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1 Introduction and summary

The dream of a bootstrapper is to map out the space of consistent Quantum Field Theories
(QFTs). Given the vastness of this space, in practice, one can only plot its projection onto
a few cleverly chosen coordinates in theory space. Ideally, these coordinates correspond
to physical observables that characterize the QFT across all length scales, from the UV
Conformal Field Theory (CFT) to the IR, which we assume to be gapped. On the one hand,
the S-matrix bootstrap focuses on IR observables like ratios of masses of stable particles and
coupling constants defined in terms of scattering amplitudes, for recent progress see [1-34].1
On the other hand, the conformal bootstrap focuses on UV data like scaling dimensions
and Operator Product Expansion (OPE) coefficients of the UV CFT, for a review see [36].2
In this work, we extend the S-matrix bootstrap method in four spacetime dimensions to
gain access to the a-anomaly of the UV CFT, which is a precise measure of its degrees of
freedom. This is similar to the spirit of [20] in two spacetime dimensions, that incorporated
the central charge of the UV CFT into the S-matrix bootstrap framework.

Our strategy is to follow Komargodski and Schwimmer [38] and probe the QFT with
an external massless scalar field ¢(x) which creates a massless particle B from the vacuum,
usually called the dilaton.? As we review in section 2, this construction does not affect the
scattering amplitudes of the original QFT but it generates non-trivial scattering between
dilaton particles. In particular, the a-anomaly aYV of the UV CFT can be read off from
the low energy behavior

Tep—pp =a”¥ (s> + 12 +u?) + ..., (1.1)

where s, t,u are the standard Mandelstam invariants for two to two scattering.

For simplicity, we study QFTs with a Zo symmetry and a single stable scalar particle of
mass m and Zso odd, which we shall denote by A. The combined system QFT + dilaton has
two asymptotic states: the original scalar particle A and the new massless particle describ-
ing the dilaton B. We study the complete set of 2 to 2 scattering amplitudes in this system,
see figure 1. Then we write all crossing equations and unitarity conditions such a system
must satisfy. All the details of this setup are given in section 3. In addition, we impose the
universal soft behavior of 7~j43H 4B derived in section 4. In order to obtain concrete results
we employ the numerical approach of [3, 9]. Let us now briefly summarize our main findings.

We define non-perturbative couplings in terms of the physical scattering amplitude. In
this work we focus on

Taa—aa(so, to, uo), % Taa—saa(s0, to, uo), (1.2)

where (sg, %0, ug) is a point inside the Mandelstam triangle defined by 0 < sq, to, ug < 4m?.
We will consider two choices. The first choice is the crossing symmetric point sqg = tg =

!For an overview of recent results and discussion of some future directions, see [35].

For an overview of the most recent progress and discussion of some further directions see also [37].

3The dilaton B in this paper should not be confused with the Nambu-Goldstone boson of spontaneously
broken conformal symmetry which is also called the dilaton. As explained in section 2.2 the better name
for the former dilaton would be the compensator particle. However in this paper we keep the commonly
used terminology.
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Figure 1. The complete system of scattering amplitudes of the Zy odd particle A with mass m
and the massless dilaton B.

up = 4m? /3 which leads to the definition of the parameters A\g and A2, namely

1
Mo = o=Taasaa(4m? /3, 4m® /3, 4m?/3),
sam (1.3)
Ao = ?)Tﬁm%fnm A4(4m? /3, 4m? /3, 4m?/3).
The second choice is the “forward” point sg = ug = 2m? and t = 0 which leads to the

definition of the parameters Ay and As, namely

1 1
Ag = ?)TWQMAA(MQ, 0,2m?), Ay = ?Q—Wm48§7:4AHAA(2m2, 0,2m?).  (1.4)

Crossing, unitarity and analyticity put strong bounds on the above parameters. For
instance we found that*

—6 S Ao S +2.6613, 0 <X S +2, (1.5)
-3 <Ag S 43, 0 <Ay <+40.7. (1.6)

The minimum of the a-anomaly as a function of the above parameters is given in figures 2
and 3. All consistent QFTs must live in the allowed region which we shaded in blue. We
mark the absolute minimum of the a-anomaly with a red dot in these figures. Our best
numerical estimate is

a/afee 2 0.3, (1.7)

with agee the a-anomaly of a free scalar field. We refer the reader to section 5 for a detailed
discussion of the numerical uncertainties of these results. We do not know if there is any 4d
QFT that saturates the lower bound (1.7). In fact, we do not know of any theory with an
a-anomaly smaller than agee. We conclude in section 6 with a discussion of open questions
and future work.

2 Review of classic results
In this paper we work in 4d Minkowski flat space with metric:

N = Nt = diagonal{—1,+1, +1,+1}. (2.1)

4These numerical bounds are a rough estimate based on our numerical results described in section 5.
The exception is the upper bound on Ag which can be determined quite precisely [3]. For the recent more
detailed study of these observables see [33].
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Figure 2. Minimum of the a-anomaly of the UV CFT as a function of the parameters Ao and
A2 defined in (1.3). The red dot marks the absolute minimum. The red vertical lines indicate the
boundaries of the allowed regions for A\g and As.
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Figure 3. Minimum of the a-anomaly of the UV CFT as a function of the parameters Ag and
Ay defined in (1.4). The red dot marks the absolute minimum. The red vertical lines indicate the
boundaries of the allowed regions for Ay and As.

All the quantum field theories have a very special operator called the stress-tensor T+ (x).
It is symmetric in its two Lorentz indices and obeys conservation law, namely

T (x) = T"#(x), 0, T" (x) = 0. (2.2)
2.1 Stress tensor and trace anomaly in CFTs

Let us start the discussion by considering conformally invariant quantum field theory. The
conformal symmetry puts severe constraints on the form of correlation functions. In [39]
it was shown that the most general two- and three-point functions of the stress tensor in
CF'Ts have the following form

C o
(O[T ()T (22)[0) = - x TG, (2:3)
12
(0|TH (1) T*° (x )T‘lﬁ(:v )|0) = 1 ATW;pU;aﬁ +BTW;pa;aﬁ+CTW;pa;a5 (2.4)
! ’ ’ 33%233[2139%1 ! 2 s ' '

Here the objects Ty, T, To and T3 take care of the correct behaviour of the correlation
functions under conformal transformations. They are called tensor structures. The stan-
dard basis for these tensor structures is defined in appendix A. The coefficient Cp > 0 is



usually referred to as the central charge. The coefficients A, B and C are called the OPE
coeflicients since they appear in the OPE expansion of the stress-tensor with itself. All of
them are real quantities. Due to the conformal Ward identities® the following relation holds

2

Cr = % (144 — 2B - 5C). (2.5)

Summarizing, there are three independent parameters describing the 2- and the 3-point
function of the stress-tensor. One can choose these three parameters to be for example
{Cr, A, B}. It is standard to also define the following quantities

4 7.‘.4 7T2
(94 -2B-10C), = 30 (14A - 2B - 5C) = T gCr (26)

m
64 x 90

Finally we recall that in CFTs the trace of the stress-tensor vanishes, namely
T+, (z) = 0. (2.7)

Let us now discuss CFTs on the curved background which is described by the metric
guv (). Conformal invariance on a curved background is achieved by requiring diff x Weyl
invariance. We recall that the Weyl transformation is defined as

(@) = 7 Dg, (@), O(x) = e 207 O(a), (2.8)

where o(z) is an arbitrary scalar function, O(x) is a local scalar operator and Ap is the
scaling dimension of the operator O(z). Contrary to the flat space-time where (2.7) holds,
for CF'Ts on the curved background we instead have

(O|T",(2)|0)y = —a x By +cx W2, (2.9)

where E, is the Euler density defined in (A.10) and W? is the square of Weyl tensor
defined in (A.11). The subscript g in the left-hand side of (2.9) indicates that the CFT
is on the curved background rather than on the flat one. The coefficients ¢ and c are
exactly the ones introduced in (2.6). They are called the Weyl anomalies as well as trace
anomalies. The name Weyl anomaly is appropriate because exact Weyl invariance implies

(01T () |0}y = 0.

2.2 Compensator field and the dilaton particle

Let us define a generic quantum field theory as the renormalization group flow from the UV
to the IR fixed points which are described by the UV and the IR conformal field theories.
Such a theory in curved background can be described by the action

A(g, Mz) = AUV CFT(g) + Adeformation(g7 Mz)a (210)

SAll the generators of the conformal transformation can be written as certain integral of the stress-

tensor, see for example [39]. By performing appropriate integrals over one stress-tensor in (2.4) and using
the properties of the generators we effectively obtain the two-point function (2.3).



where the deformation of the UV CFT has the form

Adeformation(ga Mz) = Z/d41}\/ —g ()\ZM:l_A’OZ(x)> . (211)

Here O;(x) are relevant scalar UV CFT operators (operators obeying A; < 4), A; are di-
mensionless coefficients and M; are the mass scales which control when the deformation due
to a particular operator becomes important. The explicit dependence on g, () indicates
that we work on a generic curved background. The QFT in flat space-time is recovered by
setting g, () to the flat metric (2.1). The determinant of the metric is defined as follows

g = det g (). (2.12)

The action (2.11) is diff invariant by construction.
In curved background the stress-tensor is defined as

) = 755 Tgule)

Under the Weyl transformation (2.8), the trace of the stress-tensor can be defined as a

(2.13)

variation of the action with respect to the infinitesimal Weyl transformation parameter o

in the following way,

() = 1 (SwA(g,MZ)
Tiw) = o= =5 (2.14)

Performing the Weyl transformation (2.8) in (2.10) and focusing on flat space-time we

obtain the trace of the stress-tensor using the above definition, which reads

G =t TPu(x) =3 N — M) M2 0;(x). (2.15)
7
This is the standard result in QFT, namely the trace is proportional to the deforming
operators.
The correlation functions of the stress-tensor both in the UV and IR are described
by (2.3) and (2.4) where the coefficients Cr, A, B and C have an additional label UV and
IR respectively. Out of all the above coeflicients the a trace anomaly is the most interesting.

In [40] it was conjectured that
a’V —a® >0, (2.16)

where the equality can hold only if there is no flow and the theory remains conformal, in
other words if Ageformation = 0 in (2.10). The inequality (2.16) is known as the a-theorem.
It was shown to hold in perturbation theory in [41, 42]. It was proven non-perturbatively
in [38], for further discussion see also [43-45]. The proof of [38] gives also the prescription on
how to probe/compute the difference (aVV —a'?) in a given QFT. One of the main ingredi-
ents of this proof is the compensator field and the associated particle which we call the dila-
ton. In the rest of this section we will define the compensator field and the dilaton particle.

Let us work with the action (2.10) on a curved background. It is diff invariant but not

Weyl invariant. There are two sources which break the Weyl symmetry, namely the trace



anomaly of the UV and IR CFTs given by (2.9) and the deformation part of the action
Adeformation i (2.10) which explicitly depends on the scale. The latter breaking can be
compensated for in a modified theory with the following action

A/(ga Miv Q) = A(.g> MZQ(ZC)) + Adynamics(gv Q)) (217)

where () is a real scalar field called the compensator field and the action A was defined
n (2.10). Both the metric g, (x) and the compensator field 2(z) are non-dynamical
fields. We can however promote them to dynamical probe fields by adding a kinetic term
Adynamics (9, 2). We will discuss possible convenient choices for this term in the end of this
subsection. The compensator field 2(x) can be represented in the following two ways

Qz)=e @ =1— fg} (2.18)

We refer to the real scalar fields 7(z) and ¢(z) also as the compensator or the dilaton
fields interchangeably. Here f is a new parameter with mass dimension one. The following

(z) = f})ﬁo( ) (2.19)

Let us now emphasize that the action (2.17) can be made invariant under the Weyl trans-

relation holds

formation (2.8) given that the dilaton transforms in the following way
7(z) = 7(2) + o(x) (2.20)

and that the term Agynamics is chosen appropriately. The particle created by the compen-
sator (or the dilaton) field ¢(x) from the vacuum is called the dilaton particle. It will be
denoted by B throughout this paper.

The simplest choice for Agynamics(9,€2), already used in [38], reads as

1 = 5~
Adynamics(ga Q) = 6 f2 / d4ﬂf ) R(g)u (221)

where we have defined

/g\;w = 6_2T9;w- (222)

The action (2.21) is Weyl invariant at the classical level but not at the quantum level.
One can simply see this for instance by taking the f — oo limit and focusing on the flat
space. The action (2.21) then reduces to the standard kinetic term describing free massless
scalar. Free massless scalar gives a particular example of a CFT with trace anomalies a
and ¢ reported in (A.15). The latter break Weyl invariance via (2.9). There are many
other possible choices of Adynamics(9,€2). Let us stress, that these choices do not have to
be Weyl invariant even classically.



Let us now focus on flat space-time g,,, = 1,,,. Using (2.11), (2.15), (2.18) and (2.21)
we can rewrite the modified action (2.17) in the following equivalent way®

Al(M;, ) = A(M;) — \/1§f/d4x TH,(z)p(x) — /d4x (;auap(x)a“ap(xo +0 (;2) )
(2.23)
From (2.23) it becomes obvious that in the limit f — oo the interaction between the dilaton
and the rest of the system disappears and the action (2.17) simply becomes the original
one plus the freely propagating dilaton field. The dilaton field ¢(x) should be seen as a

probe for a given QFT which does not disturb it in the limit f — oo.

2.3 a-theorem

Let us now take the UV and IR limits of the action (2.17). They can be written as’

{JV(Q, Q) = AUV CFT (g) + Adynamics (g, Q),

(2.24)
AR(9,9Q) = Ar crr(9) + Adilaton BFT(9, ) + Adynamics (9, ).

Here Agilaton EFT iS the effective field theory (EFT) action describing the dilaton interaction
at low energy. In order to obtain it in some explicit QF'T model one needs to integrate out
all the “massive” degrees of freedom throughout the RG flow which is almost impossible
in practice. Luckily there is a model independent way to compute Agjlaton gpT Which we
will now review.

Consider the action (2.17). It breaks Weyl invariance in a very special way. The Weyl
symmetry breaking is coming only from the UV and IR fixed points (2.24). Taking into
account (2.9) we get

S Al (9, Q) = / d'ey/=go(x) (—a® x By + " x W2) + 6w Adyuamics 9, 9).
SwAR(g, Q) = /d4x\/—g0(x) (— a'® x By + P x W2) (2.25)
+ 6WAdilat0n EFT (g, Q) + 5WAdynamics (97 Q)

Here 6y stands for the infinitesimal Weyl variation.
Let us now assume that the Weyl anomaly in the UV matches the Weyl anomaly in
the IR, in other words

dw Auv (9, Q) = dw Ar (9, Q). (2.26)

STf in the UV CFT there exists more than one relevant operator which can be used to deform the theory
(i.e. for i > 1), the neglected terms starting from order O(f~2) in equation (2.23) can not be expressed in
terms of the trace of the stress-tensor in general. Indeed, the order O(f~?) contribution in A’(M;) turns
out to be ﬁg Y4 = A)B = A) [die P (x) ()\iMf_Ai(’)i(m», which is not expressible in terms of the

trace of the str(;ss tensor given in equation (2.15) for i > 1.

"Let us emphasize that we have made here a very non-trivial statement that the IR dilaton EFT action
completely decouples from the IR CFT even though dilaton self interaction is present. One can argue for
this at least in the limit of flat space-time: by construction (2.17), dilaton couples only to mass parameters,
IR CFT instead does not have dimensionful parameters.



Notice that contrary to the 't Hooft anomaly matching, there is no proof for the Weyl
anomaly matching (2.26) and it might not be true in general.® For further discussion on
Weyl anomaly matching and its consequences see [48]. Plugging (2.25) in (2.26) we obtain
the following variational equation

dw Adilaton EFT (g, /d4a:\/ go(z) (— (aUV — aIR> x Ey+ (cUV - CIR) X WQ). (2.27)
The most general solution for this equation can be written in the following form

Adilaton EFT(ga Q) = _(aUV - CLIR) X Aa(g, Q) + (CUV - CIR) X Ac(g, Q) + Ainvariant(ga Q)’

(2.28)
where the two newly introduced terms A,(g,2) and A.(g,€2) behave in the following way
under the infinitesimal Weyl transformation

dwAq(g, /d4$\/ go(x) Ey, ow Ac(g, Q2 /d4x\/ go(z) W2 (2.29)

The term Ajnvariant instead remains completely invariant. The solution to the above re-
quirement was found in [38, 49], it reads

Aol 9) = [ d'ay=g (vEi+ 4 (R™ = Sg"R) 0,r)(@7) — 40 2(0Pr) + 2(0m)*).
= /d4x\/jg7‘(x) w?2. (2.30)

This solution is not easy to obtain but it is easy to check that it satisfies (2.29). It is also
important to stress that even though (2.26) might not hold for every QFT, the weaker
Wess-Zumino consistency condition exists, see [48], which implies that at the very least the
first line in (2.30) always holds true.

The most general Weyl invariant action can be parametrized as follows

Alnvarlant g’ /d4 <M4>\+M2TOR + Tle +T2W +T3E4 +. ) (231)

Here the Ricci scalar, Weyl tensor and the Euler density are built out of the metric (2.22).
The real dimensionless parameters A, rg, 71, ro and r3 depend on a particular QFT. The
EFT cut-off scale M can be chosen to be the lowest deformation energy scale of the UV
CFT. In spontaneously broken QFTs A = 0, but in generic QFTs A\ # 0. However, when
defining the action (2.17), if needed, one can fine tune the counterterms in such a way that
A=0.

In flat space the solution (2.28) together with (2.30) and (2.31) simply leads to

Adilaton EFT = 4f4 /d4 6M To/dll (_; ,u‘P( )8“ ( )>
so(w) 3p(z)?
+36T1/d4 <2f2 + \/Qfg + 4f4 )(82@(1‘))2
+ % X /d4(L' (8(,0((17))44— O(f75a4<)057 f7486<p4). (232)

8In fact the authors of [46], see also [47], found an apparent mismatch of the c-anomaly on the Higgs
branch of N' = 2 super-conformal field theory where conformal symmetry is spontaneously broken.



The term proportional to g gives an O(f~2) correction to the dilaton kinetic term coming
from Agynamics(g,€2). In the limit f — oo it should be neglected. The interacting part of
the dilaton scattering process B(p1)B(p2) — B(p3)B(p4) at low energy is described by the
effective action (2.32) and has the following form

flim fTeBopB(s,t,u) = 6MAN+ (@YY — ™) x (5% + 12 + u?) + O(s%). (2.33)
—00

where s = —(p1+p2)?, t = —(p1—p3)?, u = —(p1 —p4)? with s+t+u = 0. Note, that the
term proportional to r1 in (2.32) does not contribute to this scattering amplitude, since it
vanishes under the dilaton equation of motion. Using the standard approach one can write
the following dispersion relation in the f — oo limit

uv IR_f:L ds

o met =S ontb s TeB—BB(S,0,—3)
f4 /OO dS
= — — 1 0, —s). 2.34
) R m7p-BB(s,0,—5) (2.34)
Since ImTpp_,BB(5,0,—s) = s o(s) > 0 where o(s) is the total cross section for the

scattering of BB — anything, (aVV — a'?) is non-negative. This proves the a-theorem.

Application in free scalar theory. As an application of the a-theorem consider the
UV CFT which is generated by the free massless field ®(x), namely we have the action

Avv apr = — / e (;aué(l‘)a“@(ac)) . (2.35)

It is straightforward to compute then the two- and tree-point correlation functions of the
stress-tensor with itself. One obtains (2.3) and (2.4) with
avol avo Lopvo A v 1 gy
Let us now add the following deformation
L 9 2
Adeformation (1) = —5m"® ()7, (2.37)

where m becomes the mass of the field ®. This triggers the flow to an empty IR fixed
point, thus in the deep IR we simply have

R =, AR =, B} = 0, c® = . (2.38)
As a result according to (2.6) we get the following UV an IR a-anomaly
1 1
uv UV IR IR
76072°  © T 192072’ o (2:39)

Using the modified action (2.23) we can also compute the dilaton scattering at low
energies. We get

. 1
flg}go fTeBoBB(s,t,u) = sre ¥ (s> + 12 +u?) + 0(s?). (2.40)

The details of the computation are given in appendix B. The result (2.40) is in a perfect
agreement with the a-theorem sum-rule (2.33) and (2.39).

~10 -



3 Non-perturbative S-matrix bootstrap setup

In this section we explain our framework in details. We define scattering and partial
amplitudes of particles A and B in section 3.1. We write down all the crossing equations
for the scattering amplitudes in section 3.2. We construct unitarity conditions on the partial
amplitudes in section 3.3 assuming that B is a generic massless particle. In section 3.4 we
discuss further restrictions on the scattering amplitudes and modifications of the unitarity
conditions in the case when B is the dilaton in the f — oo limit.

3.1 Scattering and partial amplitudes

Let us consider a QFT which contains two different scalar particles A and B with the
masses
m4 =m, mp = 0. (3.1)

Here and in the next two section we will not impose that B is the dilaton particle, it will
be enough to treat it as a generic massless scalar particle. The requirement that B is the
dilaton will be imposed only in section 3.4. The particles A and B are described by the
following asymptotic states

|A>in5|mAaﬁ>in7 |A>out5|mAaﬁ>outa ‘B>in5’mBaﬁ>ina |B>out5|mByﬁ>0ut- (32)

For simplicity we assume the presence of the Zs symmetry. We require that the particle
of type A is odd and the particle of type B is even under this symmetry. In other words

Ly : |A)in = —|A)in, [B)in = +|B)in- (3.3)

The same transformation properties hold for the out states.
In this work we will be interested in the following scattering amplitudes

AA — AA, AA — BB, AB — AB, BB — BB. (3.4)

The presence of the Zo symmetry required above forbids all the two to two scattering
process with an odd number of particles of type A. We define the scattering amplitudes
describing the processes (3.4) as

x (2m)*6%(p1 + p2 — p3 — pa) ( )
x (2m)*6%(p1 + p2 — p3 — pa) ( )
x (2m)*6%(p1 + P2 — P3 — P4) = out(As, Ba| A1, Bo)in,
x (2m)*6% (p1 + p2 — p3 — 1) = out )

Saa—aa(s, t,u) x
Saa—pp(s,t,u) x
SaB—aB(s,t,u) x
Spp—pB(S,t,u) X

Here we used the following short-hand notation for describing the two-particle in and out
asymptotic states

1 . . - -
|A1, A2)in = ﬁommpl Yin @ |ma, P2 )in + |MmA, P2 )in @ |Mma, Pi >in),
|A17 BQ>in = ‘mAaﬁl >in ® ’mBaﬁQ >in> (36)

1 . . . .
|B1, B2)in ﬁ(|mB,P1 )in @ [mpB, P2 )in + |MB, P2 )in ® |MmB, D1 >in),

- 11 -



where ® denotes the ordered tensor product. Notice that the two-particle states which
consist of particles of type A or B only are totally symmetric. The factor v/2 is introduced
to comply with the standard normalization conditions which will be provided below. The
Mandelstam variables are defined as

s=—(pr+p2)’ t=—(p1—p3)’ u=—(p—p)’ (3.7)
As usual these are not linearly independent due to the following relations
s+t+u=mi+ms+mi+mi (3.8)

where m; are the masses of particles participating in the two to two scattering. This
constraint is thus different for each process in (3.5). Let us write here this constraint
precisely for each process separately

AA — AA: s+t+u=4m?,
AA — BB: s+t+u=2m?
AB = AB: s+t+u=2m?
BB —-BB: s+t+u=0.

It is useful to write the four-momentum p* in the spherical coordinates. One has

—

P =’ 7}, p={pcos¢sinfh, psin¢sinf, pcosb}, p=1p| (3.10)

Let us discuss the normalization of states. The same normalizations holds for both in and
out states. As a result below we write explicitly only the normalization of in states. The

one-particle states are normalized in the following way

in(ma, Pilma, Ba)in = 21/m2 + p3 x (2m)363) (51 — pa),
in(ma, P1|mp, 2)in = 0, (3.11)
in(mp, Pi|ma, Po)in = 2P x (27)20@) (51 — ).

The normalization of two-particle states (3.6) follows immediately and read

in(As, Ad A1, Ao =4(27)° /m2 4 p3y /m2 + p3
x (00— )8 (B — ) + 0 (5 — )8 (B2 — ) ).
in (B3, B4]|A1, A2)in =0,
in(As, Ba| A1, Ba)in = 4(27)0 py /m2+ p} x 6@ (1 — 3)8®) (52 — ), (3.12)
in{Bs, Ba| B1, Ba)in = 4 (2m)° pypy x (8 (5 = p3)0 (5 — ia) + 0 (51 = pa)6®) (7o — i) ).

We can finally define the interacting part of the scattering amplitudes. This is done by
subtracting the trivial normalization terms (which describe particles propagating without
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interacting), more precisely

iTaa—aa(s, t,u) x (2m)*6* (D) = out (A3, As|A1, A)in — in(As, Ag| A1, A2)in,
iTaasa(s,t,u) X (21)264(p) = out(Bs, BalA1, A)in — in(Bs, Ba| A1, As)in, (3.13)
iTap—an (s, t,u) x (2m)10%(p) = out(As, Ba| A1, B2)in — in(As, Ba A1, B2)in, '
iTeB—pB(s,t,u) x (2m)*6*(p) = out(Bs, Ba|B1, B2)in — in(Bs, Ba|B1, B2)in,

where in order to make the formulas more compact we have introduced the following short-
hand notation

*(p) = 6*(p1 + p2 — p3 — pa). (3.14)

Notice the presence of the imaginary unit in the left-hand side which is introduced in order
to match the standard conventions.

3.2 Crossing equations

The crossing equations for the process AA — AA and BB — BB are extremely simple.
They require that the associated amplitudes are fully symmetric under any permutations
of the Mandelstam variables, namely

Taasaa(s, t,u) = Taasaa(t,s,u) = Taasaa(u,t,s), (3.15)
t

TeB—BB(S,t,u) = TR BB(t, 5, 0) = TR BB(U, 1, 5). (3.16)

Things are more complicated for the processes AA — BB and AB — AB. They are
related by crossing. Recall that the exchange of particles 14 and 23 lead to the s-t crossing
equations, instead the exchange of particles 13 and 24 lead to the s-u crossing equations.
In other words

Tap—ag(s,t,u) = Taaspa(t,s,u) = Tep—aa(t, s, u), (3.17)
t

TAB—)AB('S; ) U) = 7?43—>AB (U, ta S)' (318)

From the relation (3.17) it follows immediately that
Tep—aa(s,t,u) = Taa—pp(st,u). (3.19)

3.3 Unitarity

The two-particle states (3.6) do not transform in the irreducible representation of the
Little group SO(3). We can however decompose them into irreducible representations, see
for example [19, 20].

To begin with let us evaluate the states (3.6) in the center of mass frame, namely when
the directions of particles are aligned and opposite to each other

=+p, D= —P. (3.20)
In spherical coordinates the momentum p' reads as

+ﬁ: (p7 07 ¢)7 _ﬁ: (pu ™= 6)7 T+ QZ)); 0 S [0771'], Qb S [0,271'] (321)
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Here p = |p|. We denote the states (3.6) in this particular frame by
| A1, A2)i™, |A1, Ba)io™, |B1, Ba)io™. (3.22)

These states depend on the masses m 4, mp and the spherical coordinates p, 8 and ¢. The
same notation holds for the out states. According to equations (2.29) and (2.30) in [19] we

can write

Ay, Ag)S™ = /2 ZOAA e\ (0)/5, 05 £, {4,

Ar, By = Zcz“B< ) e (0)| V. 0; £, AP, (3.23)
9N

By, By)o™ = /2 2ZOBB Ye=2d\) (0)|V/5,0; £, NP,

where dE\?M (0) is the small Wigner d matrices and |/s, 0; ¢, \) are states in the irreducible
representation of the SO(3) Little group. Here we have also introduced the object Cy which
is defined as

Cy(p)? = 4w (204 1) x \f, (3.24)

where /s is the total energy of the two-particle state which is

AA: /s =2\/m? + p?,
AB: /s=/m?+p?+p, (3.25)

BB: /s=2p.

The small Wigner d-matrices are defined for example in equation (2.9) of [19]. The states
in the right-hand side of (3.23) transform in the irreducible representation of the Lorentz
group. They have the Little group spin ¢ and helicity A = —¢,...,+£. They also have
the zero total spatial momentum 0. Their normalization is completely fixed by (3.23)
and (3.12).

By using the orthogonality of the small Wigner d-matrices we can invert the decom-
positions (3.23) and write

|\/§7 6; E? )\>f1A A|A17A2>Com7
Vs, 0; 0, \VAB = TIAB| A}, By)eom, (3.26)
V5,06, \) 3P =TI7P| By, Ba)s™,

where II; are the projectors to the definite Little group spin. Their explicit form reads

Ii4 = 47“/2;“ L / de € / dcos 6 d\ (),
20+ 1
AB __ A ()
;'8 = O (p) / dep e / dcosf dy, (), (3.27)
20+ 1
BB _ irp
I,° = 47r\fCBB / doe / dcosﬁd 0(0).
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Let us define the partial amplitudes Sy(s) as the following matrix elements

Shasan(s) X 8pedxn(2m) (Vs — /5)33(0) = A4 VS, 0, 0, N |5, 05 0, \)in,
Shaspp(s) x Spebna(2m)*6(V's' — /)83 (0) = BE(V/S 0,0, X |v/s, 0,0, i, (328)
Shpap(s) % Suednn(2m)'3(Vs — V/5)0%(0) = AB (VS 0.0 N Vs, 0, 0B,
Shppp(s) X Opedna(2m)*3(v/s' — v/5)8%(0) = BE (S, 0,0/, N |/s, 00, ) B

Using (3.26) and (3.27) we obtain the explicit relations between the partial amplitudes and
the scattering amplitudes. The detailed steps in this derivation are explained in section
2.5 in [19]. They read

1
Shaaals) = o (1—4m2/s / dcosOP;(cos0)Saa—saa(s,t,u),

1
Sfo—>BB( ) = 3o (1 —4m2/s / dcos OP;(cos 0)Saa—pB(s,t,u),

(3.29)
1
S;QB%AB( ) = T6m — (1 —m?/s) / dcos 0P;(cos 0)Sap—an(s,t,u),

1 [+
SfBB%BB(s) =307 |, dcosOPy(cos0)Spp—pa(s,t,u),

where Py(cos ) are the Legendre polynomials. They are related to the small Wigner d ma-

trices as Py(cosf) = d(()%) (#). To complete these equations it is important to specify the rela-

tion between the Mandelstam variables and the scattering angle for each process. One has

1 1
AA — AA: t:§(4m2—s)(1—0089), u:§(4m2—s)(1+cosﬁ),
1 1
AA — BB: t:m2—§+§ s(s — 4m?) cos 0, u:m2—§—§ s(s — 4m?2) cos 0,
AB 5 AR t— (s —m?)?(cos @ — 1) u_2m4—(s—m2)2(0089+1)
o 2s ’ B 2s ’
BB — BB t:—g(l—cose), u:—§(1+cos9). (3.30)

In (3.29) we found the relations between the partial amplitudes and the full scattering
amplitudes. We can further rewrite them by splitting the scattering amplitudes into their
trivial and their interacting parts given by (3.12) and (3.13). Performing the explicit inte-
gral over the trivial part we obtain the final expressions

Shasan(s) =1+1iTxa4a(s),
Shuspp(s) =0+iTia,pp(s), (3.31)
Sipoap(s) =1+iTipap(s),

(s) = (s)

¢
Shpopp(s) =1+iTsp_pa(s),

~15 —



where we have defined

1
TAaan(s) = — o (1 —4m2/s / dcosOP;(cos0)Taa—aa(s, t,u),

1
Tiapp(s) = o (1 —4m2/s / dcosOP;(cos0)Taa—pa(s,t,u),

1
T ap(s) 1677(1 —m?/s) / dcosOP(cos0)Tap—ap(s,t,u),

1 [+
TéB%BB(s) = 527 ). dcos0P;(cos0)Tep—pB(S,t,u),

(3.32)

We are now in position to address the unitarity constraints. Let us first consider the
Zo odd two-particle in and out states projected to the definite spin, namely

’\[ 0 6 A>1r1 ’ ’\[ 0 £ )‘>0ut (333)

We take all possible inner products of these states. Unitarity requires that such a matrix
is semipositive definite. Using the definition (3.28) we conclude that

*{
VE>0, Vse[m? o00): (8,’2 ; 1,43 5 SAB*1A3(3)> = 0. (3.34)
—

Let us consider now the Zs even two-particles in and out states projected to the definite
spin, namely

‘\[ 0 f A>1n ’ ’\[ 0 E )‘>1n ’ ’\[ 0 E )‘>0ut7 |\[ O E )‘>0ut (335)

Analogously we obtain the following unitarity constraint

1 0 SZA%AA(S) SZKA—>BB(S)
W0=0,2,4,... 0 1 Sip-saa(s) SEpopr(s) | (3.36)
Vs € [4m?, 00) Shasaa(s) Sppaa(s) 1 0 -
SﬁAeBB(S) SJZBB—>BB(8) 0 1

For the energy range s € [0,4m?) the two particle state AA, do not exist, however the two
particle state BB do. Considering the states

’\[ O e )‘>1n ’ ’\[ O £ )‘>0ut7 (337)
we conclude that the following unitarity constraint also holds
*0
V0=0,2,4,..., Vsecl0,4m?): . 1 Spp-5B(5) = 0. (3.38)
Spp—pB(S) 1

3.4 Dilaton scattering

So far the particle B was simply a generic massless scalar particle. We would like now to
identify it with the dilaton. First, let us define rescaled amplitudes that remain finite in
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the probe limit f — oo,
ﬁA*)BB(S7 ta U) = lim f2 7?4A~>BB(S) tu ’LL) )
f—o0
Tap—ap(s,t,u) = lim > Tap_ap(s,t,u), (3.39)
f—oo
Top—pp(s,t,u) = lim f1 Tpppp(s,t,u).
f—o0

The main result of [38] which we use in this paper is the relation between the a-anomaly
in the UV with the dilaton field scattering. More precisely

flim A TeBoBB(s,t,u) = a% x (s> + 12 +u?) + O(s?). (3.40)
— 00

The limit f — oo corresponds to the full decoupling of the dilaton from the system.
Nevertheless it still carries some non-trivial information about the system.

The goal of this section is to formulate the bootstrap setup in terms of amplitudes (3.39)
and take explicitly the limit f — oo.

Analyticity and soft behavior. We start by noticing that dilatons in the limit f — oo
cannot contribute to the scattering amplitudes as intermediate states. In practice this
means that in all the scattering amplitudes there are no branch cuts s € [0, 0] due to

n-dilaton particle states, where n =1,2,3,4,.... In other words
discsTaa—aa(s,t,u) #0,
s € [4m2, o] : discsﬁA_}BB(s,t,u) #0, (3.41)

discs Tpp—pB(s,t,u) # 0,

where the non-zero discontinuity is due to the n-particle states of type A, where n > 2 is
only allowed to be even due to the Zy symmetry. Analogously we conclude that

s € [9m2, oo discsﬁBHAB(s,t,u) #£0, (3.42)

where the discontinuity appears due to the n-particle states of type A, where n > 3 is only
allowed to be odd due to the Zs symmetry. It is important also to discuss the contribution
of the n = 1 particle state of type A to the scattering amplitudes describing the processes
AB — AB and AA — BB. It appears as an s-channel pole in the amplitude, namely

B2
s—m2 (3.43)
'7~j4A_>BB(S,t,u)= 0 +...,

7~j4B—>AB(87 ta U) = -

where h is the real number which describes the interaction strength between the particle
A and the dilaton. The second amplitude in (3.43) does not have an s-channel pole due to
the Zy symmetry. Imposing the crossing symmetry given by equations (3.17) and (3.18)
we conclude that

~ h2 h2

7?4B—>AB(87t7 U) - - 9 D) +g(87t7u)

~ h2 h2 ( .
7?4A—>BB(S7t7 U) = - —i—g(t,s,u),

t—m2 u—m?
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where the function g describes the finite part of the amplitudes. No poles in the other
amplitudes are allowed either due to the Zo symmetry or due to the limit f — oco. In
appendix C we give a non-perturbative argument that the residue h has the following value

h? = 2m*. (3.45)

In the next section we will obtain a stronger result which not only fixes the residue of the
poles but also the constant piece of the AB — AB and AA — BB amplitudes in the soft
limit. The result reads

2m? o2m?

—m?+ O(u—m?t—m?). (3.46)

Taa—sB(s,t,u) = Eaee Rl
Unitarity constraints. The final step is to write the unitarity constraints (3.34), (3.36)
and (3.38) in the limit f — oo. Let us start with the constraint (3.34). We use the
relations (3.39), compute the matrix eigenvalues and expand them in the inverse-powers of
f to the sub-leading order. Semipositive definiteness requires that all the eigenvalues are
non-negative. Explicitly we get

0+ f2ImTAp ,ap(s) + O(f %)

>0,
. o 3.47
2 — f 2 ImTAp_, 4p(s) + O(f %) > 0. (347

In the limit f — oo the second condition is satisfied automatically since the second term
gives a negligible contribution. The leading term in the first condition vanishes however
and we are forced to study the sub-leading contribution. Clearly in the limit f — oo the
condition (3.34) simply reduces to

Ve >0, Vs€[Im? oo): ImT 45 . a5(s) > 0. (3.48)

Here we have also used (3.42). Analogous reasoning holds for the condition (3.38). However
due to the conditions (3.41) the imaginary part of T4, pp(s) vanishes in the interval
s € [0,4m?]. As a consequence the condition (3.38) is trivially satisfied.

The best way to analyse the condition (3.36) is to cast it into a different form where
the limit f — oo is obvious. Most of the manipulations bellow were already presented in
appendix B in [9]. First, due to (3.31) we can write (3.36) as

I I—4Tf(s)
(]I+i’]1‘(s) I )io’ (349)

where we have defined

(10
]I:<01>, T(s)

Second, we notice that the condition (3.49) is equivalent to

7;{A—>AA(5) TJ§B—>AA(5)>
(7;{.4%33(5) TBgBaBB(S) ' (3.50)

2ImT — T (s)T(s) > 0. (3.51)
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Third, we rewrite this condition in another equivalent form

I Tf(s)
(T(s) 21mT> = 0. (3:52)

The matrix appearing in the left-hand side of (3.52) is 4x4. Let us write it explicitly
using (3.50) and (3.39). We get

1 0 TgﬁHAA(S) AA—>BB(3)
0 1 #TégBaAA(S) BB—)BB(S) “ 0 (3.53)
Thasaa(s) 72 5 Th o aa(s) 2Am T4, 44(5) %ImTBB—MA(S) B
#7;{.4%33(5) f4TBBﬁBB(5) %ImﬁAﬁBB(S) %ImTéBaBB(S)
We notice that multiplying the last row and subsequently the last column of the matrix in

the left-hand side of (3.53) by f? does not change its semidefinite positive property.’
Taking the limit f — oo we obtain the unitarity condition (3.36) in its final form

Vi = 0’ 27 47 . 1 UA*)AA( ) 7?4A%BB( )
DAHAA( s) QImaAHAA(S) QImTBBﬁAA(S) = 0. (3.54)

Vs € [4m?, 50)
s € [4m”, 00) Thaspp(s) 2mTi, pp(s) 2mTEp ,pp(s)

Notice that in going from (3.53) to (3.54) after taking the limit f — oo we dropped
the second row and the second column which were simply (0, 1,0,0), did not affect the
semidefinite positiveness.

Summarizing, the unitarity conditions which must be satisfied for the system of a
particle and the dilaton are (3.48) and (3.54). We can use the Sylvester’s criterion in order
to rewrite the latter condition as a set of inequalities. As a result the conditions (3.48)
and (3.54) can be written as

ImT4p_4p(s) > 0,
2 - - 2
2T p0a() = [Thaan(®)] 20, 2mThppp(s) > [Thasms(s)| =0, (355)
~ 2
ImT4 g, a4(5) X ImTp_ pp(s) > (Im’TXA%BB(S))

together with
=0 ’ v 2
2ImTpp_pp(s) x <21mTAA—>AA(S) - ’TAAaAA(S)‘ )
+ 21m7~‘£A%BB<s> X (Thasaa () TR 55 () + Thaan(9)Thasss(s))

~ 2
> 2ImT s, 448 ‘UA%BB( )‘ +4 (Im,rfoﬁBB(S)) : (3.56)

The last condition comes from the determinant of the matrix (3.48).

9This can be proven in several different ways. For instance one can multiply the condition (3.53) by
the diagonal matrix {1,1,1, f°} to the left and to the right. Alternatively one can use the Sylvester’s
criterion. Considering all the principal minors of the original matrix and the one with the last row and
column multiplied by f2? we see that their non-negativity conditions are equivalent as long as f2 > 0.
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Sum-rules for the a-anomaly. Let us start by recalling the formula (2.34). In the
notation of this section it reads

1 [ d
alv=> / ® ImThp-55(s,0,—5). (3.57)
4

7 Jam2 83
Inverting the last equation in (3.32) and plugging it to the above sum-rule we obtain

g
—16 Y (20+1) SS Im7hp ., pp(s). (3.58)

0=0,24,... dm?
Using this formula and the conditions (3.55) we conclude that
® ds |~ 2
AWV > 8 Z (20+1) A 5 Thasss(s)] (3.59)
m

1=0,2,4,..

Equivalently using (3.32), the completeness relation of Legendre polynomials and changing
integration variables from (s, cos#) to (¢,u) the above equation can be written as
2

| (3.60)

1 dtdu -
uv ~ dtdu
@z 3212 ﬁw;n (2m? —t— ‘7;\A—>BB(S,t, w)

In appendix B, in particular see equation (B.14), we will show that in the case when
particle A is a free boson, the matter-dilaton scattering amplitude has the following simple

form
9 2m* 2m?

ﬁrfxiBB(Sat,U) =-—-m" —

— . 3.61
t—m2 u—m?2 ( )

Plugging it into (3.60) we obtain aYV > agee and conclude that the inequality (3.60) is
saturated in this case. Equivalently plugging (3.61) into (3.59) we obtain

a/afee = 0.83864 + 0.14908 4 0.01048 + 0.00140 + ... = 0.99960 + . . ., (3.62)

where the numbers indicated correspond to ¢ = 0, 2, 4 and 6 and ... represent all the
higher spin contributions to the a-anomaly of a free scalar field.

4 Matter-dilaton scattering at low energy

In [38] the authors derived the most general low energy effective action of the dilaton field
in a curved background. As reviewed in section 2.3 this action is given in (2.28). It is found
by solving the 't Hooft anomaly matching conditions which can be written as a system of
differential equations (2.29). In flat space this action reduces to (2.32) and leads to the
explicit expression of the low energy BB — BB amplitude given by equation (2.33).

Here we perform a similar analysis for the AB — AB amplitude. We start in sec-
tion 4.1 by writing the most general low energy effective action in curved background
which describes this process. In section 4.2 we evaluate it in flat space and derive the
resulting scattering amplitude at low energy. The final result turns out to be universal
(independent of a particular model) and is given by equation (4.34).
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4.1 The most general effective action

The assumption of this paper is the presence of a single Z, asymptotic particle A. Let us
denote by ®(z) the effective field associated to this particle. We would like to find the most
general low energy effective action Aeg|®, |, using which we can compute the S-matrix
for the scattering process AB — AB.!Y We remind that the filed ¢(z) creates the dilaton
particle B from the vacuum.

Following the discussion of section 2.2 we work with the diff and Weyl invariant ac-
tion (2.17). We would like to rewrite this action in terms of low energy degrees of freedom
®(x) and ¢(x) using only diff and Weyl symmetry. The main ingredients for doing this are
the Weyl invariant metric g, (r) and scalar ®(x), defined in terms of background metric
guv () and scalar field ®(z) in the following way

Gur(x) = 7D gu(z),  B(a) = A Dd(x), (4.1)

where 7(x) is the dilaton field related to ¢(x) according to (2.18) and A is some effective
scaling dimension of the field ®(z). Now we want to write the most generic form of the
effective action AZ¢[®, o] in the curved background, which should be general coordinate
invariant in the metric g, (z) and should contain the scalar </Is(ac) Finally we need to
substitute g, = nu in A%[®,¢] to get the flat space effective action Aeg[®, ] which
describes the scattering process AB — AB. For the construction of A%[®, ] we adapt
a variation of the covariantization prescription originally developed in [50, 51] for the soft
gravitational background.

Let us start from the tangent space with locally flat metric 745. The connection between
the curved and tangent space is provided by the objects ef;(x) and Ef(z) called the vierbein
and inverse vierbein respectively. They are defined via the relations

Gu (@) = e (@)l ()b, Tiap = L (@) EY (2) G (4.2)

where 7, is the flat Minkowski metric. We start with the quadratic part of the tangent
space 1PI effective action for scalar field ®(x),

Atengent _ % / d'z (z)K (9,)(z), (4.3)

where we dropped all the terms with cubic and higher powers of ® since they will not
contribute to the scattering process AB — AB after covariantization. The most general

form of the kinetic operator K can be written as'!
(o)
K(8) = ¢4 0y, 0qy - . . Oa,, (4.4)
n=0

%0ne can think of the effective action A.g[®, ] as the Legendre transform of the generating function
W, ] where ((z) is the source that couples to a local operator O (z) that can create particle A from the
vacuum.

1The form of the kinetic operator as Taylor series expansion in derivatives is always possible for a EFT
where massless particles are absent.
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where the coefficients ¢, are built out of all possible combinations of n% with arbitrary
numerical coefficients and ¢ ** is symmetric under the exchange of tangent space indices.
Now we would like to first covariantize the tangent space action (4.3). This requires to
make the following replacements: d*z — d*z+\/—g together with

F. (4.5)

) = Z Cnt 2 anEmE“Q ’ 'ESSDMIDM2 Dy,
Above F' is obtained only by minimally covariantizing the kinetic operator. In principle F
could contain non-minimal terms involving one or more Riemann tensors and derivatives on
them. Since those non-minimal terms contain two or more derivatives of the dilaton field,
they start contributing at higher orders in low dilaton momentum expansion of AB — AB
scattering amplitude. Since our interest is to constrain first two terms in low dilaton
momentum expansion of the scattering amplitude AB — AB, we are not including those
terms under our covariantization process. Now on top of the covariantization we also need
to make the action Weyl invariant which is achieved by replacing ®(z) — ®(z). Also in
A%.1®, o] we should include general coordinate invariant scalar term purely constructed out
of metric g, (x) given in (2.31) as well as the classically Weyl invariant action (2.21) to make
the dilaton dynamical. As a result of all these, our curved space effective action becomes

1 .
Agﬂ"[q)v 90] = 5 /d4$ vV —3g (I)({L‘)F(I)(CC) + Adynamics(ga Q) + Ainvariant(ga Q) + - (46)

We denote by ... all the possible non-minimal terms appearing in the covariantization pro-
cedure as described earlier. From here on to reduce complexity we ignore Ajpvariant (g, $2)
part of the above action as it always contribute terms at higher power in f~! compare to
similar terms coming from Agynamics(9,€2) and won’t affect our result later on.

Now to read off the flat space effective action from Aeg[®P, ¢] from (4.6) we need to set
9uv () = 1y, which in turn requires the following substitutions in (4.6)

2
~ —9r(x ¥
guu(l‘) = e 2 ( ) 77;“/ = (1 — \/2f> 77/“,,

e (x) e*T(I)éﬂ (1 - \[f) s

n
1
Bi(z) = e @oh — (1 - \/(‘if) 5. (4.7)

With these substitutions the flat space effective action becomes

n—=

0
X Dy Dy, -+ Dy, (1 10/(7)) ACID(x)
+ [ds (< J0,p@0 (@) + 0@ )+ (4.9
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Now we expand the effective action Aeg in power of f to the second order around f = oo.
The result can be written in the following form

where the superscript n in Al indicates the order in f~™ expansion of Aeg around f — oo.
The first term in (4.9) reads as

A — % / a3 e (B(0) Doy Oy -~ 0, B(x)) — % / d20,0(2)0 (). (4.10)
n=0

In the second term Aéﬁ‘ we grouped all the contributions proportional to a single dilaton
field ¢ up to one derivative acting on it and also schematically kept the order of three
dilaton field interaction term. The result reads

Al - d4a:<oocflla2"'“” n—(4—-2A x)®(2)04, 04y +  + Ou,, P(x
= 5757 ) > {n— (- 28)}p(@)a(2) ()

+ Z cptn Z {5;3%90(95) + 5gjaai90(x> - naiajay()o(x)}
n—2 ij—=1
ij<j
411
X O(2)0ay Doy 1Oasrs ++ Ony 1Oy r Oy Oy ®(x)  (H1)

+ Z nglman Z Aaaigo(x) (I)(x)aal e aai71aai+1 e 8an(1)(x)
n=1 =1

+ O(920%, 84g03)> .

In the above expression the first term is linear in ¢(x). It is obtained by replacing all

the covariant derivatives in (4.8) by ordinary derivatives and commuting (1 — %)

through the derivatives (in other words neglecting terms containing derivatives operating
on ¢(z)). Expansion of the resulting expression at linear order in ¢(z) generates the
first term. In the second and third terms in (4.11) one derivative operates on ¢(z). In
presence of two covariant derivatives on ®(z) in the first term in (4.8), we need to substitute
Dy Dy ®(x) = 0,0, ®(x) — 1,0, @(2). Then writing down the Christoffel connection
up to linear order in (z) for any pair of such covariant derivatives and setting ¢ = 0 in all
other places we get the second term above. On the other hand when any one of the ordinary

derivative from the set of covariant derivatives operates on (1 — %) s in the first term
in (4.8), we get the third term above at the linear order in ¢(z) from the expansion of the
resulting expression. First non-vanishing contribution to three dilaton interaction appears
at four derivative order as schematically written as O(9%p?) in the above expression.

In the third term of (4.9), we grouped all the contributions involving ¢(x)? and no

derivative on it, and the result reads

2 00

V2f 2

ai1a2 - -an 1
X o Oa10ay ++ Oa, ®(x) + PO@Z@&p). (4.12)

n=0
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To get the above contribution we first replace all the covariant derivatives in (4.8) by

ordinary derivatives and commute (1 — fg}) s through the derivatives neglecting terms
containing derivatives operating on ¢(z). Then we expand the resulting contribution and
collect terms at quadratic order in ¢(x). We do not need to compute Ay for n > 3 as
these terms of the effective action do not contribute to AB — AB scattering amplitude.
Another important point is that once the expansion is done in power of f about f — oo
n (4.9), in the expressions of A%y both tangent space indices a1, as,--- and curved space
indices p1, po, - - - can be treated as just flat space Lorentz indices.

Momentum space. It is cleaner to present further discussion in momentum space. We
would like to rewrite A%, Al; and A2, as integrals in momenta variables. Let us start by
Fourier transforming the object in (4.4) in momentum variable ¢

o0

K(0,) — K(q) = Z(z)” ca2Ang  Qay - - - Gay, - (4.13)
n=0
In appendix D we have derived some other important identities under Fourier transforma-
tions which we use below.
Using the definition of (4.13) the momenta space expression of (4.10) becomes

4 4
A= 5 [ 5 gf)i (27)*6 (g1 + g2) B0 K (02) ()

d*k dk
5 | Gtz Cm)' 80+ k) (ko). (414)

The kinetic operator K(gq) should vanish on-shell as follows from the equation of motion.
Using the definition (4.13) and equalities from appendix D in momentum space the expres-
sion (4.11) can be written as

d4q1 d4QQ d4k'

A= 57 [ Gt et gy 2700+ 02 4 K) B(a)0(a2) (k)

oK 1
({ - 200000+ 250 4 Jesih,+ 53k - k)

9*K(g2) 9K (q2) 2
ve—— + A K + O(k) . 4.15
2 anManP 8 2 ( ) ( )

In the above expression we are not explicitly writing down the three dilaton interaction
part, as this term involves four power of dilaton momenta and will not be important for
the computation of AB — AB scattering amplitude up to the order we are interested in.
Using the definition (4.13) and the properties (D.3) and (D.7) the expression (4.12) can be
written in momentum space as

AL

1 d*q d*qy d*ky d*k
[ L A Pl AR o)1+ g5 )PP (R)

=42 ) (2m)t (20T 2m)t (20)1

x ((2—A)(3—2A)’C(Q2)+(—3+2A)q§‘alc(qz) L &Kla2)

+ q >
gy 2% 9gh0qs

+O(k1,k:2)>. (4.16)
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4.2 Low energy amplitude

Having obtained the low energy effective action components given by (4.14)—(4.16) we can
finally compute the scattering amplitude AB — AB. We start by deriving the Feynman
rules. The Feynman propagators are defined as

_ - 0% Aeg[®, ] _a
2m)46@W (g1 + q2) x D7t (qr) = —i— L AL . D = 4.17
( 7T) ((h q2) F ((h) Z(S(I)((h)(sq)(QQ) oot F(ql) ( )
1)@ (ky + ko) x AR (ky) = —i 0% Acsi[®, ] Ap (k1) e (4.18)
s = 4— , =_______.

The cubic effective vertex ®®y is defined as

6* Acs[®, o] B
2m)20W (g1 + g2 + k) x T (g1, g1 k) = i Sl = e
( ) ((:h q2 ) (ql q2 ) 6@((]1)5@((]2)5@([6) - v
kT |
(419
The quartic PPy vertex is defined as
2m) 4™ (g1 + g2 + k1 + k2) x T (g1, go; k1, k2)
qn a2
_ . 5 Aeqt [P, ] _ () 4.20
=1 = @ ( )
00(q1)0@(g2)0p(k1)dp(k2) | I
ok ke N
The cubic ppp vertex is defined as
(2m)10W (k1 + kg + k3) x VO (ky, ko, k3) (4.21)
k1 ko
Sl )y
- Op(ka)dp(ka)dp(ks) | ‘
kgT |
Applying these definitions to (4.14)—(4.16) we conclude that the Feynman propagators
read as
Dr(q) = i(lC(q))_1 ={* +m? —ie}12(g), Ap(k) = —i(k* —ie)™ L. (4.22)

where we have introduced for later convenience a new object =(¢) which is the numerator
of the scalar field propagator. The cubic vertex ®®y reads

7 oK 1
F(3) (ql, q2; k‘) = W ( — (4 — QA)]C((]Q) + qét 622{2) + 5{(5ka + 5Zkﬂ - ﬁupky}
(4.23)
9’K(q2) 0K (g2) 9
X oy ——— + A kP —222 + Ok + — )
q2 DonDazy o (k%) (@1 < q2)
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Figure 4. The set of diagrams contributing to the Tap_.ap amplitudes. Here the solid lines
represent scalar particles A and dashed lines represent dilatons B.

where ¢1 +g2+k = 0. In the above expression of I'®) the terms linear in k actually vanishes
when we explicitly write the terms under ¢; <> ¢2 exchange and substitute ¢o = —q; — k.
The quartic vertex ®®pp reads as

T (g1, g2i k1, ko) = 72}2 <(2 —A)(3—24)K(g2) (4.24)
oK(g) 1, ,0%°K(g)
_ _ H PPy SR LV o

where g1 + g2 + k1 + ko = 0. Three dilaton field interaction vertex ppp reads as
VO (ky, ko, ks) = % O(kY). (4.25)

We can now compute the AB — AB amplitude using the Feynman diagrams depicted
in figure 4. The total amplitude describing the scattering process AB — AB becomes

Tap—ap =Ti + T2+ T3+ T4, (4.26)

where we have

iTi = T3 (p1, —p1 — p2; +p2) Dp(p1 + p2)I® (p1 + p2, —p3; —pa),

iTo =T (p1, —p1 + pa; —pa) Dr(p1 — pa)T® (p1 — pa, —ps; +p2), (4.27)
T3 = TW (p1, —p3; pa, —pa), '
iTa =T® (p1, —ps; p2 — pa) Arp(p2 — pa)V P (—p2 + pa, p2, —pa).

Plugging the explicit expressions of the Feynman propagators and the effective vertices,
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expanding around ph = 0 and p} = 0 one obtains the following

FT=m*(p1-p2) ™! = 2m*(A = 1) = 2im*Z' (m?) + O((p1 - p2), (p3 - pa)),
2T = —m*(pr-pa)~" = 2m*(A — 1) — 2im*E'(m?) + O((p1 - p2), (p3 - p4)),
F2Ts = (48 = 5)m? +4im*Z'(m?) + O((p1 - p2), (ps - pa)),

FTi=0 +O0((p1-p2), (ps - pa)),

(4.28)

where =/(m?) = —88553)

2 _m2
In deriving these we have used several straightforward relations which follow from the
fact that K is a scalar quantity and thus can depend only on ¢?. As a consequence the

same is true for = defined in (4.22). These relations read as

- - oK (q) oK(q)  0=(q) E(q)
Kla)=K(=a), Bl@)=5(-a) =5 = =25 5 =gz (“29)
together with
oK (q) — 0= .
ﬂ:(q) + K(q) @) _ 2iqy,
dq" dar (4.30)
6’ZIC(CJ):(q) 0K(q) 9E(9) | OK(q) 0=(q) @ 9°Z(q) — 9 '
dghogr ~ Oq¥  Ogh Ogt  Og Oqtoq” e
At the end of the evaluation of the Feynman diagrams we use the following on-shell condi-
tions,
— ) 0K (q)
K(q) St 0, E(g) iz -1, R = —2q,, (4.31)
0?K(q) , =/ 2
I = =21 + 8iguq, ='(m?). (4.32)
Plugging (4.28) into (4.26) we obtain
2 m* m* 2
T - - —m2+ O((p1 - pa), (3 - pa)). 4.33
f*Tap-ap o) Gorpn) ((p1-p2), (P3 - Pa)) (4.33)

Using the definition of the Mandelsatm variables (3.7) and the definition of the tilded
amplitudes (3.39) we obtain the final result

—2m? —2m?

—m?+ O(u—m? s —m?). (4.34)

TAB%AB(S,t,u) = a2 + w2
The above result is independent of A, which is not surprising since A appears in the
definition of ®(z) which is nothing but a field redefinition of ®(z). Here we want to
emphasize that up to the subleading order in the expansion parameters s —m? and u —m?,
our amplitude fAB_> AB(S,t,u) is theory independent. We perturbatively verify the pole
parts of the above result for a particular model in appendix E. In addition, in appendix F
we argue for this universal soft behavior by analysing the worldline action of a massive

particle in a dilaton background.
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At the next order in O(u — m?, s — m?) the contribution to (4.34) will depend on
Z/(m?),Z"(m?) and the non-minimal interaction strength of the scalar field with the dilaton
e.g. flat space interaction follows from RHv 8M</I38V<T>.12 Our derivation is also motivated from
the literatures [53-55], where tree level single and double soft dilaton theorems have been
studied.

5 Numerical bounds

In order to put numerical bounds on the a-anomaly we use the numerical approach of [3, 9].
For the concise summary of this approach see section 1 and 4.1 of [19]. In what follows we
first explain very briefly our numerical setup and then present our numerical bounds. All
the technical details of the numerical setup can be found in appendix G.

5.1 Numerical setup

We start by introducing two types of the rho-variables which automatically take care of
the branch cuts discussed in (3.41) and (3.42). They read

Vam?Z — 29 — /4Am?2 — z
VAMZ =z +V4Am?2 — 2’
VIm2 — zg — VOIm? — =z
VOmZ =z +VIm? — 2

Here z is a free parameter and can be set to any convenient value for both variables ty

t1(2; 20)

(5.1)

t2(2; 20)

and vo independently. Using these variables we can write the following ansatze

Taa—aa(s,t,u) = ZZiaabc (t1 S; 4m2/3)> (tl(t;4m2/3))b (tl(u;4m2/3))c,
a=0b=0 c=0

2m4 4

2m

Tap—ap(s t,u) = — 7~ 3
S—m u—m
[, cle oo o}

T m? 3050 B (ol 2m?/3)) " (ea(t:2m/3))” (valus2m?/3))°
a=0b=0c=0

Top—BB(s,t,u) =m* > 3> vae (t1(5:0))" (v1(£0))” (v1 (5 0))°. (5.2)

a=0b=0c=0

Here «, 8 and ~y are the unknown real coefficients. Due to the crossing symmetry discussed
in section 3.2 the coefficients o and « are fully symmetric in their indices. Instead the
coefficients [ obey the following condition

ﬁabc = Bcba' (53)

The ansatz for the amplitude Taa—p5(s,t,u) is obtained from (5.2) by exchanging s < ¢
according to the crossing equation (3.17). In order to simplify the ansatze and take into
account that the variable u is not independent we further demand that our coefficients obey

(abc) 7& 0: Agpe = /Babc = Yabe = 0. (54)

12The theory dependence of sub-subleading soft graviton theorem along the same line of derivation has

been worked out in [52].
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We will be working in the units of the physical mass m. Effectively this allows us to set
m=1 (5.5)

in all the equations below.

Using the ansatze (5.2) one can define the following optimization problem: numerically
find the set of coefficients «, § and v which maximizes some linear combination of these
coefficients such that the unitarity conditions (3.48) and (3.54) are satisfied for all physical
values of s and spins ¢. Below we will explain how the coefficients «, § and  are related
to the a-anomaly and to the physical observables.

In order to make the above optimization problem feasible in practice we first truncate
the ansatz (5.2) to a finite sum with the parameter Npax according to

a+b+c < Npax. (5.6)

We impose unitarity conditions for a finite number of spins £ up to some fixed value L,
namely
£=0,1,2,..., Limax. (5.7)

Finally, we pick a finite grid of s values where the unitarity conditions are imposed. The
number of points in this grid is denoted by Ngyiq. After performing these “truncations” we
use SDPB software [56, 57] to solve the optimization problem numerically.

Soft conditions. At low energy the AA — BB and BB — BB amplitudes have a very
particular (soft) behavior according to (3.46) and (3.40) respectively. As a result we have
additional constraints on the coefficients of the ansatze. Plugging here the definition of
(t,u) variables in terms of (s, cosf) according to (3.30) and expanding around small values
of s keeping cos 6§ fixed we get expressions which should match (3.46) and (3.40). Requiring
this matching one obtains the following constraints

1
Booo = —1 — (98 — 40v6)Boo1 +---, o000 =0, 7Yoo1 = 1 (512a — 27002 + Y011), (5.8)

where a is the a-anomaly. Plugging the solutions (5.8) into the anstatze (5.2) we effectively
eliminate three coefficients Booo, Y000, Y001 and introduce one additional coefficient a (the
a-anomaly).

Physical observables. As explained in the introduction we will use either the pair of
observables (A, A2) or (Ag, Az) in order to describe the scattering amplitude AA — AA.'3
Applying either the definition (1.3) or (1.4) to the ansatz (5.2) for the amplitude AA — AA

13Tn the definitions (1.3) and (1.4) one could take the derivative in s is two different ways. First, one
could plug the value of u = 4m? — s — ¢ and then treating s and ¢ as independent variables evaluate the
derivative in s at the sp and to point. Second, one could replace both ¢ and u variables in terms of s and
cos 0, where 0 is the scattering angle and only then take the derivative in s at the so and zo point. In this
paper we will use the second option. At the crossing symmetric point AF™e" = 4/3 \ptter - At the forward
point Agormer — Alzatter.
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we obtain a linear relation between (Mg, A2) or (Ag,A2) and the coefficients &@. We solve
these relations for

@000 and @01 (5.9)

in terms of either (Ag, A2) or (Ag, A2) and the rest of &. We substitute this solution in the
ansatz. This effectively removes two coefficients aggg and g in the ansatz and instead
introduce the depends either on (Ag, A2) or on (Ag, Aa).

Extension of the ansatz. The ansatz (5.2) is very powerful. Nevertheless since in
practice we work at finite value of Ny .y the bounds depend on Ny ay. And in order to get
accurate bounds one needs to perform an extrapolation Npy.x — 0o. The convergence with
Nmax depends on a particular optimization problem.

It is convenient to enlarge the ansatz for the AA — AA by adding the following term

1 1 1
ti(s;4/3) — 1 - v (t;4/3) — 1 + 0 (w:4/3) = 1) ;. (5.10)

Taasaa(s,t,u) D apyy X (

which contains a new parameter «fy,. When maximizing A9 this term gives a major
contribution and improves the convergence with Nyax drastically [3]. We also enlarge the
ansatz for BB — BB amplitude by adding the following term

TeBopB(s,t,u) D cTHE, pp(s,t,u), (5.11)

where c is a free parameter and NBrg,: pp is the dilaton scattering amplitude in the free

scalar theory. It is hard to compute 7’§§: pp exactly. Luckily we do not need its explicit
expression, in practice we will only need its imaginary part and the imaginary part of the
associated partial amplitude, since only the latter enter in the unitarity constraint (3.54).
These will be computed in equations (B.17), (G.31) and (G.32).

5.2 Results

We start in section 5.2.1 by addressing the simplest possible question: what is the lowest
value of the a-anomaly in the UV CFT which leads to a single Zs odd asymptotic state
given some relevant deformation. We will reconstruct the spin=0 partial amplitudes of our
setup which lead to the absolute minimum of the a-anomaly. In section 5.2.2 we discuss
several consistency checks of our numerical code. In section 5.2.3 we construct a lower
bound on the a-anomaly as a function of Ay, A2, Ag and As. We reconstruct the spin=0
partial amplitudes of our setup corresponding to the maximally allowed value of Ag.

5.2.1 Absolute minimum of the a-anomaly

Let us start by addressing the following question: what is the lowest value of the a-anomaly
in the UV CFT which leads to a single Zo odd asymptotic state given some relevant
deformation. For running the numerics we have found the optimal size of the grid to be
Ngria = 300. We have checked that Ngq = 350 and Ngriq = 400 lead to the same solution.
For Ngriq = 200 the results differ significantly from the ones found with larger grids.
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Let us fix the size of the ansatz to be Npax = 20. The minimum of the a-anomaly for
various values of L.« is found to be

{ Linax; a/agee} = {(16,0.4015), (18,0.4074), (20, 0.4100), (22, 0.4115), (24,0.4125), (5.12)
(26,0.4133), (28, 0.4140), (30, 0.4146), (32, 0.4150), (34, 0.4154) }.

We see the lower bound on the a-anomaly is stable under the change of L. and gets
stronger when Ly, increases. In all the future numerical studies we make the following
conservative choice for

Lmax = Nmax + 10. (513)

Let us now investigate the dependence of the numerical solution on Ny.x. We obtain the
following values for the minimum of the a-anomaly for various values of Ny ax

{ Ninax, @/agee} = {(16,0.4401), (18,0.4223), (20, 0.4146), (5.14)
(22,0.4058), (24, 0.4001), (26, 0.3897)}.

Using Npax = 16, 18, 20, 22, 24 and 26 we can extrapolate our data to Ny.x = oo with
the following linear function

a/afree = 0.316 + 1.969/Npax.- (5.15)

The dependence of the minimum of the a-anomaly on Ny ,x and its extrapolation is given
in figure 5. We conclude that the absolute minimum of the a-anomaly in our setup is

a/agee > 0.316 £ 0.015. (5.16)

~

Here we have also included the estimated extrapolation error.

At the absolute minimum of the a-anomaly we can actually reconstruct numerically
scattering and partial amplitudes of all the process of our setup. In figures 6-8 we present
the spin zero partial amplitudes of the AA — AA and AA — BB processes. In the left
figure 7 we have plotted the real part of the spin zero phase shift of the AA — AA process.
We recall that the spin ¢ phase shift 6 of the AA — AA process is defined via

Shassaals) = e20aamaal), (5.17)

From the right figure 7 we see that the amplitude is fully “elastic” up to very high energies.

In figure 9 we plot the integrand of the sum-rule (3.57) for various values of Nyax.
Numerical integration of these functions gives the values a/age. = 0.4146, 0.4058, 0.4001
and 0.3897 which are in a perfect agreement with (5.14). In figure 10 we plot the integrand
of the sum-rule (3.58) for spin 0, 2 and 4. Numerical integration of these functions gives
the following value of the a-anomaly a/agee = 0.2396 +0.16054 0.0105+. .. = 0.4106+. . .,
where the three entries correspond to spin 0, 2 and 4 respectively and the dots indicate the
contribution due to higher spins..

~31 -



al Afree

02}

01

T | R R I R T — I R R | R R L - L
0.01 0.02 0.03 0.04 0.05 0.06

1/Nmax

Figure 5. Minimum possible value of the a-anomaly without any further assumptions as a function
of 1/Npax with Lijax = Npax + 10. The numerical results are depicted by blue points. Linear
extrapolation to Nyax — oo depicted by the red line gives 0.316 +0.015 for the minimum of a/agec.

5.2.2 Consistency checks

Before presenting more bounds let us perform several consistency checks.

First, we can set all the coefficients o and 3 in the ansatz (5.2) to zero after imposing
the first condition in (5.8). This situation corresponds to particle A being a free massive
scalar, with the AA — BB scattering amplitude given by (3.61). As explained below (3.61)
this inevitably leads to a/agee = 1. We successfully reproduce this theoretical outcome
numerically. It is important to notice that the ansatz (5.2) requires very large numbers
Nmnax in order to reproduce the free theory accurately. In practice it is very non-economical
to work with such a big value of Nyax. This was the motivation behind the introduction of
the additional term (5.11) in the BB — BB ansatz which improves the convergence with
Nmax drastically in this particular situation.

Second, let us set all the « coefficients to zero and leave § coefficients to be completely
free. One might expect the same outcome as before, however solving the optimization
problem we obtain

a/afee ~ 0.9071. (5.18)

This result was obtained with Npax = Lmax = 20. For comparison we get 0.9107 for
Nmax = Lmax = 10. This result is very stable under the change of Npyax and Lpax. The
solution of the optimization problem gives the coefficients of the ansatz such that only

Boon # 0. (5.19)

Under closer inspection of the unitarity conditions one observes that setting a to zero
forces the imaginary part of the ’t{ A pp(s) partial amplitude to be zero due to the last
line in (3.55). However, the real part can still be non-zero. The solution (5.19) exactly
reproduces such a situation. We, thus, conclude that the unitarity conditions we use do not
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Figure 6. Real and imaginary parts of the spin 0 interacting part of the AA — AA partial
amplitude leading to the absolute minimum of the a-anomaly. It is constructed at Nyax = 20 and
Lpax = 30.
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Figure 7. An alternative representation of the amplitude given in figure 6. Left plot represents
the real part of the spin 0 phase shift of the AA — AA scattering defined in (5.17). The apparent
jump around s = 8 is due to the periodicity § ~ & + w. Right plot represents the absolute value of
the spin 0 partial amplitude of the AA — AA scattering. On the real axis instead of the s variable
we use the ¢ variable defined in (G.25). The amplitude is fully “elastic” up to very high energies.
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Figure 8. Real and imaginary parts of the spin 0 interacting part of the AA — BB partial
amplitude leading to the absolute minimum of the a-anomaly. It is constructed at Ny, = 20 and
Lpax = 30.
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Figure 9. Integrand appearing in the sum-rule (3.57) for the absolute minimum of the a-anomaly.
Different colors indicate different values of Ny ,.x. Numerical integration of these function leads to

a/afee = 0.4146, 0.405
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8, 0.4001 and 0.3896 in a perfect agreement with (5.14).
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Figure 10. Integrand

appearing in the sum-rule (3.58) for the absolute minimum of the a-anomaly

for spin 0, 2 and 4. Numerical integration of this function leads to a/afe. = 0.2396 + 0.1605 +
0.0105 + ... =0.4106 + .. ., where the three entries correspond to spin 0, 2 and 4 respectively and
the dots indicate the contribution due to higher spins. Plots are constructed at Ny,x = 20 and
Liax = 30. Summing up these three contribution gives the Ny.x = 20 curve of figure 9.

— 34 —



fully constraint the behavior of the matter-dilaton scattering given the form of the matter
scattering.

It is possible to guess analytically the AA — BB scattering amplitude which gives the
solution (5.18), (5.19). Let us assume no discontinuity in the s-channel of the amplitude
AA — BB (as follows from absence of AA — AA scattering), we can then write the general
ansatz

4 2 2

m m 2m?2

dwq(w) ( + - — ) , (5.20)

t—w uU—w m —w

2m o0

t—m2 u—m2  Jonu2

2m

= 2
Taa»BB = —m

where q(w) > 0 by unitarity. For the special case when q(w) = Q@m?2§(w — 9m?) we obtain

4 2 4 2 2 1
me—Qm2< LS +>. (5.21)

2m

5 2
= —m — J—
Tanns t—m?2 u-— t—9m2 u-—-9m?2 4

Plugging it into (3.60) we obtain aYV/age. > 0.905527 for Q = 2.07869. The ampli-

tude (5.21) matches precisely the one obtained numerically.
Finally, analogously to (3.57) one can write the following dispersion relation

4 00
Ay = % AmQ g ImTaaa4(s, 0, 4m? — s). (5.22)
Setting Ag to zero will force the imaginary part of the AA — AA process to be zero since
the integrand is non-zero due to the first inequality in the second line in (3.55). Due to the
same inequality we see that the imaginary part in turn forces the whole amplitude to be
zero. In practice we indeed observe that by setting As to zero the numerical solution leads
to all the coefficients a being zero. In other words our numerics leads to (5.18) if Ay = 0.

5.2.3 Lower bound on the a-anomaly as a function of g, A2, Ag and A

Let us now construct a lower bound on the a-anomaly as a function of the coupling constants
Ao, A2, Ag and Ag. They were precisely defined in (1.3) and (1.4).

We begin by noticing that these couplings are bounded themselves. We can use our
setup of section 5.1 to obtain upper and lower bounds which read as

—6.0253 < Ao < +2.6613, 0 < g < 42.2568,

(5.23)
—2.8145 < Ay < +2.8086, 0 < Ay < +0.6550.

These are obtained by setting a = bagee in the setup and using Nyax = 20 and Ly = 30.
Increasing the value of a does not change the result. Around a/agee ~ 1 we get a non-trivial
dependence of the bounds on a which will be better represented in the later plots. The
dependence of these bounds on Ly, is negligible. The dependence on Ny, is non-trivial
and should be taken into account. The correct bounds are obtained using the extrapolation
to Nmax — 00. The exception is the upper bound on g, it is independent of Npy.x due to
the presence of the singularity term (5.10) which drastically improves the convergence of
this particular bound. We do not perform Ny, — 0o extrapolations in this section and
instead we will always work at Npax = 20 and L. = 30.
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Figure 11. Lower bound on the a-anomaly as a function of Ay in the left plot and as a function of
the Ay in the right plot. The allowed region is depicted in blue. Red dot represents the point with
the lowest value of the a-anomaly. The red vertical lines indicate the boundaries of the allowed
regions for \g and Ay given in (5.23). The plots are built with Npax = 20 and Lyax = 30.
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Figure 12. Lower bound on the a-anomaly as a function of Ay in the left plot and as a function of
the As in the right plot. The allowed region is depicted in blue. Red dot represents the point with
the lowest value of the a-anomaly. The red vertical lines indicate the boundaries of the allowed
regions for Ay and Ay given in (5.23). The plots are built with Npax = 20 and Lyax = 30.

We can now pick value of Ao, A2, Ag and As from the allowed ranges (5.23) and
minimize the a-anomaly. The result is presented in figures 11 and 12. The allowed area
is shaded in blue. The red dot represents the solution with the absolute minimum of the
a-anomaly found in section 5.2.1. The right plots in figures 11 and 12 have a sharp peak
around A2 = 0 and As = 0. This point corresponds to a freely propagating particle A and
gives the value of the a-anomaly quoted in (5.18). See the explanation below (5.18) why
this value is not exactly one.

Another interesting point in these plots is the one with Ay &~ 2.66 and a/afee = 1.2.
As was done in section 5.2.1 we can plot spin zero partial amplitudes in our setup for this
solution. They are given in figures 13-16.
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Figure 13. Real and imaginary parts of the spin 0 interacting part of the AA — AA partial
amplitude for A\g = 2.66 which leads to a/agee = 1.2002. It is constructed for Npyax = 20 and
Lax = 30.
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Figure 14. Left plot represents the real part of the spin 0 phase shift of the AA — AA scattering
defined in (5.17). No resonances are present. Right plot represents the absolute value of the spin
0 partial amplitude of the AA — AA scattering. On the real axis instead of s variable we use ¢
variable defined in (G.25). The amplitude is fully “elastic” up to very high energies.
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Figure 15. Real and imaginary parts of the spin 0 interacting part of the AA — BB partial
amplitude for A\g = 2.66 which leads to a/agee = 1.2002. It is constructed for Npyax = 20 and
Lmax = 30.
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Figure 16. Left plot: integrand appearing in the sum-rule (3.57) for the absolute minimum of the
a-anomaly. Numerical integration of this function leads to a/agee = 1.2002. Right plot: integrand
appearing in the sum-rule (3.58) for the absolute minimum of the a-anomaly. Numerical integration
of this function leads to a/afee = 0.71146 +0.45094 +0.03238 + ... = 1.19477 +. . ., where the three
entries correspond to spin 0, 2 and 4 respectively and the dots indicate higher spin contributions.
The plots are constructed at Nyax = 20 and L. = 30.

6 Discussion

We proposed a framework to study gapped QFTs defined as relevant deformations of an
UV CFT. For simplicity we assumed the existence of a Zy symmetry and a single stable
Zo-odd particle at low energies denoted by A. By studying the unitarity constraints on
the system of scattering amplitudes between the particle A and the dilaton particle B,
as depicted in figure 1, we related the physical scattering data for the particle A to the
a-anomaly of the UV CFT. This allowed us to derive lower bounds on the a-anomaly as a
function of several parameters defined in (1.3) and (1.4) in terms of the amplitude T4, 44
(see figures 2 and 3).

In practice, we used the primal numerical S-matrix bootstrap method for multiple
amplitudes.'® This method requires extrapolation in the number of parameters of the
ansatz (Nmax — o0) and the number of unitarity constraints (Lpax — 00). As usual in
S-matrix bootstrap problems with a mass gap, the extrapolation Ly,x — 00 is easy. On
the other hand, the extrapolation Ny ,x — 00 is more subtle and deserves further study.
In this context, it would be extremely useful to have a dual S-matrix bootstrap method
to approach the minimal a-anomaly from below. It should be possible to generalize the
methods of [25, 27, 58] to our setup.

Our main result is the derivation of a universal lower bound on the a-anomaly. We
estimated the bound to be a/agee > 0.3. Combining this result with the conformal collider
bound % > 2> % from [59], we obtain a lower bound ¢ > 0.17 afree.

It would be interesting to generalize our analysis by dropping some of the simplifying
assumptions about the presence of the Zo symmetry and the low energy spectrum of parti-
cles. For example, we can start by allowing more stable particles either even or odd under
Zs. More stable particles lead to extra poles in the ansatz (5.2) and change the branch
point in vy associated with the beginning of the continuum in the Zy even sector (in practice

MFor an example of the primal numerical setup with multiple amplitudes in 2d see [9].
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9m? — (m +m/)? where m’ is the mass of the lightest Zs even particle). Dropping the as-
sumption of Zs symmetry leads to similar effects: now particle A gives rise to a pole in every
channel of every amplitude and all cuts start at 4m?. More ambitiously, we could include
in our setup also the processes Taasap and Tap_pp. This would give rise to a stronger
set of unitarity constraints. Any of these more general scenarios must give rise to a weaker
lower bound than a/as.e. > 0.3.'° This is intriguing because we do not know of any 4d QFT
with a < afee. On the one hand, one may interpret our results as pointing to the existence
of an unknown QFT with a < afee. On the other hand, it is also possible that our setup is
just not constraining enough to approach the true minimal value of a in the space of QFTs.

Another interesting generalization would be to study QFTs with a continuous global
symmetry. In practice, this is achieved by promoting particle A to an irreducible represen-
tation of the global symmetry group. For example, we could study pions as a triplet of O(3).
Building on [7], we could impose the known value of the a-anomaly in QCD and study sev-
eral observables like scattering lengths, chiral zeros and resonances. Alternatively, we could
inject some experimental data about m — 7 scattering and then minimize the a-anomaly.

It would also be interesting to apply our approach to QFTs with fermionic asymptotic
states. For example, we can ask the question: what is the lowest agy that can give rise
to massive fermions in the IR?'® In practice, this would require a combination of the
techniques of [19] with the present paper.

Our setup can easily accommodate a massless physical particle described by some
Effective Field Theory (EFT) at low energies. This would have several interesting ap-
plications. The simplest one is for particle A to be a Goldstone boson of spontaneous
symmetry breaking. For example, particle A could describe massless pions like in [18].
More challenging, would be to take particle A to be a photon. This would allows to ask the
question: what is the minimum a-anomaly of the UV CF'T that can give rise to a photon in
the IR? Our method creates a non-perturbative bridge between low-energy EFT and their
UV completions (within the realm of QFT). Unfortunately, such applications will be very
challenging numerically for the current methods. The main challenge is the extrapolation
Lyyax — o0 in gapless theories (see for instance [24]).

In this paper, the dilaton particle B was an external probe. However, one can also study
physical dilatons, which are the Goldstone bosons from spontaneous conformal symmetry
breaking. In this case, the dilaton decay constant f would be finite and generically of
order m. For this reason, dilatons can now appear as internal massless particles in the
amplitudes. Such non-perturbative setup would be more challenging numerically.

So far, we restricted ourselves to 4 spacetime dimensions. However, our setup can be
easily adapted to 6d. The main difference with 4d is the low energy behavior of the dilaton
scattering amplitude which reads in 6d as [60]

~ b 9
TeB—BB(S,t,u) = 3 % (s + 12 +u?) + g(aUV —a™®) x stu + O(s?). (6.1)

15Tt may be possible to derive a stronger lower bound for QFTs with more than one stable particle by

considering 2 — 2 scattering amplitudes with other external particles besides the dilaton B and the lightest
particle A. This is similar to the discussion below about promoting particle A to a vector multiplet of O(3).
16We thank H. Osborn for suggesting this question.
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Here b is some parameter of the theory. It is an outstanding open question to prove the
a-theorem in 6d. The paper [61] made an interesting proposal: consider the RG flow on
a fixed Anti-de Sitter background and formulate the a-theorem as a conformal bootstrap
problem for its boundary correlation functions. Unfortunately, this approach has not yet
succeeded. In flat space, there seems to be no positive sum rule for (aVV — a'™®) in 6d [60].
Nevertheless, we can try to run our numerical approach and minimize "V in QFTs with
a mass gap. We leave this exploration for the future.
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A Correlation functions of the stress tensor

In this appendix we summarize results for the two- and three-point correlation functions
of the stress-tensor in four spacetime dimension derived in a seminal paper [39] by Osborn
and Petkou. Let us start by defining the short-hand notation

ol =2l — 2. (A1)

All the tensor structures for the stress-tensor correlators are built out of these elementary

tensors v
ety
I (z) = " — 2 o
1 1 1
T (a) = ST () LI (@)1 () — o, (A2)
. b
Xk =218 _ 723
12 aty 3
According to [39] we have
1 po
(TH (21)T7° (22)) = Cp 5 TH 7, (A.3)
12
Hv po af _ 1 uvipo;af pvipoia pvipoia
(TH (21)TP° (22) T (23)) = W[A T +B T +C T |- (a9
12723%31

Here Cr is the central charge and A, B and C are the stress-tensor OPE coefficients with
itself. These obey the following relation

7T2

Or = 5 (144 — 2B - 5C). (A.5)
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The four tensor structures written above are defined as
Vipo __
Tﬁ p :Iw/,pa(l'm)a
T#”?Pmaﬁ — I;w,u’u’ Ipa,p’a’ tl af X
1 = (z13) (x23)t i por ¥ (X3,12),
V, O',Oé _ : 1,0 . /! 2
Tg poiaf = Y (xlg)Zp‘”“’ (ng)tM/V/7plo./ aﬁ(Xng),

UV P78 = T () 5) P00 (223) 10 or “P(X312),

(A.6)

where
— 2 1
tw/ po, a,B(X) = h/,tl/ po, a,@( ) 2hw/ po, a,é’( ) 2hpa uu, aB(X) + 24hw/ pa( )ha,B(X)
716h; ( )h,ul/aﬁ( ) 16h;11 ( )hpaaﬁ( ) + 64]7“111( )hfl)a(X)hin(X)v
4 2 1
tuupaa,@(X) = ha,B,uupo’( ) huupaaﬁ( ) _h ,,ul/aﬁ( ) +6h,u1/po'( )haﬁ(X)

_2h;1)( )h/ﬂ/aﬁ( )_2h1( )hpoaﬂ( )+32h1( )hfl)a(X)h(lyﬁ(X)’

tfw,pa,a,ﬁ (X) = hfw po (X)hozﬁ (X) + h‘;lw (X)hpa af (X) + h,ia' (X)hw/ af (X)

_Ghiupa( )h(l)cﬁ(X)+4h/1)( )huyaﬂ( )+4h/11( )hpaaﬂ( )

—16h,, (X)hp, (X)his(X). (A7)
and
X, X 1
1 _
hMV(X) = 5(2 L — Znuu,
hiu,po’(X) = X2 {X Xovo + XpuXonup + X Xpnpo + Xo Xonpp — XpuXonpo

1
_Xannp,y} + anznpm
1
h/gu/,po(X) = nupnua + NpoNvp — imwnpa,

Wy pas(X) = [hfw o XoXp+ B
1 1 1
577,0017“;211/,015 (X) - §naﬂh;2w,po (X) - 577po-77aﬂh;1w (X)’

Xy X + hhy 5 Xo X + by 05X Xa)

pv,oo

hiu,po‘,aﬁ(X) = NupvaleB + Mvpluallos + Nuevallps + MvoMuallps + MupTlvaNoa
1
FNvpNuBNoo + MueMvBNpa + NvouBMpa — 577/w77p077aﬁ
3 3
_nul/hpa,aﬁ (X) - npahuy,aﬁ (X) - naﬁhiu,pa(X)' (AS)

In curved spacetime one-point function of the trace of the stress-tensor is non-zero. It
has the following form
(TH)g=—ax By +x cW? (A.9)

where Ej is the Eular density and W?2 is the square of the Weyl tensor. They have the
following expressions in 4d,

Ey = R*P°R,p.5 — 4R*’Rop + R?, (A.10)
1
W? = R*®°R, 5.5 — 2R** R + g1:52. (A.11)
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The coefficients a and ¢ are called the Weyl anomalies. They are related to the OPE

coefficients A, B and C as

4
v T
- 9A — 2B — 10C -
“ 64><90( ) 7 64x30

As an example let us consider a theory of a free massless (conformally coupled) scalar ®(x)
which is described by the free CFT. According to [62] it has the following stress-tensor

(14A — 2B - 5C). (A.12)

1
T = 0,20,® — 120,0,8? + 0y, 0702 (A.13)
Such a CFT has the following parameters
1 4 1 1
2776 2776 2776 T 3t (A-14)
1 1
— - - A.15
“ = 5760m2’ “~ 192002 (A-15)

B Example of the free scalar theory

In this appendix we consider the theory of a free massive scalar field ®(x) which has the

following action
1

1
Afree(m) = /d4$ |:— 5(3#(1)8”(1) — 2m2(1>2] . (Bl)
It can be interpreted as a free massless CFT in the UV deformed by the mass term. As

reviewed in sections 2.2 and 2.3 one can define the following modified action

, A 1 PR T | " m?
free(m): de —§8u<1>3 <I>—§m(I> —iautpﬁ QO—i—wT

In what follows using this action we will compute the BB — BB scattering amplitude,

m2
e®? — 4f2¢2<1>2}. (B.2)

where B is the dilaton particle created by the dilaton field ¢(z) from the vacuum. We will
show that in this particular model this amplitude at low energy is given by equation (2.40).
The particle created by the field ®(z) from the vacuum is referred to as the particle A. We
will do the computation in two different ways.

All the Feynman rules needed for the computation of scattering amplitudes in the
model (B.2) read as

—1

R (B.3)
—1
,,,,, == m (B4)
iv2m?2
,,,,,,, == (B.5)
// . 2
, m

Here solid lines represent the field ®(z) and dashed lines represent the dilaton field p(x).
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Figure 17. We consider the momenta of incoming dilatons be k; and ko and the momenta of
outgoing dilatons be k] and k5. In the total amplitude contribution we also need to add the
contributions of two topologically in-equivalent diagrams for the above individuals which we can
easily read off using crossing symmetry.

Direct computation. The BB — BB dilaton scattering at the order O(f~*) is de-
scribed by the Feynman diagram depicted in figure 17. We compute these diagrams one by
one using the standard Feynman parametrization. We will then expand these expression
at the leading order in energy and the perform the Feynman integrals.

The amplitude described by the first diagram in figure 17 together with the ones
obtained from it by using crossing symmetry has the following form

iAr(s,t) B.7)
= — . i m
2f4 ) 2m) 2 +mZ—ic (ky+ke—0)2+m2—ie Cross-sy

im* 1 m?2—sx(l—=x m?2—tx(l—zx m2—uzx(l—2x
_327T2f4/0 dx lln (1\2()> +1In <A2()>—Hn (/\2()”

Here A is the Pauli-Villars regularisation parameter representing the UV cut-off. Contri-
bution from the second diagram in figure 17 together the ones obtained from it by corssing
symmetry has the form

iArr(s,t) (B.5)
2m6/ d4¢ 1 1 1 o |

= — . i m
f4 (27r)4g2+m2_i€ (E—k’)2—|—m2—ie (k1 + ks —0)2 +m2 —ie Cross-sy

1 1
2

= /dxdydzé(x+y+zf) +— +— .
mc—sxry m —trxy m°—uxry

47r2 f4

Contribution from the third diagram in figure 17 together the ones obtained from it by
corssing symmetry has the form

iA[]I(S t) >
1

[m? —{sy(z4+w)+tyz+uz(l—2—w)}]

1 1

[mQ—{ty(z—i—w)+uyz+sz(1—z—w)}}2 " [m2—{uy(z+w)+syz+tz(1—z—w)}]2

:+ /dxdydzdw d(z+y+z+w—1) 2

2f4
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Above the Mandelstam variables are defined as s = —(ky + k2)?, t = —(k1 — k})?, u =
— (k1 —k})? with s+t+wu = 0. Summing all the above contributions we get the four dilaton
scattering amplitude

Tep—pB(s, t,u) = Ar(s,t) + Arr(s,t) + Arrr(s,t) + O(f_5) (B.10)

Let us for simplicity work in the forward limit and focus on low energies when s < m?2.
Up to the order O(s?) we obtain

3m

4 A 1—x
Te—BB(8,0,—8) = 167r2f41 ( ) 327r2f4/ dz 2*(1—x) 4772f4/ dx/ dy 22y

1—y l—y—=z
2 2
+47r2f4_/0 dy/o dz/o dw [(yz+yw—z+z +zw)

+(—yz+z—z2—wz)2+(yw)2} +0(s?)

~3mt B (A) s s n 52 +O(s%)
o 16m2f4 96072 4 360m2f4 " 480m2 f4

A 52
_ 2 pd 3

The amplitude away from the forward limit at the order O(s?) can be obtained from (B.11)
by using crossing symmetry, then it reads

T (s, t,u) = 3’ In (A> # (s + % +u?) + O(s%) (B.12)
BB=BB 1672 f4 576072 f4 ‘ ‘

It is obvious that (B.12) reduces to (B.11) in the forward limit. The equation (B.12) is

precisely (2.40) quoted in the main text once we set A = m to make the cosmological

constant equals to zero.

Indirect computation. The imaginary part of the BB — BB scattering amplitude at
one loop is related to the tree level scattering amplitude BB — A A via the optical theorem
which can be written as

ImTsB—BRE(S,0,—5) (B.13)
11 Bp 437 2
T2 [2/ (2m)°2Ep, (27)°2Ej, (2m)" 60 1 + iz = p1 = p2) x ‘TBBHAA(S’t’u)‘

The terms within the square bracket is the two identical particle phase space integral. To
derive the above relation we considered only two massive particle exchange in the unitarity
cut, which is the leading order contribution in large f. Above we can use crossing symmetry
to write Tpp—aa(s,t,u) = Taa—Ba(s,t,u). The tree level Feynman diagrams describing
the AA — BB scattering process are depicted in figure 18. This leads to the following
explicit expression for the amplitude

) 2
. m 2m 2m
ZEAHBB(S,@U):_? Lt — s+ — 5| (B.14)
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Figure 18. Tree level Feynman diagrams describing the AA — BB scattering amplitude.

where s = —(p1 +p2)?, t = —(p1 — k1)?, u= —(p1 — k2)? with s+t +u = 2m?. We recall
that in the center of mass frame the ¢ and u variables can be expressed in terms of total
energy squared s and the scattering angle 6 according to the second entry in (3.30). We
write this relation here again for convenience

1

t=m?— ; +§\/s(s—4m2)cos¢9,
1

u=m?— ; —5 s(s —4m?2) cos¥.

Plugging (B.14) into (B.13) we obtain

ImT7ppBB(s,0,—5) (B.15)

2
1 —4m? m* 1 2m? 2m?

S Ty Y PR T
64 NG A ) t —m2 u — m?

1 Vs—4m2?2 m* /1 gz |1 8sm?
- —_— T _
64w /s ) s2 — s(s —4m?)x?

1 Vs —dm? m74 [Q—F 16m? B 16m?2(s — 2m?) o <s+ Vs(s — 4m2)>]
5 sv/s(s —4m?) s—/s(s —4m?) ) |

At low energy the BB — BB amplitude will have the form (2.33). We remind that for
the QFT under consideration a'® = 0. The aYV is given by the sum rule (2.34) which
is completely determined by the imaginary part (B.15). Plugging (B.15) into (2.34) we
conclude that

oY m* /OO ds /s —4m? [2 N 16m*  16m*(s — 2m?) n (s +v/s(s — 4m2)>]
4

2

S 64r s fA

= 6dn2

m2 83 Vs s sv/s(s — 4m?) s —+/s(s — 4m?)
_omt [ 1 4 19 }
6472 [30m*  105m4  315m?
1 1
_ _ (B.16)

(64 x 90)72 — 576072

This together with (2.33) is in a perfect agreement with (B.12).
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One can obtain the imaginary part of the BB — BB amplitude away from the forward
limit away using (B.10). It reads

[ Tp5m5(s,1)] = ——1/1— 2 L1 (H 1_3)
m|/BB—BB\S,1)| = 55— ————In| ———
32 4 / 4
s S ™8 1 — 1_§

In

 4r st 1
YA i—jﬁﬁ[l— 14 1+‘§g}

We can check that this expression in the forward limit ¢ = 0 reproduces (B.15).

Partial amplitudes and unitarity. Using the definitions (3.32) and the explicit ex-
pressions (B.14) and (B.17) in free theory we obtain the following spin 0 and 2 partial

amplitudes
Tiaopp(s) = —3;(1—4/5)1/4 [2_8\/18_74/811164:%7%)], (B.18)
Tirpp(s) = 41%(14/5)1/4[834 1+2/83/2 1n<it%>] (B.19)
5(1—4/3)
~ 1 1 14++/1—-4/s
Im[l]-gBaBB(S)} = 72(16@2\/1—4/5 - 64w231n<1_ﬁ>
2
1 1 1++/1—4/s
e () 50
I [,TQ ()}7 9 1 3 s+2 1++/1—4/s
I BBSBB] = 5o 52(1—4/5)3/2 16n233(1_4/8>2 B Erye
1 (s+2)? | 1++/1-4/s ’ (B.21)
327T254<1—4/s>5/2 n 1_\/@ . .

For the free scalar theory the unitarity condition (3.54) simplifies to the following

V0 =0,2,4,... Tl
, ! Tiasms(s) ) (B.22)
Vs € [4m*, 00) Taaspp(s) 2ImTgp , pp(s)

expression

One explicitly check that the expressions obtained for spin 0 and 2 partial amplitude
saturate this matrix inequality as expected.
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C Derivation of poles

Let us consider the scattering amplitude AB — AB defined in section 3.1. Unitarity allows
to determine part of this amplitude non-perturbatively. This is explained for example in
section 2.5.1 in [20]. One can argue that the amplitude AB — AB has a pole in the
s-channel due to the presence of one-particle states A, namely

lgl”
nB_)AB(SJ’u):_S—mQ + ..., (C.1)

where the residue g is given as the limit

g= lim_ g(s). (C.2)

S—m

The function g(s) is defined as the following matrix element
g(S) X (27[-4)64(1) —P1 _p2) = <p07ﬁ‘T’mA7ﬁ1;mBaﬁQ>a (C?’)

where T' is the interacting part of the scattering operator and the total energy squared s
reads as

s=—p? = —(p1 +p2)*. (C4)

The ... 1in (C.1) denote al the finite contributions at s = m?2. The physical range of energies
in (C.4) is s € [m?,00). The masses of particles A and B are given by (3.1), we remind
here for the readers convenience that m4 = m and mp = 0. Due to the presence of the Zs
symmetry, the bra-state in the right-hand side of (C.3) is Zg odd.

From the explicit expression of the modified action (2.23) one can conclude that the
interacting part of the scattering operator has the form

7

V2f

where O(x) is the trace of the stress-tensor. Plugging this expression into (C.3) we obtain

T=-

/ d'z O(x)p(x) + 0 (172). (C.5)

o) % )5 p—py = pa) = = [ dle e FlO@Ima ) + O ). (C0)

Here we have used the contraction between the dilaton field ¢(z) and the dilaton state
|mp, P2 ). The translation symmetry allows us to write

O(x) = e~ Q(0)et e, (C.7)

Here PH are the generators of translation. Using (C.7) and taking into account the fact
that the states in (C.6) are eigenstates of PH, writing the integral over z as a d-function
we get the final expression for the function g(s) which reads

1

g(s) = ~ar (P°,710(0)|ma,p1) + O(f ). (C.8)
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We remind that the total energy squared s was defined in (C.4), as a result we have

poz‘ﬁ2‘+m, P=Dp1+ P2 (C.9)

Let us now take the limit (C.2). This limit is achieved by setting p> — 0. Hence we get,

7
9 =——= (m,p1|©(0)|m, p1) + O(f C.10
T ( 1©(0)|m, p1) +O(f™) (C.10)
As derived in [20, 21], in particular see appendix G of [21], the following normalization
condition holds

lim_ (m, 51/©(0)|m, po) = —2m?. (C.11)

p2—p1

Plugging it into (C.10) we conclude that

2m?
In turn, plugging this into (C.1), using crossing symmetry (3.18) and the definitions (3.39)
we finally obtain
2m* 2m*

ﬁB%AB(Svtvu):_s_mg_u_m2+"' (013)

D Useful identities

In this appendix we derive a set of identities used in section 4.1.

Let us start with the following Fourier transform

[ee] [e @]
D ekt )y Oy O, ®(x) — Hi(q) = D (1) k™ # n gy quy -+ qu, ®(q). (D.1)
n=0 n=0

Recall that in section 4.1 we introduced the object K(gq), it was defined in (4.13). Let us
reproduce this definition here for the readers convenience

o0

K@) = ()" 3" G, Gay - - - da,- (D.2)

n=0
Using the obvious fact that the object K(g) is homogeneous in g, we conclude that

9K(q)

— gt
Hi(q) =q 9"

®(q). (D.3)
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Let us denote arbitrary tensors of rank 1 and 3 by £ and F respectively. In section 4.1
we had another three Fourier transforms which are

s 1
> sz 0D g 0,0, () (D.4)
n=0
o n(n+1
— Ha(q) = > (i) cittn (2) Qua s~ G (),
n=0
Z Cm Hn Zguz 8#1 o ,LLZ 1am+1 T @an)(aj) (D'5)
— H3 = Z n lc'ul Hn ZS i Qi Qug_19pir qﬂnq)(Q)’
n=1 i=1
Z et Z Ziujaul T 8;%718##1 o '8Mj—1auj+1 o ‘aun&,(b(x) (D-6)
ig—=1
'L'J<j
[ n— S v
— Hy(q) = 3 Z(l) Lefyttin Z F oy o Qi Gpair Qg Qg+ G W P(Q)-
n=2 ij=1
iJ?'éj
Analogously to (D.3) we can write
1, 0°K(g) OK(q)
H = —¢"q"” P H P D.
20) = 50°0" 5 g 20 + 4" =5 7 2(), (D.7)
8IC
Hila) = =i £, Do) (D8
i a2lc
Hilg) = — L 77 4, 29 (D.9)

5 lu,pQI/m (Q) :

E Matter-dilaton scattering: perturbative example

In this appendix we consider the ®3 perturbative model defined by the following action

Ao

2 203, (E.1)

1 1
A(XN) = /d% [ — 0uP0"® — §mg<1>2
where my is the bare mass parameter and Ag is the bare cubic coupling constant of mass
dimension one. In order to simplify the computations of this section we will restrict our
attention to the case when

mo = 0. (E.2)

The model (E.1) can then be interpreted as the A\g®* deformation of the free massless CFT
in the UV. According to the discussion of sections 2.2 and 2.3 one can define the following
modified action

/\0 )\0

1 1
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Figure 19. One loop contribution to the scalar propagator of the particle A.

Here as usual the field ®(z) creates the particle A and the dilaton field ¢(x) creates the
dilaton particle B from the vacuum. Throughout this paper we assumed that the particle
A is Zo-odd. Thus, the associated field must be Zs-odd. In this appendix we relax this
requirement which makes our statements here even more general.

Using the action (E.3) one could compute the BB — BB scattering amplitude at low
energies and show that it is given by (B.12) exactly as in the case of the free massive field
theory discussed in appendix B. This is because the two models in appendices B and E have
the same UV fixed point. We will not do this computation here. Instead we will focus on
the AB — AB scattering process. We will show that the residues of the s- and u- channel
poles matches with the result in (C.13). This confirms the general result of appendix C.

In order to proceed with the computation let us defined the renormalized field ®(x)
defined as ®(z) = Z~V/2®q(z) with the renormalized mass m. Here Z is the field strength
redefinition constant. In terms of the renormalized field the action (E.3) takes the form

1 _ 1 4 m 252 o 4 A 3 A 3
A(/\)f—i/dx [0,90"3 + m*® + 9,00] —/dw TRk
L [ " 2 4 [0 -3 o -3
—Q/dx{528u<1>8<1>+5m<1>}—/dx?ﬂq)—g!ﬁf@gp, (E.4)
where we have defined the counter terms as
Sp=7—1,  b6p=-m?  0y=XxZ2— (E.5)

Up to one loop order and linear in counter terms the scalar propagator for the particle
A has the following form

—1 —1 —1

(E.6)

Dr(p) 152 (p) — 0 — id7 1’|

:p2+m27ie+p2+m27ie p? +m2 —ie’
A2 d*¢ 1 1
2 ) @2m)* 2+m2—ie (p—L£)2+m?—ie

and the corresponding Feynman diagram contributing to it is drawn in figure 19. We can

i¥a(p) = (E.7)

in principle evaluate the above loop integral using dimensional regularization, but we do
not need to evaluate it here. Now if we impose the condition that the remormalized scalar
propagator has a pole at p?> = —m? with the residue (—i), we get

5, — 0%2(p)
) Z apz

p2=—m?2

m = —m® = Sy(p)

(E.8)

p2=—m?2
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p1+p2— {1 p1+p2 — Lo

p N s B2
\/\ \\\ /_\

NP1+ D2
D2 X\

Figure 20. Loop diagrams with s-channel pole for the scattering process AB — AB. The solid
lines represent scalar particles (A) and dashed line represent dilatons (B). Using crossing symmetry
p2 <> —p4 we can get the Feynman diagrams with u-channel pole.

So the non-vanishing contribution to the mass square for the scalar particle A appears at
order A\2. Similarly we can find out the counter term dy at order A\? analyzing three point
scalar correlation function up to one loop order. The amplitude for the scattering process
A(p1) + B(p2) — A(ps) + B(ps) from the Feynman diagrams in figure 20 reads,

2 2

9P  gw? | E9)

7:4B—>AB($7t7u):_S_m2_u_m2 ..

” represents the contributions coming

where s = —(p; +p2)? , u = —(p1 — ps)? and “...
from the Feynman diagrams which do not contain any propagator with momenta (p; + p2)
or (p1 — p4). At order O(\*) the contribution of g(s)? takes the following form, from the

loop diagrams in figure 20

g(s)” = \/15](,22(2?1 + p2) + \/1%022(101)} X [\/12}022(191 +p2) + \/151"22(])3) (E.10)

2

Now to read off the residue of the pole at s = m~, we need to evaluate the above expression

at s = m? with all the external particles being on-shell. This reduces to substituting
p2 = ps = 0 and evaluating g(s)? at p} = p3 = —m?. We get,

2
P2=ps=0 N ﬁ [22(]71)

2__ 2 __ 2
pi=p3=—m

g(s)?

. 21 =2 (E.11)
e

This verifies the general result in (C.13). Though the above verification has been done at
one-loop order, the proof can be generalized to all orders in perturbation theory.

~ 51 —



F  Worldline action in dilaton background

In this appendix, we consider the effective worldline action for a massive particle moving
in a background geometry with metric g,, = 6_27(””)77,“,. Writing e 7(®) = 1 — f%fgo(x), we
shall show that the worldline action is universal up to two derivatives and quadratic order
in the dilaton field ¢(z).

The most general coordinate invariant worldline action is

S = —m/dt 1+ c13"E" gy + coR + c3id" Ry + .. ] (F.1)

where m is the mass of the particle and ¢; are non-universal Wilson coefficients. The
4-vector z# is equal to dg—: with ¢ the proper time defined by

dt? = —gdztdz” . (F.2)

R (R,,) stands for the Ricci scalar (tensor) of the background metric evaluated on the
worldline, and the dots represent higher derivative terms. Notice that the extrinsic curva-
ture of a worldline is simply given in terms of #* and Z*.

For the conformally flat metric g, = 6_27—7]“,/, the Riemann curvature tensor is

27'(

Rogys = € (MayTss + 1m85Toary — NasTay — M8y Tws) 5 (F.3)

with 1
Tag = 60/%7 + 8a7657 — 5(8T)277aﬁ . (F4)

Therefore, up to quadratic order in the dilaton field, both R and R, are of order
O(0?¢, (0p)?). Clearly, higher derivative terms will contain more derivatives (and more
powers of ¢ in some cases). Notice that & = 0 is the leading order equation of motion, thus
we can neglect the second term in (F.1). We conclude that non-universal terms contribute
to the scattering amplitude TA BoAR at order at least p? where p is dilaton 4-momentum.
This confirms the universality of the result (4.34).

G Details of the numerical setup

In this appendix we provide further technical details of the numerical setup described in
section 5.1. These details will be useful to someone who wants to reproduce our numerical
results.

Recall that the full ansatze describing the scattering amplitudes AA — AA, AB —
AB, AA — BB and BB — BB is given by (5.2) together with (5.10) and (5.11). The
unknown coefficients entering the anstatze are

BN -
coefficients = {agg, @, ¢, 3,7}, (G.1)

where we have defined
a = {000, @01 ---}, B = {Booo, Boot, - -}, 7 = {7000, Yoo1, - - -}- (G.2)
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These coefficients should be determined numerically by solving some optimization problem.
In order to make any concrete computations we need to make the vector of coefficients (G.1)
to be finite. This is done by keepping only a finite number of terms in the ansatze (5.2).
This truncation is governed by the parameter Ny .x defined as

a+ b+ c < Npax- (G.3)

Soft behavior. At low energy the AA — BB and BB — BB amplitudes have a very
particular (soft) behavior according to (3.46) and (3.40) respectively. As a result we have
additional constraints on the coefficients of the ansatze. Plugging here the definition of
(t,u) variables in terms of (s, cos#) according to (3.30) and expanding around small values
of s keeping cos 6 fixed we get expressions which match (3.46) and (3.40). Doing this one
obtains the following constraints

1
Booo = —1 — (98 — 40v6)Boo1 +---, Y000 =0, Yoo1 = 1 (512a — 27002 + Y011), (G.4)

where a is the a-anomaly. Plugging the solutions (G.4) into the anstatze (5.2) we effectively
eliminate 3 coefficients Sooo, Y000, Y001 and introduce one additional coefficient a (the a-
anomaly). As a result the list of unknown variables (G.1) gets modified. Let us denote the
final list of variables by

4'%

coefficients’. (G.5)

Partial amplitudes. In order to impose unitarity we need to compute partial amplitudes
defined in (3.32). For that let us define the following integrals

+1
int11%5¢ = 1 d cos OP;(cos ) (vy(t;4/3))° (1 (us 4/3))°, (G.6)
+1
int12% 5 = 1 d cos O Py(cos 0) (v1(t;2/3))° (va(u; 2/3))°, (G.7)
+1
int22%5" o = d cos OP(cos ) (ta(t; 2/3))° (ta(us; 2/3))°, (G.8)
+1
int1155% Lo = 1 d cos OP(cos ) (v1(t; 0))° (vy(u; 0))° (G.9)
together with
¢ 1 1
poleTy s .pp = » dcos@Pg(cosﬂ)m,
L (G.10)
poleU4 s .55 = o dcosGPg(cosﬁ)uf.
¢ 1 1
poleS)p_,ap = . dcosHPg(cose);,
) (G.11)
poleUbs . ap = X dcosQPg(cosﬁ)ﬁ.

Recall that the definitions of the (¢, u) variables in terms of (s, cos #) depend on the process,
see (3.30). We compute the integrals (G.6)—(G.9) numerically in Mathematica for

Ngrid (G12)
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different values of s > 4m? for a finite number of spins
€ [0, Lyax]- (G.13)

We will explain how the grid of s values is chosen in the very end of this appendix. We
demand 30 significant digits of precision in the numerical evaluation of integrals. The
poles appearing in the AB — AB process do not enter in our unitarity conditions and thus
there is no need to compute the associated contributions into partial amplitudes (G.11).
The integrals (G.10) are computed analytically. Their explicit expressions will be given in
appendix G.1.

We also have to define partial amplitudes associated to the additional terms (5.10)
and (5.11). They are given by

. 1
SingTi a4 (s) = 55— (1—4/s)"/?

+1 1 1 1
P, .14
x |, deostPi(cost) <t1(8;4/3) 1T G4 =1 a(wd/3) = 1) - (G114
and
T Lons) = gy % [ deostP(cos )T (st (G15)

Their explicit expressions will also be computed analytically in appendix G.1.
Using the definitions (G.6)—(G.10), (G.14) and (G.15) we convert our ansatze for the
scattering amplitudes (5.2) into partial amplitudes as

Y . 0
Taa—aa(s) = 04600 singT a4 44(5)

[ olNe S lNe o]

g (1= 4/9) P2 STSTS e (v1(5:4/3)) it 1155 4, (G.16)

a=0b=0c=0

~ 1
TAp—ap(s) = 167(1 —1/s) x < — 2poleSh 5, a5 — 2poleUl 5, 45

20> Babe (v2(5:2/3))° mt12f’fBﬂAB) (G.17)
a=0b=0c=0

~ 1
Thaspp(s) = 30 (1—4/s)"* x ( —2poleT) 4, gp — 2poleUl 4,55

[c e lNe o)

+> DD Babe (v(s:2/3))" 1nt22f’fAQBB> (G.18)

a=0b=0c=0
Thpons(s) =c TEE tpp(s) + 2o- X ZZZ%bc t1(s;0))*int1155 | pp- (G.19)
a=0b=0c=0

Finally, we need to plug the solutions (G.4) into the expressions of partial ampli-
tudes (G.16)—(G.19). For each value s the partial amplitudes (G.16)-(G.19) are simply
numerical linear combinations of unknown coefficients (G.5) which can be used to impose
unitarity.
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Unitarity. Let us now address the unitarity constraints (3.48) and (3.54). Plug-
ging (G.17) into (3.48) we get the unitarity constraint in the form

e,
0 + coefficients’ - Mlxl( ) > 0. (G.20)

Plugging (G.16) together with (G.18) and (G.19) into (3.54) we obtain

My, 3x3(s) + coefficients’ - M3X3() 0, (G.21)
where we have defined
1 0e(s)
My s3(s)= 0 0 0 (G.22)
e(s) 0 0
together with
= L aeh (= 2poleT — 2poleU* G.23
e(s) 3277( /8)7 x polel pa BB poleV g4 BB )- (G.23)

Following the loglc described i 1n this appendix so far it is straightforward to obtain the
explicit expressions M f 4(s) and M ¢ 5(s) in Mathematica. These are purely numerical 1x1
and 3x3 matrices for any partlcular value of s and spin ¢. In other words we can obtain
Ngria numerical matrices M{,; and M fx3 for a given value of spin £.17 In practice we will
then work with a finite number of spins ¢, namely

0=0,1,..., Lumax (G.24)

where Lpax 1S another truncation parameter analogous to Npya.x. We export the numerical
matrices M{,; and M 3x3 to SDPB software [56, 57] which allows to determine numerically
the coefficients (G.5) such that the unitarity constraints (G.20) and (G.21) are satisfied
for the selected grid of s values and spins (G.24) given one extra condition. This extra
condition can be the minimization of the a-anomaly, which is simply one of the parameters
in the list of coefficients (G.5).

Grid of s values. Let us explain how we chose a grid of s values. We first make the
following change of variables

, 4 5
t1(s5;4/3) =€? o s= 3 +cos¢

X — G.25

1+ coso ( )
which compactifies the ray s > 4 into a finite interval ¢ € [0, 7]. We then distribute Ngyiq
points in ¢ in this interval using the Chebyshev grid. These values of ¢ are then used to
obtain the s values via (G.25).

%
17To be precise we notice that the matrices Mt (s) do not exist for each value of s from the grid since
they are defined only at s > 9.
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G.1 Analytic integrals

Let us provide here analytic expressions for some integrals used in appendix G above. Let
us introduce the Legendre function of the second kind

Qu(z) = —;/jdx’ 5‘(:”2 (G.26)
= 2f+1(x{%1§£f1¥§;/2 2l (z FLEE 12004 1), 11@) . (G.27)

Mathematica has this function built in, it is called LegendreQ[¢, 0, 3, z]. Numerically Math-
ematica has troubles evaluating it when s is close to 4. One can efficiently evaluate the
Lengendre Q function however in Mathematica using the form (G.27). From the defini-
tion (G.26) one can see that Qy(x) has a branch cut in the complex plane x on the real
axis in the interval [—1,+1]. We define the discontinuity of Q(z) as

discQy(x) = % lim (Qe(z + i) — Qulx — ). (G.28)

Plugging here the definition (G.26) we conclude that

. [T / AT | €
discQe(z) = —5 | | do’ Po(a) limy o5 g
+1
=2 da P — ) (6.29)
—1
= _ng(x)

Here in the second line we have used one of the definitions of the Dirac d-functions, see for
example section “primary definition” in [63].

Plugging (G.29) into (G.10) and using the definition (G.26) it is straightforward to
show that

4 S
poleTly s s = poleUly s = ————=@s (/-5 ). (G.30)
s(s—4) s—4

Here £ is assumed to be even. We remind that ¢ is related to cos 8 according to the second
relation in (3.30) and x = cosf. Using this expression we can compute partial amplitudes
of the process AA — BB in the free theory. Applying (3.32) to (3.61) and using (G.30)
we obtain

A5 p(s) = 32% (1—4/s)"/" <_25‘570 + \/S(iﬁi_gl)Qe ( si4>> ' (G-31)

Using unitarity we get the imaginary part of the BB — BB process which reads in terms
of the above equation as

T L (s) = 5 (TESLan() (G.32)

Finally, we quote the final result for the projection of the singularity (G.14) which reads as

o ST (52 (Va+2) T (-9vE—1-2iV6) dus
singTi4a4(s) = | — 2v/6m(20 + 1) + 967+/s '

(G.33)
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