0= ¢ (r e on V)
Z qaid i+ q) .. T (pa)|0) + "R (g pas - D)

(B.1.4)

Expanding around ¢ = 0, we have

- aag a a a
= e (1 +61”8_pu) (™ (p1) .7 (pi) ... 7 (pa)]0)
=1 ?
+ @ R (051, pn) + O(0). (B.1.5)

This produces a set of relations for each order in ¢. At leading order we have,

0= Zf“‘“ 7 (py) . (pi) .. (pa)|0), (B.1.6)

which is a consequence of invariance under the unbroken subgroup H, and was

demonstrated in [94]. At the next order we have

Z aid 0 u T (p1) ... 7% (ps) ... 7 (pn)]0) = —q" R (05 p1sy -, D)
(B.1.7)

This relation determines the remnant R (0;py,...,p,) up to potential
terms that are separately vanishing under the Ward identity. Furthermore,
the requirement that such terms be local in ¢ implies that they must also be
at least linear in ¢q. Therefore these terms would be suppressed in the soft
expansion. We can remove the ¢ contracted with both sides of eq. (B.1.7),

leaving

Z Yl (T () . w N (pa) T (pa)]0) = =R (0 prs - ).

(B.1.8)
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Inserting this into the decomposition eq. (B.1.3) completes the sub-leading
theorem,

lim (7 -+ 7 [VI(q))

q—0

. aa;d (2pl + q)# iquL’i#V> ai...d...a
=Y pe _ Avrdean (YL O(q), (B9

where as before L;,, is the angular momentum operator defined as

0 9,
L :i( Y ) B.1.10

B.2 Soft axial-axial remnant

We will proceed with a similar analysis for the matrix element:

(T (pr) ... 7 (ps) ... T (Pu)| T (1) Tro (q2))- (B.2.1)

We will follow the same line of reasoning as for the soft vector current V(q)
in the matrix element eq. (B.2.1). The singular behavior of eq. (B.2.1) will

derive from contributions of the form,

n

> ()| Tup (1) Tl (a2) |7 (pi + @1 + g2)

i—1
X ACd(Z?i + g1+ q2) (7" (p1) - - 'Wd(pi +q1+q2) ... 7T (pa)]0),
(B.2.2)

which are generated by the propagation of single particle NGB states.

The isolated form factor (7% (pi)’jHZ(Ql)ng(QQ)’T(C(pi + ¢q1 + ¢2)) can be de-
termined to leading order. The effective theory is invariant under parity in-

versions, thus we consider a parity-even ansatz,

(7 (o) | Ty (@1) Tro(@2) |7 (pi + @1 + @2))
= Al (pza q1, qZ)B?iabcnuy + AQ (p’u q1, q2>B;iab6piuin + O(QL q2)7 (B23)

where A;(pi,q1,q2) are Lorentz-invariant structure functions and B are
arbitrary flavor-structures. The Jyj, operators appearing in this form factor
do not satisfy any Ward identities, but we can instead consider the Ward

identity,

PITE () T () T (@) |7 (0 + @1 + @) (B.2.4)
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= FU UVl pi+ a) T (@) |7 (i + @1+ g2))
+ PN T q) Vil (i + @) |7 (pi + @1 + @2)) -

Through a procedure of writing analogous ansétze for the correlators on the
RHS of the Ward identity eq. (B.2.4), imposing the subsequent Ward identi-
ties these correlators in turn satisfy, and finally matching the contained pole

structures with our initial ansatz eq. (B.2.3), we arrive at

(7 ()| Trrg (1) Trry (@2) |7 (i + @1 + g2))
= i(},ﬂaiaefebc FaZbe eac)nm/ + A2(pza q1, q2)Bazabchpw + O(QI; Q2) (B25>

The product Ay(ps, ¢, g2) By™ cannot be fixed by current algebra. This re-
flects the fact that the sub-leading double soft limit is sensitive to higher-
derivative operators in the effective field theory, which was studied in [116],

and also one loop corrections. For simplicity, we will ignore these.

At tree-level, we can conclude the soft behavior,

lim <a|jHu(Q1)ij(92)>

q192—0

_ Faale ebd Fbale ead #Aar“d“'an + 0O B.2.6
Z X )2pi‘(Q1+Q2) @), ( )

Combining the results eq. (B.2.6) and eq. (B.1.9) in eq. (3.2.27), we arrive at
the NLSM double soft theorem eq. (3.2.31) in the main text.



	Acknowledgements
	Abstract
	Published Content and Contributions
	Table of Contents
	List of Illustrations
	Introduction
	Spontaneous breaking of spacetime symmetries
	Spontaneous breaking of higher symmetries
	Soft theorems and field-space geometry

	Soft Phonon Theorems
	Introduction
	Soft Theorem
	Superfluids
	Solids
	Fluids
	Framids
	Soft Bootstrap
	Conclusions

	Soft Theorems from Higher Symmetries
	Introduction
	Review: Soft pions from ordinary symmetry
	Soft photons from higher-form symmetry
	New soft theorem from higher-group symmetry
	Conclusions

	Soft Scalars in Effective Field Theory
	Introduction
	Geometry of Field Space
	Geometric Soft Theorem
	Double Soft Theorems
	Examples
	Conclusion

	Bibliography
	Nonrelativistic kinematics
	Select form factor soft limits
	Soft vector current
	Soft axial-axial remnant


