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Abstract

We develop crossing symmetric dispersion relations for describing 2-2 scattering of iden-

tical external particles carrying spin. This enables us to import techniques from Geomet-
ric Function Theory and study two sided bounds on low energy Wilson coefficients. We
consider scattering of photons, gravitons in weakly coupled effective field theories. We
provide general expressions for the locality/null constraints. Consideration of the posi-
tivity of the absorptive part leads to an interesting connection with the recently conjec-
tured weak low spin dominance. We also construct the crossing symmetric amplitudes
and locality constraints for the massive neutral Majorana fermions and parity violating
photon and graviton theories. The techniques developed in this paper will be useful for
considering numerical S-matrix bootstrap in the future.
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1 Introduction

In the context of EFTs, it is important to put bounds on the theory space [1-3]. In recent times,
there has been an increase in interest in establishing two-sided bounds on ratios of parameters
in front of higher-dimensional operators in the EFT lagrangians. Recent work in this direction
include [4-20]. Starting from the original attempts to constrain scalar EFTs, research has been
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extended to external particles carrying spin [7,21,22]. It is thus of interest and importance
to know which ratios can be bounded and what the mathematical reasons for the existence of
such bounds are.

The standard attempts to put bounds on EFT coefficients begin with a fixed-t dispersion
relation. Then imposing crossing symmetry leads to constraints, dubbed null constraints [5,
23]. These null constraints lead to two-sided bounds on Wilson coefficients. In [24,25] a
different consideration was put forth, which makes use of powerful techniques and theorems
in an area of mathematics called Geometric Function Theory (GFT) [26,27]. The starting
point in this approach makes use of a crossing symmetric dispersion relation (CSDR) [28-30].
In this approach, crossing symmetry is manifest at the outset. However, the penalty paid is
the loss of locality, leading to the “locality constraints" [29,30]. These locality constraints are
essentially a linear combination of the null constraints in the fixed-t approach [30].

The main advantage of using the CSDR is that instead of the usual Mandelstam variables
(s, t,u) it is more natural to use a different dispersion variable z and a parameter a, which is
held fixed. The amplitude for identical scalars then has unobvious and interesting properties
in terms of the function in the complex z plane. As shown in [25], for a suitable range of the
parameter a, for pion scattering, the amplitude is, in the parlance used in Geometric Function
Theory, typically real. In other words, in this range of q, it satisfies the condition

Imf(z)Imz >0, (D

inside the unit disk |z| < 1, which in turn imposes the Bieberbach-Rogosinski (BR) two-sided
bounds on the Taylor expansion coefficients of f(z). In terms of Wilson coefficients, an argu-
ment based on the Markov brothers’ inequality, as shown in [25], leads to two-sided bounds
on the ratios of Wilson coefficients. It is known that there is a connection between typically
real functions in geometric function theory (GFT) and quantum field theory (QFT) dating back
to [31-35]. However, it has not been used extensively in the study of scattering amplitudes.

In this paper, we will extend the CSDR for identical, neutral external particles carrying
spin. Our formalism is general, although for concreteness, we will focus on the 2-2 scattering
of photons and gravitons, as well as neutral Majorana fermions. In the photon and graviton
cases, we will be able to identify combinations of helicity amplitudes whose Taylor expansion
coefficients are two-sided bounded using GFT arguments. We will be able to write down
a general expression for the locality constraints. Our formalism paves the way for a future
systematic study of the S-matrix bootstrap for the 2-2 scattering of identical particles with
spin. The crossing symmetric dispersion relation of a scalar amplitude M;(s;,s,) takes the
following form,

oo /

My(s1,82) = ag+ 1 J d—‘le(S/pS;(Slp a))H(s7;51,52,53), (2)

Tz S1

where A(sy,s5(s},a)), called the absorptive part, is the s- channel discontinu-
ity and H(s};s1,52,53) is a manifestly crossing symmetric kernel.  The parameter
a = (515253)/(5152 + 5953 +5351) = y/x is kept fixed writing this dispersion relation and s;
is one of the two roots obtained from this equation on using s; + s, +s3 = 0. For a massive
theory with a gap, as for pion scattering, the dispersive integral starts at 8m?/3, where m is
the mass of the pion. In this case s; = s —4m?/3,s, = t —4m?/3,s; = u—4m?/3 with s, t,u
being the usual Mandelstam variables. For EFTs, the lower limit starts at some cut-off M2 and
all external particles are considered massless. The absorptive part can be expanded in partial
waves involving Gegenbauer polynomials. Then Taylor expanding around a = 0 leads to the
conclusion that for each partial wave, there are in principle any arbitrary power of a, and
hence of x = s;59 + 5555 + s35; which are absent for a local theory. On demanding that such
powers responsible for non-local terms cancel, leads to what we call the “locality" constraints.
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The range of the parameter a is crucial in this story. For theories with a gap, as for pion
scattering, axiomatic arguments can be used to finding this range of a [24]. However, when
describing EFTs [4-6, 23], these axiomatic arguments do not work. In this paper, taking a leaf
out of [5], we will make use of the locality constraints and linear programming, and establish
the range of a where the absorptive part of the amplitude is positive. This is crucial since, in
our approach, it is vital that this range of a satisfies —a,,;,, < a < a,,,4,, with both ends non-zero
to have two-sided bounds. One surprising conclusion that will emerge from our analysis is that
this range is related to the weak Low Spin Dominance (WLSD) conjecture made in [36]. Our
findings lead to the conclusion that a few low-lying spins control the sign of the absorptive
part. For non-unitary theories, generically, the imaginary part of the partial wave coefficient
(often referred to as the spectral function) is not of a definite sign. However, if it is known
that the spectral functions for some low-lying spins are positive, it is possible then to have
two-sided bounds in a local but non-unitary theory using wLSD.

We will focus on light-by-light scattering and graviton scattering in weakly coupled EFTs
[6,36,37] and derive two-sided bounds. We consider the linearly independent helicity am-
plitudes, T;f’/{l 24 (51,59,83), for 2-2 scattering (A;A, — A3A4) of graviton, photon and massive
Majorana fermions in four spacetime dimensions. Here A; are helicity labels and these take
values —j and +j for massless particle with spin j while there are 2j+ 1 independent helicities
for a massive particle with spin j. Generically these helicity amplitudes mix among themselves
under crossing,

Ashy A
Ty (51,52,53) = > Ciju T (P, Py, P), (3)

ijkl
where (P, , P;,, P;,) represents some permutation of (sq,$,,53). Using representation theory of
S5 (the permutation group relevant for Mandelstam invariants), we construct a basis of cross-
. ) . . . . A
ing symmetric amplitudes, F(sq,55,53)", using the helicity amplitudes T, fA;(Sl,Sz,SB). These

crossing symmetric helicity amplitudes transform as a singlet under S;,
F(s1,52,83) = F(s2,51,53) = F(s3,52,51) - )

Our construction can be generalised to other spacetime dimensions in a straightforward man-
ner, although for this paper, we will focus on d = 4. We then write down locality constraints
associated with the crossing symmetric amplitudes F ;f;z“(sl,sz,sg). Explicit formulae for a
subclass of the amplitudes in closed form can be found. Our method allows us to write the
locality constraints for all the crossing symmetric amplitudes. To be precise, we consider the
following crossing symmetric amplitudes for the photon case?,

F{(Sl,52,53) = TZ(SDSZ:SS): Fg(slasZrSB) = Tl(sbSZ:sS) + TS(SDSZ;SS) + T4(51552>53)) (5)

where the helicity amplitudes T; are defined in (15). These amplitudes have the low energy
EFT expansion

FVi(sy,s9) = ZW;’qxpyq. (6)
p.d

The locality constraints for the amplitude Fj (s, s5,53) + x1F, (51,52,53) = Zp’q Wl(,)i})xpyq
for x; € [—1,1], are
Wi =o, vV p<o.

!We don’t put any helicity labels for crossing symmetric amplitudes since they are often combinations of ampli-
tudes with different helicity labels (22).

2The relevant amplitudes for graviton are a bit subtle and will be dealt with in section 6, and we will just quote
the results here.


https://scipost.org
https://scipost.org/SciPostPhys.13.3.051

SciPost Phys. 13, 051 (2022)

We present the explicit expressions for ngfql) using CSDR in the main text (eqn (116))
and from those we obtain positivity conditions called PBZ/j (eqn (119)). We also show that
the dispersive part of the amplitude can be written as a Typically Real function leading to
bounds on the range of the variable a. In general, for massless theories the lower bound on
a = a,,;, is zero [25], which only leads to one-sided bounds. We observe that the Wigner-d
functions, d’Z 2(v/&(s1,a)), are positive for all spins when its argument (s, a) is greater than
1. Adding a su1tab1e linear combination of the locality constraints, we can show the positivity
of the absorptive part arises even when £(s;,a) < 1. This translates to —a,,;;;, < @ < Gpqx-
This is indicative of the dominance of low spin partial waves in EFTs and is called Low spin
dominance (LSD). This behaviour was observed for gravitons in [2,7]. In this paper, we will
show how this naturally emerges out of our analysis using the locality constraints. We will
show that the lower range of a tells us about which spins dominate in the determination of
the positivity of the absorptive part for —a,,;;,, < a < a,,4,- We demonstrate the same for the
case of type-II string amplitude in appendix G.

After showing that the amplitude is typically-real for a range of a € [—d,,in, gy ), WE AN
directly find two sided bounds on the ratio of Wilson coefficients w, ;, = W” 1 from GFT. Below
we show examples of bounds found for scattering of scalars, photons and grav1tons in Table
1. The detailed list of bounds for photon and graviton scattering are summarised in Table 3
and 4.

Table 1: Example of two sided bounds we have found for scalars, photons and gravi-
tons using GFT.

Theory EFT amplitudes Range of a and LSD wg; bound
Scalar | F(sq,s5,53) =Wy ox +Wpyy +--- | —0.1933M? < asealar < 2TMZ 2 <wgy < 3. 1733
(Spin-2 dominance)
13
—4., g3+x1 5
Photon | Fy(sq,59,53) =285x —3g3y + -+ —0.1355M? < a¥ < 2L ‘;\/19202 gz+x11f32 #
F1(51,89,83) = 2fox — fay + -+ (Spin-3 dominance) where x; € [—1,1]
Graviton Fh=2xfo0+3yfio+ —0.1933M2% < a" < 2
( Spin-2 dominance) MZ < 22 < 31\'/[—424

Apart from the conceptual clarity that the GFT techniques enable us with, are there any
technical advantages using our approach? We wish to point out a couple of obvious ones. First,
unlike the fixed-t methods where one uses SDPB techniques and hence needs to worry about
convergence in the spin, the dispersive variable as well as the number of null constraints, in
our approach, once the range of a has been determined, one only needs to check for conver-
gence in the number of BR inequalities we use. Second, we can write simple codes directly in
Mathematica to study bounds. However, there are also some disadvantages. The main one is
that while we do obtain two-sided bounds quite easily, these are not necessarily the sharpest
ones possible since we do not make use of all the locality constraints. It is not clear to us if
there is a way to get optimum bounds® using purely GFT techniques.

The paper is organised as follows. In section 2, we describe the construction of fully cross-
ing symmetric amplitude. Through multiple subsections of section 3, we describe the key for-
mulas like CSDR, locality constraints, typical realness of the amplitude and then we introduce
BR bounds as well. We also discuss in section 3 how low spin dominance emerges out of our
analysis, taking into account the locality constraints. Through section 4,5, 6 we describe the
bounds obtained for scalars, photons and gravitons respectively. We end our discussion with
concluding remarks in section 7. Several technical details are relegated to multiple appendices
at the end.

3A bound will be considered optimum if there is a consistent S-matrix saturating it.
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2 Crossing symmetric amplitudes

In this section, we present a general construction for crossing symmetric amplitudes follow-
ing [38]. Let us begin with a short review of scattering amplitudes of identical particles as
irreducible representations (irreps) of S; [39,40]. Consider the scattering of four identical
particles (massive or massless, with or without spin) in d = 4. The momenta of the particles

satisfy,

4
pP=-m?, > pl=o0, %)
i=1

where m is mass of each particle. We use the mostly positive convention and define Mandel-
stam variables,

s :=—(p1 +p3)* = —(ps +p4)* = 2m* —2py.py = 2m* — 2p3.p,,
t :=—(p1 +p3)* = —(pa + p4)* = 2m* —2p1.p3 = 2m* — 2p,.p,, (8)
u:=—(py +p4)* = —(py + ps)* = 2m* — 2p;.p4 = 2m> — 2p,.ps.

Due to momentum conservation we have s+t +u = 4m?. For identical bosonic particles, the S-
matrix is to be thought of as the function of Mandelstam invariants (and polarizations), which
is S, invariant, the symmetry group of permutations of four particles. In the present context,
S, acts on the momenta and the helicities of the particles. We usually impose the S, invariance
in two steps. Recall that that Z, x Z, is the normal subgroup of S, and the remnant symmetry
is ﬁ = S5. Action of Z, x Z, on four objects (1, 2, 3,4) is the simultaneous exchange of two
particles- (12)(34), (13)(24) and (14)(23) while S5 is the permutation of three objects (1, 2, 3).
Since the Mandelstam invariants s, t and u are invariant under the Z, x Z,, we first impose
7 % 7., invariance, which leaves the Mandelstam invariants unchanged and we are left with
the remnant S; symmetry which acts on (s, t,u). Note that helicities (or equivalently tensor
structures in higher dimensions) may not be Z, x Z, invariant, and we might need to impose
Z, x Z, invariance. However, for most of the non-crossing symmetric helicity amplitudes that
we consider in this work, the Z, x Z, symmetry has already been taken care of [41]. The S-
matrix, which is invariant under the Z, x Z, invariance, is often referred to as “Quasi-invariant"
S-matrix. The “Quasi-invariant" S-matrix can be decomposed into irreps of S and the crossing
equations are relations between the orbits of S;.

To simplify the discussion, unless otherwise mentioned, we will work with the following
shifted Mandelstam variables,

2 2 2
51=5—%, 52=t—4%, 53=u—4%, C))

such that, s; + s, +s3 = 0. With the aid of the representation theory of S3, which we review
in appendix A, one can write the most general Quasi-invariant S-matrix, therefore, takes the
form [38]

F(s1,55,83) = f(51,52,53) + (257 —52 —53)g1(51,52,53) + (53 —53)82(51,52,53)
+(25% —33 —Sg)h1(51,32,53) + (33 —sg)h2(81,52,53)
+(51 —5)(s2 —53)(s3 —51)j(51,52,53), (10)

where f(s1,59,53),j(51,52,53), &i(51,59,53) and h;(s;,s,,s3) are crossing symmetric amplitudes.
We can decompose F(sq,5,,53) into irreps of Ss,

F(s1,52,53) = fSym(Sl,SzaSs) + fAnti—sym(slzsz’SS) + futixed+(51,52583) + futixed—(51,52,53) . (11)

6
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From eqn (A.8) and (11), we have the following set of equations

fSym(sl’SZ’SB) = f(51,52,53),
fAnti—sym(Sl’SZ:SB) = (51 —52)(s2—53)(53 —51)j(51,52,53),
Futixed+(51,50,53) = (257 =53 —53)g1(51,52,83) + (257 —s2 —s3)h1(51,52,53) ,
ftixed—(51,52,83) = (52—53)g2(51,52,53)+(S§—S§)hz(51,52,53)- (12)

This can be inverted to give the required crossing symmetric basis [38].

f(51,82,83) = fSyrn(SDSZ:SB):
fAnti—sym(sla‘SZ:sS)
(s1—52)(s3—53)(s3—57)
1(51,59,53) = Futixed+(51,52,53)(53 + 55 — 255) — futixed+(S3,51,52)(s3 + 55 — 257) ’
3(s1 —s2)(s2 —s3)(s53 —51)

hy(sy,s0,53) = Ftixed+(53551,52)(S3 + 52 — 251) — fuixed+ (51,52, 53)(51 + 55 — 253) ’
3(s1 —s2)(s2 —s3)(s3—51)

fMixed—(SSJSI:SZ)(Sg —s§) _fMixed—(SDSZ:SB)(S% —Sg)

(s1—s2)(s2—s3)(s3—51) ’
Ftixed—(51,52,53)(51 —52) — futixed—(53,51,52) (52 —53)

ha(s1,52.85) = (51 —52)(s2 —53)(s3 —s71) . (13)

j(s1,52,53)

g2(51,52,53) =

The following additional comments are in order:

* Given a Quasi-invariant S-matrix the algorithm to construct the crossing symmetric basis,
therefore, is straightforward. We construct the irreps {fsym, fanti—sym» fmixed+} following
(A.8) and use (13) to construct the crossing symmetric basis?.

* The basis elements do not have any spurious poles at s; =s; and are analytic functions
of 51,55,53, which can be easily checked by plugging (A.8) into (13).

* The basis in eq.(13) is not unique since the last two equations of (12) are two 2 equa-
tions for 4 unknowns {g;(s;,53,53),h;(s1,52,53)}i=1 2. One can use any permutation of
the arguments of fyjieq+ t0 get a system of full rank. We have used the permutations
Si = Si+1mod(3) ON fumixed+ as these are best suited for our purposes®.

* If F(sy,59,53) is symmetric or anti-symmetric then only f (s1,s4,53) and j(s;,s,,53) are
non zero respectively.  Furthermore F(sq,s9,53) is t — u symmetric then only
{f (51,52,53), 81(51,52,53), h1(s1,52,53)} are nonzero.

2.1 Photons and Gravitons

In this sub-section, we apply the formalism developed in the previous section to the case of
parity even photon and graviton amplitudes. We will work with helicity amplitudes and show
that they transform in irreps of S;. Subsequently, we construct the crossing symmetric am-
plitudes from them using (13). As a consequence of the CPT theorem and the fact that we
will be considering particles on which charge conjugation acts trivially, our helicity amplitudes
are PT invariant. We will consider the sub-cases whether parity is preserved or not. We will
follow the notations and conventions of [41].

“See also [42,43] for similar considerations for the massive pion case.
°In [38] the permutation s; — s; was used. We warn the reader referring to [38] that there is a minor typo in
the analog of (10) where the sign of the j(s;,s,,s;) term is wrong.
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2.1.1 P invariant theories

Massless photon and graviton theories in d = 4 are characterised by their helicities which can
take values (1) for photons and (%2) for gravitons respectively. This tells us that there are
possibly 16 helicity amplitudes. Since the particles are identical, the helicity amplitudes enjoy
a Zy X Z, symmetry.

13, 9\3, —Ag,

Ag,A
(51)32:53)_ )ng(slasZ:sfS)) (51>52)S3)_ —A4 _11(51352153)
l N —Ag,—A
T 1 (51’52’53)_ 13 14(51)52:53)- (14)

Additionally, since we are looking at parity invariant theories, we have the following con-
straints from parity, time-reversal respectively,

A3,A4 _ j1+ja+ja+i A —Ag—Ag+A, pALA
T, ° (51,52,53) = MNoNaNa(—1) TR (1) 4T;L31,;Lj(51,52,33),
k , A
2 (81)32553) = €T€§€3€4TA;A;(51752383)J (15)
where |771|2 le;|? = 1. Note that for scattering of four identical photons and gravitons, we

have nin3nsn, = (Il 2)2 = 1 trivially. These conditions reduce the number of independent
parity preserving helicity amplitudes which are given by [41]°

T1(s1,50,53) = T (51,52,53),  To(s1,82,83) = T, (51,52,83), T3(s1,52,53) = T2 (s1,52,53)
Ty(s1,52,53) = T, (51,52,53),  Ts(s1,82,53) = T, (51,52,53).
(16)

These linearly independent set of five amplitudes are the basis of Quasi-invariant S-matrices
defined in the previous section. They transform in irreps of S3 which we determine from the
following crossing equation [37,41].

13, —A2,A

(51732:53) - 623Tl 4(52751133)
7L3 As,— 17)
T (51352’33) - 624TA —Ay (53752,51)

where €/, and €, 4 are arbitrary phases which were left unfixed from the general considerations
of crossing symmetry using which (17) were derived. We will fix them in this section using
constraints from consistency of crossing equations and comparing against explicit helicity am-
plitudes in literature. Note that (17) differs from the equivalent equation of [41] (eqns 2.81
and 2.82). This is due to the fact that we assume the following assignment for the Wigner-d
angles

a1 =0, ap=m, a3=0, az=1m,
Br1=0, Bo=m, B3=0, /54:7-5:

in contrast with eqns 2.78 and 2.79 of [41]. Using (17), we can determine the crossing matrices
to be,

000710 00100
01000 01000
ch=ey|0 0100, CP=ey,|1 0000 (18)
10000 00010
00001 00001

®Note that due to (15), the amplitudes T, and Ts enjoy the additional symmetry

T;:(Sl,SZ,Sg) = Tj:r(sl’sz,sii): Tr;(sl:SZ:SB) = T:j(sl’SZ:SS) .
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At this stage we have two undetermined phases €, and e, 4- In order to determine the
t —u crossing relation we use the following relation for identical scattering particles [41],

Ag,2 A=A+ Ag—Ag A3
TAIB’A:(SI:SZJS:i) = (_1) CRRCR 3T123,114(51’53’52)’

(19)
Asz,A — Ao+ A+ A=Ay Ag,A
T;L13’;L:(51752;53)=(—1) 2T A T3 (51,53, 50)

2’1:1’2
We can independently try to derive the C*, crossing matrix by using the following composition
for the generators of S;.

ch, =chchch Ch =epe

sust s = €53€04 > (20)

SO O OO
S O O~ O
O = O OO
O O = OO
— O O O O

to conclude €5, = 1 while the phase €/, is undetermined. We can try to fix €, in the following
way. We can compare against a known amplitude to check the phase. To be precise let us
compare against the explicit helicity amplitudes computed in the Euler-Heisenberg EFT, from
the last equality in eqn 2.9 of [44] and tree level graviton amplitude from eqn 17 of [36], we
see €,, = 1 for both photons and graviton amplitudes’. For convenience we write down the
crossing matrices finally

0 001O0 0 01 00O
01 000 01 000
Cﬁ =0 01 0 0], ct=110 0 0 0 21
1 00 00O 0 0010
0 00 O01 0 0 0 01

One can immediately see from these crossing matrices that T,(s;,55,53) and Ts(sq,S9,53) are
crossing symmetric by themselves while it takes a little bit more effort to see that
(T1(51,82,53), T3(51,52,53), T4(s1,52,53)) transforms in a 3g = 1g + 2); (a reducible representa-
tion of dimension 3). To see that Ty(s1,54,53) and Ts(s;,s,,53) are crossing symmetric, note
that under (sq,s,) and (s, s3) they map to themselves and since the other orbits of S5 are gen-
erated by products of this transposition, all the orbits will map to themselves. However, to
systematise the procedure we explain in detail the case of photons. Using the projector (A.2)
we see that

Py (T5(51,52,53)) = To(51,52,53),
Py (T5(51,52,53)) = Ts(51,82,53),
Py (T1(s1,52,83)) = Py (T5(s1,52,83)) = Py (T4(s1,52,53)).,
_ (T1(51,82,83) + T5(51,82,83) + Ta(s1,52,53))
3 ,
Py, (Ti(s1,82,83)) = 0.

This tells us that the triplet (T;(s1,52,53), T3(51,52,53), T4(51,52,53)) has a 1g part while
Ty(s1,89,83) and Ts(s1,S9,53) are crossing symmetric by themselves. We now want to check

. . . . - . e e
"Note the difference in convention in defining helicity amplitudes, A7"> " = AfemAsAe"A1"%,
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whether there is a 2y also in (T;(sq1,52,53), T3(51,52,53), T4(51,52,53)). From (A.4), we get,

1 1 1
P2(M)+(T1(31’52’53)) —2P2(M)+(T3(31,32,33)) = —2P2(M)+(T4(31,32,53))

(2T4(s1,52,53) — T5(51,52,53) — T4(s1,52,53))

3 >
2 2 2
PZ(M)J,(Tl(Sl’52’S3)) = _2P2(M)+(T3(51752:53)) = —2P2(M)+(T4(51,52,53))
_ (2T5(s1,52,53) — T1(51,52,53) — T4(51,52,53))
3 .

Therefore, we identify our crossing symmetric matrix by substituting the following sets of
solutions in (13),

1
foym(51:52,53) = Ta(s1,52,53),

2
fso;m(sl,sz’S?,) = Ts(51,52,53),

@3 _ Ti(51,82,83) + T3(s1,89,83) + T4(s1,52,53)
fsym(sbsz,sg) = 3 >
a _ (2T,(51,52,53) — T5(51,52,53) — T4(51,52,53))
fMixed+(51352353) - 3 >

where, a = v,h for photons and gravitons respectively. Explicitly written out, the crossing
symmetric photon and graviton S-matrices are,

F1(s1,52,53) = To(51,52,53), (22)
F(51,82,53) = T1(51,52,53) + T5(51,52,53) + T4(s1,52,53), (23)
F3(51,52,53) = T5(51,52,53) (24)

Fitixeds (53551,52)(83 82 —251) — filtieqs (51582, 83)(s1 + 52— 253)

3(s51 —s2)(52 —s3)(53 —51)

Fi(s1,82,53) = , (25)

2 2 2 2 2 2
fl\(/:[tixed+(31152;33)(31 +52 - 233) _fl\(/)[‘ixed+(33;31752)(32 +33 - 231)

3051 —52)(52 —53)(55 — 1) (26)

Fg(s1,52,83) =

2.1.2 P violating theories

In this subsubsection we consider Parity violating (and hence Time-reversal violating theories)
theories where we do not impose the condition (15). As a result, the independent helicity
amplitudes are,

Tl(SI)SZ:SB) = T::(SI)SZ:SB)a TZ(SI)SZ:SB) = T.:.:(SI)SZ:SB)a TB(SI:SZ:SS) = T_:___(SI)SZ:SB)a
T4(51952553) = T_:j(‘sl)sZJS?;)’ T5(51,52,53) = T_:__:(SDSZJSB)’ TZ/(SI)SZJSB) = Ti_j(‘sl)SZJSB)J
TE(51,52,53) = T, (s1,50,53).

27)

10
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The crossing matrices are modified to

(0001000 (0010000\
0100000 0100000
0010000 1000000

c?’=l1 000000, CP=[0001000 (28)
0000100 0000100
0000O0T1O0 0000O0T1O
\0 0 0000 1 K0000001]

The new objects we need to consider are T, and T:, which are crossing symmetric by them-
sleves.

P (T5(51,52,53)) = T5(51,52,53),
Py (T5(51,52,53)) = Ti(51,52,53)-

Therefore we identify our crossing symmetric matrix by substituting the following sets of so-
lutions in (13),

ral
fso}t,m(sl,sz,ss) = Ty(s1,52,53),
ra.2
fszqn(51)82733) = T5(51,52,53),
7a,3 _ Ti(51,52,83) + T3(s1,50,83) + T4(s1,82,53)
fSym(SIJSZ)SS) - 3 )
2.4
fsi‘,m(sl,sz,sg) = T,(51,5,53),
<5
fso;m(sl:sz’SB) = Te(51,52,53),
x (2T (s1,52,53) — T3(81,82,53) — T4(s1,52,53))
fitixeds (51,52,83) = —= é . — , (29)

where, a = v, g for photons and gravitons respectively. Explicitly written out, the crossing
symmetric photon and graviton s-matrices are,

F{(s1,59,53) = To(s1,50,53), (30)
13';(51:52;33) = T1(51,52,53) + T5(s1,52,53) + T4(s51,52,53), (31)
F$(s1,52,53) = Ts(s1,52,53), (32)
o  Sntixed+ (53,51,52)(83 + 52— 251) = fifyoq,. (51,52, 83)(s1 + 55 — 253)
F4 (51532>53) - 5 (33)
3(s1 —s2)(s2 —s3)(s3—51)
= _ fﬁixed+(51,52,53)(5% +3% - 25%) —fﬁixed+(53,51,52)(5% +3§ - 25%)
F(s1,52,83) = ) (34)
3(s1—52)(s2 —s3)(s3 —51)
Fg(51>52,53)= T2/(51,52,53), (35)
F2(s1,50,53) = Te(s1,52,53) - (36)

We note that the crossing equations are consistent with the photon module classification done
in [45]. In [45], it was found that there is one parity even module transforming in a 3, two
parity even 1g module and two parity odd 1g module. It is satisfying to see that the degrees
of freedom encoded in crossing in the two different approaches nicely match.

11
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2.2 Massive Majorana fermions

Let us now consider the scattering amplitude of four massive Majorana fermions in parity
conserving theory. The five independent helicity structures are the following
++ — +—
®4(51,52,53) = T'; (51,52,83),  P(51,52,53) = T, (51,52,83),  @3(51,82,83) = T!” (51,52,53),
_ Tt _
(1)4(51252153) - T+_ (51)52153)5 (135(51,52,53) - T++ (51>52>S3) .
(37)

Further one can separate out the kinematical singularities and branch cuts to define the im-
proved amplitudes H;(sq,S,,s3) such that [41],

5
¢1(51,52,53) :ZMI_JlHJ(SLSZ,Ss): (38)
=

where M matrix is defined as follows,

_sp+4m?/3 _s3+4m?/3 \
( 4 —4 20 53 +4m2/3 ) 20 s +4m2/3 ) 2(51+16m2/3)(52—53)
517% 517% s1—8m2/3 s1—8m2/3 m(s;—8m2/3) '\/(51 +4m2 /3)(s9+4m2 /3)(s3+4m2 /3)
0 0 2 -2 _ 8m
sg+4m2 /3 sp+4m?2/3 o/ (51+4m2 [3)(5 +4m2 /3)(s3-+4m2/3)
M= 0 0 2 —2 _ 2
s3+4m2/3 sp+4m?2/3 m 4/ (51 +4m2 /3)(sg+4m2 /3)(s3+4m2 /3)
0 0 s3+4m2 /3 sg+4m2 /3 0
4 4 2, 4 2, 4 2sp—s3)
51+4m2/3 51+4m2/3 53+4m2/3 51+4m2/3 52+4m2/3 51+4m2/3 m1/(31+4m2/3)(32+4m2/3)(53+4m2/3) j
(39)
Crossing symmetry is imposed by the following two crossing matrices,
1 3 1 1 3 1
R R o7
SO I A B R I
Ce={3 0 2 0 2|, C¢,=|—7 0 3 0 —3 (40)
1 5 1 _1 r_1 45 1 _1
o2 o5 2 i 4 2 ;3 2 i
-z 1 3 -1 —3 -z 1 =3 -1 —3

The analysis for massive fermions is a bit more involved. Using the projectors defined in (A.2),
we find

Py (H1(51,82,53)) = Py (Hy(s1,52,53)) = Py (Hs(s1,52,53))
_ (H(s1,52,55) + 4Hy(51,52,83) — Hs(51,5,53))
6 ’ (41)
Py (Hy(s1,52,83)) = P1(Hs3(s1,82,53)) = 0,
Py, (H;(s1,82,53)) =0.

This implies that the we have an irrep that transforms in an 1g and none in 1,. We now use
the projector for the mixed symmetry to evaluate

1
Péla(Hl(SpSz,Ss)) = 6(5H1(51’52’53) —4H(s1,52,53) + Hs(s1,52,53)),

1

2

PéMi(Hl(Ssz,Ss)) = E(_5H1(51’52’53) + 12H,(51,52,53) — 18H3(51,52,53) + 4H,(51,52,53)
— H;(s1,52,53)),

1
1
PéMi(H4(51,32:53)) = g(_Hl(sbSZ)SS) + 2H,(51,52,53) + Hs(51,52,53))

1
Péii(Hzt(Ssz,Ss)) = E(Hl(sbSZaSS) — 6H,(51,52,53) — 2H,(51,52,53) — Hs(51,52,53)) -
(42)

12
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Rest of the 2y, ,_ projections are either zero or a linear combinations of these. Hence the
independent data that can be used in (13) are,

(H1(s1,52,53) + 4H4(s1,52,53) —Hs(s1,52,53))

Y _
fsym(31,52,53) = 6 5
1 1
fl\l/ﬁxed+(31,52,53) = 8(5H1(31,52,53)—4H4(31,52,53)+H5(51,32,53)) )
2 1
fl\l/ﬁxed+(51,52,53) = g(—H1(51,52,53)+2H4(51,52,53)+H5(51,52,53))- (43)

Explicitly written out, the crossing symmetric fermion S-matrices are,:

W (51,892,53) = (Hy(51,52,53) + 4Hy(s1,52,53) — Hs(s1,52,53)) (44)

,1 ,1
fl\l/ﬁxed+(53,51:52)(53 +59—2s1) _fl\q}[bixed+(51,52,53)(51 + 59— 2s3)

Wy(51,89,83) = , (45)
S 3(s1 —s2)(52 —s3)(53 —571)
fw’1 (51,59,53)(s? +52—252)—fw’1 (53,51,59)(s2 + 52 —252)
N7 (31 52 53) — Mixed+ ‘0122593 1 2 3 Mixed+ ‘2322152 2 3 1 (46)
R 3(s1 —s2)(52 —s3)(53 —51)
2 2
fl\%xed+(53,51,52)(53 +53—287) —fl\l,ﬁxedJr(Ssz,Ss)(sl + 55— 253)
\Ij4(51,52,53) = > (47)
3(s1 —52)(s2 —s3)(53 —51)
,2 ,2
f]\%xed+(31:52:s3)(s% +S§ - 23% _fl\';l,bixed+(s3151752)(sg +S§ - 25%)
Ws(s1,52,83) = . (48)

3(s1 —s2)(52 —s3)(53 —51)

3 Crossing symmetric dispersion relation: Overview

In the previous section, we constructed various fully crossing symmetric amplitudes, i.e., am-
plitudes invariant under S, the group of permutations of (s1,s,,s3). Now, we will discuss a
manifestly crossing symmetric dispersive representation for such an amplitude. Such a repre-
sentation was first derived in [28]. Recently, this representation was explored in [29] in the
context of EFT bootstrap. In this section, we will review this dispersion relation and its multi-
faceted consequences, which were explored recently in [25,29,43]® for scalar amplitudes. We
will present the discussion in such a fashion which generalizes naturally to helicity amplitudes
that we will be considering in the present work for dealing with spinning particles.

Let us consider a S;-invariant ‘amplitude’ associated” with scattering of identical particles
M(s, t,u), with s+t+u = 4m? = u, m being the mass of the scattering particles. The amplitude
is known/assumed to satisfy the following two crucial properties.

I. We assume that the amplitude is analytic in some domain'® D c C2, which includes
the physical domains of all the three channels. For massive theories, such domains (e.g.
enlarged Martin domain [47]) have been established rigorously from axiomatic field the-
ory considerations. For massless theories, even though such domains are not established
within the rigorous framework of axiomatic field theory, they can be argued physically
in general. Thus we will assume the existence of such domains, to begin with.

8See also [30,46] for crossing symmetric/ Anti-Symmetric kernels in context of CFT bootstrap.

“There can be multiple such amplitudes associated with a given scattering when the particles have extra quan-
tum numbers such as spin, isospin e.t.c

19We are considering both s and t as complex variables.
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II. The amplitude is Regge bounded in all the three channels. While for massive theories
this is established rigorously from axiomatic field theory, for massless theories this is a
working assumption which we will make. Thus, for example, fixed t Regge-boundedness
reads

M(s,t) =o0(s?) for|s| > oo, tfixed, (s,t)eD. (49)

This is equivalent to the amplitude admitting a twice subtracted fixed-transfer (for example,
fixed-t) dispersive representation.

3.1 Massive amplitudes

In order to write a manifestly crossing symmetric dispersion relation, one first
introduces a certain parametrisation [28, 29] for the Mandelstam variables

{s1=s—u/3,s9=t—p/3,s3=u—u/3}:

z—%)°

sk(a,z)=a|:1—(3 ], aeR, k=1,2,3. (50)
z3—1

3

Here {z;} are the cube-roots of unity. Z := z°,a are crossing symmetric variables. We also

_57.2.3
introduce the following crossing symmetric combinations, x := —(5155 + 5553 +5351) = (2237—‘11)22,
Yy = —(518983) = W such that a = y/x. With these parametrizations, as shown by [28],

one can write the following dispersive representation of the amplitude M with a manifestly
crossing-symmetric kernel:

1 (*°ds!
M(sq,85) =ayg+ — —,1A( l,sgr)( l,a)) ( 1;31,52,53) , (5D
T Im2z S
+) s|+3a\1/2
where A(sq;s5,) is the s-channel discontinuity, s,, ( 575 a) 1— (—a) and the ker-
1
nel is given by
S1 So S3
H(s);51,52,83) = [ + + ]
' (s1—s1)  (s1—s2) (57 —s3)

27a*(3a—2s7)
T (2 +27as +53 () (52)

3.2 Massless theories: EFT amplitudes

For massless theories, we will consider crossing-symmetric dispersion relation for the ampli-
tudes in the sense of effective field theories (EFT) as detailed below. One can write the fol-
lowing (twice subtracted) fixed t dispersion relation for a massless amplitude [5]

oo
t ds’ 't
MG, )=J e [/}4(/5 )] (t<0,,s¢R), (53)
s(s+1t) oo T(s"—35) s'(s’+t)
where the subtraction points are chosen to be s = 0 and s = —t, t < 0. Now, the amplitude

can be divided into two parts, the high energy amplitude My,;s, and the low energy ampli-
tude Mj,,,. The high energy amplitude My, admits an ‘effective (fixed-transfer) dispersion
relation’ with two subtractions. For example, the fixed t effective dispersion relation is of the

form Mo (5. 5) My (5. 6)

. s, t / : s,t

high ds ( 1 1 )I high . (54)
s(s+1t) vz T\s’—s s'+s+t s'(s’+t)
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Here M? is some UV cut-off such that the physics beyond this scale is unknown a-priori to
us. The low energy amplitude M,,,, is to be understood in the sense of effective field theory
amplitude. The dispersion relation for the full amplitude M, (53), relates My, to this EFT
amplitude.

Now, the amplitudes are all crossing symmetric. Therefore, we can write a crossing-
symmetric dispersion relation for M., [29] similar to (56)

oo /

1 ds} +

Mupign(s1,52) = ag + p J e Ahigh (s;;s; ) (3’1, a))H (5/1;51,52,53) , (55)
M2 51

with the kernel as in (52) and Aj;,y, being the absorptive part of the high energy amplitude
Mhigh-

In summary, we can write the crossing-symmetric dispersive representation for the ampli-
tude ( in the sense of EFT when required ) as

1 (% ds]
M(sq,85) = ag+ Ef %A(si;s;’) (si,a))H(s’l;sl,sz,sg) , (56)
Ay 1

where Ay = 2u/3 for massive theories and A, = M? (the UV cut-off) for massless amplitudes
and the partial wave decomposition reads

A(si;sgﬂ (s’l, a)) = ¢(51)Z(2J +2a)a;(s;) CJ(%B) (\/ E(sq, a)) , (57)

J=0

2
where £(s;,a) = &g + 4‘50(51:1) and &, = (SI_SW for massive theories while £, = 1 for
massless theories and a,(s;) is the spectral density which is defined as the imaginary part of

the partial wave amplitude.

3.3 Wilson coefficients and locality constraints

In this section we outline two central ingredients needed for our bounds. Let us first review the
case of massive scalar EFTs. The crossing symmetric amplitude, pole subtracted if required, ad-
mits a crossing symmetric double power series can be expanded in terms of crossing-symmetric

variables x := —(5155 + 5953 +5351), ¥ 1= —(515283):
oo
M(s1,89) = Z Wpa XPyT . (58)
p,q=0

This is equivalent to a low-energy (EFT) expansion for the amplitude. The coefficients {\V, 4}
are themselves or related to the Wilson coefficients appearing in the effective Lagrangian of
a theory. Thus, these coefficients parametrize the space of EFTs. These coefficients can be
obtained from the amplitude via the inversion formula [29]

oo d oo
Wn—m,m = f msimﬂé(sl)Z(ZJ + 2(1) ay (51) BSI{T)TL(SI) s (59)
Ao 1 J=0
with
m (1) mp W (£0) (4EY (3 —m — 2m)T(n— j) 52
J _ J —— 1
B"’m(sl)_2; jim—)IT(n—m+1) » o= o 0
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Here {a;} are the spectral functions which appear as coefficients in partial wave expansion of
the absorptive parts .A. The functions {pSJ )(50)} are derivatives of Gegenbauer polynomials

CJ(a) for scalars
0/Ci(V7)

P (E0) = —L

(61)

z=&g
The inversion formula leads to two kinds of constraints that play central role in our sub-
sequent analysis. Let us briefly review these. For more details, the readers are encouraged to

look into [29,30].

Locality constraints

The first type of constraint that we will consider is related to the locality. In any local theory, a
crossing symmetric amplitude admits a low energy expansion of the form (58). In particular,
there should not be any negative power of x. However, this is not manifest at the level of the
crossing symmetric dispersion relation since (59) is valid for both n < m and n > m, the latter
leading to the negative power of x. As explained in [29,30] this is the price one has to pay for
making crossing symmetry manifest. Fixed-transfer dispersion relations are manifestly local,
but crossing symmetry has to be imposed as an additional constraint, whereas in the crossing
symmetric dispersion relation, by making crossing symmetry manifest, the locality is lost and
has to be imposed. The equivalence of these two approaches was argued in [30].
Thus one needs to impose locality by demanding

Wihemm =0, for n<m. (62)

This gives rise to an infinite number of constraints on the partial wave coefficients {a;} known
as locality constraints, which are, in general, linear combinations of the null constraints [5].
In principle, solving these infinite number of constraints can drastically restrict the space of
allowed theories. However, even solving a finite number of such constraints give valuable
information that we will see later.

Massless spinning particles

For massless spinning particles, the decomposition of the amplitude into partial waves remains
more or less unchanged with the technical difference because instead of Gegenbauer polynomi-
als, we have Wigner-d functions in the expansion. From section 2, we know how to construct
the crossing symmetric amplitudes given the linearly independent basis of helicity amplitudes
for various massless and massive spinning particles. The crossing symmetric decomposition
(56) is therefore modified to be,

[e°] /
. 1 ds .
MP(s1,80) = ag + p f S—llASpm (si;sgﬂ (s, a))H (s7551,52,53). (63)
Ao 51

If the crossing symmetric amplitude is given by ), 8; T;, where T; denote linearly independent
helicity amplitudes and f3; are some numbers,

AP (513559 (s1,0) ) = D L By 8(s1) D (2T +2a) al(s1) fild2, ,(VEGL @), (64)
i J=0

where fi(ern 1(v/&(s1,a))) denote the particular linear combinations of Wigner-d functions
that appear for ith helicity amplitude and a3 (s;) now denotes the imaginary part of the partial
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. - . P P S ) .
waves of the particular helicity amplitude T; = Tlf’ 124 (51,52 (s1, a)). In our conventions, a

helicity amplitude T; admits the following Wigner-d matrix decomposition,

fi(dh (VEGrLa)) = df 5 (VEGLa), J=IA—2)). (65

The restriction over the spin has been explained in Appendix C. Consequently, the inversion
formula gets modified to,

oo oo
i ds . N ,
W hm = J W@(sl)z B: > (27 +2a)d}(s) BY) (s1), (66)
Ag 1 i J=0
with
B (51— 2i (1) +mp P (1) (4Y (3] — m—2n)T(n— )
R jim—)IT(n—m+1) ’
oo (), (vD)
p; 7 (1):= £ (67)
z=1
The locality constraints are now modified to be,
WP =0, for n<m. (68)

3.4 PB constraints

In order to get bounds, we would like to show that the expression on the RHS of (59) (and also
(66)) or a linear combination of them must be of definite sign. We identify the main characters
of this analysis.

* Unitarity translates to positivity conditions on the spectral functions {a;} as reviewed in
appendix C.

* We have &, > 1 for the entire range of s; integration in the inversion formula while
&o = 1 identically for massless scalars ((60)). The functions pSJ )(§ o) are positive due to
the fact that the Gegenbauer polynomials, and its derivatives, are positive for arguments

larger than unity.

From these conditions, explicitly it follows'!

Wio =0. (69)

More generally, this positivity property does not hold because BSIJ r)n(sl) (see (59)) control the
sign of any term in J-expansion of the inversion formula. In that case one can ask whether
taking suitable linear combinations of BS{,I,),I(Sl)S can restore the positivity. The answer turns
out to be yes and one obtains [29]

V

m
DA AWy, 20,
r=0

Wn—l 0
< —, n=2. (70)
(Ao)?

0< Wi

"These conditions can also be shown to arise from the TR, inequalities discussed next, on Taylor expanding
those conditions around a = 0 [29].
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The coefficient functions { xr(lr’m)(A%)} satisfy the recursion relation:

(o)

AN =1, A= 3T 1) (;j; (71)
j=r+1 nrr )

with

(@ (s _Z Vv 1650 (a)k(m+2n—3j)l(n— J)F(ZJ—k)_ 72)

ok STH2RT(K)j1(m — )G — K)!(n—m)!

The conditions (70) are the so-called Positivity conditions. In short we will call them PB,..

Massless spinning particles

For massless spinning particles, the conditions for positivity are modified as follows.

* Recall that based on the construction outlined in 2, our crossing symmetric amplitudes
are linear combination of helicity amplitudes. The spectral functions, therefore, need to
appear in the right combinations amenable to positivity constraints. Unlike the scalar
case, spectral functions of all the helicity amplitudes do not obey positivity conditions
but instead are constrained by unitarity considerations in a way that certain specific
linear combinations are positive (See appendix C for details). In subsequent sections,
we will see how it is achieved in our crossing symmetric amplitudes.

* For helicity amplitudes, we obtain Wigner-d functions in the partial wave decomposition
with the precise form given by (64) and (65). One can check that for the relevant
helicity amplitude basis we have, and the linear combination in which they appear for
our crossing symmetric amplitudes, relevant linear combinations of Wigner-d function
and its derivatives are positive for £, = 1.

Considering these points, just like the scalar case, we would like to construct a linear
combination of W;”)7 |, which is positive. It will turn out that the scalar ansatz suffices for the
cases we consider. The structural reason which allows us to do this will also become clear as

we work out the relevant examples in subsections 5.1 and 6.1.

3.5 Typically-realness and Low Spin Dominance: TR

The crossing-symmetric dispersive representation (56) uncovers an interesting connection be-
tween scattering amplitudes and the mathematical discipline of geometric function theory
(GFT) [25]. In particular, the crossing symmetric dispersive representation (56) can be cast
into what is known as Robertson integral which enables one to establish typical realness prop-
erties of the amplitude in the variable # = 2° for a certain range of a. This further enables the
application of GFT techniques to bound the coefficients {W, , }.

3.5.1 Typically real functions:

A function f : C — C is defined to be typically real on a domain D € C containing segments
of real axis, if it is real on these segments and satisfies

m[f(2)]Im[z] >0, Im[z]#0,z€D. (73)
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For our analysis, we will be interested in a particular class of typically real functions known as
TR. A function f(z) € TM is analytic and typically real in the unit disc A :={z € C: |z]| < 1}
and admits Taylor series of the form

f(z)=2 +chz”. (74)
n=2

The coefficients {c,} are real which follows from the definition. Such functions can be repre-
sented by Stieltjes integrals known as Robertson integrals. A function f (z) regular in A belongs
to the class TR if and only if it can be represented as the Robertson integral

1
Z
f(z)zjldu(g)m, (75)

where u(&) is a non-decreasing function on & € [—1, 1] and satisfying u(1) — u(—1) = 1.

3.5.2 Robertson form of dispersion integral

Let us now chalk out how to establish typical realness property of the amplitude [25]. Defining

27a? A(E,s5(&,a))dE

=1+ _——(a—sy), du(&):= , (76)
250 [ dEAE, 55(E, 0))
one can formally cast the dispersion integral into
— M(2,a)—ay fl g
M(%,a) := = du(®) ————=> (77)
2 [ dEAE sy(E @) ST 128

which is of the Robertson form (75). But this is not enough. We need to establish analyticity
property of M(Z,a) in £ and the desired non-decreasing property of u(&) over £ € [—1,1].

1. The non-decreasing property of u(&) over & € [—1, 1] follows so long A is non-negative.

To see this, consider
&

p(€1) —u(€s) = f du(&). (78)
&2

It readily follows from (76) that so long .4 is non-negative, u(&;) > u(&,) for &; > &,.

Non-negativity of the absorptive part .A depends on the values of the free parameter a.

Usually there exists a real interval a € I,, where A is non-negative.

2. One further needs to investigate the analyticity of the amplitude inside the unit disc
|Z| < 1. The £ analyticity properties are controlled by that of the Robertson kernel

z

128 +2 7

It turns out that kernel is analytic inside the unit disc |Z| < 1 for a particular range of a
which gives another interval I,.

Finally, collecting everything, we have that the amplitude M(.%, a) admits the Roberston rep-
resentation for
ael,nl,, (80)

and therefore, .
M(,a)eTR, VY ael,nl,. (81)
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Let us illustrate the analysis for the case of EFTs of scalar massless particles, in which case

one finds [25] that
I,=(—,0]U|0,— (82)
a4 3’ 73 '

Next, we need to find the interval I,. We can demand a very strong constraint that each term

in the partial wave decomposition (57) be positive. The Gegenbauer polynomial functions

s1+3a
S1—a

> 1. This leads to the constraint a € (0, M?] with the upper

limit coming from the fact that a < s; for real cos 8. Therefore we find that the amplitude is
typically real for

are positive for cos 6 =

2
0< ascalar < 21\34 . (83)

Note that here we have imposed a kinematic condition- all the Gegenbauer polynomials are
positive. We are not considering the fact that depending on the relative ratio of a;(s), we can
have cos 8 < 1, but the overall sum still remain positive. This would need us to consider the
dynamical implications of the locality constraints on a;(s), which we do in the next section
and will lower the bound on a from 0.

3.5.3 Positivity and Low-Spin Dominance(LSD): Massless scalar EFT

The analysis we have presented so far only requires positivity of the absorptive part as a whole
i.e A(sy,s5(s3,a)) = 0. We imposed the positivity of each term in (57), spin by spin, which
of course, guarantees the positivity of the total absorptive part. In particular, in this way of
imposing positivity we demanded the positivity of Gegenbauer polynomials C}a)(w &(s7, @),
which led to the constraint 4/& (si, a) > 1 in the previous subsection, and the positivity of
the partial wave amplitudes a; following from the unitarity. However, this is a rather weak
condition on the partial wave amplitudes. The dynamical consequence of locality captured by
the locality constraints (62) has not been considered. It is quite natural to expect that locality
constraints result in relative magnitudes of the partial amplitudes such that the positivity of A
can still be satisfied for 4/&(s},a) < 1.
Let us illustrate this with the case of massless scalar EFT. We begin with the dispersion
relation (56) and add
N.:== ) comWamm@® 3y (84)

n<m

m=2

Here {c, ,} are arbitrary weights. Using (59), we obtain

/

ds
m} (2T +Day(s)x

oo
./\/l(si,a)+Nc = a0+J
M2

1 J>0
J even
(85)
(452) . s @*"MH(ass;) /
c; 2 (/e a)) Zm: ComB 2 HG, 5 H(sy,s;),
m=>2
where /E =1+ 2% = ssl,tgf and we have used the fact that H(a;s;) = —3'—3. We also have
1 1
the following crucial difference from the massive scalar EFT expression in (60)
iy m (—1) ) (1) (4) (37 —m—2n)T(n—J)
Bl =2> : (86)
n,m ~ JIm—-I)'T(n—m+1)
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i.e &, = 1. The locality constraints (62) ensure that N, = 0. Thus adding this to M(s;,a)
does not change the amplitude. But now we can analyze the consequence of the locality
constraints inside the dispersive representation. In fact, we now have the equivalent dispersive
representation

1 (%dsp ,
M(si>a):a0+_ _/AL(Slaa)H(Slasi)> (87)
T Jyz S1
with
A (s a) = o +1 (2)\/7 " H(a;s,) 88
L(sl,a).—;o( + 1y (s7) CEERDEPICHE nmz(s Tl BECO
J even m>2

Let us call A; local absorptive part. For the purpose of our analysis, we now impose the local
positivity condition as
Ay(sh,a)=0, ¥V si=M2 (89)

This condition will result into a new range of validity for a. Let us analyze below how this
range can be found out. It is worth emphasizing that this condition is equivalent to the usual
positivity condition .A(s], a) > 0 when restricted to the to the subspace N, = 0 in the space of
partial wave amplitudes {a;}.
Since we will eventually study the Wilson coefficient expansion as a Laurent series about
x,y = 0, we analyze A; (s],a) in a low energy expansion about x = 0. In order to do so, we
2
can replace sg - a% in A;, (88), and write it as an expansion about x = 0. Using
H(as) _ (82 +3)°
H(sy;s)  (£2—9)(&2—1)2

into (88), to leading order in x, the local positivity requirement becomes

+0(x) (90)

A(s),a) =
(g 1)2n+m—2 (91)
@+ ey} | ¢ T AVE ) =D Bl — | =o.
JJZZO ’ 1 Z 2(E2—9)(2 + 33

Observe that this leading contribution does not depend explicitly on a and is purely a function'?
of &. We can then sum over n,m to 2n + m < k, and find the smallest solution &,,;, such that
0 < &in < & < 1 for which we can find a set of ¢, ,,’s such that (89) is satisfied. We can in
turn use this value to determine an the new range of a corresponding to the local positivity
condition,

51 +3a (Emin)®—1

>E o= 2mnl -
S Emn = (s

Since, 0 < &,;; < 1 the lower bound is stronger than 0 < a but also weaker than
M2

M?<a. (92)

< a. We can now combine this with (82) to have

) —1 2M?
%Mz <as<—. (93)
(Emin)?*+3 3
12 We note that it seems like the denommator has a pole at & = 3, but this value is never attained since, from
the analyticity requirement of M, a < 22, we have £2 < 3.
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The above exercise leads us to &,,;, = 0.593 for the scalar EFT when we consider all locality
constraints up to k = 21'3 This gives the following:

2M?
Scalar : —0.1933M? < ¢*@e" < =5 (94)

Note that the lower bound of a has been modified from the case where we demanded the
positivity of each partial wave without considering the locality constraints. From a physical
perspective, the dynamical constraints of UV consistency on scalar IR EFT are responsible for
lowering the bound on a from the previous subsection.

Our findings are also indicative of the well-known phenomenon of low spin dominance
(LSD), i.e. the higher spin partial wave amplitudes are suppressed. To be precise, we can
calculate the &,,;, in an alternative way.

* Consider (85) without the locality constraints, and instead, we truncate the sum over
spin to some J = J, try to find &,,;,, demanding this finite sum be positive. This means
we assume that the sign of the absorptive part in (85) does not change beyond a certain
critical spin J = J. because of the smallness of a;-,; (s;). Therefore truncating the partial
wave sum and doing the positivity analysis is justified. Formally, the positivity condition
for the truncated expression reads

J. is

ST+ D E)C 7 GEGLa)>0, Y E>Ep s, > M (95)
J=0

J even

We are also assuming that for a; # 0 at least for one J € {0,2,4,---,J..}.

* Therefore, we look for the smallest simultaneous root £, of the set

{chB)(,/g(s;,a)) ‘J €{0,2,4,- ,JC}} ,

such that s
P (JEGL D) >0, V¥ E>E, €024, .0,). %6)

For a given J, this §;_is the £,,;, that we considered before. In particular, we have that
€. — 1 as J. — oo, which is expected. Therefore, for the truncated set we consider,
1>¢& > &, ensures that the LHS is positive since we have assumed that the sign of the
absorptive part doesn’t change after J..

* Combining this with PB¢, this constrains the range of a to

(VN2 -1 2M?
SN VY By
Ezy3 ~97 73 ©7

The first few values after rationalising to agree with 2 significant digits are:

J, Scalar

2| —02M2<a< 2
3| —0.60M2<a< 2L
4 | —0.034M% < q < 2L

3In order to obtain this numerical coefficient, we have used linear programming in Mathematica with 1700
digits of precision to find solutions to the system of inequalities (91) for k < 21 while varying & in steps of 0.048
from &,,;,, = 0.59329 to &, = 2.99 and spin J from J = 0 to J,,,, = 56. The value of £,,;, is determined by the
lowest value of £ for which the system of inequalities (91) have a solution such that notall ¢, ,, =0 &, ,, > —00.
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* We can see that the argument with locality constraints combined with the above analysis
clearly indicates Spin-2 dominance for the scalar case. More precisely, we input locality
constraints in estimating the range of a in first part of this subsection (i.e in the analysis
leading up to (94)). Locality constraints can also be interpreted as constraints on allowed
a;(s) for scalar EFTs. Thus the range of a, after including the locality constraints (i.e.,
considering the allowed space of scalar theories), approximately coincides with the range
that we get from a completely different analysis without using the null constraints and
assuming that higher scalar partial waves do not change the sign of the absorptive part
after spin 2 (see 1st entry of the table above). This implies that UV consistency of scalar
EFTs leads to spin 2 dominance.

3.5.4 Massive scalars

For a massive theory we can repeat the analysis of the previous subsection. We shall consider
the case of the massive scalar with mass m and u = 4m?. This was already considered in [25]

. _\2 2 .
where it was argued that the range of a was % <ac< % and bounds were obtained for
various Wilson coefficients. We revisit this using our new method using the locality constraints.

/
s;+3a

The key changes are in the relation between & and s/l, a which is given by £ = &, T with
-
Eo= ,Slu > 1 and the locality constraints (60):
51_
m (1) HmpU (£0) (480 (3] —m—2m)T(n— ) o8

J i _
Bn,m(51)—2; jim—)IT(n—m+1)

It can be easily checked that this gives

a®™™mH(a;s;) _ (52—5(2))
(s)2+mH(s];s)  (E2—983)(E2 +387)

Proceeding with the analysis it turns out that there are no solutions for any & < 1. However

+o(x).

. . . —_ 2 2
since & = 1 was used to obtain the previous range of a namely % <a< 2% these do not
give us a stronger range of a. Thus, we conclude that

there is no low spin dominance for the massive case.

This justifies the results in [25] and highlights a key difference between the massive and mass-
less cases. We have carried out explicit checks using the pion S-matrices from the S-matrix
bootstrap [48-50] which verifies this claim.

3.6 Bieberbach-Rogosinski bounds

We can expand M (£, a) about Z = 0 by expanding the kernel H(s, %)

27a%(2s; —3a) o
H(sy,2) = _ s )E" 00
(51,2) 27a3% — 27a2Zs, —(5—1)%? ;ﬁn( 1) (99)

Comparing this with the low energy expansion of the amplitude

o0 o0
Mo(Z,a)= Y, WpoxPy1=> a*a,(a)E",
p,q:0 n=0
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after rewriting in-terms of Z using x = —%g;f and y = (127?)22 gives:
o0 /
1 ds1
aay(a) = = ——Als;55 (57, ))Br(a,s),
T s
M2 1
I'(n+p)

with a,(a) = ZZW" @2 (=27 —————

n=0m=

5 >1. 100
e - P (100)

. ds’
In particular we have W, o = a, and azal(a) =1 f]\(; = —+A(s]555 (s7,a))B1(a,s7) . Note that

5]
AR

27“ (3a —2sy)and a < 2= ‘< 5 we have f; < 0. Thus,

since B1(a,s;) =

a,(a) <0. (101)

We can apply the Bieberbach-Rogosinski inequalities on the coefficients of any typically-real
function f(z) =z + a,2 + asz> - -+ inside the unit disk following [25]:

2n
a,(a)a
—x, < Sn(@)a’? <n, (102)
a;(a)a?
with
sinn U
x, =n for even n, k,=——"forodd n, (103)
sin,

where 9, is the smallest solution of tann = ntan located in (%, 2n) forn>3and k3 =1,
to constrain the Wilson coefficients in a low-energy expansion of the amplitude. We call these
conditions (102) collectively as TRy;.

3.7 Summary of algorithm

In this section, we summarise our algorithm. The central characters of the story are the Wil-
son Coefficients, the partial wave decomposition of the amplitude and the crossing symmetric
kernel. Firstly, unitarity of the partial wave amplitude decomposition and positivity of the
spherical harmonics and their derivatives for unphysical region of scattering, translate to posi-
tivity relations of the Wilson coefficients ( also known as the PB conditions [25]). To be more
precise, unitarity demands that the imaginary part of the partial wave coefficients is positive.
The Gegenbauer polynomials (or the relevant linear combination of the Wigner-d functions
for the spinning case) or its derivatives which appear in the partial wave expansion of the am-
plitude are positive in the unphysical region of scattering (cos 8 > 1). The Wilson coefficients
themselves however might contain positive or negative sum of both the manifestly positive
quantities. The PB. conditions are then linear combination of the Wilson coefficient expres-
sions such that it is manifestly positive. Secondly, the fact that the amplitude is typically real
for a range of the parameter a then allows us to systematically obtain two-sided bounds on
the Wilson coefficients (also known as the TRy; conditions [25]). This is because the typically
real amplitude, as an expansion in Z, has Bieberbach-Rogosinski bounds on the expansion co-
efficients [25]. Thirdly, we use locality, which modifies the lower range of a as obtained from
cos6 > 1 and TRy. In the following sections, we systematically implement this algorithm
to first review bounds on the scalar and then obtain the same for graviton and photon EFTs.
These steps are summarised in the flow chart below:
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Crossing Symmetry

o
Analyticity/Causality
+

Polynomial Boundedness

p—mm =0, Ym=>n

Crossing ic
Dispersion Relation (CSDR)
Unitarity N
Localit
ag >0 4 i | Yy
Positivity * Typlcally
pute 1) Realness for mummje—
S e — i 2M? :
2 = 0<a < M(sia) + N. >0
)
4 w
I h
PB c N P Typically
4 ] Realness for
2
—amin < a* < %
Two sided
bounds

Figure 1: The above flowchart shows the steps involved in the GFT approach.

4 Scalar bounds

We now present the applications of formalism developed in the previous sections for various
EFTs starting with the massless scalar case. The massive scalar was already addressed in [25].
Recall that the low energy EFT expansion of the amplitude takes the following form in terms
of crossing-symmetric variables x, y

F(51,52,53) = Z Wp,qxpyq .
p,q=0

Starting with the dispersion relation given by (56) and (57) we can systematically derive
the positivity bounds. We linearise the steps in the following manner, which will serve as a
guideline for us when evaluating EFTs with spinning particles.

* Unitarity implies that in the dispersion relation, the spectral functions a; are positive.

* From the positivity of the Gegenbauer polynomials in the dispersion relation and the
typical realness of the amplitude, we have the following range for a (94),

2M?
3

—0.1933M?2 < g*calar <

From (70), (71) and (72), we get positivity conditions on linear combinations 14 of Wpq = Xi Z

These set of conditions have been referred to in literature [25] as PB. conditions. Since the
amplitude is typically real, we also obtain Bieberbach Rogosinski bounds on w,, , from (102)
(also known in literature as TRy;). The algorithm will generically follow [25] and we refer the

“This is well defined as W), ; > 0 as argued in (118).
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interested reader to the details there. We begin by first noting that (101) implies

2

2M
aj(a) = —27a*(1+awp)<0, V-—0.1933M*<a< =
-3 5.1733
= ——=<wy < . 104
am2 =~ T M2 (109

We note that this precisely agrees with the result in [5] when we account for the difference in
the definitions of x due to the conventions. We have used x = —s;s,—s353—s3s; while [5] used
s% +s§ +s§ which gives wy; = —ng (since s; 455 +s3 = 0) which translates to —10.34 < g5 < 3.
In the second step, we solve for the set of inequalities derived from (70), (71), (72) and
(102) upto a certain value of n = n,,,,. Note that the conditions derived from (102) are a
dependent. In order to efficiently solve the inequalities, we discretize the variable a over the
range specified in (94) in steps of 6a and then solve for the resulting larger set of inequalities.
We present our results for n,,,, = 5 and 6a = ﬁ in the table below. We shall follow the
convention of [25] namely M? = % and re-write the results of [5] in this convention for ease
of comparison.

Table 2: A comparison of the values obtained using our results up ton =5 and SDPB
in [5].We used the locality constraints and the techniques of [5] adapted using linear
programming to generate the SDPB values quoted above. These are identical to the
ones quoted in [5]. The exact agreement between these values is a consequence of
the fact that the locality and null constraints are equivalent as observed in [30].

WP»q

Wpq = we | (TRy +PBc)™" | SDPB™" | (TRy +PBc)"** | SDPB™
wo; —0.5625 —0.5625 1.939 1.939
w1y —0.1318 —0.1318 0.219 0.216
Woo —0.1533 —0.1268 0.063 0.0296
Wag 0 0 0.140625 0.140625
Wy —0.02595 | —0.02595 0.0513 0.023
Wio —0.061 —0.02789 0.0275 0.0111
Wag 0 0 0.01977 0.01977
W3 —0.011 —0.00156 0.017 0.0071
wa; —0.0047 —0.0047 0.0022 0.0022
W0 0 0 0.00278 0.00278
Ws 0 0 0.00039 0.00039

We note that we get an excellent agreement with [5]. In [25] a comparison was done with

the massive case and the results of [5], where it was noted that some of the results TR;; were
stronger. However, since [5] considered only the massless case, so the above is more appro-
priate comparison as the results show. We attribute the discrepancy in the wg,, w1, Wi, Wos3
values to the following:

We have not completely solved the Locality constraints N, but we have implicitly assumed
that they are zero when we consider a low energy expansion (104). However, each Wilson
coefficient actually involves an infinite sum of locality constraints for instance

o0
ay(a) = —27a*Wy ((1 +awgy;) + Zw_n,nﬂ a"_l) : (105)

n=1

So strictly speaking, what we have are bounds on these combinations and not the w), ;’s them-
selves. In practice, however one would have expected that since we obtained the range of a
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by using some of the locality constraints, this should have resolved the issue. However, we
remind the reader that to get the bounds listed in the table we used PB, conditions in addition
to the TRy’s. The PB_’s are linear conditions in the wy, ;’s which are independent of a.

5 Photon bounds

In this section, we will constrain parity preserving photon EFTs. To be precise, let us consider
the following crossing symmetric helicity amplitudes from (22) and (23). This set up applies
almost identically to the graviton case also so we present here the general amplitude that we
will be considering for later use.

Ma(SI:SZ:SB) = an(slﬁszys?,)+XF?(81;52)53)
= (T (s1,52,53) + T5'(51,82,83) + T (s1,52,53)) + x1 Ty (51,52, 53) , (106)

where x; € [—1,1] and a = y,h for photons and gravitons respectively. The partial wave
expansion of this amplitude is given by,

(F§(s1,50) + XF{(sp,50)) =, 167m(2J + 1)(py* + xp3 )y o(0)+
J=0,2,4,-

D 16m(20 + 1)y (g ,(0) +df _,(0)+ D 16m(2] +1)p3(dy,(0)—dj_,(6)).
J=24," J=3,5,
(107)

ern v is the Wigner d-matrix defined in appendix (D). From the positivity of the spectral func-
tions in these cases( see appendix (C.1)), the reader can understand that this combination is

positive!®- since le,a + p?’a > 0 we have
(14x,) (1—x7)
Py Py ==+ pr )+ oy =) 20, (108)
>0 >0

while p?’a > 0 from the analysis in appendix (C.1). The crossing symmetric dispersion relation
for the photon amplitude is given by,

1 (< ds
(Fg(51,52) + XF{(51,52)) = aé + = f —,1«4)/ (51;59) (5/1, Cl))H (5/1;51,52,53) )

m2 51
(109)
where H (51;51,52,53) is defined in (52) and the partial wave decomposition reads
A (sg;sgﬂ (st a)) = Z 167(2J + 1)(pJ1’Y + xlpf’y)dé’o(e)
J=0,2,4,
+ > 16m(2] +1)p)7(dy () +dj_,(6))
J=2,4,
3y a7 _qJ
+ > 16m(2J +1)p) 7 (d,(0)—dj ,(0)),  (110)
J=3,5,-

where cos? 0 = £ (sp,a)=1+4 (S,Ci a). Note that due to the fact that we have written down
1
crossing symmetric combination of helicity amplitudes, the crossing symmetric dispersion re-

lation is essentially of the same structure as the scalar one. In writing the dispersion relations

15We leave the analysis of F,, Fs which have denominators involving s; for later analysis. For F, since unitarity
does not fix the sign of p}”s our methods are not applicable.
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(56) and (107), we have used (64) and (65). The low energy EFT expansion of the amplitude
reads,

Fi(s1,5) = ZW;’qpr’q, Fg(sl,Sz)=ZW§,qxpyq- (111D
b4 pbq

For our analysis, we will be considering the most general Euler-Heisenberg type EFT for the
photon

1 -
L=—FuF* +ay (Fuy P ) + ag(Fy FH7Y2 4 - (112)

obtained starting with a UV complete theory such as QED and integrating out the other massive
particles in the theory such as say the electron. To compare against the corresponding low
energy EFT expansion coefficients of [22] we can rewrite our EFT expansion in the form (see

(E1)),
Fy(s1,50,53) = 285x—3g3y +2(ga; +2842)x% ++--, (113)
Fi(51,50,53) = 2fox —fay +4fax> +---, (114)

fotgs a _ fa—g
16 > 27— 716

where the Wilson coefficients can be related to the EFT couplings such as a; =
etc.

5.1 Wilson coefficients and Locality constraints: PB],

The local low energy expansion of the amplitude (106) can be written as

oo oo
Fzy(sl,sz) +x1F1y(sl,sz) = Z W;fq)xpyq = Z Wl(,fq)x”qaq , (115)
p,q=0 p,q=0

where we have used a = y/x and W("q) = W2 bg TX1 VV1 g+ Just like in the scalar case, we would
like to expand both the sides of the dispersion relation (109) to derive an expression for the
locality constraints- recall that by incorporating crossing symmetry we have compromised on
locality which serves as constraints in our formalism. In order to do so, we expand the kernel
(52) and the partial wave Wigner-d functions in (109) about a = 0 and compare powers on
both sides. Note that for a = 0, the Wigner-d functions are Taylor expanded about £, = 1

(since the argument of the Wigner-d functions are &(s;,a) =1+ 4( )) We obtain,

S1—a
we  _ [ ds 97 + 1)
n—mm = W Z ( +1a; (51)gnm,
Jum2 J=0,2,4,
P .U >0 (2 +1)aP (5,002
JMZ 2n32n+m+1j v 1J%n,m>
A U > (@7 +1)aPs1)608
Jue 2n52n+m+1J S 1/%n,m>
g Zzi( 1)1—f+'"q“”(1)(4)f(zj—m—2n)r(n—j) 116
S Jim—j)Ir(n—m+1) ’
70
where af,l) pJY + xpj 2T a (2) = aSS) = pi” and q(] ‘) = a]fa—g(j‘/g) , with
£=£o=1
f = 3 oo f @ =q), + dj_, f ®) = —dj_,. For convenience, in order to compute
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(i

the partial derivatives q; )(1), we use the representation of the Wigner-d functions in terms
of Hypergeometric functions, given in (D.1). The locality constraints for this case are therefore
given by
W —0 vn<m. (117)

n—m,m

We would also like to construct the spinning equivalent of PB¢ as done for scalars. To this
end, we note that spectral functions agl) = 0 by unitarity and {d({’o(e), d;; ,m(G) + dr{l ’_m(G)}
are positive for all J whenever cosine of the argument is bigger than or equal to 1 (see D) i.e.,

(] l)(l) >0forallJ,j=0,1,2,--- and i = 1,2, 3. In particular we have

oo
(x1) r d51 (1) (0,1)
W = — 2J +1)ay (s 1),
n,0 Jue 2n52n+m+lj (;4 ( ) J (1)(1 (1)
N roe _dsp Z (2J+1)a(2)(s 192 (1)
2 o 2ntm+l 1)9; s
Jmz 4TSy J=2,4,-
[ ds
+ Py it 2, @+ DaP6a )= 0. (118)
Jm2 4TS J=3,5,7,-

More generally in (116) the sign of any term in J expansion is controlled by g,{’fn(sl)
alone. We can thus take linear combinations of various ngxq)’s which is a positive sum of

{d 0(9), m 2(0) £ ern’_m(Q)} and their derivatives and hence is manifestly positive. This
gives us the Positivity conditions:

m
1
Zxr(lr,m)(M )W’Sx)rr > 0, 0< W,sxo) < W:—l 0> n=>2. (119)
r=0 (MZ) ’
The xr(lr’m)(M 2) satisfy the recursion relation:
2wy =1,
2
Xr(lr,m)(MZ) _ Z (— 1)]+r+17((1 ,m) n]r(Mz) (120)
j=r+1 n rr(M )

4kT(3(2k+1))(3k—m—2n)T(n—k)s1 ™™ 2" ,Fa(5+3,5 k—mk—2—2 4 1;k+1,k—n+1,k—2—Z;4)
VAT (k+1)I(—k+m+1)T(—m+n+1) :
We call the conditions (119) collectively as PBélf’. We note here that the positivity condi-
tions PBZj in this case are identical to the ones for massive scalar in [25,29]. This is simply a
consequence of the fact that (116) is the sum of three scalar like terms each of which has an

with %n,m,k = —

identical structure except for the functions qU ’ )(1) in ng”ln (s1). Since we do not use the explicit

form of the function q(] )(1) anywhere in the argument above but just the fact that its positive,
the result simply follows. Note that these positive combinations are certainly not unique and
one can definitely find different linear combinations which may result in a stronger constraint
however we will not pursue that here.

5.2 Typical Realness and Low Spin Dominance: TR},

In this section, we try to get a range of a using positivity of the amplitude coupled with locality
constraints and typical realness of the amplitude. The analysis for typical realness is straight-
forward. From, section 3.5 and the discussion regarding the Robertson form of the integral
(see the discussion around (82)), the limit of a is given by,

18We have used the closed form expression for Uy i in [29].
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M2 2M2
(ae [_?;O)U(O,T]) N (a V A(sl’;sgﬂ(sl’a)zo)'

We can assume the positivity of the absorptive part as a whole i.e .A(sg,s;L (s},a)) = 0in (109)

which gives us the range of a as a € (0, 23&2] . This is obtained by considering the positivity of
each term in the spin sum which of course guarantees the positivity of the full absorptive part
though it maybe too strong (similar to the massless scalar case). A more careful analysis re-
quires us to use the locality constraints N/ = — Z nem o Wt W, @3y to it with arbitrary
weights ¢, ;,’s (117).

M(Si,a)+NC:
" s > @+ 1aP6) | FE) =D camGl] @) | e s qan
a S — C ’ 7 S$1,S;
M2 27T81 J=0,2,4,- J ' J n<m o n’m(51)2n+mH(S/1)si) v

m=2

o0
dsy (2) @) ayo @MTMH(ass) ,
+ (2J +1)a;”(sq) &)= D cumGs— H(s},s;)
JMz 27s, J:;,--- J W1 fJ 3 ; n,m n’m(51)2n+mH(51:5i) 1°°1

m=2

d51 3) (3) 57,3 a2"+mH(a S;i ) /
(2] +Da; (s1) | f;7(E) = D CumYpim H(sy,s:) 20,
JMZ 2msy |, _ 325:7 e ; ()2 mH(s! ;) !

m>2

where QJ ! has been defined in (116). Note that this is similar to the equation we had for
the scalar case and therefore the analysis is also similar. The algorithm is very similar with
the only difference is that the &,,;,, is determined by the maximum lower bound obtained by
considering the positivity of three different classes of inequalities- the coefficients of agi) for
i =1,2,3. This exercise, outlined in detail in subsubsection 3.5.3, leads us to £ Tym.n =0.723 for
the photon EFT when we consider all locality constraints up to 2n +m < 12 and J,,,, < 20.

! M2 < a < M? and (121), we obtain,

Using the relation 32—
EmU'l

2M?
Photon : — 0.1355M? < a¥ < =

(122)

Similar to the scalar case, for the photon also we discover the phenomenon of Low Spin Dom-
inance (LSD). Consider the set of equations (121) without the locality constraints but with a
maximal spin cut-off J = J,. If we assume that the absorptive part is unaffected by the con-
tributions from partial waves after J > J, the positivity of this finite sum of partial waves
leads us to an independent derivation of &, . T . It suffices to choose the largest root £7(J) < 1
of the set of polynomials {do 0’ dJ + d2 2} for a fixed J < J, to ensure the positivity of the
corresponding term in (107). We observe the following table.

J. Photon

2| —02M?%<ar <3#E
3 | —0.143M?% < a" < 2L
4 | —0.060M2 < a7 < 2

We can see that the argument with Locality constraints combined with the above clearly in-
dicates spin-3 dominance for the photon case. Therefore for this range of a, we can impose
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the Bieberbach Rogosinski bounds of subsection 3.6 on the Wilson coefficients W,Sflrzl’m -these

constraints are called TRE. In the next section we present the bounds obtained from PB’,
T RE and the corresponding range of a (122).

5.3 Bounds

We now apply our formalism to bound Wilson coefficients in the Euler-Heisenberg type EFT
for the photon. Recall that the low energy EFT expansion has the form,
—1 2 ~
L= TFMFW +ay (Fu F*)" + ag(F F*7 )2 + - (123)
For such an EFT, we have the following crossing symmetric S-matrices (see appendix F) ,

Fi(s1,50,53) =2fox — f3y +4f4x> —2fsxy +f6,1)’2 + 8f6,2x3 t--
Fy(51,52,53) =282x — 383y + 2(ga1 +2842)x> + (—5851 — 385 2)xy + (124)
3(g61— 862+ 863) y> +2861X° + -+,
where the Wilson coefficients can be related to the EFT couplings such as a; = ! fo,gz , Ay = £ L&
etc. We begin by listing out the PBz and T R{, conditions for n = 3 (see (102), (119) and
(122)). The PB! conditions are,

(X1) (x1) (x1)
ow, 3w Sw 1
(x1) 20 (x1) (X1)
Z 4 oMz 02 =0, ETVeR 5 Twi =0, 0<w, <—4,

8wl +3(awls) + ewli) + o)) > 0, 4wli) + 14w + 33w > 0,

2W(X1) + 7W(xl) > 0 0 < W(xl) < W(z)(()l) , (125)

while the TR}, conditions are,

a(2w(x1) 27a(a(awg’;) + wlll)) + w(xl))) + 2w(x1) -

(xl) +1 -

3

aw(o’;l) +1

(a(9a(a(a(27a(a(wg§1)a + W(f;l)) + w(xl)) 4w(x1) + 27W(X1) 4w111)) 4W(xl)) + w(xl)) + 1)
<3,
(126)

and the range of a has been specified

b G
1
(X ) Pq

WlO

where as before we have used the notation

in (122). The coefficients ng.cl) are related to the EFT expansion as follows ,

WO = —383—X1f3 WO — 3(86,1— 86,2+ &6,3) + X1f61

Yo 285 +2x1fy oz 289 +2x1fy ’

W) 2(84,1 +2842) +x14f4 ) (—5851—3852) — Xx12fs5 (127)
a0 285 +2x1fy ’ Y1 285 +2x1fy ’

where, Wixol) = 2g5 + 2x, f5. Before solving these constraints and getting bounds, we want to
point some salient features of our inequalities. The positivity of W ; (118) gives us:

g2+ x1f320. (128)
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In particular this translates to g, & f, > 0 in other words a;, a, > 0. After expanding F, + x;F;
in Z,a we can use relation (101) which translates to the following:

—27a%(—2g, — 2x1fs +3ags +ax,f3) <O0.

Firstly we note that if f, = £g, then, since the above relation has to hold for all x; € [—1,1]
2 2
and all —% <a< 2%, we get f; = £3g5, the reasoning is as follows. Suppose f, = +g,
then by looking at x; = F1 we get
5M? 2M?
a(3 >0, V——<a< —,
(383 F f3) 37 3

which gives us the result. In particular for the f, = g, case we note that if we truncate to 6-
derivatives there is no difference between the massless scalar case and this one since F; = F,.
This gives us

—3.44 f; 1
=< —. 12
M2 f, M2 (129)
Secondly if g5 + x; fo # 0 then from (129) we have
f3
—4.902 +X13 1
4.9 < &3 13 (130)

M?2 +xf<m.
82 1/2

These can be compared with the results in table 1 in [22] and we can see that there is decent
agreement. We can in fact use the above relations to get region plots as shown in the figure
below. We have benchmarked where different theories lie in this allowed space of EFT’s. These
regions can also be compared with the ones in figure 1 in [22] and we note that our method
gives a rectangular region for the left figure whereas the right figure is identical.

1 T
0} * .
11 « Scalar
8 Axion
'5*; -2 + Graviton
i 1 QED
_31 -5
+ scalar QED
-4 I -10} o W* sector
10 -05 00 05 1.0 -10 -05 00 05 10
f2lg2 f2lg>
Figure 2: The allowed regions in the ( 2> fz) vs o> space with

scalar,axion,graviton,QED,scalar QED, W= sector benchmarked.

Furthermore, whenever we have f, = kg, with k € [0,1] we can see the space of allowed
theories as in this case by choosing a suitable x; one can make g, + x;f, = 0. The plot is
shown below.
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Figure 3: The space of allowed regions in the ({c—z,%)for fo = kg, with

k =0,0.25.0.5, 1 corresponding to blue, purple,yellow,green and red respectively.

By working outthen=3 PBY and T RY conditions explicitly we obtain the following values

for wp ) listed in table 3. A comparative plot for the the ﬁrst few higher derivative coefficients
is given in figure 4. As before in the Wilson coefficients wpq, the region f, = £g, is special
and must be treated with caution. From (125), it immediately follows that consistency of the
equations for all x; € [—1,1], enforces the relations of the form f; = kzj gij for i,J > 2
whenever f, = +kg,.

Table 3: A list of bounds obtained using our results TR, up to n = 3 in the normali-

sation M2 = 1.

In the above table w201

(1) _ W;qu) min max

bi = i | (TRy+PB)™ | (TRy + PBc)
wi ~1.5 7.353
wi) 0 1
wi) ~11.029 4.368
Wiy —2.5 6.353
wiy) ~18.479 64.601
wiy) —84.255 15.980
wi —3.5 28.1121
wi) 0 1

X1) 841+284

corresponds to

33

and its range is exactly the one obtained
in [22], we also have bounds on 10 derivative terms which were not given in [22].
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Wo2
w-

0 2 4 6 0 2 4 6
Wo1 Wo1

(a) Allowed regions in (wy,, wy;) space. (b) Allowed regions in (w;;, wy;) space.

Figure 4: Plots for (wq; and wq,) vs wq, for TR’[’] upton=3.

6 Graviton bounds

In this section we will be considering parity preserving graviton amplitudes. We would like to
consider the same combination of amplitudes as in the photon case since unitarity guarantees
the positivity of these combinations. However, the low energy expansion of
Fg(sl,sz,sg) = 21:1,3,4 T;(s1,59,53) starts only at 8-derivatives (the first regular term is the
one from R*) which translates to the low energy expansion in # starting from 2 order. Such a
function cannot be typically real as can be seen using the following simple argument. Suppose
we have a typically-real function f(z) which has a Taylor expansion f(z) = 22 + azz® + ---
around the origin. In a small neighbourhood of z = 0 the leading term is the dominant one
and we have 3f ()32 >0 = r?sin20sin6 > 0 forall z = re!? and 0 € (0, m)u(r, 27), this
however is not possible as sin26 changes sign in the upper/lower half plane but sin 6 does
not. Thus our hypothesis that f(z) is typically real is incorrect.

Thus our methods will not directly apply to these combinations. For our purposes we will
considering the modified combination:

Mh(51152553) = FQ(SIJSZJSB)
TH(s1,52,53)  T2(s1,52,83)  Th(s1,52,53)
= 5 5 5 . (131)
s2 s2 s2

As can be readily checked the above combination Fg(sl,sz,sg) does not have any additional
low energy spurious poles, is fully crossing symmetric and obeys the same o(s?) Regge growth
we demand for F l.h(sl,sz,sg). Thus Fg(sl,sz, s3) also satisfies the crossing symmetric dispersion
(56) 7.

Furthermore it has the low energy expansion given by

ﬁg(sl,sz,s3) = Wl(’fo)x + ng)y + ng)xy + V\/é’fo)x2 +--e (132)

17We have verified that this is indeed true for all the 4-graviton string amplitudes for details see B.
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We can also consider Fi(s1,s,,53) which!® has an expansion

F{I(sl,sz,sg) = W(():‘gl)y + Wigl)xy + V\/é’go)x2 +ee (133)

We shall not explore this case in the current work. When we write the above expansions we
have a low-energy gravitational EFT in mind

_ —2 /3R3 3 ﬁR‘* 2 2[3R4 %)
E_Ev_gR-i_SFR +2FC +7C +---, (134)
where R is the Ricci scalar, k2 = 327G and C = R“VKARWKA, C= %R‘“’“ﬁ EZZRY(SHV and the

metric g,,, = N, + hy,, is given in-terms of the gravitational field h,,. We subtract out the
poles corresponding to the R and R® terms and look at the low energy expansion of the rest
of the amplitude. The Wilson coefficients of the low-energy expansion of the amplitudes are
related to the parameters in the gravitational EFT Lagrangian such as

() _ Bra+ Brs
Wig=="—" (135)
6.1 Wilson coefficients and Locality constraints: PBZ
The local low energy expansion of the amplitude (131) can be written as
o0 oo
Fl(sy,s0) = Z W}S{q)xpyq = Z W;{q)x“qaq , (136)
p,q=0 p,q=0

where we have used a = y/x and Wéhg = 0. We can solve for the WI(,hq) by expanding around
a = 0 and comparing powers of x,a. We obtain,

oo
" _ ds; ~(1) i
Wn_m’m—J T > @+ 1aPerl,
M2

1 J=0,2,4,-
o ds
o] s 3 @,
M2 2783 Fry
o ds
+J 2nim+1 Z (2J+1)653)(51)]Ci1:r3n7
M2 27SY J=5,7,
i (=D P0 (1) (@Y (3 —m—2m)T(n - j)
Kn,mzzz il )| ? (137)
g = jim—j)'(n—m+1)
1,h 3,h .. i (D)
where dgl) = %, dgz) = 5153) = % and qy’l)(l) = ajfa—g(j‘/g) , with
&=&p=1
FOZ gl o dia(cos(VE)) | diycos(VE)) FO = dia(cos(VE)) i a(cos(v/E))
0.0’ (1+4/€)2 -y&2 (1+4/€)2 a-y/&2

A key difference between the scalar /photon case and the graviton case we are considering now is
that the combinations f @ are no longer positive even for & > 1.

18 As for the photon case we could have considered FZ‘ (51,82, 53)+x1Ff (81,85,83) for x; € [—1, 1]however this leads
to a spectral coefficient s’i—}z + p, which doesn’t seem to have a fixed sign from unitarity alone p, >0, p; £ p, = 0.
We shall use a different method to bound Ff (51582553)-
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However for & = 1 we can check that f® = 1 and since the spectral functions dgi) >0 by

unitarity namely agi) > 0 so this in particular implies

(o]
n ds; (1)
WS = | 3 @,

M2 27Ty J=GTh.
o d51 ~(2)
+ o ZsEmE D (@ +1)aPsy),
s J=4,6,
* ds, _(3)
+ P T (27 +1)a;"(s1)=0. (138)
M2 2TS] 1257

We can see straightforwardly that the above implies

) < )
0<Wn0 —M4Wn 1,0

As alluded to before, the non-positivity of f @ in (137) implies the sign of any term in J
expansion is no longer controlled by IC#n(sl) alone. So this makes obtaining a closed form

for PBE much harder in this case. We can however do this case by case. For n = 2 these read:

(f) (f) (f)
Mgy 3wy ) Sw ) w1
A 2M2 +wy, =20, —— 2M2 +W11>0 0<wy, <W’
(139)
f) _
where Wy = W(f)
W —0 VYn<m (140)
n—m,m *

6.2 Typically-Realness and Low spin dominance: TRZ

In this section we try to get a range of a using positivity of the amplitude coupled with locality
constraints and typically-realness of the amplitude. The analysis in this case has key differences
due to the non-positivity of the f@ (\/E ) even for & > 1. We know the typically-realness of
the amplitude followed from two crucial ingredients namely the regularity of the kernel inside
the unit disk and the positivity of the absorptive part. The former remains unchanged the
latter however crucially needs the locality constraints to justify now, since & > 1 is no longer
sufficient to guarantee positivity.

M2 2M?
(a < [_?’O) - (0’ TD N (a V AGysss (s, 002 O)Lsp'

We can proceed with the LSD analysis as before by including the locality constraints
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N Ch = _Zﬁfjﬁ Cn mW(f ) , a?tm=3y to it with arbitrary weights Cn,m’S (140).

> N n—m,m
M(Siza)+NC=
oo
ds; (1) ) a®™MH(a;s;) ,
2J+1)a; (s H(s5,s;
JMZ mljz(;“( )aMis) | £ - Z CnmKiin Sormngsr o | HE0

m=>2

oo Zn m ‘e
+J - > @+ 1aPes) fj(z)(i) > ek wm _H(g;) H(s},s;)

M2 27[51 J=4.6, n<>m2 )2n+mH(51’Sl‘)
[e%s)
dsl 3) 3) a2”+mH(a's-) /
+ (2J +1)a>(s;) (&)— H(s},s;) =20,
sz 2msy ;4= s G0 e Z ok ’””( DPTHs ) | v
| m>2
(141)

where ICJ I has been defined in (137). As before £,,;, is determined by the maximum lower
bound obtamed by considering the positivity of three different classes of inequalities namely

corresponding to the coefficients of d J) fori = 1,2,3. We can also determine &,,,, now
which is determined by the minimum upper bound obtained by considering the positivity of
the same three classes of inequalities. This exercise leads us to &" min = 0-593 and & Zl ax = 3 for
the graviton EFT when we consider all locahty constraints up to 2n +m < 12 and J,,4, < 20.

Epn! M?<a< Eparl M? and (141), we obtain,

Using the relation s 2 33

2 2
Graviton : —0.1933M2 < a" <

(142)

We would now like to show that this is indicative of Spin-2 dominance for the graviton case.

-1
Since in the set of polynomials {do o 4"(‘5:);)2)6) (“l(iis) X)} the latter two elements do not

have straightforward positivity properties for general J. The identification of the critical spin
J. is more complicated and needs more detailed consideration in this case. A key difference
between the scalar/photon cases and the graviton case we are looking at now is that both
the upper and lower bound of a can change. Let us recall how that happens- the condition
TRy tells us that the allowed range of £ € [0,3]. The overlap of this region with the positive
part of the absorptive part gave us the required range of £ to be used in our analysis. In the
analogous exercise for the photons and scalars, we had truncated the partial wave sum to a
finite cut-off in spin and so then the range of £ was determined by what range for which these
polynomials were positive. We had determined the lower range of £ to be given by the largest
root of the Wigner-d combinations that appear with respective spectral coefficients- this was
usually such that &,,;,, < 1. The upper range of £ was automatically determined by the TRy,
conditions since the relevant Wigner-d matrices were manifestly positive for & > 1— in other
words there were no restrictions on the upper limit of £ from the Wigner-d polynomials. The
story for gravitons remains the same for the lower bound for &, but we note the following
changes for the upper bound.

To illustrate this oint, notice that the Wigner-d combination
P g
dJ —1 dJ —1
O = 4’4&18 1/%;2/5)) S 4((1(:08‘/%():@)) is not always positive for & > 1 for J > 9. There-

fore if we assume J, = 9, the upper limit for £ (and hence a) also changes along with the
lower limit. As an example we present shortening of the positive regions for f© for J = 9,11
in figure 5. We present the allowed range of a as a function of J, in the form of a table below.
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J. Graviton
2| —02M%<dh< 2
4| —0.069M?* < at < 2
6 | —0.034M2 <at < 2L

2 19641M2
9 | —0.014M? < a" < 211

We can see the spin-2 dominance clearly for the graviton case from the above table. We have
also illustrated this for the case of the type-II string amplitude in appendix(G).Note that the
locality constraints play an important role in maintaining the positivity of the amplitude despite
the Wigner-d combination f ® not having nice positivity properties. This is not a surprise since
the locality constraints encode the details of the theory and put constraints on allowed spectral
densities that appear in each sector. It would be interesting to explore the detailed implications
of locality constraints in future.

0.2 04 06 08 10

(a) Positive & regions for f® for J = 9 marked in red. (b) Positive £ regions for f® for J = 11 marked in red.
Figure 5: A comparative plot of changing regions of positivity in & with spin for f .

Therefore for this range of a in (142), we can impose the Bieberbach-Rogosinski bounds
of subsection 3.6 on the Wilson coefficients WY

: f
imm,m —these constraints are called TRy;.

6.3 Bounds

In this section we put the bounds on the low energy EFT expansion which is parametrized by,

i =
2
2xfoo+3yfro+ 2Xzfz,o +xy (2f3,1 —f3,0) +y? (—3f4,0 —3f41+ 9f4,2) + 2353f4,0 +-,
(143)
where in terms of parametrization of [7],
oo L}] o
T§(51,52,53) Zle lszs + szi,j(slz ]sl1 +sll_15£) . (144)
i=1 j=0
We have explicitly,
W(1f3 = 2f0,0, WE)fl) =3f10 W2 0 =2f50, W1 1 (2f3 1—f3 0) (145)

W(f) (3f40—3f41+9f42) W3,0=2f4,0-
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We demonstrated in the previous subsection that due to positivity and typical realness of
the amplitudes, we can put two sided bounds on Wilson coefficients. Using (101) we have,

~1.5<w), <5.17331, (146)

W) f
where wf (f), which implies —1 < f1° < 3.44.

e Scalar
« Fermion
Vector
Rarita-Schwinger
« Graviton
° « Superstring
° o Heterotic String

« Bosonic string

-1 0 1 2 3
fi0
fo,0

Figure 6: A line plot to show the allowed range of f; o vs f; o with scalar, fermion,
photon, gravitino, graviton, super string, Heterotic string and bosonic string sector
benchmarked.

The above figure is the crossing symmetric analogue of figure 8 in [7]. For n = 2 TR}EJ and
PBZ, we obtain table 4 (in units of M2 = 1),

Table 4: A list of graviton bounds obtained using our results TRy up to n = 2 in the
normalisation M2 = 1.

why = W%ﬁ‘% (TRy +PB)™" | (TRy + PBc)"
wl, ~1.5 5.1733
wl, —7.7600 3.8273
w, 2.5 4.1734

We note that terms such as f, ; or f; ; vanish when we consider fully crossing symmetric
combinations as these are proportional to s; +s5+s3 = 0 thus we will not be able to bound these
using the current combinations!°we are looking at. However, using our method, we can bound
coefficients hke /10 for which no non-trivial bounds were found using the fixed-t dispersion
relation, to the best of our knowledge. The region carved out by the Wilson coefficients with
their respective data points for various theories is given. The data has been obtained from [7].

9However by looking at F,(s;,S,,5;) and Fs(s,s,,53) these terms do appear so we can bound them in principle.
We do not attempt to do this in our current work.
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B o scalar

~ w fermion
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A photon

gravitino

o Superstring
o Heterotic string

Bosonic string

Wo1 Wor

Figure 7: The allowed regions in the (w;;,wgy) Vs wg; space with scalar, fermion,
photon, gravitino, graviton, superstring, Heterotic string and bosonic string sector
benchmarked.

7 Discussion

In this paper, we set up a crossing symmetric dispersion relation for external particles car-
rying spin. Given a basis of amplitudes, which transform under crossing, we give a general
prescription to construct crossing symmetric amplitudes relevant for CSDR from them. We
demonstrated this construction explicitly for massless photons, gravitons and massive Majo-
rana fermion helicity amplitudes in d = 4. We then use the CSDR for certain photons and
graviton crossing symmetric amplitudes and put bounds on low energy Wilson coefficients.
Our analysis suggested that the positivity of the absorptive part is dominated by partial waves
of low-lying spins—we found indications of spin-3 LSD for photons and spin-2 for gravitons
(see [2,7]). Using the typically-realness property of the amplitude, the Wilson coefficients sat-
isfied the Bieberbach-Rogosinski (BR) bounds. We supplemented the BR bounds using certain
additional positivity conditions to get tighter bounds in some cases. The photon bounds are
in good agreement with existing results in literature. We dealt with the graviton amplitude
separately since the low energy EFT expansion starts from the eighth order in derivatives for
the crossing symmetric amplitude we consider. In order for the low energy expansion to be
typically real, we considered a modified amplitude which then had the requisite properties.
Similar to the photon case, we wrote down the locality constraints in closed form and analysed
certain bounds. One would like to tackle several problems, some of which we outline below.

* Compared to the fixed-t dispersion relation, the non-linear unitarity constraints aris-
ing from the crossing symmetric dispersion relation is mathematically different. In the
analysis of the recently resurrected (numerical) S-matrix bootstrap, e.g., [48,51], the
starting point is a crossing symmetric basis that captures some of the known analytic
properties of the amplitude. The crossing symmetric dispersion relation gives a system-
atic crossing symmetric starting point where the parametrisation of the amplitude now
is in terms of the absorptive partial wave amplitudes. We envisage some simplification
arising from this, since instead of a two variable parametrisation, one now can focus on
a one variable one. It will be very important to examine this systematically in the near
future.

* Since our approach enables us to write down the locality/null constraints in a closed
form, it will be interesting to attempt a systematic derivation of the stronger version of
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the low spin dominance conjectured in [7].

* We have not attempted to use the non-linear constraints arising from Toeplitz determi-
nants [25]. This should further constrain the space of EFTs.

* We hope for a consolidated treatment of graviton positivity conditions PBZ in the future.
The main reason for the failure of scalar PB ansatz stems from the fact that the p’'s
are not explicitly positive for all spins.

* In this work we considered the most natural combinations of helicity amplitudes which
are simple and suffice to illustrate our method. There are other combinations which we
can consider. We list below a couple of them:

F,&F5 : We can consider F§(sq,53,53), F{(51,52,53) and F&(s1,s5,53). In particular note
that for the photon case we have not been able to put constraints on g4; and g4 5 sep-
arately. This is an artifact of the construction of F 1Y and Fg , where the coefficients g4 ;
and g4, appear only in the combination g4, + 2g4,. However in the low energy ex-
pansion of F and F¢' the coefficients g4 ; and g4, do appear separately see appendix
(F).Thus considering these combinations will help us bound these coefficients. For the
photon a preliminary analysis assuming spin-3 dominance shows that both F{(s;,s5,53)
and F¢(s1,52,53) have suitable ranges of a for which their absorptive parts are positive
namely

Flll : For gravitons we can consider the combination
F(sy,55,85) + FI( )+ EI( )
151,852,853 2 (51,52,53 251,52,53),

to bound the Wilson coefficients appearing in F {1(51,32,33) (see (133)).

Parity violating amplitudes: As spelt out in the appendix C.14 (see below (C.18)),
the spectral functions for the parity violating amplitudes do not seem to obey definite
positivity conditions and some non-linear constraints of the kind dealt in [7] might be
useful.

We leave a more careful analysis and GFT bounds from these combinations for future
forays.

* We considered helicity amplitudes for spinning particles in our analysis. There are other
formulations for handling spinning amplitudes as well. One such is transversity am-
plitudes [52]. In transversity formalism, the spin is quantised normal to the plane of
scattering. In this formalism, the crossing equations are diagonalised. This, however,
comes at the price that the unitarity is now straightforward. However, one can still work
the unitarity exploiting the relation between the transversity amplitude and the helicity
amplitude, the former being a linear combination of the latter. The unitarity consider-
ation, along with fixed transfer dispersion relations, was employed to obtain positivity
bounds for transversity amplitudes for EFTs in [53]. However, it is not clear how to
translate these positivity bounds to constraints on EFT parameters like Wilson coeffi-
cients. Therefore, it is worth investigating how these positivity bounds can be used to
constrain the EFT parametric space. Further, it will be interesting to consider applying
the crossing-symmetric dispersive techniques to these transversity amplitudes.
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* It should be possible to extend our analysis to Mellin amplitudes for CFTs building on
[30]. This would be relevant for studying EFT bounds in AdS space.

* An important assumption of our work is that we are only analysing low energy effective
field theories at the tree level. This is justifiable for EFTs having weakly coupled UV
completion. Even in this situation, it will be interesting to know how these bounds
get modified, including massless loops [54]. This is beyond the scope of our present
framework since we expand our low energy effective amplitude around s,t = 0. In
crossing symmetric dispersion relation, it is not natural to expand in this forward limit.
So our set-up might be better suited to address this issue, and we leave this exciting
possibility for future exploration.
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A Representation theory of S;: A crash course

In this appendix, we present a short self contained review of S5 representations following [39].
We can represent the three irreps of S3 by the following young diagrams.

].S:Djj 1A=E 2M=B:|7 (A.l)

where 1g is the one dimensional totally symmetric representation, 1, is the one dimensional
totally anti-symmetric representation and 2y; is the mixed symmetry two dimensional repre-
sentation. Given an representation of S;, we can easily decompose it to the irreducible sub
spaces of 1g, 1, and 2y, representations using the respective projectors. Denoting the genera-
tors for S3 by Py, and P,3 (where P;; denotes interchange of particles in i and j th position in
a set (123) ), the projectors for the totally symmetric and anti-symmetric subspaces are given
by

_ (1+ Pyy + Py3 + Pyg + Py3Pyy + PiyPo3)

1g 6 E]
(1 —Pyy — Pys — Py + Py3 Py + PyoPys)
P1A= 12 23 136 23412 12523 ; (A.Z)

where P;3 = Py3P;,P,3. The formulae (A.2) make it clear that complete symmetrization and
anti symmetrization lead to projection onto the 1g and 1, subspace, respectively, while the
part that transforms in the 2y, representation is annihilated by both the symmetric and anti-
symmetric projectors. The group theory for the action of S; on the Mandelstam invariants is
given by the left action of S; on itself. The 6. generated by the left action of S; onto itself
can be decomposed as.

6o = 1g + 2.2 + 1,. (A.3)

Note the appearance of two 2y subspaces, which differ from one another because they
have different Z, charges. The explicit projectors for these two (two-dimensional) sub-spaces
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can be constructed as follows. The projectors for the two-dimensional subspace of positive Z,
charge are

p _ 1EPy (1+ Py + Py3+ Py3+ Pp3Piy + PioPo3)
2M+ - 2 6 5

p@  _ Py3Piy+ P13 (1+ Pyy+ Py3 + Pig + PosPiy + P1oPs3)
2 5 6 )

(A4)

Note that the above two projectors are respectively symmetric under the action of Z, generator
P55 and P;5 and hence having a positive Z, charge. We note that the projector P(l) projects to
a subspace which is symmetric under P,5 while P(M) projects to a subspace Wthh is symmetric

under P;,. The projectors for the two dimensional subspace for the negative Z, charge (anti-
symmetric under P55 and P;5 respectively) are

1—P 1—Py9 —Pyg — P53 + P53 P9 + P;,P
Pz(l) — 23 _( 12 23 13 234712 12 23), (AS)
w- 2 6
PysPra—Pis (1= Pyy— Pys— Pys + PysPry + PP
PZ(Z) — 23112 13 _( 12 23 13 23112 12 23). (A6)
M- 2 6
(A7)

To explicitly see the formalism in action, consider an arbitrary function of the Mandelstam
invariants F(s, t,u). The various irreducible subspaces are given by?°

fsym(s, t,u) = é(F(s, t,u) + F(t,s,u)+F(s,u,t)+ F(u,t,s)+F(t,u,s)+ F(u,s, t)),

Santi—sym(s, t,u) = é (F(s,t,u)—F(t,s,u)—F(s,u,t)—F(u,t,s)+ F(t,u,s)+F(u,s,t)),
fvtixed+ (S, t,u) = é(ZF(s, t,u)—F(t,s,u)—F(u,s,t)+2F(s,u,t)—F(u,t,s)—F(t,u,s)),
Fuixed—(s, t,u) = é(ZF(s, t,u)—F(t,s,u)—F(u,s,t)—2F(s,u,t)+F(u,t,s)+ F(t,u,s)) .
(A.8)

We can easily write down examples of such functions built out of polynomials of mandelstam
invariants [39, 45, 55].

foym(s, t,u) = (s + 2+ u®)"(stu),
fanti—sym(s, t,u) = (5%t — t%s — s%u +su® —u’t + tzu)fsym(s, t,u),
Futixea+ (5, t,0) = {(25 — t =) fgym(s, t,u), (25> — 2 — 1) fym (s, t, 1)},
Futixea+ (5, t,0) = {(s =) fgym(s, t,1), (5% —u?) foym(s, t,1)} - (A.9)

B Massless amplitudes: Examples

We expect that the combinations F; also obey (56) since they satisfy all the necessary condi-
tions. We can do some sanity checks by considering a couple of examples. In particular we
look at F,, Fs since F; for I =1, 2,3 the dispersion relation (56) is identical to the scalar case

ZOWe note that fMixecH (S: t, u) +fMixed+(t: u, S) +fMixed+(u1 S, t) = fMixedf(Sﬂ t, u) +fMixed7(t: u, S) +fMixedf(u’S! t) =0
denoting that they form two dimensional subspaces.
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considered in [29].

We first consider the Photon amplitude in superstring theory with a kinematic pre-factor being
stripped off for appropriate Regge growth namely:

el

Tl(sl’52’53) 1"[1+ ] )
T5(s1,82,83) = [r[1]+£] ],
T4(s1,82,83) = % (B.1)

We can construct (25),(26) from the above, we need to subtract out the massless poles and
this is done by multipliying F, as defined in (25) by an s;s,s3 factor. We can then check if (56)
is satisfied by comparing the exact answer with the result obtained from (56) by computing
the absorbtive part. Since (B.1) has infinitely many poles at s; = k with k = 2,4,---, and
each pole p contributes a —§(s] — p) factor in the absorbtive part thus (56) reduces to an
infinite sum over all the poles k, k € 2Z, which we call G;. We can then compare the results
by truncating this sum to some k., (say k4, = 100) and the results are shown in first row
of the plots below.

. F
- G

. |F—':;' I< 0.1
{

1l a az1

-4 -2 0 2 4

Figure 8: A comparison of the crossing symmetric dispersion for the Photon and
Graviton cases which are shown in the first and second rows respectively. We have
indicated the regions where F,, F5 differ from their dispersive analogues G4, G5 by
less than 10% in green.

We can also consider the Graviton amplitude from superstring theory (again with appropriate
kinematic pre-factors stripped off )

_ T[—s1] T[—sy] T[—s3] $98
T1(51,52,53) = T[i75,] M5y I‘[l-is:;,]( - 512+31) )

_ T[=s1] T[—=s5] T[—s3] 518
T3(s1,82,83) = l"[l+sll] 1"[1+522] I‘[l-is:;]( - 531+21) )

_ T[=s1] T[=sy] I[—s3] 518
T4(51552,53) = 175, T Twss] TlT4ss] (1 - szl+31) . (B.2)
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To remove the massless poles, we now need to multiply Fs as defined in (26) by the factor
515953, and we can follow the same procedure as the photon case with the only change being
that we now have poles at s = k with k € Z..

The results are shown in the second row of the figure above. We note that since (56) was
written down assuming o(s%) behaviour for large |s;| and fixed s,, examining the growth of
F} restricts s, to a region where we should trust the results, e.g., F4 in the photon case has
a growth 5512 for large s; which implies we can strictly expect an agreement for only s, < 2,
though we have considered a bigger region in the figure we see that there is an excellent
agreement between the dispersion relation and the exact answer.

We have also verified that the crossing symmetric combination in eqn.(131) namely

Th(sy,89,53)  TH(s1,89,83)  TH(sq,59,53)

~h 1 1592593 3 1592593 4 1592593

F2(51’52753) = 2 + 2 + 2 ’
57 S3 D)

for tree-level 4-graviton scattering amplitudes in superstring, Heterotic string and bosonic
string theories all obey that the crossing symmetric dispersion relation after subtracting out
the massless poles.

C Unitarity constraints

In this section we review the unitarity constraints on partial wave amplitudes following [37,
41]. Unitarity constraints can be summarized as positivity of norm of a state (y|¢) > 0. If
we have multiple states (say of number N), this translates to positive semi-definiteness of a
N x N hermitian matrix. In order to see the relation of this statement in context of S-matrices,
consider the incoming and outgoing particles as decomposed into irreps of the poincare group.
To be more precise (eq (2.21) of [41]),

d* " -
K1, K5) = f ﬁe(p‘))e(—pz)zz|c,p;m;Ai,xj><c,p;J,A;xi,Ajm,m. (C.1)
i,j J,A

|K1,K4) is generic 2—particle momentum state

K1, K2) :=Imy, B1; j1, A1) ® [mg, B jas Aa) (C.2)
where p;, m; are corresponding 3—momentum, mass respectively, pf Pip= —ml.z. Jji» A; are spin
and helicity respectively. For massive particles helicity takes 2j; + 1 wvalues,

Ai € {—ji,—ji +1,...,j —1,j}, m; # 0, while for massless particles it takes two values,
A; = %£j;, m; = 0. The Poincare 2—particle irreps {|c, p;J, A; A;, A;)} are states of definite total
momenta and total angular momenta, p being the total 3—momentum and J being the total an-
gular momentum with A corresponding 3—component taking 2J + 1 wvalues,
re{—J,—J+1,...,J —1,J}. In particular,

<C,I_5;J> A A A | K1, K2> o< (2m)*6%(pH —py —ph). (C.3)
Further, these states are normalized by

(¢, B30, A5 20,2

¢, B30, A Ay, Ag) = (2m)* 84 (p™ — p*) 611622822, 620, (X))

For our purpose, we will work in CoM frame. Thus the states of interest to us are
{lc,0;J ,A;A1,A9)}. Under the action of parity operator P, these states transform as (C.5)

Plc,05J, A; A1, Ag) = nyny(=1) 0 |c,0;J, A; —A1,—Ay) . (C.5)
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Here 1, and 7, are pure phases, also called intrinsic parity associated with the particle, obey
the constraint niz = +1 (with the negative sign only possible for fermions).

For identical particles we need to take care of the exchange symmetry. This prompts us to
define the following states which we will use in our subsequent analysis

e, 050, A5 A1, Ao)ig = = [1e, 050, A5 Aq, Ag) + (—1) 41722 ¢, §;0, A5 A4, 4,) | - (C.6)

N| =

We also note the relation between the 2-particle reducible state |k1,x5)coy in the COM
frame and |c, 0;J, A; A1, Ag)iq- This is essential in determining the range of J for the irreducible
2-particle reps. Following [41] we can define the 2-particle reducible state in COM frame as
product of eigenstates of the J, operator.

|K11K2)COM = |(ﬁ: 9: ¢)>A’122'2> = |ml>ﬁ;]‘1>}'1> ® |m23_ﬁ;j29 A‘Z) > (C7)

where J, = L, + jz1 + jz2 (L, is the orbital angulam momentum, jzi are the intrinsic spins). In
the COM frame, therefore, (C.1) can be expressed as follows (see (C.18) of [41]),

J
1(B.0,9): A Aodig = V2 ZA_ZJ Cy(B)e P+l (6)]c, 057,45 A1, Az)iq -(C.8)

The sum over J is not unbounded and can be fixed as follows. Let us consider the case where
the p is aligned along the z-axis (i.e & = ¢ = 0). The LHS is an eigenstate of J, = A; —A,, since
the orbital angular momentum is zero and the projection of intrinsic spin onto the direction
of momenta now becomes the helicity itself. The RHS sum over A therefore must be therefore
over only those states for which A = A; —A,, and hence J > |A; — A,|.

(30,00 A 400 = V2 D C(B)e,0;L,A=14—Asli A As)g . (C9)
J=121=2,]

We can now apply the rotation matrix on both sides to bring it to the form (C.8). Note that
the rotation matrix does not change the Casimir J 2 (and hence the J sum).

<) J
(B,0,0); 4, 220 =2 Do D CEPPAAS (9)]c, 050,25 20, Az - (C10)
J=A Ay A=—J

To summarise, the additional symmetry due to the identical nature of 2 particle states decides
even or odd spins (or both) appear in the partial wave expansion. The cut-off for the spin is
decided by the helicities of the constituent states.

Corresponding to the incoming and the outgoing states, therefore, we can write down a
basis of irreducible 2 particle states for each spin [ that appears in the decomposition (C.1).
Generically they are denoted as,

|1>in = |C)13;J)A;j1aj2>in) |1>out: |C:I_5;J’A;j3)j4>out )
|2>in = |C)p’;'])l;j1_1>j2>in) |2)out: |C:ﬁ;J>A;j3_1>j4>out >
|Nin>in = |C’ﬁ;J’A;_j1,_j2)in: |Nout)out = |C:ﬁ;J:A;_j3)_j4>out-

(C.11)
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Imposing the positivity constraints of hermitian matrix, therefore, translates to positivity of
the following matrix (eq 2.118 of [41])

{d’|b); m{a’|b)
2 (5) % (270645 ) 540 :(m(a| in i out | | C.12
s(s) > (2m) JIZNA 0ut<a/|b)in out(a/|b>out ( )

where s = —p?. Using the normalisation conditions (C.4), and

out <C/’ﬁ/;J/7 A/: Allyxlz C}ﬁ;Ja A’) A'lsz’2> = (27—5)464(?/“ _pu) 5.]’.]61’1 SJ;ij;z(s)a (C]-B)

in

Y oYY, AL . .
where S“L)é(s) = (672,02, +(—1)yY 7‘2)5,1/2;\151/1;\2)+1T“1,Az(5) is the partial amplitude

with spin J, we get,

5a’b S@Z’b)
>0. (C.14)
(Sfa/b 5a’b

C.1 Massless bosons: Photons and gravitons

The two particle irreducible states can be labelled by the helicities (A; = £m with m =1, 2 for
photons and gravitons respectively ) as

|C’ﬁ;J;A; 2'1’2'2> = |Al,7('2> )

1

1) = —(|++H)+]|—-)), J=0,2,4,---,

1) ﬁ(l )+1—=))

2) = v2(|+-)), J=2m,2m+1,2m+2,2m+3,--- ,
1

3) = —(++H)—1—-)), J=0,2,4,---.

3) ﬁ(l )—=1—=)

We note that the states |1) and |3) only contain even spin. This is evident from the symmetry of
the states ( see (C.6)) and the discussion around (C.10). In the following subsections, we try
to impose the unitarity conditions assuming parity invariance and non-invariance respectively.
For gravitons A; = 2, so spins will change as [A; — A,].

C.1.1 Parity invariant theories

We note that the parity of these states: states |1) and |2) are parity even states while |3) is a
parity odd state. This is due to the following?!

Plt+) =1—=), Pl==) =|++), Pl+-) =(-1)|—+) = (-1 (-1 2|+-) = [+-). (C.15)
We are now in a position to evaluate the matrix (C.14) for the set of states (C.15). Furthermore,

we assume parity invariance which implies that the states of definite parity do not mix. The
following conditions are obtained for the parity even sector.

21'We work in the convention n); = 1 for photons.
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Y
L

(in(l/“)in in(l/ll)out) J=0,

0ut<1/|1)in out(1/|1>out
( in (2/|2>in in<2/|2)out )
’ 0ut<2/|2>in out(2/|2>out
in(llll)in in<1/|2>in in<1/|1>out in(1/|2>out
in(zlll)in in (2/|2>in in(zlll)out in (2/|2>0ut -
’ out<1/|1>in 0ut<1/|2>in out(1/|1>out out<1/|2>out -
out(2/|1>in 0ut<2/|2>in out (2,|1>0ut out<2/|2>out

and for the parity odd sector,

(il‘l<3/|3>in in<3/|3)out) > 0’ J :0’2,4,... .

= 0, J=2m+1,2m+3,...,

0, J=2m,2m+2,...,

0ut<3/|3)in out<3/|3>out
Let us work out one of the conditions in detail: 1st matrix of (C.16) gives us the following
1 1-i(T+TE)) 0 so
1+i(Ty 7+ T ) 1 ’ ’

Noting that the trace is positive trivially, the condition of positivity translates to the determinant
of the matrix being positive:

2Im(T{=°+ 17=°) > |T/=° + TJ=°1* > 0. (C.16)
Similarly, 2nd matrix of (C.16) and (C.16) gives us the following

ImTy >|T]|*>0, J=2m+1,2m+3,...,
2Im(T) =T = |T] —Tj*>0, J=0,24,.... (C.17)

Now let us consider the conditions coming from the third matrix in (C.16). We find that
analysing the 2 x 2 principal minors is sufficient for our purposes and we obtain,

ImT] >|TJ[*>0, J=2m2m+2,...,
2Im(T) + T = T+ T =0, J=24,...,
1>4|T/?>0, J=2m2m+2,....
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C.1.2 Parity violating theories

For this case, the assumption that parity even and odd states do not mix no longer holds true.
This leads to the modification of the unitarity equations,

in<1/|1>in in<1/|3>in in<1/|1)out in(1/|3>out
in(3/|1>in in<3/|3>in in<3/|1)out in(3/|3>out
out<1/|1>in 0ut<1/|3)in out(1,|1>out out<1/|3>out
out<3/|1>in 0ut<3/|3>in out (3/|1>out out<3/|3>out

( in (2/|2>in in <2/|2>out
’ out<2/|2)in out(2/|2>out

=0, J=0

)EO, J=2m+1,2m+3,...

in(1/|1>in in<1/|2>in in(l/lg)in in(1/|1>out in<1/|2>out in(l/lg)out (C.18)
in<2/|1>in in(2/|2>in in<2/|3>in in(2/|1>out in<2/|2>out in<2/|3>0ut
in(3/|1>in in<3/|2>in in<3/|3)in in(3/|1>out in<3/|2>out in<3/|3)out >0
’ out<1/|1>in 0ut<1/|2)in out(1/|3>in 0ut<1/|1)out out(1/|2>out out(1/|3>out ’
out<2/|1>in 0ut<2/|2)1n out (2/|3>in out<2/|1>out out (2/|2)0ut out<2/|3>out
out(3/|1>in 0ut<3/|2)in out(3/|3>in 0ut<3/|1)out out (3/|2>out out(3/|3>out
J=2,4,6---.

The analysis of these matrices is tedious and we find the following constraints
ImT] > |Ty*> 0, J=2m,2m+1...,

1 1
2Im(T; + 5(Té’+T2’J))z |T1J+§(T2J+T2’J)|2 > 0, J=0,24,6,...,

21m(T1J—%(T2J+T2’J))2|T{—%(T2J+T2’J)|22 0, J=0,2,4,6,...,
Ty —-T/P< 4, J=012,...,
T -TY|< 1, J=2m2m+1,...,
IT]+TY 1< 1 J=2m2m+1,....
(C.19)
From the last three conditions listed above, it seems that linear unitarity analysis doesn’t fix the

sign of pg — pg , pé + pgj and perhaps a more thorough investigation is required [7]. Hence,
in this work, we do not attempt to bound the parity violating amplitudes.

C.2 Massive Majorana fermions

The unitarity conditions for massive Majorana fermions were spelt out in [41]. Let us quickly
review them for completeness. Recalling the fermion amplitudes {®;} defined in (37), the
corresponding partial amplitudes are denoted as {<I>{ }. Then, following the similar arguements
as in the previous subsection, one arrives at the unitarity conditions as follows:

1.
1 1—i[8%(s) — 35*(s)]
(1+i[<1>(1’(s)—<1>g(s):| T )ZO' (C-20)

The positivity of the determinant of the matrix then gives

21m. [#9(s) — #9(s)] = [#9(s) — #3(5)[* . (C.21)
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2.
1 1—i[®]"(s) + ®J*(s)]
> > 22
(1 +i[#(s) + 24(5)] 1 =0, J=0(even),  (C22)
implying
21m. [#](s) + ®5(s)] = [@(s) + ®L(s)]*,  J = O0(even). (C.23)
3. ;
1 1—2i ¢
> >
(1 210! 1 ) >0, J>1(odd), (C.24)
with straightforward consequence
Im. @4(s) > |®5(s)* =0  J>1(odd). (C.25)
4. b
|
(H§X2 Sm) =0, J=2,4,6,..., (C.26)
Soxa  Taxz
with
(10 ; _(1+i[@](s)—®5(s)] 2i &
Ioxz = (0 1) ’ Spals) 1= ( 20 ®1(s) 1+2i®5(s) ) (€.27)
We get,

Det[S,,(s)]1> 0.

D Representations of Wigner-d functions

In this appendix, we give some convenient representations of the Wigner-d functions that we
used in the main text for computational ease. For the photons we use,

= L,F (—J,J +1;1; % (1- \/E)) ,

of )

e (o YEGL0) = 2%1(6(‘@“)2zFl(z—J,J+3;1;%(1—\/E)),
_ ’ — c.1(1_

oo B ) = IR B0 VD)
di,4(COs_1 5(53:61)) = 11_6(\/E+1)42F1(4—J,J+5;1;%€)’

(1—VE)*TWJ +5),F; (4—J,J +5;9; 1‘2‘/5)

4aleos VEGL ) = 6451200(J —3) - O
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E Massive Majorana fermions: Locality constraints

We would like to use our techniques to constrain the EFTs involving Majorana fermions. How-
ever, in this work we will only spell out the locality constraints and leave a careful analysis for
future work. Now we will list the locality constraint for the amplitude listed in (44). Let us
assume a low energy EFT expansion of the form

\IJI(SIJSZ)SB)ZZW;/?qxpyq' (El)
n,m
The partial wave decomposition reads,

d
(T1(s1,82)) = ao +—= J 2 — AV ( 1,82 )(Sl,a))H(SPSLSz,%)
T )2 s1

(E.2)
where H (5’1;51,52,53) is defined in (52) and the partial wave decomposition reads
Aw( (+) (sl,a)) = Z 16m(2J + 1)p1 1de o(0)+
J=0,2,4,
> o6an + (1 pIVd_(0)— D> 16m(2) + 1p;Vd],(6),
J=1,2,3, ’ J=0,2,4,
(E.3)

2 .
2 / _ a _ S . i, .
where (cos 0)* = &(s},a) = &y + 450(5,1:) and &, = 51_1]\42 while p;" are the respective
spectral functions which appear as coefficients in partial wave expansion of the absorptive

parts A¥. We have also used that pj’w = (—1)/*! p?’w [41]. The coefficients W;/f 4 can be
obtained from the amplitude via the inversion formula [29]

e d81
erlpmm_f W ( Z (2J+1)pjw(31)@(1J)(51)

M2 J=0,2,4--- (E.4)
+ D @+ ) eBN6) D] (2J+1)p3““’(s1)e(5”(s1)),
J=1,2,3-- J=0,2,4--
with
1— m. i,j) j . . 2
L) = 2 Z( D E)EE Gimmmal =)
b j!(m—j)!F(n—m+1) ’ (s1—2u/3)?
(E.5)
The functions { p(] )(§ 0)} are derivatives of respective Wigner-d functions
jaJ jaJ
r(l,j)(g ) g do’o(ﬁ) r(&f)(g )= (_1)J+1 g dl:_l(ﬁ)
J 0 0zl ’ J 07 Ozl
z=&y z=&
, 3’dy (V)
5.9 . 0,1
) = —25 (5.6)
z=E
The locality constraints then are simply,
WY m=0, VY n<m. (E.7)
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F EFT expansion of the crossing basis elements

In this section, we give the low energy EFT expansion for the crossing basis elements (13) for
some special cases used in the main text. For the photon case, we have the following:

F1(51,50,83) = 2fox — fay +4f4x* —2fsxy +f6,1y2+8f6,2x3+"' )
Fa(s1,52,83) = 285X —3g3y +2(gq1 +2842)x> + (—58s5,1 —385,2)xY
+ 3(g6,1—g6,2+86,3))’2+2g6,1x3+--- ,

F3(s1,89,83) = 2h2x—h3y+4h4x2—2h5xy+h6’1y2+8h6’2x3 4+

1
Fy(s1,52,53) = g(g2+(g41 +2842)x + (52— 851)Y + 861X ++-+),

1
F5(s1,80,83) = g(ggx—g“y+g5,1x2—(2g6’1 + 862)xXy) . (E1)

As alluded to in the main text in the discussion below eq.(13) if an amplitude is t —u sym-
metric then the crossing basis has only 3 elements {f (s1,52,53), 21(51,52,53), h1(51,52,53)} and
F,,F,4,F5 above correspond to these for the t —u symmetric amplitude, T;(s1,S,,53), while
F; and F; correspond to the fully crossing symmetric helicity amplitudes T,(s;,s,,53) and
Ts(s1,59,53) respectively

2
T1(s1,82,83) = g231 + 8351 "‘5184 1+ (5 )(51 +52 +33)g42 +3185 1
3 2
+8s,2 (5253 +5253) (so+53)° +51g6,1 + 86,2 ((3233 +3233) (52 +53) )
2.2 2
+g6 3 ((5253) (52 + 53) )

Ty(51,52,83) = fols] 455 +55)+ fa(s15283) + fa(sT + 55 +53)% + fs(s7 +55 +55)(515253)
+f61(515253)  fe 2(s7 +55 +53)°,

Ts(s1,89,83) = h2(31 +32 +53) + h3(s18983) + h4(s +s2 +33)2 + h5(s% +s§ +s§)(515253)
+he, 1(515253)? he, 2(5 +s5 +53)3 (F2)

For the parity violating case we have two additional elements corresponding to the crossing
symmetric amplitudes Ty and Ts,. We note that F; for i = 1,2, 3 are the same ones considered
in [22], in this paper additionally we also use F, and Fs.

G Low spin dominance and Graviton scattering in String theory

In this appendix, we will show that the range of a that we had obtained from our Locality
constraint analysis in subsection 6.2, is satisfied for type II string theory amplitude. For con-
venience, we write the explicit amplitude

r(1—°‘sl )r(1 “sz)r(1—
1 — So53 >
s (r(1—“‘1)r(1 (-3 1)

r(51“+1)r(52“‘+1)r(53“+1)

T3 = 5
$152
1_,(1_ (X§1 )1_,(1 (152 )F(]_— 053 1
5 ( (51“+1)F(52°‘+1)r(53“+1) )
T, = . G.1)
5153

Note that we have subtracted out the massless graviton pole. We obtain the aJ (s1) by consid-
ering the string amplitude as an infinite sum over poles at s; 2("+1) . We want to verify that
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the constraints (141) are satisfied for our range of a: —0.1933M? < a < %M 2. To be precise,
we want to verify,

M(Si,a):
0o d31 (1) )
JMz 278, Z (2J+1)aJ (Sl)f.] (‘S)H(Sg,Si)
J=0,2,4,-

J 27'[51 2 Z (2J + 1)a(2)(51)fj(2)(€)H(5/1,Si)

J i Z (zJ+1)a<3)(s1>f}3)(5)H(s;,si)zo,
M

2 271:51J
= M'=(s;,a) + MJ>2(si, Q) 20, (G-2)

for the range of a which is where M7=2(s;,a) > 0. This is what we called weak LSD in the
main text.

a=0.573,s=1

a=0.03,s=23 a=-0.19,s=8
ir'

2.5

2.0

1.5

1.0

0.5
1

-0.5

-1 -1.0 -1.0

Figure 9: M’ (s;,a) vs J for various values of a.

We consider, where a( )(sl) =4 5(51) nd f J(l)(i ) relevant for spin 2 have been defined around
1

eq (137).Note that we have dropped the null constraints since a physical amplitude satis-

fies that by default. We have found that the positivity condition is satisfied for our range

“a". We present our analysis in the figure 9 above for different values of a. The plots show

MJ(sl-, a)= ﬁ%ﬁ% as a function of J for various values of a. We note that firstly, as adver-
[ &

tised, our amplitude is positive for this region of a since M (s;,a) > —1. Secondly, we note
that the maximal contribution to the amplitude occurs between spins 2 and 4 which is consis-
tent with our observation that our analysis in subsection 6.2, indicated a spin 2 dominance.
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