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Soft pion scattering in infrared-conformal gauge-fermion theories
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We consider the problem of soft scattering for the analogue of pion states in gauge-fermion theories
which approach a conformal fixed point in the infrared limit. Introducing a fermion mass into such a theory
will explicitly break both scale invariance and chiral symmetry, leading to confinement and a spectrum of
bound states. We argue that in such a theory, the pion scattering length diverges in the limit of zero fermion
mass, in sharp contrast to QCD-like theories where the chiral Lagrangian predicts a vanishing scattering
length. We demonstrate this effect both with a simple dimensional argument, and in a generalized linear
sigma model which we argue can be used to describe the interactions of light scalar and pseudoscalar bound
states in the soft limit of a mass-deformed infrared-conformal theory. As a result, lattice calculations of pion
scattering lengths could be a sensitive probe for infrared scale invariance in gauge-fermion theories.
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I. INTRODUCTION

With few light fermion degrees of freedom, strongly
coupled gauge-fermion theories such as QCD exhibit a rich
set of physical phenomena including confinement and
spontaneous chiral symmetry breaking. As additional
massless fermions are added to such a theory, eventually
a transition will occur to the “conformal window,” in which
the theory has an infrared fixed point (IRFP) and confine-
ment and chiral symmetry breaking are lost. The interacting
conformal field theories which exist in the conformal
window are interesting in their own right; they also appear
as important ingredients in proposals for new physics
beyond the Standard Model, such as composite Higgs
models [1-3].

Studying the transition to the conformal window is an
active research topic in lattice field theory [4-8], but even
for SU(3) gauge theory with N Dirac fermions in the
fundamental representation, the extent of the conformal
window is not well established. Diagnosing whether a
given theory has an infrared-conformal phase is a difficult
task, often leading to ambiguous results.

For example, one common method is to use lattice
simulations to perform scaling tests [9—18]: varying a
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perturbation such as a finite box size or an explicit fermion
mass and looking for the expected power-law dependence
due to the influence of the IRFP. This is straightforward in
principle, but in practice distinguishing power-law from
linear behavior with a limited range of numerical data is
often challenging.

One aspect where we might expect to see sharp quali-
tative differences is in the behavior of the pionlike states 7,
i.e., the lightest pseudoscalar mesonic bound states. In a
QCD-like theory, the pions are pseudo-Nambu-Goldstone
bosons associated with spontaneous chiral symmetry
breaking. In the massless limit, their Goldstone nature
manifests as a shift symmetry 7 — 7 + ¢ which ensures
that only derivative interactions are allowed: schematically,

1 C
Locp-tike ~ 3 (0,7)* + A (0,7)* + ... (1)
This means that in the soft scattering limit of a massless
QCD-like theory, the interactions between pions will
vanish and the theory will become effectively free.

On the other hand, in a mass-deformed theory in the
conformal window, breaking of chiral symmetry is purely
explicit and spontaneous scale generation does not occur. In
this scenario, we will argue that instead of vanishing, the
scattering length a,, and thus the soft scattering cross
section ¢ = 4za2, diverges in the massless limit.

II. PION SCATTERING IN THE SOFT LIMIT
AND IR-CONFORMAL THEORIES

We begin with an introduction to the basic physical
scenario of introducing mass to an infrared-conformal
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theory. We then compare the expected behavior of pion
scattering properties in this scenario to their behavior in
chiral perturbation theory, finding a qualitative difference in
their dependence on the fermion mass m.

A. Mass-deformed infrared conformal theories

We are interested in studying the infrared physics of a
mass-deformed infrared-conformal gauge-fermion theory
(“mass-deformed conformal theory” or “MDCT” for short).
The basic physical picture for such a theory is as follows
[12,19-21]: if the fermions are exactly massless, then the
theory runs to an infrared fixed point with gauge coupling
g = g*, with associated mass anomalous dimension
y* =7y(g*). We may introduce an ultraviolet cutoff Ayy
such that g(Ayy) ~ ¢*; i.e., the theory below Ayy is
approximately scale invariant.

If we now introduce an explicit fermion mass at the UV
cutoff m = m(Ayy), then the mass will run to larger values
in the infrared, eventually reaching the scale A- ~ m(Ac).
The fermions decouple completely from the theory below
Ac, leaving a pure-gauge theory which rapidly confines,
so that A~ may be approximately identified as an induced
confinement scale. The relationship between m and A, is
determined by the mass anomalous dimension,

Ac ocm!/(477), (2)

Physical quantities associated with confining physics, e.g.,
hadron masses, are then expected to be of order Ac.
Because A. is the only dimensionful infrared scale, all
dimensionful infrared quantities are necessarily propor-
tional to A, raised to the appropriate power (up to
corrections proportional to m < A, as discussed in [12]).
More complicated dynamics arises if only some of the
fermions are given a heavy mass, giving an infrared theory
with both an induced confinement scale and dynamical
fermions [22-25]; we will not explore this possibility here.

Although this basic framework is predictive and useful,
going beyond simple dimensional arguments requires the
construction of an effective description of the low-energy
degrees of freedom. In the case of QCD, the appropriate
particle degrees of freedom are readily identified as the
pions, which are much lighter than all other hadrons due to
their Nambu-Goldstone nature. However, in an MDCT
there is no obvious hierarchy to the spectrum since there are
no pseudo-Nambu-Goldstone bosons. Worse yet, the
masses of all hadronic states in the spectrum collapse
together in the chiral limit m — 0.

However, as we argue in Sec. III below, we can construct
a tree-level semiclassical model for the interactions of
pionlike states in an MDCT, governed by the same
symmetries as the MDCT itself. We find that the require-
ment of recovering conformal symmetry in the m — 0 limit
gives powerful constraints on the allowed interactions,
leading to a predictive model under certain assumptions.

B. Pion scattering

We now turn to the main problem of interest, soft elastic
scattering of the z fields. We focus only on S-wave
scattering, since scattering into partial waves with angular
momentum will be suppressed at low momentum. We
further specialize to the case of “maximal isospin” scatter-
ing, #tx" — xt 7", where z1 is an analogue of the QCD
charged pion within an SU(2) subgroup of the full SU(N)
vector symmetry. (In QCD, this is the “I = 2” scattering
channel.) This is the simplest z — z scattering process to
study with lattice methods due to the lack of fermion-line
disconnected diagrams. The combination of maximal-
isospin scattering and the soft limit also yields the most
robust results for the model presented in Sec. III C below.

Two-to-two particle scattering at low momenta is often
described in terms of the scattering phase shifts , and the
initial three-momentum in the center of mass frame k.
Specifically, at small k the S-wave (£ = 0) # — 7 scattering
process can be captured by the standard effective range
expansion,

1 1
kC0t50 = —a—+§ﬂ'ﬂn_k2 + O(k4), (3)

where a,, and r,, are known as the scattering length and
effective range, respectively. This expansion is valid so long
as the scattering amplitude is a smooth function at small k.

In chiral perturbation theory, the formulas for these
quantities at leading order in the chiral expansion are [26]

M,
Brr P = T6aF2 (4)
487 F?
Vir  PT = YR (5)

In the soft-scattering limit k> — 0, the scattering cross
section is ¢ = 4za2,. Taking the chiral limit m — 0, in
which M, — 0 but F remains finite, we see that a,, — 0
and the scattering cross section vanishes as the theory
becomes noninteracting. As described in the Introduction,
this reflects the fact that as m — 0, only interactions
involving the derivative d,x are allowed, which will vanish
at zero momentum.

The physical picture is very different in the mass-
deformed conformal theory. Up to multiplicative constants,
we can simply use dimensional analysis: both of the
distance scales associated with 7 — 7z scattering must be
determined by the hadronic scale A.. In other words, we
must have

@z MDCT ~ Vanmper ~ Ag! ~ m™ /0477, (6)
This is sharply different from the chiral perturbation theory
behavior. In particular, we see that in the m — 0 limit, the
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scattering length a_, — oo, diverging rather than going
to zero.

This divergence occurs because there is only one scale in
the theory, the fermion mass m, which breaks both chiral
and scale symmetry. Shift symmetry cannot arise when
chiral symmetry is explicitly broken so, when m > 0,
nonderivative interactions lead to a nonzero soft-scattering
cross section ¢ ~ Ck® + O(k?*) with C # 0. The coefficient
C is dimensionful, and in an MDCT its dimensions must be
given in terms of the only existing infrared scale, Ac. We
must therefore have C o« Ag? ~ m=?/(1+7") which diverges
as m — 0.

To be more concrete, we can explicitly compare the
scaling with the fermion mass m in the yPT and MDCT
scenarios. In chiral perturbation theory we have M, ~ m'/?
and F ~m", yielding

1/2
Qrr T ~ M / s

UrzyPT ~ m_3/21 (7)
showing explicitly the form under which a,, - 0 as
m — 0. One may also compare the ratio r,,/a,,, which
diverges as m~? in the yPT case but is constant at leading
order in the MDCT case.

In yPT at somewhat heavier values of the fermion mass,
particularly if N is large [27,28], F can become dominated
by its next-to-leading order correction linear in m while M,
continues to follow its leading-order scaling to good
approximation. In such a mass regime, the apparent mass
dependence will be M, ~m!'/?, F~m!, yielding the
scaling a,, ~m=/2, r,, ~m'/%. Thus at heavy mass, the
scattering length can also appear to diverge as m — 0 in
the yPT scenario, although the specific mass dependence is
different from both the light-mass yPT and MDCT scaling
behaviors.! In particular, we can take the dimensionless
combination,

m!'  (lightyPT),
M,a,, ~ < m~' (heavyyPT), (8)
m®  (MDCT).

We emphasize that the scaling relations above assume that
corrections due to finite lattice spacing and finite volume
are negligible, or at least small enough not to significantly
distort the pion mass or scattering properties.

Quantities like M ,a,, can show qualitative differences in
behavior as a function of m in different physical scenarios,
providing a powerful discriminator. However, we caution
that misleading behavior can arise in lattice studies of any
quantity in an MDCT directly as a function of a

'Of course, if the mass m is scaled properly towards the limit
m — 0, this scaling must give way to the expected light-mass
scaling predicted by yPT. The meaning of “taking m — 0 here is
extrapolation from data exclusively obtained in the heavy-mass
regime.
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FIG. 1. Lattice data for the / =2 pion scattering length in
SU(3) gauge theory with N, = 8 fermions in the fundamental
representation, from [29]. We have replotted results for the
combination M a,, against the fermion mass in lattice units
am, where a is the lattice spacing. The relatively mild depend-
ence on am is most consistent with the low-energy description
being a mass-deformed conformal or near-conformal system, as
discussed in the text.

dimensionless ratio like M,/F, instead of as a function
of the fermion mass m. In an MDCT, the same dimensional
reasoning indicates that M, /F is constant in m at leading
order; any variation seen is due to subleading scaling, finite
volume effects, and lattice artifacts. Generally, any func-
tional relations between infrared quantities may be difficult
to interpret when leading scaling dominates and all massive
quantities vary with m together in fixed ratios.

As an example, we consider the recent lattice results
from [29] for I =2 x — & scattering in a near-conformal
theory, SU(3) with Ny = 8 fermions in the fundamental
representation. In Fig. 1, we replot their tabulated results
against the fermion mass in lattice units am. The leading
dependence on the mass is clearly most consistent with the
m" scaling of the MDCT case and does not obviously show
the scaling expected in yPT in either the light-mass or
heavy-mass regimes.2 However, this does not conflict with
the hypothesis of a dilaton effective theory considered in
the reference. Using the formula Eq. (32) from [29],
together with the mass dependences M2 ~m, FZ~m
observed in [30], we find that also in the dilaton EFT
case the leading behavior is M,a,, ~ m°. We emphasize
that this is an empirical argument valid only for this specific
theory; in general, the leading mass scaling in the dilaton
EFT scenario likely depends on the value of the mass
anomalous dimension y* and on the form of the dilaton
potential.

*We are assuming weak dependence of the lattice spacing on
the mass in this discussion. The lattice data shown are from
staggered fermion simulations at a single bare coupling, so there
is no hidden additional dependence of a on other parameters.
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III. SCALAR INFRARED MODEL FOR MASS-
DEFORMED CONFORMAL THEORIES

The dimensional argument of the previous section is
robust but does not provide predictions beyond scaling
relations. As discussed above, near-conformal systems can
demonstrate similar scaling to what dimensional analysis
predicts for an MDCT, making it difficult to discriminate
between these scenarios on scaling arguments alone. In this
section we construct a model to study the physics of soft
pion interactions in a more quantitative way.

The ideal approach would be to construct an EFT based
on the weakly broken chiral and scale symmetries of the
theory, then compute in the framework of that effective
theory. However, when m — 0 such that scale symmetry is
restored, the UV theory recovers conformality and the
spectrum collapses. This presents a formal obstacle: a
collapsed spectrum cannot be cut off, so the standard
procedure of constructing an invariant Lagrangian then
implementing explicit breaking with spurions cannot be
applied.

We instead settle for building a semiclassical tree-level
model for the low-lying scalars and pseudoscalars of the
MDCT with the same symmetries as the UV theory. The
construction proceeds similarly to that of an EFT but does
not provide a controlled approximation. We will treat
weakly broken scale invariance by constructing a theory
which recovers classical conformality as m — 0 and by
assuming that m scales with its anomalous dimension, so
our model is only applicable at tree level.

We make two assumptions about the physics of the UV
theory: that the pseudoscalar mesons 7z, as well as the flavor
singlet and nonsinglet scalars ¢ and a, are still among the
lightest states in the spectrum, and that there is a spectral
gap above the lightest scalar and pseudoscalar mesons.
These assumptions are supported by mass inequalities
which ensure the z are the lightest flavor-nonsinglet
mesons [31-34], as well as by lattice spectroscopy for
various theories which are candidates for infrared-
conformal behavior [13,16,35-41]. Note that the spectral
gap will vanish in absolute terms as m — 0, but the relative
size of the gap (i.e., mass ratios between the lightest mesons
that we keep and the heavier ones integrated out of the
theory) will remain constant as a result of mass
hyperscaling.

To simplify the modeling task, we restrict our consid-
eration to a particular physical process, soft 7 — 7 scatter-
ing in the “maximal isospin” channel, i.e., soft scattering
of the 7 mesons in the channel with highest weight under
the flavor symmetry. For a tree-level model, these two
conditions will greatly restrict any possible contribution
from intermediate states of higher spin in particular,
meaning momentum-independent predictions of our
model rely only on the weaker condition of a gap in
the spectrum of spin-zero states, rather than a gap in the
overall spectrum. Given a gapped scalar spectrum,

working near the soft limit (i.e., holding the scattering
momentum k small compared to Ac) will allow us to
ignore corrections from heavier scalars.

A. Building the model

We describe the 2N2 lowest- lylng scalar and pseudo-
scalar composite mesonhke states” using a single complex
Ny x Ny matrix scalar field ® = P’ ~ (qRqLJ). The most
general Lagrangian for these modes consistent with chiral
and scale symmetries is a generalized linear sigma model,

L = Tr[0, @] + Lsp + Lin, 9)

where Lgg denotes the symmetry-breaking part of the
Lagrangian which vanishes in the limit m — 0, and

L= — 411 W[ D)2 — % VTR (@TD).  (10)

In the limit m — 0, the Lagrangian is classically conformal
because all couplings in L, are dimensionless, and
invariant under the full SU(N;), x SU(Ny), chiral sym-
metry, under which the scalar fields transform as

® - UpdU,. (11)

As typically done in chiral perturbation theory, to
determine the form of Lgqg we introduce a spurion field
y which transforms as a scalar current under the chiral
symmetry: y — U;;(U - Chiral symmetry dictates how y
may appear in the chirally symmetric Lagrangian. Setting
y = m1 once the Lagrangian is constructed will explicitly
break the chiral symmetry to the subgroup SU(N/),, and
yield the dependence of the theory on the fermion mass m.

In this case, we impose an additional restriction on y: it
should act as a spurion field for scale symmetry as well.
This is motivated by the physics of the MDCT, where we
know that the fermion mass m is responsible for breaking
both chiral and scale symmetry. Since the mass m rescales
nontrivially under dilatation, this means that any terms in
Lgp will include a factor of the form Trly"y]? with p
chosen to “correct” the scaling of the associated operator.

Absent other constraints, an infinite number of operators
may be included in Lgz. However, as stated before, we
require that Lgg — 0 as m — 0 so that our model recovers
classical scale invariance when the explicit breaking is
removed. We impose one further physically motivated
constraint,

Note that this spurion construction in terms of fermion fields
does not preclude the possibility of mixing with purely gluonic
states with identical quantum numbers. The o state in particular
has been observed to have significant overlap with a O++ glueball
state in lattice studies of near-conformal theories [42].

Contributions of the form y” inside of traces cannot be
included because they are not invariant under chiral symmetry.
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. 0Lgp
lim 258 — fim ) = 0 (12)

i.e., the chiral condensate (an order parameter for chiral and
scale symmetry breaking) should also vanish at m = 0.

We note in passing that for any terms in Lqg that depend
on noninteger powers of Tr[y"y], higher derivatives of the
form 0" Lqg/dy™ will necessarily be divergent as y — 0 for
n sufficiently large. However, in the underlying MDCT
such a derivative corresponds to n insertions of the ()
operator at the same space-time point. In the m — 0 limit,
we expect power-law dependence on the separation
between operators in the underlying conformal field theory,
which diverges if evaluated at the same space-time point.

With these conditions, and using the fact that under a
passive coordinate transformation x — e”x the mass trans-
forms as m — ¢('*7)m, we find the form (up to redun-
dancies which do not affect our physics of interest,
discussed below) for the symmetry-breaking part of the
Lagrangian,

Lsg = B Tr[y |G/ @) Tr[y @ + @y
— B, Trly Ty Tr[d @)

1
- BTl 20T O + (@1

— ByTrly )0 el )

— BsTr[y" ]I (Te[ @)% + Tr[y @),  (13)

where y =1 + y* is the full scaling dimension of m. We
observe that the trace structure of B; and By, Bs is similar to
the next-to-leading order terms Lg and Lg, L4 in the usual
chiral Lagrangian [26]. Because there is no limit of this theory
in which m (and thus y) will scale without an anomalous
dimension, the couplings B,_s are dimensionless.’

There are, of course, other states in the spectrum of an
MDCT that interact with the low-lying scalars, and our
model should include them if these interactions are impor-
tant to the physics. We can divide these states into heavier
scalars and higher-spin states; we first consider the latter. In
this work we restrict our consideration to one particular
physical process, soft # — & scattering in the maximal
isospin channel. The requirement of maximal isospin
prevents any intermediate state from contributing in the
s-channel at tree level. This amounts to a statement of
flavor number conservation: none of the quarks in the initial
“(ud)?” state may annihilate, so there is always more than
one composite particle in the intermediate state. In the ¢ and
u channels, the coupling of any higher-spin state to a pair of
scalar particles must involve at least one derivative by

Renormalization of the low-energy theory itself would induce
additional anomalous dimensions on these couplings, but our
model is explicitly tree-level and does not account for quantum
corrections.

Lorentz symmetry; the resulting (tree-level) scattering
amplitude will be proportional to ¢ or u and therefore
vanish in the soft scattering limit. We conclude that the
contributions of higher-spin states can be safely neglected
for study of our process of interest at leading order, O(k°),
although neglecting them at O(k?) requires the further
assumption of a spectral gap.

On the other hand, heavier scalar modes may contribute
to soft 7 — z scattering without this derivative suppression.
As stated above, we assume there is a gap in the spectrum
of scalar and pseudoscalar modes above the lowest-lying
states. In the soft-scattering limit where k < Ac, this
assumed gap means that heavier scalar modes will con-
tribute as a subleading effect, and we may choose to simply
ignore them.

To be more quantitative about the approximation of
neglecting heavier scalars, we can in principle treat their
effects by extending the model to include them, adding
additional fields and constructing an extended Lagrangian
by applying the same constraints to the corresponding new
terms in L;,, and Lqg. After setting y = m1, we tune the
couplings of the resulting model Lagrangian to reproduce
the observed scalar spectrum. We may then insert a cutoff A
in the gap in the spectrum of the model and integrate these
additional modes out. The leading-order corrections are
absorbed into a redefinition of the couplings u, v, and B, _s.
Because the cutoff A breaks scale symmetry explicitly, this
process also induces an infinite number of new, previously
forbidden terms suppressed by powers of 1/A. These
operators may contribute to the tree-level scattering of
process of interest after reexpanding around the vacuum;
choosing to neglect them amounts to working at leading
order in Mg/A and k/A, where S denotes any of the scalar
or pseudoscalar states in our theory. These corrections are
small so long as we work near the soft limit, and there is a
sufficiently large gap in the scalar spectrum. The gap will
shrink in absolute magnitude as m — 0, and all states in the
MDCT spectrum collapse together; we may still integrate
out the heavier scalars as long as we adjust the cutoff A
downwards with the mass as well, holding the ratio Mg/A
fixed. In either case, the Lagrangian we compute with is the
same, up to how we interpret the couplings.

Taking advantage of y~ml, we may rewrite the
symmetry-breaking terms in a more convenient form,

Lsg = B Tr[® + @] — B,Tr[®'P]
— B3Tr[®? + @'2] — B, Tr[®|Tr[d"]
— Bs(Tr[®]? + Tr[®]?), (14)

where the definitions of the dimensionful B; may be read
off by comparison with Eq. (13). The potential defined by
these couplings and £;,; may have multiple minima;
however, this does not correspond to spontaneous
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symmetry breaking in the UV theory because Lgz and
thus (®) vanishes with m.

Note that from above the scaling of the dimensionful B;

couplings with m is

By o m*, By_s ccm?/Y, (15)
This scaling behavior matches on to what one would infer
from hyperscaling arguments using engineering dimen-
sions, i.e., identifying By ~ A3C and B,_s ~ AZ. Thus, our
spurionic construction has successfully reproduced the
desired mass hyperscaling.

In Eq. (13), we have chosen to write each term with a
prefactor ~B(Tr[y y])?. However, in full generality, we
should write each prefactor as a sum over all operators
constructed from y consistent with chiral symmetry and
scale invariance. There are an infinite family of such
operators, constructed from products of Tr[(y"y)"] and
(dety™ + (c.c.)) (with n € ZT) with each factor in the
operator raised to the appropriate power to make Lgp scale
invariant. Each operator in each prefactor is accompanied by
an independent dimensionless coupling. However, this
ambiguity is only in the ®-independent prefactors; the
®-dependent parts of the terms in Lgp are the only permitted
structures. As a consequence, when making the replacement
y — ml, all terms in Lgg will collapse to the simple
structure of Eq. (14), leaving a finite number of dimensionful
couplings. Further study of physical quantities that depend
on y beyond the leading-order replacement with its vacuum
expectation value (VEV), e.g., calculation of scalar form
factors, may be able to distinguish between the additional
possible structures in y. This ambiguity has no effect on pion
scattering, so we do not pursue the question further here.

We stress that scale invariance is a strong constraint on
Lgg: after absorbing redundancies into dimensionful cou-
plings and along with the requirement that Lqg vanishes as
m — 0, we find that Lgg admits only these five operators
when N, > 4. There are additional symmetry-breaking
terms including determinants which may be added to
Lgp for smaller values of N, for example the operator,

Trlyty]4N/2 (det @ + det 1), (16)

which vanishes in the limit m — 0 so long as N < 4. Such
determinant operators cannot contribute to tree-level 7 — z
scattering for Ny > 2, so we do not consider them further in
this work.

So far, this construction has been for the continuum limit
of an MDCT, but any numerical study is necessarily carried
out at finite lattice spacing a. Introducing the new scale a
into the theory will allow for additional symmetry-breaking
operators. We defer any detailed study of such lattice-
dependent operators to future work and present continuum
formulas that are applicable so long as lattice artifacts
are small.

B. Determining the VEV and particle masses

Setting y = m1, the explicit symmetry breaking due to
Lgg will induce a VEV (®) = (F/2)1. This F is readily
identified as the pion decay constant F', defined in the usual
way in terms of an external axial vector current. For
comparison with chiral perturbation theory, note that our
F corresponds to F; in the 93 MeV convention. We work
with individual fields embedded in @ using the standard
nonlinear representation,

® = Sexp {ign], (17)

where ¥ and Il are Hermitian scalar and pseudoscalar
matrix fields, respectively. These fields may be further split
into trace and traceless modes,

s ! ( ° 1+ axa>+Fﬂ
= — a — I,
V2 \J/N; 2
/

=11+ zxe, (18)

VN

where X are the generators of the 8u(N) algebra,
normalized such that Tr[X“X"?] = §%°. For convenience,
we define the matrix fields ¢ = a“X“ and 7 = z°X“. The
various factors accompanying the fields give canonically
normalized kinetic terms for the (real) 6%, a“, and z“ fields.
We expand around the VEV by including the term ~F in X.
The 1/ mode is generally much heavier than the other states
due to the U(1), anomaly; we integrate it out “by hand” by
simply setting # =0, as in [43]. (This amounts to
replacing I1 — 7.)

We rewrite our Lagrangian in terms of the o, a, and =
fields and only retain terms relevant to tree-level 7 — x
scattering, obtaining our working Lagrangian Ly =
L+ Ly, + L5+ L4. We retain interactions with deriva-
tives arising from the @ kinetic term, which give non-
vanishing contributions to s channel processes. The
resulting noninteracting part of the Lagrangian is

1 1
Ly ==(0,0)* +=Tr(d,a)* + = Tr(d,n)*

: 2 2

N[ =

1 1 1
—EMiaz—EMgTraz—EM%Trﬂz, (19)
with
2

, 3F
M(r = Bz +2B3 +NfB45 —|—T(Nfu—|— ’U),

F2
= M> ]N F>-N.(B
= MeTy Ful™ — INyDys,

2B
M2 = Tl — 4By — N;Bys, (20)
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where the two couplings B, and Bs always occur in the
characteristic combination,

B45 EB4 +235 (21)

The three-point part of the Lagrangian pertinent to tree-
level z-7 scattering is

£3 = gMTr[an‘z] + gadTr[a(aﬂﬂ>2]
+ Gox0Tt[7°] + goooTr[(9,7)%], (22)

where the couplings are given by

1
= ———— M2 — 4B5],
V2
Yao = F s
Yor = [Mizr - 4B3 - NfB45]’

2N, F

[2 1
= [——. 23
Yoo NfF ( )

The pertinent four-point part of the Lagrangian is

1
Ly = mTr[(ﬂaﬂﬂ)2 — %(0,m)?]

1
12F?

+ [(M2 = 12B;)Tr[r*] — 3B4sTr[z?]?],  (24)

and the one-point coupling for the o is

N
L= /7" [231 — FB, — 4FB3 — FNBys

—%F3(Nfu + v)] o. (25)

Solving (£) = £ 1 using the one-point coupling for o gives
a cubic equation for F in terms of the couplings in the
original Lagrangian (neglecting A-suppressed contribu-
tions from L;,, if these are included). The full solution
for F is complicated and unenlightening, but it is straight-
forward to verify based on the mass dependence of the
parameters B; that F o« m'/Y as expected for a hadronic
scale. As discussed above, because Lgg — 0 as m — 0, we
do not require the system to be in any particular vacuum
or make any further restrictions on the parameters from
the potential.

Note that the interactions of pions arise entirely from Lqg
and the kinetic term for @, and the couplings u and v from
L, appear only in the masses. This is because the operators
associated with # and » in £;, do not involve derivatives
and thus, due to chiral symmetry, only involve the scalar
fields X.

For the calculations to follow, we will trade the set of
Lagrangian couplings {u, v, By, B,} for the more physical
set {M,,M,, M, F}, all of which scale as m'/” as expected
from dimensional analysis. The dependence on B; and Bys
unavoidably remains; removing them in favor of more
physical couplings would require additional measurements
to match.

C. Scattering lengths of pseudoscalar mesons

Determining the scattering length and effective range in a
given theory requires calculating the Feynman amplitude
M for the process of interest, performing a partial-wave
expansion of the amplitude, converting the partial-wave
amplitude to a phase shift by including kinematic factors,
and finally expanding at small k. There are multiple
conventions in the literature for carrying out this procedure
in full; we attempt to gather and reconcile the conventions
we are aware of in the Appendix.

We find the tree-level maximal-isospin z-z scattering
amplitude to be

M72[ S 4B3+2B45
Muyper(s, t,u) = 2? [1 _ZM% - M2
— 12 l_i M
Ny t— M
+4[M,2, +4B; + N Bys — 1]?
t—M?
+ (t < u)] (26)

In the limit where M,, M, — oo and B; = Bys = 0, our
theory becomes identical to the leading-order xPT
Lagrangian. Taking this limit can thus provide a simple
check of our results. We find the result,

. M2 s
MQ%UH_WMMDCT@’ tu)lp, g0 = i (2 - ﬁ%) . (27)
which exactly matches the amplitude6 obtained in [44] at
leading order for the same chiral symmetry breaking
pattern, SU(N ;) x SU(N;) — SU(N/). If this result holds,
the caveats discussed at the end of Sec. II especially apply
about studying a,, as a function of M, /F (which is
identical yPT and MDCT cases), instead of as a function
of the fermion mass m (which will show strongly different
behavior in the two cases). Given the expected lightness of
the dilatonic ¢ in an MDCT, and the absence of any reason
for B3 and B,5 to be small, this limit is unlikely to be a good
description of the MDCT on physical grounds.

®Note that the maximal-isospin scattering amplitude in the
representation theory of the reference is denoted as “SS”.
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Going back to the full amplitude and taking the limit as k> — 0, we obtain’

Muyper (s, t,u) = =2
F? M2

M2
oz {1
Ny

Expanding in k2 as described in the Appendix, this leads to

4By + 2By N;—2

1 M,
@77 MDCT = 16z F2 1

The expression for r,, »per 1S more complicated, and its
validity relies on the stronger assumption of a gap in the
overall spectrum, so we do not provide it here. We
emphasize again that this is a tree-level result. We see
that the corrections to the scattering length due to the
presence of the scalars (the last two terms) are manifestly
negative, regardless of the signs of the individual couplings.

A possible intermediate scenario is that some of the
scalars included in the theory are relatively heavy, and a
more consistent description is given by integrating them
out. For example, lattice spectroscopy for SU(3) with
Ny =12 fermions (summarized in [23]) indicates that
M, M, <M, ~M,, where p is the lightest vector meson.
We can obtain a simplified tree-level result with the
flavored a scalars removed by taking M, — oo in our
formulas above. In this limit, we find

, M, [ 4By+2B.s
WL B MDCT = M2

—W(M%+4B3 +N¢Bys)*|.  (30)

It is straightforward to verify that both the simplified
heavy-scalar expression Eq. (30) and the full tree-level
result Eq. (29) (as well as the corresponding expressions
for r,,, mpct Which are not shown explicitly) yield precisely
the mass dependence that was argued for on dimensional
grounds in Eq. (6).

In both the full tree-level result Eq. (29) and the
simplified heavy-scalar expression Eq. (30), we find differ-
ent leading-order dependence of a,, on M, than in chiral
perturbation theory. Additionally, unlike in yPT, we find
leading-order dependence on M, and M,. It may be
possible to differentiate between chiral and conformal
scenarios by examining this dependence, especially if Bj
and Bys can be constrained using independent physical
measurements. However, we note that this model does not
treat subleading scalings, finite volume effects, or lattice

"Note that cos 6 dependence appears at O(k*). One may check
that computing & cot 6, from Eq. (26) and then expanding in small
k? yields the same results.

M2 + 4B3)? —
M2 N M2M (M7 + 45s)

_ 2
N o Lo,  (28)

4B; + 2345] 2Nf —2(M2?+4B3)*> 4 (M3 +4B; + N/Bys)?

W (M3 +4B; + N;Bys)?|. (29)

artifacts. We refer again to the caveats discussed at the end
of Sec. II about difficulties using discriminators based on
functional relationships between infrared quantities and
the related problems with studying quantities like a,, as a
function of M, /F instead of m.

IV. CONCLUSION

We have studied the scattering of pseudoscalar mesons in
mass deformations of gauge-fermion theories which are
conformal in the infrared limit. Focusing on the soft
scattering limit, our analysis finds that the scattering length
a,, in an MDCT diverges as m~'/¥ in the m — O limit,
qualitatively different from chiral perturbation theory
where a,, — 0. Thus, using lattice methods to measure
the dependence of the scattering length on the quark mass
should allow these two cases to be easily distinguished.
On the contrary, studies of M,a,, vs M2/F*> may give
misleading conclusions as the leading dependence in both
the MDCT and yPT cases is similar. (The primary differ-
ence is that in the MDCT case M2/ F? will be constant, but
this may be obscured by corrections due to finite lattice
spacing and volume or working at relatively heavy m.)

An important caveat is that for theories which are
confining but just below the edge of the conformal window,
the low-energy regime may be described by an effective
theory such as a linear sigma model [43,45,46] or a dilaton
EFT [30,47-53]. In the latter case especially, it has been
pointed out that the spectrum in the large-mass regime can
show the same power-law scaling with m as expected for an
MDCT [53], and recent results [29] found that a,, is
constant at leading order in m in this regime. Comparison
of more detailed predictions of dilaton EFTs versus those of
MDCT-specific models like the one presented here may
allow disambiguation beyond what is possible from simple
scaling arguments.

Although our key results depend mainly on dimensional
arguments, we have also constructed a tree-level semiclassical
model in which soft z-z scattering can be studied, based on
the strong assumption that the spectrum of the MDCT has a
gap above the lowest-lying scalar and pseudoscalar modes.
Even if this assumption does not hold, so long as the scalar
part of the spectrum is gapped, our analysis may still be
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applied as a model for maximal isospin 7z-z scattering in the
soft limit as contributions from higher-spin states can be
argued to vanish on general grounds. It may be interesting to
consider the calculation of other quantities within this low-
energy theory, such as scalar and vector form factors for the
light scalar states for which there are some existing predic-
tions from scaling arguments [21,54].

Extending the model to include finite lattice spacing
effects could provide a more powerful discriminator. As
discussed in Sec. II, hyperscaling means dimensionful
quantities vary in fixed ratios near the chiral limit, com-
plicating the use of relations between infrared quantities to
discriminate between conformal and other scenarios, but
corrections due to lattice artifacts could disambiguate this
relationship. However, finite lattice spacing corrections add
an additional scale which may significantly complicate the
construction of the model.

It may be possible that our tree-level model can be
extended to include quantum corrections. The requirement
used here that, in the symmetric limit Lgg — 0, the model
recovers classical conformality becomes a requirement that
the theory sits at a fixed point when Lgg — 0. If the scalar
fields themselves can acquire large anomalous dimensions,
additional operators may be allowed in the symmetry-
breaking Lagrangian Eq. (13). Given these complications,
it may not be possible to neglect higher-spin and heavier
scalar modes as in the tree-level approach. We leave the
necessary further formal work to this end for future studies.

The formulas presented here for the low-energy model
assume the chiral symmetry breaking pattern SU(N)x
SU(N;) = SU(N/), corresponding to fermions charged in
a complex representation of the underlying gauge theory.
Different symmetry breaking patterns are known to occur if
the fermion representation is instead real or pseudoreal, or
in the case of mixed fermion representations; we leave the
study of these possibilities to future work. Changing the
chiral symmetry breaking pattern will modify the detailed
formulas for a,, and r,, but not the qualitative dependence
on the fermion mass.
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APPENDIX: CONVENTIONS FOR PION
SCATTERING AMPLITUDES AND FINITE
RANGE EXPANSION

Determining the scattering phase shifts begins with
partial-wave expansion of the Feynman amplitude M
for the two-particle scattering process,

[Se]

M(k.0) = N> As(k)(2£ + 1)P4(cos 0),

=0

(A1)

where P; is the jth Legendre polynomial and the amplitude
has been integrated over the azimuthal angle ¢. We leave
the normalization N arbitrary for now, to elucidate how it
affects the partial wave expansion; it will cancel out in the
final expression for the phase shift. Our conventions for the
Feynman amplitude M are such that for elastic 2 — 2
scattering in the CM frame, the differential cross section is

do 1

Qe - 2
dQ  64r’s (M- O)F

(A2)

where s = 4(k* + M2).

To relate the partial wave amplitudes A, (k) to scattering
phase shifts 6,(k), we match on to textbook quantum
mechanical scattering theory in which the latter are defined.
The phase shifts are defined from the partial wave ampli-
tudes f(k, @) satisfying

e e2ior — |
f(k,H)z%;(ZK—H) 5 Py(cosd),  (A3)

where the 1/k comes from the identification of f(k, @) as
the amplitude of an outgoing spherical wave which dies off
with the distance r from the origin as 1/r.

With identical bosons in the final state, which is always
the situation if we consider elastic scattering of isospin
eigenstates, the quantum mechanical differential cross
section given in terms of the partial-wave amplitudes must
explicitly include an exchange symmetry, which leads to
the form,

9o\t (k,0) + flka—0)L

Q2 (A4)

If f is independent of 9, as for the S-wave, then we pick up
a factor of 4 in do/dQ.

Matching together Eqgs. (A2) and (A4),* we find that they
are equivalent if we make the identification,

¥Note that the QFT expression requires no modification for
identical particles—that is accounted for in the amplitude already.
However, for both QFT and QM there will be an extra factor of
1/2 if we go on to compute the total cross section, since dQ
should be integrated only over half of phase space with identical
particles.
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_32r K+ ma

 32m /50—
N kcotd, (k) — ik’

Ac(k) TN 2k 2i

(A5)
This equation for A,(k) and the partial wave expansion
Eq. (A1) match the corresponding equations in the chiral
perturbation theory literature [26,44] with the choice
N =32z

Focusing on S-wave scattering, using the orthogonality
relation between the Legendre polynomials,

/_j P;(cos0)P(cos@)dcosd = méﬂc, (A6)
we find the partial wave amplitude,
1 /1
Ag(k) = W/_I M(k,8)dcos@. (A7)
The phase shift in the usual form is equal to
kcotsy = ik + M (A8)

NAy(k)

The presence of the purely imaginary term ik is somewhat
odd-looking, but the optical theorem gives the relationship,

2k

In particular, this indicates that for a tree-level calculation
in perturbation theory, the imaginary part begins at second-
order. Therefore at leading order, Ay will be real and we
should work only with the real part of the formula,

64n+/ k> + m2

kcotdy =
’ f—ll Mtree(kv e)dCOSQ

+ (higher-order). (A10)

Because it can be somewhat confusing, we emphasize
once more that these formulas apply for indistinguishable

particles in the final state. If the final-state particles are
distinguishable, then the quantum mechanical cross section
Eq. (A4) should be replaced with simply |f(k, #)|% which
reduces the partial wave amplitude Eq. (A5) by a factor
of 2. This factor of 2 will reappear when converting
between scattering amplitudes in the isospin basis and
charged pion basis [55,56]. For example, the S-wave
amplitude A" (k) for scattering z%7+ — 2%z is equal
to half of the isospin-2 amplitude, Aéoﬂ = Aé’zz) /2.

Expanding the quantity k cot §, directly at small momen-
tum k gives the standard effective range expansion for S-
wave scattering,

1 1
kcotsy = —— + — 1 k> + O(k*).

All
— (A1)

A common alternative used in chiral perturbation theory
[26,44] is to series expand the partial-wave amplitude
Ay (k) itself as

ReA, (k) = k¥ [a, + k*b, + O(KY)].  (A12)

Setting £ = 0 and expanding out eq. (A5) gives the result,

M 610-2[)0]‘42 200
kcotsy = —= — T 224+ O(kY). (A13
cotdo = [ Taam, T, |© T OKD- (ALY

Comparing to the standard effective-range expansion, we
find the relations,

(A14)

—2bM%: 2
rm:w_ﬂ’ (A15)
agM, M,
which have been noted before in the yPT literature [57].
These expressions can be used with the results of e.g., [26]
to reproduce the formulas Egs. (4) and (5).
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