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Abstract

Consistency conditions of quantum field theories, such as unitarity and causality, are important
tools in particle physics. Recently, 'positivity bounds’, that are constraints on the parameter
spaces of theories derived from unitarity and analyticity using scattering amplitude techniques,
have gained significant attention. When applied to gravitational theories, positivity bounds
provide interesting relations between UV and IR parameters, which are called gravitational
positivity bounds.

One interesting application of these gravitational positivity bounds is in dark matter physics.
In this thesis, we discuss gravitational positivity bounds on models that include a dark U(1)
gauge boson as concrete examples of dark sector models. First, we examine gravitational posi-
tivity bounds on the massive U(1) gauge boson, derived from the scattering of the gauge bosons
themselves. Then, we discuss gravitational positivity bounds on the scattering of the SM photon

and the dark U(1) gauge boson.
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Chapter 1

Introduction

Consistency conditions of a theory, such as unitarity and causality, have proven valuable for
gaining insight into new physics. One example is the prediction of the Higgs boson based on

the perturbative unitarity of W-boson scattering [1,2].

Recent developments of the study of 'positivity bounds’ introduce methods to derive an
infinite number of constraints on the parameter spaces of effective field theories (EFTs) based on
the unitarity of scattering amplitude. In the pioneering work [3], the authors demonstrated that
certain coefficients of the low-energy expansion of scattering amplitudes in a given EFT have to
be positive, provided the theory has healthy UV completion. A dispersion relation, derived from
the analyticity of the scattering amplitude, plays a crucial role in deriving positivity bounds
by connecting different energy scales. The original work was limited to scalar EFTs and only
utilize data of the forward limit. Subsequently, the method of positivity bounds was extended
to spinning EFTs [4, 5], and incorporate data from non-forward scattering [6]. Notably, it was
realized that s—t crossing symmetry provides strong two-sided bounds on EFT coefficients [7-9].
Furthermore, positivity bounds have been applied in various contexts, including the Standard

Model Effective Field Theory (SMEFT) [10] and massive gravity [11].
It is quite interesting to extend this technique to theories that include gravity. A theory

containing gravity can be regarded as an EF'T of quantum gravity, and positivity bounds on such
a theory can be considered as constraints reflecting the nature of quantum gravity. Recently, it
has been realized that gravitational EFTs must satisfy non-trivial constraints by requiring that
they have consistent quantum gravity theories as their UV completion. These properties are
called swampland bounds [12, 13]. There has been discussion suggesting that positivity bounds
may be useful to obtain swampland bounds [14,15]. However, it is not a straightforward task,
because there is a technical obstruction arising from t-channel graviton exchange. Several
attempts have been made to derive these bounds. One promising approach was developed
in [16], where the authors pointed out that it is possible to subtract the problematic t-channel
term. This leads to a dispersion relation that connects EFT quantities with UV parameters,

which are tied to the behavior of quantum gravity. As a result, additional assumptions on
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the UV parameters are necessary to derive constraints on EFT parameters. Oppositely, this
relation can also be interpreted as constraints on UV parameters derived from IR observables.
This relation is called gravitational positivity bounds.

Under the assumption about UV parameters, gravitational positivity bounds put lower limits
on non-gravitational interactions. Therefore, it is interesting to explore the implications for dark
matter physics, where interactions are expected to be tiny. In this thesis, we will investigate
gravitational positivity bounds in models that include a dark U(1) gauge boson, providing a
concrete setup of dark matter model. The additional U(1) symmetry and its gauge boson is a
well-discussed scenario in beyond the Standard Model physics. In particular, a very light U(1)
gauge boson, known as a dark photon or hidden photon, can behave as dark matter. First,
we examine gravitational positivity bounds on a massive U(1) gauge boson, derived from the
scattering of the gauge bosons themselves. Then, we discuss gravitational positivity bounds on

the scattering of the Standard Model photon and the dark U(1) gauge boson.

Organization of this thesis This thesis is organized as follows.

e In Chapter 2, we review the evidence supporting the existence of dark matter. This
evidence is derived from various cosmological observations. We discuss rotation curve of
galaxy in section 2.1, several evidences from galaxy cluster observations in section 2.2,

and we examine the cosmic microwave background in section 2.3.

e In section 3, we review ultra-light dark matter models. While the weakly interacting mas-
sive particle (WIMP) scenario has been the most prominent framework for dark matter,
another possibility-that dark mater consists of extremely light particles-has been gain-
ing increasing attention. In this chapter, we review the dark photon dark matter model,
which is a candidate of ultra-light dark matter. We show that the interaction between
the Standard Model electromagnetic current and the dark photon is naturally feeble due
to kinetic mixing. Then, we will examine observational constraints on the dark photon

model.

e In chapter 4, we review properties and techniques associated with scattering amplitudes.
In section 4.1, we introduce the basic properties of scattering amplitudes such as the
optical theorem and the partial wave expansion. In section 4.2, we review the Frois-
sart bound, which states that scattering amplitudes M(s,t) must satisfy the condition
S_}(}Lijlzleﬁxed./\/l(s, t) < s This bound plays a crucial role in deriving the dispersion relation
and positivity bounds in chapter 5. In section 4.3, we review the Regge theory. In the pi-
oneering work [17], Regge found that the analytic structure of the partial wave amplitude

a; in the complex [-plane has profound implications. In particular, a pole in the [-plane,

called a Regge pole, connects the spectrum of t-channel exchanges with the high-energy
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behavior of the scattering amplitude. In this section, we review Regge’s analysis and in-
vestigate the scattering amplitude of NS-NS bosons in type-II superstring theory to see

an explicit example of a Regge pole.

In chapter 5, we discuss the derivation of positivity bounds, with particular focus on the
role of gravity. In section 5.1, we review the derivation of positivity bounds on non-
gravitational theories. By assuming consistency conditions of a quantum field theory,
such as unitarity and analyticity of the scattering amplitude, a dispersion relation is
derived. This relation connects scattering amplitude evaluated in low-energy a EFT with
the imaginary part of the amplitude at high energies, whose behavior is governed by
unitarity. From the dispersion relation, it is possible to derive an infinite number of
constraints on the parameters of the EF'T, which is called positivity bounds. In section 5.2,
we discuss how the situation changes for theories with gravity. In the presence of gravity,
t-channel graviton exchange contributions prevent us from deriving positivity bounds in
the same manner as for non-gravitational theories. Consequently, the positivity bounds
for gravitational theories, referred to as gravitational positivity bounds, have dependence
on the set of UV parameters (M, o). These parameters are closely connected to the nature
of UV completion of gravity, namely quantum gravity. By assuming specific properties
of (M,o), gravitational positivity bounds can be regarded as nontrivial constraints on
EFT parameters imposed by quantum gravity. Conversely, they can also be viewed as
gravitational positivity bounds as constraints on quantum gravity parameters derived
from IR observables. Finally, we present a concrete method for calculating gravitational

positivity bounds.

In chapter 6, we investigate gravitational positivity bounds for the U(1) gauge boson V.
We compute these bounds using the V'V — V'V scattering amplitude. In section 6.1,
we summarize the setup of the scattering amplitude. Some subtleties which arise in the
derivation of gravitational positivity bounds within this setup, along with strategies to
resolve these challenges, are discussed. In section 6.2, we analyze the contributions to
the gravitational positivity bounds from the Higgs boson, which gives mass to the gauge
boson. In section 6.3, we study the contributions to the gravitational positivity bounds
from fermions, which are charged under U(1). In section 6.4, we derive constraints on
the dark gauge boson and compare them with other theoretical constraints arising from
quantum gravity. In section 6.5, we compare our bounds with observational constraints.

This chapter is based on our paper [18].

In chapter 7, we examine gravitational positivity bounds for the dark photon model com-
bined with the Standard Model. We consider the scattering of the ordinary photon A and
the dark photon A’ mediated by the Standard Model charged particles. In section 7.1, we
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introduce the dark photon model. In section 7.2, we present the explicit Lagrangian rele-
vant to photon-dark photon scattering. In section 7.3, the setup for the scattering process
is summarized. In section 7.4, we summarize the contribution of each charged particle to
gravitational positivity bounds. In section 7.5, the implication of gravitational positivity
bounds for the dark photon model is discussed. The contribution of higher-dimensional

operator are also examined. This chapter is based on our paper [19].

e Chapter 8 is devoted to the conclusion.



Chapter 2

Evidence for the existence of dark
matter

There are a number of evidences of the existence of dark matter from astrophysical and cosmo-

logical observation. In this chapter, we review these evidences with reference to [20,21].

2.1 Rotation curve of galaxy

The motion of stars which compose a galaxy is one of the oldest and strongest evidences of
dark matter. Stars move in circular orbits under the gravitational fields of a galaxy, and the
relationship between their orbital velocity and radius is referred to as the galaxy’s rotation curve.
The velocity of an object in circular motion under the gravitational force due to a spherically

symmetric mass distribution with density p(r) is given by

ve(r) =1/ Gﬂfm, (2.1.1)

where 7 is the orbital radius, G is the gravitational constant, and M (r) is the total mass enclosed

within radius r.

The enclosed mass M(r) is determined as

M(r) = 4x /07“ dr'r?p(r"). (2.1.2)

Firstly, let us assume that dark matter does not exist in a galaxy and consider how the
rotation curve would behave. he mass distribution of the visible parts of the galaxy, inferred
from light, is not spherically symmetric but rather disk-shaped. However, for circular orbits
with radii much larger than the radius of the galaxy’s disk Ry, equation (2.1.1) applies, and

the rotation velocity is given by

G']\4Visib1e

Uc,noDM(r) = f, (213)

13
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Figure 2.1: The rotation curve of the galaxy, cited from [22].

where Mgple is the total mass of the visible portion of the galaxy. Thus, far outside the galaxy’s
disk, the rotation curve is predicted to behave as v oc 7~1/2, decreasing with increasing radius.

Fig.2.1 shows the observed rotation curve. Contrary to the prediction of (2.1.3), the rotation
curve is constant at the outside of the galaxy’s disk. To explain this observational result using

Equation (2.1.1), M(r) o r is required, which implies p(r) o 2.

Here, r being considered
corresponds to regions well beyond the radius of the galactic disk and areas that appear almost
completely empty when observed in visible light. In other words, the rotation curve of galaxies
suggests the existence of some ”invisible” matter, namely dark matter, distributed around the
visible parts of galaxies. This dark matter forms a surrounding structure known as the halo,
where the majority of the galaxy’s mass resides. For example, in the case of the Milky Way
galaxy , the mass contributed by stars is approximately 101°M, whereas the total mass of the

galaxy is around 10'2M,,, and a difference is about two orders of magnitude [23].

2.2 Observation of galaxy cluster

Galaxy clusters are astrophysical objects that are composed from a number of galaxies and gas
emitting X-ray. We have another clues of the existence of dark matter from observations of

galaxy clusters.

2.2.1 Estimation of mass of galaxy cluster using virial theorem

Mass of a galaxy cluster can be estimated using the virial theorem.
Let us consider a bounded system moving under a central force such as gravity. Then, the

long-term average of the kinetic energy 7 and the potential energy V satisfies the following
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relationship:
2T +V = 0. (2.2.1)

This equation is called the virial theorem. If the system is in the steady state, the kinetic energy

without the average T" and the potential energy V satisfies
2I'+V =0. (2.2.2)

We want to relate 7' and V' of galaxy clusters to observational quantities and apply (2.2.2).

Firstly, the kinetic energy can be written as follows:

1

T=>" §miu§ (2.2.3)
1 2

= SM@?), (2.2.4)

where m;, v; are masses and velocities of each portion which compose the galaxy cluster. M :=

> . m; is the total mass of the galaxy cluster. The mean square velocity is defined as

(v?) = Zmlvf/ Zm, (2.2.5)

On the other hand, the potential energy is given by
1 Gm;m;
V=_= R 2.2.6
Ly o 220

i g
= —~GM?/Rg, (2.2.7)

where the gravitational radius Rq is defined as

Rg =2 <Z mi>2 (Z 3 mr—:”J> B , (2.2.8)

which is about the size of the galaxy cluster. Rg can be inferred by measuring positions of

galaxies under the assumption that galaxies distribute equally. Substituting (2.2.4) and (2.2.7)

into the virial theorem (2.2.2), we have

RG <U2>
o

Therefore, the total mass of the galaxy cluster can be estimated from the observation of positions

M =

(2.2.9)

and velocities of each galaxy.
Let us apply this equation to the Coma cluster, a galaxy cluster located approximately 100
Mpc away from Earth as a demonstration. (v?) can be obtained by measuring the Doppler shift

of galaxies as

(v’) =232 x 10" m* 572, (2.2.10)
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whereas the size of the Coma cluster is
Rg ~ 1.5Mpc ~ 4.6 x 10** m. (2.2.11)

Therefore, the mass of the Coma cluster can be estimated as
(v*) Rg (232 x 10'2 m? s72) (4.6 x 10?2 m)
G 7 (6.67Tx1071 m3s2kg )
~ 4 x 107 kg ~ 2 x 10" M, (2.2.12)

MComa =

Now, to what extent is this mass accounted for by components that emit visible light, such as
stars? The proportion of visible matters can be inferred from the luminosity L . Let us compare
the mass to luminosity ratio M /L of the Coma cluster to that of the Sun. The luminosity of the

Coma cluster is measured to be Looma ~ 5 % 10'? L), and the mass to luminosity ratio becomes

Meona  y90Me (2.2.13)

LComa L@

Therefore, it is concluded that most of the mass of galaxy cluster is composed of matter that

does not emit visible light, that is, dark matter.

2.2.2 Baryon fraction from x-ray gas

Most of baryons present in galaxy clusters are contained in the intracluster medium(ICM), which
is the heated plasma and emits X-rays. In this subsection, we discuss how X-ray measurements
indicate the existence of dark matter.

Firstly, let us assume that the ICM is under hydrostatic equilibrium. Then, the following

equation is satisfied:

dPyas GM (1) pgas(T)
= — 2.2.14
dr r2 ’ ( )

where Pyas and pgas are the pressure and the mass density of the ICM. M (r) represents the total

mass within a radius r, including not only the ICM but also galaxies and dark matter.
On the other hand, the pressure of gas can be given by the equation of state of the ideal gas
o k?BPgasTgaS(T)

Py = _BleasgastT) 92.2.15
e . ( )

where kp is the boltzmann constant, Ty, is the temperature of gas, and j1 ~ 0.6mp is the average
mass of particles composing the gas (my is the mass of Hydrogen ), which is determined by the

chemical composition of the gas. Combining (2.2.14) and (2.2.15), we have
KT (r)r _dln Paas(T) _dln Tgas(T)
- G dlnr dinr

This equation means that the total mass M(r) can be obtained if pgas(r) and Tyus(r) is given

M(r) (2.2.16)

as functions of a radius 7. pgas(r), Tgas(r) are reconstructed from the X-ray luminosity and
spectrum, respectively. Applying this method to the Coma cluster, one finds that Mooma =~
1.3 x 10'® M. This matches well with the estimation using the virial theorem and provides

another evidence of the existence of dark matter.
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Figure 2.2: The Bullet cluster, cited from [24].

2.2.3 Gravitational lensing

In the presence of a mass distribution between a light source and a observer, light emitted by
the light source is bended by gravity as if it pass through a lens. This phenomenon is called the
gravitational lensing. In the case of a spherically symmetric mass distribution, the deflection

angle & of light is given by

AGM M b\ !
= —1"75 (/=) (= 221
“ c?b E (MG) (RQ) 7 ( 7)

where b is the impact parameter, and R is the solar radius. The deflection angle is proportional
to the mass of the lensing object. Therefore, by measuring the deflection angle, we can estimate
the mass of the lensing object.

Eddington’s observation of the deflection of light from stars in the Hyades cluster by the
Sun is well known as early evidence of general relativity. In this observation, the mass of the
gravitational source (the Sun) was known, and based on that, the deflection angle of light
(2.2.17) was predicted using general relativity.

On the other hand, it is possible to reconstruct the mass distribution of the lensing object
by measuring the deflection angle of light from a distant light source, which can be used to show
the existence of dark matter. The notable example of the evidence of dark matter using the
gravitational lensing is the Bullet Cluster [25], which is shown in figure 2.2. The Bullet Cluster
is a galaxy cluster that is formed by two colliding galaxy clusters. The mass distribution of
the ICM observed by X-ray, is indicated in red. On the other hand, the total mass distribution

inferred from the gravitational lensing is shown in blue. The ICM of each galaxy cluster collide
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Figure 2.3: The temperature fluctuation of the CMB, cited from [26]. The vertical axis rep-
resents the magnitude of the temperature fluctuation, and the horizontal axis represents the
angular scale.

each other and lost their velocities, whereas the dark matter does not interact and pass through
each other. Therefore, the mass distribution of the dark matter is separated from the ICM,

which is a strong evidence of the existence of dark matter.

2.3 Cosmic microwave background

In the early universe, protons and electrons did not form neutral atoms but existed as hot plasma.
They are in thermally equilibrium with photons due to the Thomson scattering. Therefore, the
universe is filled with photon-baryon fluid, which is hot fluid composed of proton, electron,
and photon. As the universe expands, the temperature of the universe decreases and protons
and electrons combine to form neutral atoms. This process is called recombination. Because
interactions between neutral atoms and photons are small, photons became freely streaming.
These photons are observed as the blackbody radiation with temperature 2.7K, which is called
the cosmic microwave background (CMB). The observed CMB is highly isotropic, which is
known as the strong evidence of the cosmological principle i.e. isotropy and homogeneity of the
universe.

Actually, the CMB is not perfectly isotropic and there are small fluctuations in the tem-
perature of the CMB, which provide another evidence of dark matter. The CMB temperature
fluctuation measured by Planck satellite is shown in figure 2.3. The peaks in the temperature
fluctuation correspond to the acoustic oscillation of the photon-baryon fluid. The gravitational

potential generated by components of universe affects this oscillation so that the fraction of



2.3. COSMIC MICROWAVE BACKGROUND 19

each components can be inferred from fitting the observed temperature fluctuation by the the-
oretical model. From the observation by Planck satellite, the density parameter of dark matter

is estimated as [20]

Q,h* = 0.120 £ 0.001. (2.3.1)
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Chapter 3

Ultra-light dark matter models

One of the most prominent scenario of dark matter is the weakly interacting massive particle
(WIMP) scenario. In this scenario, dark matter is a thermal relic of the early universe and its
mass is around the weak scale. However, there is no direct evidence of WIMP dark matter,
and the parameter space of WIMP dark matter is becoming more constrained by the direct
detection experiments. Therefore, it is important to consider other scenarios of dark matter.
Recently, there is a growing interest in ultra-light dark matter models. In this scenario, dark
matter is very light and its mass is much smaller than the weak scale. In this chapter, we review

ultra-light dark matter models and their observational constraints based on [27].

3.1 Dark photon

A light vector particle, called the dark photon, is considered as a candidate for ultra-light dark
matter. The dark photon is a gauge boson of a new U(1) gauge symmetry, which is called
the dark U(1) symmetry [28] (see [27] for a review). We refer to the usual electromagnetic
U(1) symmetry as U(1)gm and the dark U(1) symmetry as U(1)q. The dark photon can be
massive because of the Higgs mechanism or the Stiickelberg mechanism. The strength of the
interaction between the dark photon and the Standard Model particles is naturally suppressed
by the ”kinetic mixing parameter”. Therefore, The dark photon can be a good candidate for
dark matter. In this section, we review the dark photon dark matter and its observational
constraints.

Let us consider two U(1) gauge symmetries U(1),,U(1), and their gauge bosons A,, Ap.

Their kinetic terms are given By

1 , 1 y € »
,CQZ—Z—L aw/FéL _Z_l bw/FéL _§Faul/F(;u> (311)

where Fy,,, and Fy,, are the field strength tensors of A, and Ay, respectively, and e is a constant
parameter called the kinetic mixing parameter. The kinetic mixing can be generated by the

loop effect of heavy particles charged under both U(1), and U(1), symmetries.

21
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Let us suppose that A, corresponds to the dark photon and A, corresponds to the ordinary
photon. Then, U(1), = U(1)q and U(1), = U(1)gm. The photon A, is massless and the mass

term are given by

1
Lo = -5 2 A AL, (3.1.2)

Moreover, suppose that the ordinary photon A, couples to the Standard Model current J, and
the dark photon A, coupled to J L Then, the interaction terms are given by

L=el,Ay+eJ, AL (3.1.3)
Let us introduce new fields A, A’ defined as

AW L_ 0 A
1—e2

Then, the Lagrangian is diagonalized as

6/

ee

+
V1— € vi—e*
where m 4 = M, is the mass of the dark photon. A is an ordinary massless photon and couples
to the Standard Model U(1)gy current J . On the other hand, the dark photon A’ has the

mass m 4 and couples to the dark current J' as well as the Standard Model current J with the

1 1 1
L=~ FuF" = JFLF"™ — ml A A" {

T

. ar ]A’“—keJMA“, (3.1.5)

strength proportional to € .

3.1.1 Dark photon dark matter

The mass of the dark photon is typically considered to be tiny. If such light particles are
thermally produced, they erase the small-scale structure of the universe, which is inconsistent
with the observation. Therefore, the dark photon does not seem to be a candidate for thermal
relic dark matter. However, we show that a coherently oscillating dark photon has zero pressure
and thus behaves as cold dark matte [29].

The kinetic term of the dark photon is given by

1 L1
L= —ZF;VF’M — §mi,A;A’“. (3.1.6)

The equation of motion is
9, («/—gF/’“’) = /=gm%A”. (3.1.7)
Assuming homogeneity,

QA =0, (3.1.8)
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the equation of motion for the dark photon in a FRW universe ds? = —dt*+a(t)? (dz? + dy* + dz?)

reduces to
A"+ 3HA" + m% A" =0, (3.1.9)

where H(t) = a/a is the Hubble parameter. Therefore, the spatial component of the massive
vector field obeys the same equation of motion as a scalar field in the expanding universe. This
equation describes a harmonic oscillator with a time-dependent damping term H (¢). In the early
universe, H(t) > mu and the field remains constant. As the universe expands, the Hubble
parameter decreases. When H (t) ~ my, the field begins to oscillate around the minimum of the
potential. At later times, the Hubble parameter is negligible H(t) < m,. Then, the solution

of the equation of motion is given by
A'(t) oc cosmait. (3.1.10)
The spatial component of the energy-momentum tensor is given by
T.. — pUF/ F/ 2 A/A/ 1F/ F’pa 1 ZAI A/p
ij =9 ip ja+mA’ 1 j+gij _Z po _§m P

x cos?mat — sin® mat = cos 2mat. (3.1.11)

Since the Hubble time is much longer than the period of the oscillation, the spatial component
of the energy momentum tensor averages to zero, effectively behaving as a pressureless fluid.

Consequently, the dark photon behaves as cold dark matter.

3.1.2 Observational constraints on dark photon

Observational and experimental constraints on e are shown in figure 3.1. Axion detection
experiments such as haloscope and helioscope have sensitivity to the dark photon as well. For
example, ADMX experiment, one of haloscope experiments give bound of € < 107! in the mass
range of my ~ 107%V.

For the dark photon of ma > 1eV, XENON experiment [31] and solar data [32] give the
most stringent bound. The bound from solar data means that giving a lower bound on the
energies which is carried away by the dark photon from the sun by the observation of the solar
neutrino.

For the mass range lower than 10~%eV, the cosmological observation gives the most stringent
bound. For example, the CMB observation gives the bound for the dark matter dark photon
in [33]. Photons in the early universe, which is filled with the plasma, have effective mass
my = (%) 1 2. Here, n. is the number density of electrons, « is the fine structure constant,
and m, is the electron mass. The effective mass gradually decreases as the universe expands and

the number density of the electron decreases. When the dark photon mass coincides with the
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Figure 3.1: Constraints on the dark photon model, cited from [30].

effective photon mass, the conversion rate of the dark photon to the ordinary photon becomes
large due to the resonance effect. This conversion affect to the CMB photon and it gives the
lower bound of ¢ < 107'% in [33].



Chapter 4

Scattering amplitude

4.1 Basics of scattering amplitudes

In the scattering theory, we consider a physical process where the state |«) __ which is prepared
at the asymptotic past t = —oo transitions to the state |5)_ defined at the asymptotic future
t = 0o. The matrix element of the S-matrix S corresponding to this transition is defined as

follows:

Spa 1= oo (O] @) —co- (4.1.1)

The S-matrix describes the time evolution of the state in the quantum theory. Therefore, it is
natural to demand the S-matrix to be unitary so that the sum of the transition probability is

1. The unitarity condition is given by

Se558y = Oar, (4.1.2)
or equivalently
Sts=1 (4.1.3)

where 1 is the identity operator.

S-matrix operator can be divided into two parts as follows:

A ~

S

+iT, (4.1.4)

where the identity operator 1 represents the time evolution where no scattering process occurs
and T, called T-matrix, describes the time evolution with scatterings.

In the following, we consider a 2 — 2 scattering process. Let the mass of all particles be
m for simplicity. Firstly, we prepare a two-particle initial state |p;, ps), where p; and py are
momenta of incident particles. These particles scatter off each other and evolve to a final state

|p3, pa). Mandelstam invariants for this process are defined as
s=(p1+p)° =4 (m’+ ), (4.1.5)

25
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t:=(p1 —ps)” = =2|p*(1 — cos ), (4.1.6)
w:= (py — ps)* = =2|p)*(1 + cos b), (4.1.7)

where p'is the momentum of particle 1 in the center-of-momentum(COM) frame. Using Man-
delstam variables, the scattering angle in the COM frame cos 6 = p; - ps/|p1||ps| can be written

as

2t
=14+ ——. 4.1.8
o8 * s — 4m? ( )

The kinematics of particles of a 2 — 2 scattering in a Lorentz invariant theory can be com-

pletely determined by the total energy in the COM frame and the scattering angle. Therefore,

there are only two out of three Mandelstam invariants are independent and there is a relation
s+t4u=4m? (4.1.9)

A scattering amplitude M (s, t) is defined as the matrix element of a T-matrix as
(p3,pa| T |p2, p1) = (2m)*6% (p1 + p2 — p3 — pa) M(s, 1) (4.1.10)

4.1.1 Unitarity

the unitarity condition of a S-matrix S-St =1 can be expressed using T-matrix as

1 ~ ~ ~ A
g<p3,p4 T—1T" pg,p1> = <p3,p4 T-71 pg,p1>
= Z/dﬂ (q1: - an) <p3,p4\T| {Qi}?:1> <{Qi}?:1 al pQ,p1>,
n=1

(4.1.11)

where du(qr -+ - qn) = dp(qr) -+ - du(qn), du(q) = (2:;;_11% is the Lorentz invariant measure and
a complete basis of asymptotic states Y>> [{¢:}:—,) ({¢};_,| is inserted in the second line.
We consider an elastic process in the following. In the language of the S-matrix theory,
we can define an elastic scattering as a scattering where T-matrix only has non-zero matrix
elements in 2 — 2 scattering when the initial state is a two particle state. Then, the sum in

(4.1.11) is limited to n = 2 and we have

2 Disc, M(s, £) — / du(q) / du(g")(2m)6 (o1 + pa — ¢ — ¢") M) (5,8) MO (5, 8"),
(4.1.12)

where we define
1
ME) = lim M(s £ e, 1), Disc, M(s,1) = - (MB(s,8) = M (s,1)), (4.1.13)
e—

and ¢ = —(p1 _ q/)2’t// — _<p3 _ q//)Z'
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The integral of RHS of (4.1.12) can be calculated as

2Mi(s,t) = /du(q'> /du(q”)(%)ded (p1+p2 = ¢ = ¢" )M (5,8) M (5,1)

1 1
= Gmrrag | 0O RE 28y M) (5,) MO (s,1)
d—2 1 E
S d205 M) (s, ) MO (5,¢") | (4.1.14)

(27)d= 24E2 2
If t =0, p1 = p3 so that t =t and we get

) pd*2 1 E,

2 M, (s,0) =
M, (s (2m)2 152 2p

/dd 2Qm M) (s t)| > 0. (4.1.15)
Using the Schwartz reflection principle, M,(s,t) is equal to the imaginary part:

M(s,t) = 2% (MB(s,1) = M (s,1))
T (0~ 1 0}
= Im M(s,1). (4.1.16)

Therefore, (4.1.15) can also be written as
Im M(s,0) > 0. (4.1.17)

This is called the optical theorem.

We define a function Py (z, 2/, 2") as

Qw2 9 % @(1 _ 22 _ 2/2 //2 4 222/ //)
sy (1= 27) i
r ( ) (1 _ 22 _ 2/2 — 2 + 22’2'2’”) 3

Pa(z,2,2") = (4.1.18)

Using Py (z, 2/, 2"), the integral over the d — 2 dimensional solid angle can be written as

1 1
/dd_QQﬁE/ dz’/ dz"Py(z,2',2"). (4.1.19)
-1 1

Then, we can write (4.1.14) as

s—4m

MS($7t) 471' d— 2\/—

/ dz' / d2"Py (2,2, 2") M) (5,4 (")) M) (s, (2")) . (4.1.20)

4.1.2 Partial wave expansion

In this section, we consider d = 4 case only for simplicity. Firstly, define a vector |E, [, m) as

ATE .
B, L) === / dpu(pr)dp(po)(27)'6 (Br + By — E) 8 (5] + B3) Yy (1) [P, 1), (41.21)
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where Y} ,,(7) is the spherical harmonics. This vector is a two particle state with a definite
angular momentum, characterized by a total angular momentum [ and a magnetic quantum

number m. The parity of the spherical harmonics depends on [ as follows:
Yim(=n) = (=1)'Y, (7). (4.1.22)

Therefore, |E, [, m) vanishes for odd [.
|E, [, m) with different quantum number are orthogonal:

TNV 8nE ~ % A
(B, L,m|E T, m) = - dp(p1)dp(p2) (27)*6 (EBy + By — E) 6° (7 + 13) Yim (1) Yir s (1)

STE a3 . N .
- / (2 5 (2m)*6 (2E1 — E) Yim (1) Yy s (B1)

p )6(2E1)?
= Eyz,m (pl) YE’,m’ (pl)
S - (4.1.23)

where the prime indicates that the energy-conservation delta function is omitted. The inner

product with a definite momentum state is given by

1 47 E

(p1,p2|E,l,m) = 22 TYl*m (p1) - (4.1.24)

A matrix element of a T-matrix with respect to |F,[,m) can be represented using a function

a;(s), which is independent of m, as
(I,m|T|';m"y o< ai(8)0u dmm (4.1.25)
Therefore, a scattering amplitude can be written as

1 /
M(s,cos ) = W<p3,p4!Tlp1,pz>

1

= @i 2 (Pepillm) Ll T ) o)

L, m!

= 167 Z(2l + 1)ay(s)P(cos8), (4.1.26)

where the overall normalization 167 is chosen for the later convenience. This representation is
called the partial wave expansion, and the coefficients a;(s) is called a partial amplitude.

In general dimension d, the partial wave expansion is obtained in a similar manner:
M(s,t) =3 ni¥a(s) PV (cos 0), (4.1.27)
1=0

where nl(d) is a constant given by (4.1.32). Pl(d)(z) is a polynomial of degree | and satisfies the

following differential equation:

4—d

(=)

d a2
5(1—22)‘122 T+ l(l+d=3) PP(z) = 0. (4.1.28)
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The explicit form of Pl(d)(z) is given using the hypergeometric function as

21—
Pl(d)(z):m( Ll+d—3, dT, 5 Z) (4.1.29)

The orthogonality relation

1 / ' 2 %54 (d) )y pld) &
- dz(1—2°%) 2 PV (2)P7(z) = 4.1.30
0= T AR - (4.1.30)
and the addition theorem
Palz,2,2") = (@m) 22 (1= 27) 7 (1= 22)7 3 n@ PO P () PO (") (4.1.31)
1=0

are useful. Here,

o ? o @it gNal g (113

Na= - T (S2)T( + 1)

Especially, for 4-dimensional spacetime, it is given by

1
No=—, n =16m(20+1), (4.1.33)
167
and (4.1.30) becomes
E / R (2)Po(2) = i (4.1.34)
3 AT A N o

Substituting this partial wave representation into (4.1.20),
(LHS) = M(s,t) (4.1.35)

- i nm (a,(s)) P (cos ) (4.1.36)

d—

(s — 4m?) =
4(4m)d=3\/s

d—2
(s —4m?) d—a d—4

= 47”[3\[/ dz/ d2"(4m) NG (1= 2%) % (1=2") %

1 1
(RHS) = / dz’/ d2"Py (2,2, 2") M) (5, ¢/ (2')) M) (5, ("))

x Z n@ PO 2 Z nDay (s + ie) Z ngaw (s — ie) Py ("

1"=0
d—2

(s —4m?) = )t2 D p@
- A(dm) 3\/— an b

1 4 00
X (/ d2' (1 - 2’2)(le NP () Z n\Da (s + i&?)Pﬁ‘”(z’))
- =0

1

)
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1 1"=0

1 o)
X </ dz" (1 - ”2) NdP (2") Z Sy (s — is)PEf”(z”))
_ (3_47” v Zn;”\a, 2 PO () (4.1.37)

Therefore, the unitarity condition of a scattering amplitude on an angular momentum eigenstate

is given by
am?)=

Im (a(s)) = % la(s)]?. (4.1.38)

Defining the partial wave element of S-matrix as
2(s — 4m?) 7

Si(s)=1+i (s _\/g” a(s), (4.1.39)

the condition can be represented as
|Si(s)] = 1. (4.1.40)

In this form, it is transparent that the probability should add up to 1.

4.2 Froissart bound

In this section, we discuss on the Froissart bound [34,35], which is a condition satisfied by a high
energy behavior of a scattering amplitude of a unitary theory, based on [36]. We concentrate
on d = 4.

Firstly, we enumerate the assumptions used in the derivation of the Froissart bound [37]:

1. Lorentz invariance

The kinematics of the scattering amplitude is determined by the Mandelstam invariants,
and the scattering amplitude is the function of s,t: M(s,t). Therefore, the scattering
amplitude is a Lorentz invariant object.

2. Unitarity

S-matrix, which defines the scattering, satisfies the unitary condition:

~

StS=1. (4.2.1)

3. The analyticity in the Lehmann ellipse

Using parameter a > 0 and a real variable ¢ € [—, 7], we define an ellipse on the complex

plane

z = cosh (a + ip) , (4.2.2)
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which is called the Lehmann ellipse. Then, the scattering amplitude M(s, t(s,cosf)) is

analytic within the Lehmann ellipse as a function of z = cos .

4. Polynomial boundedness

The scattering amplitude diverges at most as a polynomial of s in the high-energy limit

s — oo. That is, using n € N,

lim

|s|—o0

)

(4.2.3)

Under these assumptions, we will see that there is an upper bound on the growth of the scattering

amplitude in the high-energy regime.

Let us expand the amplitude into the partial waves with different normalization:

M(s,t) = 167;‘/5 S a(s) (21 + 1) Bi(cosb),

where g, = v/s — 4m?. In this normalization, partial amplitudes is given by

2 1
a;(s) = 32%\/ %/1d6089 M(s,cos )P, (cosh),

and the unitarity condition (4.1.38) with d = 4 becomes
la;(s)] < 1.

Let us define the Legendre function of the second kind as

Qu(z) = —1/_1 Fils) ds

2/ ,s5s—x

For x € [—1, 1], there is an identity

2 (Qu(x 4 i) — Qi(x —ic)) = _EPZ(x)'

Using (), a; can be written as

1 2
al(S) = 39472 \/%fé dz' M (S’ Z,)Ql(’z,)7

where the contour C is defined using ¢ € [—m, 7] and the real parameter o > 0 as

2" = cosh (a + i¢’)
dz" =isinh(a +ip")dy'.

This contour represents the ellipse

Rez \?2 Imz \?2
+ | = =1
cosh o sinh «

(4.2.4)

(4.2.5)

(4.2.6)

(4.2.7)

(4.2.8)

(4.2.9)

(4.2.10)
(4.2.11)

(4.2.12)
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Then, (4.2.9) becomes

a(s) = 3217T2 \/%/_: do' M(s, 2")Q(7") sinh(a + ). (4.2.13)

Let us investigate the behavior of @;(z) in large [ limit. Firstly, there is a following repre-

sentation of @;(z) using the hypergeometric function:

L(+1) e AHY 11 3 1
hp) = . . o F | =, = — . 4.2.14
Ql(COS 6) ﬁ F(l—'—%) m 2471 2727 +271_62ﬁ ( )
From the Stirling formula lim, ., I'(z) ~ 2%,
ri+1 1
i LUED L (4.2.15)

BTy TV
in the large [ region. Furthermore, using the power series representation of the hypergeometric
function o F(a,b;c;z) = > (@n®)n n.

n nl(c)n

lim o F(a,b;c;2) = 1+ O(c™), (4.2.16)

c—00

holds. Using these results, we have

sinh (a +i¢') - Q) ()], = e @ T2 \/ % sinh (a + i) - [L+ O (I7Y)] . (4.2.17)
Moreover, there is an upper bounds |sinh(« + i¢’)| < cosh @ because
| sinh(a + i)]? :% (cosh 2 + cos 2¢)
cosh? :% (cosh2a+1). (4.2.18)

Therefore, we have a following upper bound:

Isinh (a +i¢") Qi ()], 1o, < e T2 % cosh a. (4.2.19)

Applying this upper bound on (4.2.13), we get an upper bound on partial waves a;(s) in the
large [ region as

2 —al
lar] <4/ %Ba(s)\/e—a cosh ae\/z , (4.2.20)

where
1 ™
B,(s) = ——— M(s,2|dy', 2 = cosh(a+iy'). 4.2.21
)= g7 | M2l (a+ig) (1221
Let us reconsider the assumption that the analyticity of M(s,z) as a function of z =
cosh (a + i¢') with fixed s. This assumption is not satisfied for an arbitrary value of «. Let \/to
be the mass of the lightest particle which is exchanged at the t-channel. Using (4.1.8), we have
2t

z = cosh(a) =1+ 2 (4.2.22)
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t =ty is the on-shell condition, and « should be smaller than the corresponding value. In the
following, we define o as cosh(a) =1 + Qq%o.
In the high-energy limit s — oo, (4.2.22) approaches to a ~ 24/t/s. Then,

Ve %cosha =+v1—e *sinha (4.2.23)

is smaller than 1 and approaches to 1 in the high-energy limit. Therefore, this part in (4.2.20)
can be replaced by 1.

Therefore, we have shown that there are two upper bounds on the partial amplitude

2 —al
la;] <1 and  |ay| <4/ %Ba(s)%. (4.2.24)

The first one is derived from the unitarity of the theory and holds for all /. On the other hand,
the second bound holds for [ which is large enough.

For large [, the second bound is stronger than the first one. We define L as the first angular
momentum for which the second bound is stronger. That is, L is the smallest number which

satisfies

qs e~k

7 a(s)ﬁ <1, (4.2.25)

and also satisfies (4.2.24).

Using this L, we have an upper bound on the absolute value of the scattering amplitude as

NG

(20 + V()] - | Pilcos )] + D (20 + 1)]a(s)| - | Fi(cos b))

~
—_

|M(s,cos0)| <16m

S

L1=0 =L |
(4.2.26)

=16m— (21 + 1)|P(cosB)| + » (214 1)—=DBa(s) - |Pi(cos 8)|

w | S |
(4.2.27)

For the forward scattering cosf = 1, |P,(1)] = 1 and we have
IM(s,1)| <167 (20 +1) + 167 Ba(s) > (20 + 1)< (4.2.28)
T 1= =L
i e—al

_16r Y52 +16mBa(s) Y (20 +1) (4.2.29)

s I=L \/Z

Defining I’ := | — L, the second term is

o —al

167 B, (s) Z(2l+1)e\/z 1678, 7O¢LZ m—~

'=0
1 1
VS I\ 2 AN
<1672 oL (14— 1+ — 4231
_67quzoe +7) {147 (4.2.31)

V=
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NZE! /°° B Y\ 3z Y\ 3
167 Y0 = v|op <1 —) (1 —) . 4.2.32
U ol e + v + {1+ % Yy ( )

In the second line, we use (4.2.25). In the third line, we define y = al’, Y = oL and approximate
the sum by the integral. Then, (4.2.29) becomes

|IM(s,1)] §167r\/—§ [L* +I(s)], (4.2.33)

s

where we define

I(s) = é/ooo eV [2L (1 + %)1 + (1 + %)_1 dy. (4.2.34)

In the following, we write the energy-dependence of L explicitly as L(s). The bound of
(4.2.33) depend on the behavior of L(s) at the high energy regime. When L(s) is asymptotically
constant, (4.2.33) imposes a constraint where the scattering amplitude is bounded by some
constant value. Next, consider the case where both L(s) and Y (s) = aL(s) increase with s. For

large L,Y, (4.2.34) is approximated by
1
I(s) = 5 2Y +1+O(1/Y,a)], (4.2.35)
a

and for the high energy limit, (4.2.33) becomes

2
M(s,1)] <167 (YI 1) (4.2.36)
q2
~ATE (Y 4+ 1)2 (4.2.37)

0

In the second line, we approximate a ~ 2\/7%. Therefore, the forward scattering amplitude
is bounded by O (sY?) in the high energy limit.

Finally, we discuss the energy dependence of Y. The scattering amplitude is bounded by
polynomials from the assumption. Then, B,(s) is also bounded by polynomials and B,(s) =~

C' - s" holds. In the high energy limit, we can express (4.2.25) as
1 1 1
Y ~log B, + 5 log v — 3 logY < [n— 1 log s, (4.2.38)
therefore, Y = O(log s) at the high energy regime. Using this, (4.2.37) becomes
|A(s,1)| <O (slog”s) . (4.2.39)

This upper bound is called the Froissart bound.
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4.3 Regge behavior

In the previous section, we observed that the analytic continuation of the scattering ampli-
tude, as a function of the Mandelstam variable, is a powerful tool for uncovering properties of
scattering processes. In this section, we see how the analytic continuation of the partial wave
amplitude a; to the complex [-plane, called Regge theory [17], reveals an additional interesting
property of scattering, which is the relationship between the spectrum of t-channel exchanges
and the behavior of high-energy scattering based on [38].

In (4.2.20), we get an upper bound on the partial wave a;(s) in the (real) large [ limit.
However, it is necessary to have an upper bound on a; in the whole [ plane to show the uniqueness
of the analytic continuation of [.

Firstly, let us derive a different expression for the partial wave amplitude. It is convenient
to make a partial wave decomposition in the t-channel. Let us define the scattering angle in the

t-channel as

25
Z¢ = COS Qt =1+ m (43].)
Then, the partial wave decomposition in the t-channel is given by
M(s,t) =167 > (20 + )ay(t) P (z) (4.3.2)

=0

In this section, we use the usual normalization. From (4.1.34), the partial wave amplitude is

given by
11
a(t) = 1673 / dze P (z) M (s (z,t) ,1). (4.3.3)
Using (4.2.8), we get
11 /! _
a)(t) = — T » dzDisc,, (Q1(z)) M (s (z, 1))
1 1
= 16:29; dthl(zt) (s (zt,1)), (4.3.4)

where Disc,, [f(2:)] = f(zt +ie) — f(z: —i€). The contour C is given in figure 4.1. By deforming

the contour from C to C’, we have

1 1
a)(t) = 16722 dthl(zt) (5 (2,1),1)
1 —00
- 167T2/ Di(s,1)Qu (2) dze + 15 1672 /ZT Dy (u, 1)Qu (21) dz

= 1617T2 /Oo (Ds(s, t)+ e—iwlDu(s, t)) Qi () dz. (4.3.5)
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|ﬁ

Figure 4.1: The contour C and C’" in the complex z; plane. The blue line represents the branch
cut of Q;(z) and the red line represents the branch cut of M(s(z,1t),1).

In the last equality, (A.5.14) is used. Note that z; <> —z; corresponds to s <> u exchange. The
contour C’ encircles the branch cut of M(s(z,t),t) in the complex z; plane. The cut in the
right corresponds to the s-channel on-shell exchange and the cut in the left corresponds to the
u-channel on-shell exchange. The s-channel cut starts from s = myy,, where my, is the mass of
the lightest particle which is exchanged at the s-channel. In z; plane, it corresponds to a point
zp defined as

2mg,

. 4.3.
t — 4m? (4.3.6)

zr =1+

The u-channel cut starts from v = myy,, and it corresponds to a point —zp in the z; plane
because
2(—=t —mj,) _ 2mg,

t—4m2 t — 4m?

1+

D,, D,, which are discontinuities, are defined as

M (s(z,t) +ie, t) — M (s(z,t) —ie, t)

Dy(s,1) = - , (4.3.8)
Dy (u.t) = M (s(z,t) —ie, t) 2—2./\/1 (s(zg,t) + ie, t)
M (4m? —t —u(z,t) —ie, t) — M (4m? — t — u(z, t) + ie, t)' (43.9)

21
This expression is called the Froissart-Gribov projection [34,39].

From (4.2.14), the large [{| limit of @ is given by

Qi(z2) ~ 13 (30 ¢(2) = log [z FV2 o 1] . (4.3.10)

ES3eS)
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Figure 4.2: The contour C; in the complex [ plane. C; embraces zero and positive integers,
which are poles of 1/sin7l. a(t) is a pole of a;” (t).

Dg, D, show polynomial growth. Therefore, the asymptotic behavior of the first term in (4.3.5),

which corresponding to the s-channel cut, is given by

0’ = f(t)e e, (4.3.11)

l—00

However, the second term involves the factor and the asymptotic behavior is given by
l(u) - flt)e” W (zr) p—iml (4.3.12)

The factor e~ prohibits us from performing the contour deformation we are going to discuss.
Therefore, it is convenient to introduce the partial wave amplitude of ”definite signature”.

Firstly, we define
D7 (s,t) := Dy(s,t) + .7 D,(s,1), (4.3.13)

where . = 41 is called the signature. Using D7 (s,t), the partial wave amplitude of definite

signature is defined as

al (t) :=

16772/ D7 (5,6)Q; (2) dz. (4.3.14)

Comparing with (4.3.5), we find that
aj (t) (I : even)
a(t) = (4.3.15)

The asymptotic behavior of (4.3.14) is given by

al — f(t)e 1), (4.3.16)

=00
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Figure 4.3: The contour of the Sommerfeld-Watson representation. Cs is a line integral taken
over a vertical line in the complex plane, whose real part is —1/2 .

where no dangerous factor e~ appears.

Using a;” (t), we define the scattering amplitude of definite signature as
M7 (s,t) =16 > (2 + 1)a) (t)Pi(=). (4.3.17)
1=0

Using P(—2) = (=)' P(z) for the integer I, we can recover the original scattering amplitude as

M(s,t) = = (M (2, 8) + MF (=2, 1) + M7 (21, 1) = M (=2, 1)) . (4.3.18)

N | —

In the following, we perform analytic continuation of (4.3.17) in angular momentum. For
simplicity, we assume that a;”(¢) has the single pole [ = a(t) in the complex [ plane (See figure
4.2) with the residue §(t). That is,

a’ (t) ~ b®) (4.3.19)

and analytic elsewhere. This pole is called the Regge pole. *

The sum over [ of (4.3.17) can be written as the following contour integral:

My(s,t):—167r2/ (2 + Da? ()
Cy

271

B <—Zt)

sin 7l

dl, (4.3.20)

where the contour C' is shown in figure 4.2. It embraces zero and positive integers, which are

the poles of - 1

in7l”

By displacing the contour as shown in figure 4.3, we have the following expression of M~ (s, t)

called the Sommerfeld-Watson representation:

1672

271 Mdl - 167r2(2a(t) + 1)5(75)Pa(t)—(_zt)

sin 7l sin wo(t)

M7 (s,t) = (4.3.21)

/ (2 + 1)a” (1)
Ca

'In general, af’ (t) has several poles in the complex [ plane. The Regge pole that is furthest to the right in
the complex plane is called the leading Regge pole, and the others are called sub-leading Regge poles.
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The second term in (4.3.21) is the contribution of the Regge pole. Its contribution to the

scattering amplitude of definite signature is

M'SﬁR(s,t) = —167%(2a(t) + 1)5(t)M

el (4.3.22)

Firstly, let us consider the contribution of M“® to the partial wave amplitude. Using (A.5.7)
and (A.5.8), the contribution to the s-channel discontinuity takes the form

DA - DM
1

= 167°(2a(t) 4+ 1)B(t) Pagry (z) 2 > 1. (4.3.23)

Substituting in (4.3.14), we have

aly( 1672 / Dy (5,8)Qi (%) dz
_ / " 2a(t) + 1)B() Pay (20) Q1 (24) dz
(2a(t) + 1) B(1)

- 5 4.3.24
(I—a()(+a(t)+1) ( )
where we use (A.5.15) in the last line. a;”(¢) has the pole at | = a(t) with the residue 3(t) as
expected.
Let us consider the meaning of «(t). We can separate «(t) into the real part ag(t) and the
imaginary part a;(t). We define a point t; such that ag(t;) = [. Then, «a(t) can be expanded

about ¢; as
a(t) =1+ p(t)(t —t) +ia(t) +id(t)(E—t) + - . (4.3.25)

The partial wave is then approximated as

B(t)
—Oé;%(tl)(t — tl) — ioq(tl) — iOé/I(tl)(t — tl)
- Bt)/ar(t)
N b — g () ol () (4.3.26)

Q

ai’ (1)

In general, ag(t) is an increasing function of ¢, and (4.3.26) implies that the Regge pole «(t) a

tower of particles if a;(¢;) = 0 or resonances if a;(t;) # 0 with increasing masses and spins. 2

The mass is given by M; = /t; and the total width is given by

Oq(tl)

= ——.
Oéb(tl)Mr

(4.3.27)

2When there are several poles in the complex [ plane, the leading Regge pole corresponds to the tower of the
lightest particles for a given spin.
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Next, let us consider the implication of the Regge pole to the high-energy behavior of the
scattering amplitude. Firstly, let us consider the first term in (4.3.21), which is called the

"background integral”. The asymptotic behavior of the Legendre function is given by

L(l+3
P(z) = W_éﬁ@z)l, z — 00. (4.3.28)
The contour of the background integral is taken along Rel = —1/2 so that the background

integral is ~ s72 in the limit of s — oo, and vanishes.

Therefore, the high-energy behavior of the scattering amplitude is determined by the con-
tribution of the Regge pole. From (4.3.18), the contribution of the Regge pole to the physical
amplitude is given by

pa t) \7 ~t ypa t t
MR (5,8) = —1652(20(t) + 1)3() L0 :131 :a(t) 0 (1) (4.3.29)
Using (A.5.13), it becomes
MB(s,t) = —167>(2a(t) + 1)B(t) | (1 + Ye_im(t)) %(a_(;)
—y% sinma(t) Qo (—2t) | - (4.3.30)

The last term is asymptotically negligible in the limit of s — oo because of (A.5.12) and we
can write

Pagr) (—2t)

MB(s,t) = —167%(2a(t) + 1)B(t) (1 + L imW) sinra(t)

(4.3.31)

From this expression, we find that there is the family of the physical particles and the resonances
of (4.3.26) with even spins for . = + or odd spins for ./ = —.

We can also obtain information for an asymptotic behavior of the scattering amplitude in
the limit of s — oo, t : fixed using (4.3.31). The s-dependence of M&(s,t) lie in the Legendre
function P, (—2). Using (A.5.8), the large-s limit can be calculated as

MB(s,t) ~ f(t)s*W, (4.3.32)

S§—00

where f(¢) is some function which is independent from s. This shows that the high-energy
scattering in the limit of s — oo, t: fixed is given by the power behavior, and the power «(t) is
a function of the momentum transfer. 3

These two considerations lead us that there is a relation between the mass spectrum of
a tower of particles which is transferred in the t-channel and the asymptotic behavior of the

high-energy scattering through the Regge pole a(t).

3For multiple Regge poles, the scattering amplitude is dominated by the pole with the largest a(t), that is
the leading Regge pole. This explains why the leading Regge pole is called ”leading”.
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Figure 4.4: The particle spectrum and the leading Regge trajectory which contributes to the
scattering of NS-NS bosons in the type-II superstring theory. The vertical axis is the mass
squared in the unit of o/ /4, and the horizontal axis is the spin.

4.3.1 Example of the Regge pole: type-II superstring theory

Here, we review one concrete example of the Regge pole, that is, the Regge pole which appear
in a scattering amplitude of the type- I superstring theory. The string theory is a consistent
theory of quantum gravity and it is expected to be the UV completion of the gravity. The string
theory is a theory of the extended object, the string, and the particle spectrum is determined
by the vibrational modes of the string, which has the mass spectrum of towers of particles (See
figure 4.4). The tower which is composed of particles of the lightest mass for a given spin is the
leading Regge trajectory and it determines the leading high-energy behavior of the scattering
amplitude.

The scattering amplitude for NS-NS bosons, which are massless bosons, in type- II super-

string theory [16] is given by

(= 28\ (— 2\ (— Qlu
M(s,8) = —P(s,t)— TS (4.3.33)
L1+ 92) 01+ 201+ 2*)
with s + ¢ + u = 0. The polarization factor P(s,t) is define as
P(s,t) = A(s*u® + t*u” + s*t?), (4.3.34)

where A > 0 is a constant whose explicit expression is irrelevant in the following analysis.
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Firstly, let us consider physical t-channel region and the mass spectrum of particles which
are exchanged in this scattering. The mass of the t-channel exchanged particles corresponds to
the location of the t-pole of the scattering amplitude. If the number of the exchanged particles
are finite at the same mass level, the residue is the polynomial of s, whose degree gives the
highest spin at that mass level. Explicitly, the scattering amplitude with the exchanged particle

with mass M and spin [ takes the form

#s' -1
Let us study the pole and the residue of (4.3.33). The t-channel poles come from the term
F(—O‘T/t) and locate at t := ¢, = %n, n=20,1,2---. Using the formula of the Gamma function
. (—1)"n!
lim T'(z) = 4.3.36

the residue at ¢t = ¢,, can be calculated as

[(—%)0(n + %= 1 4
Res M(s, 1) = —P(s ) oo M) (1t
s\ 4
= —P(s,t0) [ 1+ — - 4.3.
(s, n)< + )n_l e (4.3.37)

where (a), = I'(a +n)/T'(a) is the Pochhammer symbol. Here, P(s,t) is the polynomial of the
degree 4 and (1 + O‘T'S)k is the polynomial of the degree k. This shows that the highest spin
exchanged at the mass level ¢t = ¢, is given by [ = 2n + 2.

Rewriting M} := t,, the mass-spin spectrum of the exchanged particle is given by M7 =
2(1 — 2)/a/, where the spin runs the even integer [ = 2,4,6,---. This spectrum suggests that
the string theory amplitude have the Regge pole with the form of

/

alt) =2+ %t. (4.3.38)

For example, the residue of the massless particle exchange ty = 0 is given by
o/s\? 4

E{ZGOSM(SJ) = —P(s,0) (1 + T>1 o

64 As?
-

: (4.3.39)

which shows that the exchanged particle is a massless spin-2. It corresponds to the graviton.
Then, let us see the high-energy behavior of (4.3.33). Using Euler’s reflection formula

™

()1 —2x)= 4.3.40
()l —2) sinwx’ ( )
and Stirling’s formula
2m fx\*
[(z) ~ —(_) : 4341
()~ = (2 (1:3.41)
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the high-energy limit s — oo with ¢ : fixed of (4.3.33) is calculated as

- D)D) (=)
M(s,t) = P<S’t)p(1 + "‘T'S)F(l + %)F(l + %)
o F(_QT%) sin (1 + %) F(_QT,S)Q
= P<S’t)r(1+‘”‘%) sin (%) T(1+ )2
<0 (%) i
L) (g
_ f(t) (a_/s) +5 ’ (4.3.42)
4
where
- 4\" T (—a't/4)
o) — 4 (&> S (4.3.43)

This behavior precisely matches with the Regge analysis with a linear Regge trajectory (4.3.38).
The full mass spectrum and the leading Regge trajectory considered here is shown in figure

4.4.



44

CHAPTER 4. SCATTERING AMPLITUDE



Chapter 5

Gravitational positivity bounds

In this chapter, we summarize the gravitational positivity bounds of [16]. We outline the basic
assumptions, definitions of quantities to be computed, bounds, and their interpretations. We
begin with the non-gravitational case and then include gravity. We will close with some remarks

needed for applications to realistic phenomenological model building.

5.1 Positivity bounds without gravity

5.1.1 Setup and assumptions

Consider an scattering of AB — AB type in a given low-energy EFT, where scattering amplitude
is Mir(s,t). s,t,u are the standard Mandelstam variables that satisfy s+t +u = 2(m? +m%),
and m,4 and mpg are the masses of the external particles A and B, respectively.

We assume that the low-energy EFT are defined with the UV cutoff Ayy. Therefore, the
scattering amplitude Mg (s,t) approximate well the scattering amplitude Muyy (s, t), which is
the scattering amplitude of AB — AB evaluated in the would-be UV complete theory, in the
region s,t < Ayy.

We will use M(s, t) as an abbreviation of Myv (s, t) for the notational simplicity. We assume

that the scattering amplitude M(s, t) satisfies the following properties:

1. Analyticity: The amplitude M(s,t) is analytic on the physical sheet! of the complex
s-plane except for poles and discontinuities on the real axis required by unitarity. The
analyticity of the scattering amplitude is known to be closely connected to the causality
of the theory. While the derivation of analyticity has been discussed in the context of

axiomatic QFT [40], we simply assume it in this work.

2. Unitarity: The imaginary part of the forward amplitude M(s,t) is non-negative, i.e.,
Im M(s,t =0) > 0.

IThere are in general unstable resonances, whose associated poles are however located in other sheets in the
complex s-plane.

45
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Figure 5.1: The contour Cy, Cs, C,, Cr in the complex s-plane.

3. s’-boundedness: The amplitude is bounded by s at high energy, i.e., | llim M(s,0)/s* = 0.
S|—00
This third condition is guaranteed in local quantum field theories thanks to the Froissart

bound (4.2.39) and the Phragmén-Lindelof theorem.
4. Crossing symmetry: The amplitude satisfies s- u crossing symmetry:

M(s,t) = M(u = 2(m?% +m%) — s —t,1). (5.1.1)

Positivity bounds. Using these four properties, we can derive an infinite set of consistency
relations among scattering amplitudes evaluated at the UV and IR. Let us define

2n _
- [8 M(s,t =0)

2n :|
88 s:m?4 +mQB

(n=1,2,...). (5.1.2)

as, are IR object in the sense that they are evaluated at s,t < Ayy and we can approximate

these quantities using the IR scattering amplitude Mig(s,t):
{GQ”MIR(S,t = 0)

Os2n :| '
s:mi—i—mQB

(5.1.3)

~

Qop ~

A higher derivative term Oy, of the low-energy EFT, which has the mass dimension 2n, would
contribute to asy,.
The analyticity of M(s,t) allows us to use the Cauchy’s integral expression and the defining

equation (5.1.2) can be evaluated as the following contour integral (see figure 5.1)

2n —
ty — [8 M(s,t =0)

2n :|
88 s:m?4 —i—mQB

= (2n)!]£ 45 M(,0) 2

) (o 2 2
027”(3 —mA—mB

= (2n)! }{ a8 o (s)), (5.1.4)
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where we define Ro,(s) as an integrand. The contour Cy is taken around the point s = m? +m%
in the counterclockwise direction. Rs,(s) have the following properties as an complex function

on s-plane:

1. Ron(s) has a pole at m% + m% due to the denominator (s — m?% — m%)?" L.

2. Rau(s) has poles and branch cuts, that corresponding to the intermediate one particle
states and multi particle states respectively. The singularities corresponding to the s-
channel intermediate states begin at s = myy,, while these corresponding to the u-channel

start at s = 2(m% + m%) — mqy, or equivalently, at u = myy,.
3. Ran(s) is analytic other region in the complex s-plane.
4. Ran(s) is bounded by s72"! in large |s| limit:

lim Ron(s)

|s|»00 57201

— 0. (5.1.5)

The property 2 and 3 allows us to perform the contour deformation:

(2 f 0 f Y 510

where C, is taken around the s-channel cuts, C, is taken around the u-channel cuts, and Cp is a

circle at infinity. Each contour integral can be evaluated as

(2n)! ﬁ g—sn%( n 20! / " gy Dise M, 0) (5.1.7)

' — o2 _ 2 \2n+17
210 Sz (8 —m% —myp)

m

—m2 m2 m2 .
(2n)! f & (') = 2! / T : Disc M(s',0)

¢, 2mi 2mi s' —m? —m%)2ntl
2n)! [ Di 0
_ (2n) / d/ — DM 0) (5.1.8)
21 Jo2 (W —m% —my)?ntl

th

where we used the crossing symmetry in the second equality.

(2n)! jé 95 () = 0, (5.1.9)

™

because the integrand is bounded by s™2"*! in the large |s| limit.
Therefore, the following dispersion relation holds from the analyticity and s?-boundedness

of the amplitude:

2-(2n)! [ Im M(s, 0)
Qg = —— /mgh ds (5 =2 — m )t (n=1,2,...), (5.1.10)
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where Disc M(s,t) = 2i Im M(s,t) is used. This equation relates the IR quantity as,, which
is calculated in the small energy region, and the UV integral whose properties are constrained
by basic principles such as unitarity. Especially, the integrand of (5.1.10) is positive due to the

unitarity. As a result, we have inequalities
gy > 0, (5.1.11)

which are called positivity bounds.

Improved positivity bounds. The EFT is defined with a UV cutoff which we denote by
Ayv. The actual cutoff of the EFT, namely the scale of new physics, is unknown from the
low-energy perspective. We thus introduce a reference scale A below which the EFT is assumed

to be valid, i.e., A is assumed to satisfy A < Ayy.
Let us define [4,6,41]

BZn(A> = Qo2p — ds

i, =, — et

- (n=1,2,...). (5.1.12)

2. (2n)! /A2 Im M(s,t = 0)

We emphasize that Bs,(A) is defined in terms of the amplitude at the IR scale below A, and
therefore it is well approximated within the EFT":

et t=0 2. (2n)! [N 1 t=0
Bn(A) ~ | Ml )} _ M/ gs R Min(s,f = )+1- (5.1.13)
ds?n s=m2+m% ™ m2, (S —my = mB) "
Then, the dispersion relation (5.1.10) implies
2-(2n)! [ Im M(s,t =0)
Bon(A) = 20 g —1,2,..), 5.1.14
() = 2 [ s SRS ) (5.1.14)

which provides a consistency relation between the IR physics below A (LHS) and the UV physics
above A (RHS). Furthermore, unitarity implies that the RHS is non-negative, so that

By, (A) >0 for all A such that A <Ayy (n=1,2,...). (5.1.15)

These bounds are called the improved positivity bounds. Note that Bs,(A) is a monotonically
non-increasing function of A because the integrand in (5.1.12) is positive. The typical behavior
is shown in Fig. 5.2. When the bounds (5.1.15) are satisfied at a certain scale, they also hold
at any scale below it. The positivity bound (5.1.15) is thus stronger for larger A.

Interpretations. In a given EFT, one can compute the forward amplitude and evaluate
By, (A) defined in Eq. (5.1.12) in terms of parameters of the EFT and a scale A. The positivity
bounds (5.1.15) then provide certain inequalities among the EFT couplings and A, leading to

two complementary interpretations:
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A

UV completion!
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il T,

Figure 5.2: The expression (5.1.12) of By, (A) is a monotonically non-increasing function as a
function of A, and crosses zero at the scale A = A,. For a well-defined UV completion, we need
By, (A) > 0, which defines an upper bound A, on the scale A.

1. Bounds on EFT couplings.

Suppose that the low-energy EFT describes a system below an energy scale E. We can
then identify A with the energy scale of interest E to find the bounds on the EFT couplings.
These are the necessary conditions for the EFT to have a standard UV completion and

be valid below the scale £ = A. (In here we are agnostic on the value of the cutoff scale

AU\/.)

2. Bounds on the UV cutoff.

In some cases, one may want to assume certain values of the EFT couplings—for example,

coupling constants are already fixed by experiments or they need to take certain values for
phenomenological purposes (e.g., so that they can be searched in a particular experiment).
One can then ask up to which scale the EFT can be valid, i.e., at which scale the new
physics comes in. As shown in Fig. 5.2, By, (A) may become negative at some energy scale

A, in which case we can derive an upper bound Ayy < A, on the UV cutoff of the EFT.

The condition (5.1.15) is based on the assumptions on UV, but care must be taken to ensure
because we do not know the UV theory. If a violation of the inequality (5.1.15) is observed in
the experiment, it may indicate a violation of the original assumptions. In this sense, we can

also use the positivity bounds (5.1.15) to probe UV from IR.

5.2 Positivity bounds with gravity

We next explain how the positivity bounds are extended to theories with gravity. The main
new ingredient is that the t-channel graviton exchange contributes a new singularity to the low-

energy scattering amplitudes as ~ —s?/(M3t) (Mp; =~ 2.4 x 10'® GeV being the reduced Planck
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EFT particles UV states (if any) Regge tower

Figure 5.3: Typical scenario: a UV completion of gravity is achieved well below the Planck
scale by an infinite tower of higher-spin states (Regge tower). There may also exist new UV
states beyond the EFT that are described within QFT model building and that are not directly
related to the UV completion of gravity.

mass), invalidating the definition (5.1.2) of ay and hence the positivity argument for By(A).2
In this subsection, we summarize how the positivity bounds are formulated in the presence of

gravity.

Assumptions. The basic assumptions are the same as before, namely analyticity, unitarity,
and the s*-boundedness lim |M(s,t)/s*| = 0 for small negative ¢.

While the argument |nglo(§w can be applied to any UV complete theory with these three
properties, a motivating candidate of such a UV completion is a perturbative string theory

discussed in 4.3.1. A typical particle spectrum of such theory are shown in Fig. 5.3.

Gravitational positivity bounds. We define a; by subtracting the graviton ¢-pole from the

amplitude and taking the forward limit as®

as = lim (5.2.1)

t——0

[32/\/1(5, t) 2 }
2
882 MPlt s:mi—&-mQB
With a, defined in this manner, we introduce

B(A) =y — & /A2 gs MUt =0) (5.2.2)

Tz, (s —m = mp)’

Here and in what follows we suppress the subscript 2 of By(A) for notational simplicity. The

dispersion relation (5.1.14) is then modified as

B(A) = lim [i+é/m gy —mMs D) . (5.2.3)

5 3
20 | Mt 7y (s+ L —m? —md)

Due to the first term in the square bracket (which is negative for ¢t < 0), the sign of B(A) is

undetermined. However, one can show that the positivity of B(A) holds at least approximately.

2Note that the positivity argument for Bs, (n = 2,3,...) is unchanged. In the following, we focus on Bs.
3For simplicity, we focus on the amplitude up to O(MPTIQ) and only subtract the graviton ¢-pole as a divergent
term in the forward limit ¢ — —0 in the definition of ay. See [42,43] for arguments with the O(Mp,") terms.
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The idea is that we split the integral of the dispersion relation into the quantum gravity part
and the other,

A2 S
B(A)Zé/ g M0 [ 2 +f/ gs —AmM(s )
A

Tl ) e (M T e sy )

(5.2.4)

When we take the forward limit ¢ — —0, the L.h.s of (5.2.4) is finite because it is defined by
subtracting the t-pole term. Then, although the ¢-pole term in the r.h.s diverges in the forward
limit ¢ — —0, the sum in the square bracket should be finite as a result of a cancellation with

the quantum gravity part:

, 2 4 [ Im M(s, t) o B
lim [ + —/ ds )3] (0 =0,%£1), (5.2.5)

- 2 = N2

where we defined the sign o and the mass scale M, which depend on details of the cancellation
mechanism. (The case o = 0 corresponds to the exact cancellation.) As a result, we find

o
B(A) > ————
= S

for all A s.t. A < Ayy < Aqe (5.2.6)
which we call the gravitational positivity bound.

The right-hand side of (5.2.6) is suppressed by powers of Mp), and hence disappears in the
decoupling limit Mp, — oco, where the gravitational positivity bound reduces to the positivity
bound without gravity.

While the derivation here works irrespective of the details of the cancellation mechanism, the
most plausible scenario is the Regge behavior discussed in 4.3 4: the gravitational amplitude
is modified as ImM ~ s*F¥+ with of ~ Aéé by an infinite tower of higher-spin states at
5> A?QG (see Fig. 5.3). The perturbative string theory is a typical example of this scenario in
which the quantum gravity scale Aqg corresponds to the string scale. The cancellation of the

t-pole can be explicitly shown under the assumption of Regge behavior [16].

Interpretations. In contrast to the non-gravitational positivity bound (5.1.15), the gravi-
tational positivity bound (5.2.6) contains not only the IR data B(A) determined by the EFT
parameters up to the scale A, but also the UV data (M, o) of gravitational Regge amplitudes
(or, generically speaking, quantum gravity amplitudes). Therefore, there are three possible

interpretations, depending on the context [19,46-49]:

1. Quantum gravity constraints on IR physics.

If we specify/assume a quantum gravity scenario and the parameters (o, M) of gravita-

tional Regge amplitudes, we can think of the bounds (5.2.6) as quantum gravity constraints

4See also [44,45] for connections between Reggeization and causality.
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on the low-energy EFT at a scale A = E. Such constraints are useful to carve out the

parameter space of phenomenological models in the spirit of the Swampland Program®.

2. Constraints on the scale of new physics.

As in the non-gravitational case, we can interpret (5.2.6) as the bounds giving the max-
imum cutoff A, when we assume the parameters of the EFT and the UV data (o, M).
When the bounds (5.2.6) are violated, one can try to increase the cutoff of the EFT by
adding new state(s) to EFT like Fig. 5.2. If the bounds (5.2.6) are inevitably violated at
A > A,, this is a sign of the necessity for a UV completion of gravity. In this case, A, is
not a maximum scale of just new physics, but the upper bound on the quantum gravity

scale Aqg.

3. IR constraints on quantum gravity.

Once the parameters and the validity of the model are identified by experiments at a
scale A = E, we can use the bounds (5.2.6) to constrain the parameters (o, M) of the
gravitational Regge amplitudes required for UV completion of gravity. Such constraints

are useful as a necessary condition for a quantum gravity theory to describe our real world.

As we mentioned in Sec. 5.1, the violation of original assumptions on UV theory leads to the
violation of (5.2.6). Differently from the non-gravitational case, however, experimental tests of
the violation of (5.2.6) require knowledge of the UV data (M, o).

Comments on (M, o). As we explain more explicitly later, nontrivial constraints on the IR
physics are obtained in the spirit of Interpretation 1 when By —0/ (M%lM 2) < 0. Here, Bgay is
the gravitational part of B which will be defined in the next section. This condition is satisfied
either when ¢ = 0, +1 or when M is sufficiently large, typically M > myighy With mijign, being
the mass scale of light particles. This shows that details of the UV data (M, o) are important
in discussing phenomenological implications of the gravitational positivity [19].

Notably, recent studies proceed in the direction to carve out the parameter space of (M, o)
itself and sharpen the gravitational positivity bound (5.2.6). For scattering of identical scalars,
the best bound obtained so far is schematically of the form [51,52]% (see also [53,54]),

-0(1)
>
B(A) = MZm?’

(5.2.7)

5See [14,15,47,50] for possible connections between positivity and the Swampland conjecture.

6There are two complementary approaches to this problem depending on how to treat the graviton ¢-channel
pole. First, the one initiated in [51] works in finite impact parameter to make the graviton contribution finite.
While it gives a universal bound that does not rely on details of UV completion, the obtained bound is trivialized
in spacetime four dimensions due to a logarithmic IR divergence. On the other hand, the one proposed in [52]
uses the sum rule of gravitational Regge amplitudes to give a bound on the parameter space (M, o). While this
approach assumes Reggeization of gravitational amplitudes, it is applicable even in spacetime four dimensions.
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where m denotes the threshold energy, i.e., the energy of the lightest intermediate state. For
tree-level amplitudes, this scale is essentially the mass of the lightest higher-spin particle (spin
2 or higher). For loop amplitudes, this corresponds to the lowest energy of the intermediate
multi-particle states. Note that this bound is a necessary condition for the effective theory
to have a standard UV completion, rather than a sufficient condition. Therefore, it is still a
nontrivial question if there exists a consistent quantum gravity theory that accommodates a
negative B(A),” more specifically that with 0 = —1 and M ~ Miight- Further studies in this

direction are encouraged for phenomenological applications of the gravitational positivity.

5.2.1 Recipe for gravitational positivity

We are now ready to discuss procedures to derive gravitational positivity bounds for EFTs. The
gravitational positivity bound is an inequality for the quantity B(A). When we wish to apply the
gravitational positivity bound, we run into one practical problem which is already mentioned:
we can almost never compute an exact scattering amplitude M(s,t) in an EFT. In fact, if we
know the exact expression for M(s,t), we can analytically continue the expression to the whole
complex plane, and we have effectively solved for the quantum gravity already. The best we can
do is to compute an approximate expression Mig(s,t) for M(s,t), by including only a finite
number of parameters out of an infinite number of higher-dimensional operators. The differences
between the two are small in the regions of the validity of EFT (at scales A < Ayy). Hence,
the computation of the approrimate amplitude Mg is sufficient for evaluating the quantity
B(A) which only requires information below A. In the following, we will discuss EFT scattering
amplitude Mg and explain a practical way to calculate B(A) from the EFT amplitude Mg:
for notational simplicity we will simply denote this approximate amplitude as M in the rest of
this thesis.

We provide a step-by-step procedure for deriving the gravitational positivity bound. The

basic task is simple: we need to evaluate B (A) :

4 N ImM(s,t =0
B(A) = as — —/ ds g . )3, (5.2.8)
T m, (S —my - mB)
where myy, is the threshold energy, i.e., the mass of the lightest intermediate state.
Step 1: Calculate M(s,t)
We compute the 2 — 2 scattering amplitude M(s,t) up to order O (MFTIQ):
M<57 t) = Mnon—grav(sa t) + Mgrav(57 t) + . (529>
o(Mp,) OMy?) Oy
"To our best knowledge, there is no known tree-level string amplitude that accommodates ¢ = —1, even
though o = —1 is not prohibited by the consistency of scalar scattering alone. It would be interesting to clarify

in what class of quantum gravity theories (if exist) 0 = —1 can be realized.
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Here Mon-grav (s, t) is the contribution from diagrams with no graviton exchange, while M4y (s, t)

is the contribution from diagrams with one graviton exchange and is of the order O (MPTIQ). The
remaining terms are the order of O (M}Tfl) and are neglected in the rest of the analysis.

Step 2: Calculate Byon-grav (A)

We compute the non-gravitational contribution Byon-grav(A) to B(A):

4 A In’l~/\/lnon— rav<57t == O)
Bnonfgrav(A) ‘= G2 non—grav — ;/ ds 5 5

3
m, (S — My — mB)

(5.2.10)

Y

In the following chapters, we consider cases where theories of our interest is UV complete
and therefore renormalizable in the gravity decoupling limit Mp; — oo. In such cases, Myon-grav;
which is O (M) part of the amplitude, satisfies the analyticity and the s*-boundedness when
the expression is analytically continued throughout the complex plane, even outside the regions
of validity of the EFT. The non-gravitational part then satisfies the twice-subtracted dispersion

relation, giving a formula

Bnon—grav (A) =~ — dS

4 /oo Im Mnon-grav(57t = O) ] (5211)
T JA2 (S - m124 - mZB)3

Therefore, Bpon-grav(/A) can be represented using Myongrav (s, = 0) at large s region although it
is defined in low-energy regime. This formula is practically useful since we only need to compute

the imaginary part of the forward amplitude.

Step 3: Calculate Bgyay (A)

We next compute the gravitational contribution Bgay (A) to B(A). While this contains many
different Feynman diagrams in general, we will argue in Appendix B that it is enough to consider
the contribution from ¢-channel graviton exchange diagrams. In this case, the integral part of
(5.2.2) is absent for this contribution because Mgray t-channel(S,t) does not have the s-channel
or u-channel discontinuity at the non-gravitational one-loop order. Therefore the gravitational

part of B (A) is simplified to ay defined in (5.2.1), evaluated for the gravity t-channel amplitude:

92 M (s,0) 2
. . grav,t-channel \ 95
Bgrav (A) = Q2 grav,t-channel = thm +

5.2.12
——0 0s2 Mzt ( )

—2 2
s=mj+mp

Step 4: Write down the inequality for total B(A)

The constraints on EFT are obtained as the inequality (5.2.6) for the combined expression
B(A) = Buon-grav(A)+Bgray(A). There are three interpretations of this inequality, as we discussed
in Sec. 5.2.

The explicit calculation shows that the gravitational contribution Bgay(A) is negative. Con-

sequently, (5.2.6) with o = 0 becomes
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B(A) = Bnon—graV(A) - |BgraV(A)| > 0. (5213>

This implies that, when interpreted as quantum gravity constraints on the EF'T parameter space
under the assumption o = 0, the gravitational positivity bounds require the non-gravitational
contribution to exceed the gravitational one.

Let us conclude this chapter by reviewing previous research. The concept of the positivity
bound was first introduced in [3], where it was argued that parameters of EFTs are tied to the
causality of the theory, and how to use analyticity and unitarity to derive constraints on these
parameters. It was further proposed that applying positivity bounds to theories that include
gravity provides non-trivial implications for the quantum nature of gravity [14,15]. In these
works, the authors considered photon-photon scattering in a EFT that includes only massless
particles: photons and gravitons. The operators relevant to scattering are determined by the
lightest charged particle with mass m and charge e in the spectrum of the full theory, which is
integrated out to construct an effective theory involving photons and gravitons. The positivity
bounds impose constraints on these operators, provided the t-channel pole is subtracted. This
analysis leads to the bound:

o

Se. 5.2.14
TS (5:2.14)

Interestingly, this bound, known as the weak gravity conjecture, can also be derived from other
considerations, such as black hole physics and string theory. It is widely regarded as a nontrivial
constraints arising from the consistency of quantum gravity.

As reviewed in this section, the authors of [16] argue that Regge behavior is a plausible
mechanism to subtract the t-channel pole. In [47], this technique is applied to photon-photon
scattering within quantum electrodynamics (QED) coupled to gravity, where the charged matter
is explicitly included compared to the setup of [14,15]. Because QED is UV complete (except
for the Landau pole issue), the improved version of positivity bound can be used. Consequently,
the authors obtain an upper bound on the EFT cutoff given by A < /emMp ~ 103GeV. In the
last equality, the mass and charge are identified with those of the electron. In [48], the authors
analyze photon-photon scattering within the Standard Model matter content, and obtain a
bound of A < 10'%GeV. Then, it is argued that the Standard Model is consistent with (5.2.6)
with 0 = 0. In [46], the gravitational positivity bound is evaluated in the context of scalar field
theory and its implications for inflation models are investigated.

These studies demonstrate that nontrivial bounds can be placed on the cutoff A of given
theories assuming ¢ = 0 in (5.2.6). From the perspective of Interpretation 3, however, positivity
bounds (5.2.6) do not provide possible method to assess the UV parameters (M, o) based on

IR observables, because very large values of A is still possible even if ¢ = 0. In the following
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chapters, we will see that the situation changes when the dark sector is taken into account.



Chapter 6

Positivity bounds on dark photon-dark
photon scattering

A gauge interaction is one of the cornerstones of the quantum field theory. Gauge symmetries
and their breakings are one of the most crucial ingredients of the Standard Model, and many
BSM models also introduce new gauge symmetries. In particular, a light gauge boson is one of
the candidates for dark matter [29,33,55].

In this chapter, we work out the details of the gravitational positivity recipe for the dark
U(1) gauge boson. Here we study the Abelian Higgs mechanism of the simplest gauge theory,
the U(1) theory. Firstly, we discuss practical recipe to derive gravitational positivity on dark
U(1) gauge boson. We discuss theoretical constraints obtained by step-by-step computations

spelled out in the previous section.

6.1 Recipe for gravitational positivity on dark U(1) gauge
boson

6.1.1 Kinematics

In this chapter, we consider a 2 — 2 scattering process of the gauge bosons VV — VV. The
mass of the gauge boson is my . Firstly, we prepare a two-particle initial state |p1, p2), where p;
and py are momenta of incident particles. These particles scatter off each other and evolve to a

final state |ps, ps). Mandelstam invariants for this process are defined as

s:=(p1+p2)° =4 (m¥ + |p?), (6.1.1)
t:=(p1 — ps)” = =2|p*(1 — cos ), (6.1.2)
w:= (py — ps)* = =2|p)*(1 + cos b), (6.1.3)

where p'is the momentum of particle 1 in the center-of-momentum(COM) frame. Using Man-

delstam variables, the scattering angle in the COM frame cos 6 = p; - ps/|p1||ps| can be written

57
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as

2t
cost) =1+ ———-. (6.1.4)
s —4my,

There is a relation between the Mandelstam variables:

s+t4u=4ms. (6.1.5)

6.1.2 Generalizations for realistic theories

When one tries to apply the gravitational positivity bounds (5.1.15) to realistic phenomenologi-
cal models, the basic idea is the same as in the case of scalar scatterings of the previous section.
However, one encounters several new subtleties to be carefully addressed, which we list in the

following.

Spin. The positivity bound can be extended to a scattering of particles with spin, see [4,
5.1 There are extra technical complications, however, and here we highlight the issue of the
kinematic singularity, which is relevant for our discussion of gauge bosons in Sec. 6.1.

Let us consider the two-to-two scattering amplitudes of massive spin-1 particles with mass
my. The kinematic singularity refers to the singularity of a scattering amplitude M, which
arises from the pole at s = 4m?, in the (6.1.4), which is contained in the polarization tensor.
The kinematic singularity disappears in the forward limit ¢ — 0 if the scattering amplitude
does not contain the massless t-pole. However, in our setup, the kinematic singularity appears
from t-channel graviton exchange diagrams. We can deal with this singularity by defining a

kinematic singularity-free amplitude to be [5] (see also [57,58]):2

M(s,t) = > (s— 4771%,)2 M(s,t) . (6.1.6)
We can then derive the positivity bound by essentially the same arguments, as long as we replace
the amplitude M by M. In practice, this is the same as ignoring the contribution of kinematic

singularity to the ¢-channel graviton exchange diagrams.

Massless particles. The general properties of the scattering amplitudes have been established
only in gapped systems, and not when massless particles are present. Even worse, the traditional
non-perturbative S-matrix does not exist for massless particles, due to the issue of the IR
divergence. To avoid this IR issue, we estimate the contributions from IR divergent diagrams

to the positivity bounds by introducing an IR cutoff in Appendix B. We find that they will be

IFor this purpose, it is useful to diagonalize the crossing relation using the transversity formalism of [56]. For
the use of this formalism in the context of positivity bounds, see [5].
2Although the s? factor is not necessary to cancel the kinematic singularity, it simplifies the subsequent

expressions by retaining s <+ u crossing symmetry in ¢t — 0 limit.
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subdominant, and hence we expect that the subtleties associated with the IR divergence will
not affect our main conclusion. However, this may not be the case in other models, in which

case an appropriate prescription for massless particles is required to derive the bounds.

Unstable particles. If a particle has a decay channel, such an unstable particle does not
appear in the asymptotic states and the standard scattering amplitudes cease to exist for the
particle [59]. However, unstable-particle scattering amplitudes can be unambiguously defined
by residues of higher-point amplitudes (see e.g. [60]) and their properties can be studied in the
S-matrix theory.® Unitarity of the S-matrix leads to certain constraints on the unstable-particle
scattering amplitudes, and in particular, there exists a positivity constraint on the imaginary
part [61], suggesting the existence of positivity bounds even from scattering of unstable particles.
In the present paper, however, we will only focus on the scattering of stable particles and leave

a precise treatment of unstable particles for a future study.

Anomalous threshold singularities. Even for stable particles, the analytic structure of
a scattering of a heavier particle is not as simple as that of a lighter particle. It is known
that the scattering of the heavier particle can have a new singularity called an anomalous
threshold, whose existence does not immediately follow from unitarity. While general knowledge
of anomalous threshold is still missing to the best of our knowledge (see [62,63] for recent
discussions), we expect that the anomalous thresholds appear only in the IR regime, i.e., they
are detectable and controlled within EFT at least when the heavy particle is stable. If this is
indeed the case, the anomalous thresholds will give additional technical complications but will
not spoil the success of positivity bounds, as long as these thresholds are taken into account in

the derivation of the dispersion relations.

Recipe for gravitational positivity on dark U(1) gauge boson. We are now ready
to discuss practical recipes for deriving gravitational positivity bounds for EFTs. Instead of
making the presentation fully general, we focus on the case of 2 — 2 scattering VV — V'V of
spin 1 particle V' with mass my,. This will be the case relevant for this section.

We consider the scattering amplitude of the massive gauge bosons V'V — VV. We choose
the coordinate system where the scattering occurs in the z-x plane. Then, we can take the

momentum of the gauge boson as

E

P = m%mg , (6.1.7)

|p] cos 0

3There are still IR divergences, which need to be addressed separately.
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where E = \/m?, + | ﬂ2 is the energy of the gauge boson. For this p*, the transverse polarization

vector is defined as

0
1 cos 6
me_
el = 7 4 , (6.1.8)
—sin6

and the longitudinal polarization vector is defined as

1Pl

1 Esin®
W= 1.
gL my O (6 9)
FEcosf

Corresponding to polarizations of the gauge boson, we define the following combinations of

helicity amplitudes. For the scattering of transverse modes,

Mor(s,t) ::}l [/\7 (172+3%47) + M (17273%47) + M (17273747) + M (1—2+3—4+)} ,
(6.1.10)

where superscripts + denote helicities and M is the kinematic singularity-free amplitude defined

in (6.1.6). For the scattering of the transverse mode and the longitudinal mode,
Moy (s,t) = é [/\7(1+2L3+4L) + /\7(1*2L3*4L)} , (6.1.11)
where superscripts L denote longitudinal polarizations. For the scattering of longitudinal modes,
Mip(s,t) == M (172F3F4%) (6.1.12)

These amplitudes are defined such that they exhibit s > u symmetry (up to subtleties associated
with the kinematical singularity discussed around (6.1.6), which are not relevant to the following
discussion).

We need to evaluate the cutoff-dependent quantity B(A) defined by a spin-1 generalization
of (5.2.3):

B(A) :==ay — — d

4 Y ImM(s,t=0
/ 5 I M(s, - ) (6.1.13)
g m, (5 - Qm%/)

where myy, is the threshold energy, i.e., the mass of the lightest intermediate state, and as is
basically defined as in (5.2.1), but with gravitational corrections included (as we will soon see
in (6.1.17)).

Because of the use of M , the definition of Byon_grav(A) changes as well:

4 A% I Nnon— rav t=0
Bnon—grav(A) ‘= A2 non—grav — ;/ ds mM £ (8’7 ) . (6114)

m, (S - Qm%/)
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When the EFT of interest is renormalizable in the gravity decoupling limit Mp, — oo,

Bhon—grav have the expression

Bnon—grav (A) = - ds

, 6.1.15
e T s amiy (o119

4 /°° Im Myon-grav (s, £ = 0)

from the same discussion of the previous chapter. Further simplification comes in the limit

A>>mvi

4 > I non-grav (S, t = 0
Bron-grav(A) =~ —/ ds M Muon-grav (5 ) )

™

6.1.16
v T oy (0410

In other words, in this limit, we can in practice neglect the subtleties associated with the
use of the kinematic-singularity-free amplitude M , and use the original amplitude M for the
evaluation of Byon-grav(/A) in (6.1.16) (which coincides (5.1.14) with n = 1 and my4 = mp = my).

The expression of the gravitational contribution By (A) also modified to

2 66 M, rav,t-channe t 2
lim [— Maravt-chamnal($, ) ] . (6.1.17)
s=2m?

B A) ~ as channel i=
grav( ) ,grav,t-channe Py 6' 886 Mglt

For A > my, this expression is further simplifies to

B (A) ~ lim 82Mgrav,t—channel(5, t) 2
grav ~

S 952 + M — (kinematic singularity)} . (6.1.18)

9.2
s=2mj,

6.1.3 Graviton propagator

The gravitational part of the positivity bound Bygy (A) is obtained from graviton exchange
diagrams (See figure 6.1b). In this section, we briefly review the derivation of the graviton
propagator.

The graviton propagator can be obtained by expanding the metric in the Einstein-Hilbert
term MTEI\/—_gR around the flat metric n* = diag(1, —1,—1, —1) as

9
wo_ v 2 pav, 6.1.19
g 7 o ( )

There are gauge degrees of freedom in the metric, which are infinitesimal version of the general

coordinate transformations:

Gy = G + 0u& + 00y, (6.1.20)
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where ¢ is an arbitrary vector field. We need to fix the gauge to calculate the graviton propa-

gator. We use the harmonic gauge defined as

1
W, = 50 h, =0, (6.1.21)

where b = n*"h,,,. Then, expanding the Einstein-Hilbert term up to the quadratic order in A,

we obtain graviton kinetic term as

1 1
Ly = §huv (77“’”77”" — én“”np”) *hpo. (6.1.22)

Then, the propagator of the graviton is given by

. { I/O’+ ollvp — vlipo
iDy () — (Mol m;;?p My Tlpe). (6.1.23)

where p is the momentum of the graviton.

6.2 Higgs contribution

In the Higgs mechanism, the gauge boson gets a mass when a charged scalar field ¢ gets a
non-zero vacuum expectation value (VEV) v. The renormalizable Lagrangian of the Higgs

mechanism to generate a mass for a U(1) gauge boson is

L_—?%pW+w@P—%@P—#ﬂ (6.2.1)
where F,, = 9,V, — 0,V is the field strength, D, = 0, —igsV), is the covariant derivative, g is
a charge of ® and A > 0. After ® = v+ ¢/+/2+iG develops the VEV, the Goldstone component
G is absorbed into the longitudinal component of the gauge boson. There are a massive gauge
boson V' and a real scalar ¢ after the gauge symmetry breaking, and the gauge boson gets a
mass my = v/2¢ev and a real scalar ¢ has a mass Mg = v Av. The interaction of the Higgs and

gauge bosons are given by

v
2v/2

The gravitational interaction can be found by expanding the Lagrangian (6.2.1) in terms of the

L3> (%& + gq,mv¢) VIV, — A ( ¢° + 1—16¢4) : (6.2.2)

canonical gravitational field h,, as

]’LMVTIJ‘V _92 2 (9( \Y _g‘c)
— 4+ O(My"); TH =— ) 6.2.3
Ao (Mpy") =5 Ogm (6.2.3)

The Higgs-gauge boson interaction (6.2.2) does not make the gauge boson V' unstable since it

»Cgrav - -

has a Zs symmetry V < —V.
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(a) Non-gravitational Feynman diagrams.

el 4
¢\\ //
h
1% vV v

(b) t-channel graviton exchange diagrams.

Figure 6.1: Some examples of the Higgs loop contribution to B(A).

6.2.1 Calculation of B(A)

We calculate B (A) at the one-loop order using the recipe described in Sec. 6.1. In Figs. 6.1a and
6.1b, we show some examples of the gravitational and non-gravitational processes. The one-loop
diagrams are calculated by using the Mathematica packages FeynRules [64—66], FeynArts [67],
FeynCalc [68-70] and Package-X [71].

Non-gravitational contributions

Fig.6.1a show some examples of the non-gravitational Feynman diagrams involving the Higgs
boson ¢. From these (and other) diagrams we evaluate the non-gravitational part of B(A) to
be

g4 [m;ﬁ(u log () + 1) + m2m% (12 log (Amﬂ) — 27) + 24m?,
¢

4
BIT 9o +

- 2.4
non-grav = 172 A7 1872A5m?2 T (6.2.4)
AT g . 95 [—3 (m‘; - 2m¢m%/> *log (M45Y) + 17Tmgm3, — 20m3my, — 8mf + 12m§5,] .

non-grav = or2 A4 9m2ASmZm3, ’

(6.2.5)
4 2.2 my, 2,2 4 4
4 'S (4m¢mv log <ﬁ> — 8mgmy, + dmy, + 6mv)

27—, B T (6.2.6)

non-grav = T332 ST AT,

Here - - - represents contributions suppressed by higher powers of A, which scale is assumed to be
much greater than m, and my. We have also numerically estimated the two-loop contributions
and confirm that these effects are smaller than the one-loop contributions in the parameter

region of present interest.
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Gravitational contributions

As the next step, we compute the one-loop diagrams of the gravitational contributions (Fig. 6.1b):

BT _ 9% (@) , (6.2.7)

s = T2 g T g
T 6.2.8
B = 14472 mVM2 I g ) (6.28)
my
T S (.4 6.2.9
sy = Tomim2 M2\ my, ) (6.2.9)
where the functions grrrr, 11, are given by
2
) = Sy
x [— 6 (22° — 1) (4" — 522 + 1) log(z) + (2002° — 34625 + 2302* — 632° + 6)
6y L — 4 (42" — 322% + 522° — 352" + 102% — 1) zlog L VR (6.2.10)
x2 2 x2 x ’ -
~1
gr(z) = m

[1 1 1 1
x |64/ — — 4z (512® 4 2 (82° — 922" 4+ 1472® — 93) 2* —5)log | = [/ = — 4+ =
x? 2 x? x

+ (42® — 1) (—3442% + 4162° — 2012" + 302 + 6 (322° — 1282° + 1142 — 412> + 5) log(x )% 2.11)

19 2
— 24426 + 26833 12830218 O (2t=torss — 9 (L - 2)"10g (3 (/2 -4+ 1))

grr(r) =

—42% 4+ 202* — 1322 1
N 6 (—4a% + 20z - 3z? + 3) og(w). (6.2.12)
We plot the functions grrrr rr in Fig. 6.2. These functions are real and positive for any real
values of my and my, and we find that the gravitational contributions from the Higgs to B(A)
are negative.

In the limit of my /mg — 0 and — oo, the above expressions reduce to

( 2
9%
- (my/mg — 0),
prr _ ) Mg v
= 2 (6.2.13)
[
- —
L 247Tme¢Mlgl (mV/m¢ OO) ’
(o (my fmeg — 0)
—————— my /mg — 0),
1447w2m2 M2
B v (6.2.14)
9o
— my /Mmgy — 00),
\ 247vam¢M};2)l ( V/ ¢ )
(s (my fmg — 0)
—_—— —
79m2m2, M2 my [Me )
BLL — TR (6.2.15)
99
— m my — OQ).
L 24mmymg M3, (my /ms )
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Figure 6.2: The functions grr 7 r(z). These functions are real and positive for z > 0 and
therefore the gravitational contributions are negative for all the masses of the Higgs boson and
the gauge boson.
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Figure 6.3: The fermion loop contributions to B.

6.3 Fermion contribution

Next, let us introduce a dark U(1) charged Dirac fermion v as a matter field, whose interaction

is given by
Ly =D —mp) (6.3.1)

where D, = 0, — igpV), is the covariant derivative. Note that this interaction can destabilize
the gauge boson, by allowing V — 1 decay if my > 2mp and decay into gravitons.

If the mass of the charged particles is large (mpg > A), these charged particles are integrated
out in the EFT and yield higher-derivative corrections to the EFT action. These effects to B(A)
can be estimated as O(gr/m%) and we can ignore them compared to contributions (6.2.4) from

the Higgs field. Hence, our interest is the charged particle within the regime of EFT (mp < A).

6.3.1 Calculation of B(A)

We calculate the contributions of fermion-loop diagrams to B(A) for the dark photon scattering

amplitudes at one-loop order.
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Non-gravitational contributions

The diagram for a non-gravitational fermion loop is shown in Fig. 6.3a. The one-loop contribu-

tions are given by

g <2log 2+ 1)

" .
Bnon—grav,F - A2 \4 + (632)
4g3m?
TL _ F''v
Bnon—grav,F - 372A6 T (633)
4,4 A2
grmy <4 log =5 — 7)
LL
Bnon—grav,F - 7T2A8 = + - (634)

for A > my . These contributions of LL and T'L vanish in the limit my /A — 0. Recall that
Bion-grav 15 determined by the high-energy limit of the forward limit amplitude thanks to the
dispersion relation. The behaviors BLl ... r» Bakgayv.r — 0 s my /A — 0 can be understood
by the decoupling of the longitudinal sector in the high-energy limit, which will be discussed in
7.4.4. The contributions of the charged particles to Bgoﬁ_grav and Béﬁl_gra‘, can be ignored in the

We thus focus on the T'T scattering. The charged spin-1/2 loops give positive contributions

T

4 4 . .
non-grav.# ~ 9/ A%, which is of the same order

to the non-gravitational diagram of the order B
as the Higgs counterpart (6.2.4). Therefore, the inclusion of charged spin-1/2 particles does
not drastically change the non-gravitational part. We reach a similar conclusion even in the
presence of charged spin-0 particles [47].

In contrast, as discussed in the next chapter, charged spin-1 loops with the mass mgpin.1 and
the charge ggin lead to a different asymptotic behavior BLl ... ~ 941/ (mZaA?) which
dominates over other contributions in the limit A > mgyn1. One may then wonder about
contributions from higher-spin particles. The scaling in A is determined by the high-energy

behavior of the imaginary part of the amplitude in the forward limit, i.e., the total cross-

2
spin-1

section. Roughly, spin-0, 1/2 loops give Im M o s° while spin-1 loops yield Im M o s/m.
in high-energy limit. The faster growth in s provides a larger contribution to Bon-grav(A)-
However, the asymptotic growth of the cross-section in s is bounded by the Froissart bound [34]
as InM < sln®s in gapped theories, implying that the spin-1 contribution almost saturates
the bound. Higher-spin particles, if they are described by gapped theories like QCD, may not
give drastically different contributions compared to spin-1 particles. For instance, in the case
of light-by-light scattering, the hadronic contribution can be estimated as Im M oc s by
employing the vector meson dominance model [72,73].

In short, if a charged spin-1 or higher-spin particle appears at m, the non-gravitational

contribution BL[ ... needs to be modified in A > m. By contrast, spin-0 or spin-1/2 particles
T

non-gray 1S the same.

give additional contributions but the qualitative behavior of B
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Figure 6.4: The functions grr p(x) (red), grr r(x) (green) and gz p(x) (blue). The solid and
dashed lines represent the real and imaginary parts, respectively.

Gravitational contributions

Next, we discuss the gravitational parts (Fig. 6.3b), which are given by

11¢2 my
Bt =-____—JF — 6.3.5
grav,F’ 36O7T2M1%1m%-‘ gTTyF (mF> ) ( )
11¢2 my
Brr —____—JF — 6.3.6
grav,F 72O7T2M1;2,1m%; grL,r <mF) ) ( )
2 2
BLL = IFTV s 6.3.7
wavl = 002 2mt T \ iy ) (6:3.7)

where
60 (2% — 8) (22 — 2)log (32 (V2% —4 — z) + 1) — 20222 — 4 (22" — 1127 + 24)
gTT,F(JC) = 3/2 )
112° (22 — 4)
(6.3.8)
60 (2% — 222% + 56) log (37 (Va2 —4 —2) + 1) — 200v/a2? — 4 (2* — 1927 + 84)
grr.r(x) = 3/2 )
1125 (22 — 4)
(6.3.9)
70 ((120 — 362%) log (32 (Va? —4 — z) + 1) + 22?2 — 4 (2* + 82% — 60))
QLL,F(-TC) = 3/2 .
327 (22 — 4)
(6.3.10)
We plot the functions gap r(z) (A, B =1T,L) in Fig. 6.4.
Let us first discuss the limit my — 0, which yields
11¢2
Bl p=——r-t— 6.3.11
vt 360m2M2am3, ( )
11g%
BT = I (6.3.12)

grav,FF — oNf2.,..2
72072 Mgmy
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2

2
2 3A R — L — 6.3.13
vl 42072 M2m, ( )

If the Higgs and the gauge boson are lighter than the charged particles (mg4, my < mp), we can
neglect these contributions to the gravitational process Bgyay in comparison to the contributions
of the gauge boson sector. Note that the LL part has an additional suppression m?, /m3 because
the longitudinal mode should decouple from the charged particle in the limit my — 0. However,
since the longitudinal mode does not decouple from gravity, the T'L mode does not have such a
suppression factor in the diagram where the longitudinal mode attaches to the graviton line.
By contrast, a peculiar behavior appears in a heavy mass range of the gauge boson. The
functions gap r are singular at my = 2mp and become complex numbers in my > 2mp. The
threshold my = 2mp corresponds to the value at which the decay of the gauge boson to the
charged particles starts to be kinematically allowed. The singularity at my = 2mp is understood
as an anomalous threshold. Let us consider the triangle diagram of Fig. 6.3b, which gives rise to
the gravitational form factor of the gauge boson. The triangle diagram has a normal threshold
at t = 4m%. In addition, the anomalous threshold comes up on the first sheet of the complex

t-plane in my > v/2myp and the position of the singularity is at

m2
t=—4(4dmy —my). (6.3.14)

My
Therefore, the form factor at ¢ = 0 is singular when my = 2mp, generating the singularity of
Bé‘}va In Fig. 6.4, we have plotted the functions in the unstable range my > 2mp as well.

Recall that B(A) has to be real according to the dispersion relation (5.2.3) if all the mentioned
properties are satisfied. This implies that at least one of the properties does not hold when the
gauge boson decays. In fact, amplitudes exhibit peculiar behaviors if the mass of the external
particle is extrapolated to the unstable region [61,62]. The conventional positivity bounds need
to be modified for unstable particles.

We expect that the subtleties associated with the decay are negligible if the particle is long-
lived (gr < 1). In other words, although the fermion contribution to By (A) is quite subtle in
the mass range my > 2mp, this subtle contribution can be smaller than the contribution from
the Higgs sector and could be simply negligible. In the following, we shall adopt this optimistic
expectation when discussing models in which the gauge boson decays into other particles. The

issue of unstable particles will be studied elsewhere.

6.4 Constraint on dark gauge boson

In Table 6.1, we summarize our estimation of B(A) for a light gauge boson. We apply the
gravitational positivity bound (5.2.6) to these amplitudes:

g

B(A> = Bnonfgrav(A> + Bgrav(A) > W .
Pl

(6.4.1)
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Table 6.1: Summary of the gravitational and non-gravitational contributions to B for my <
me.r < A and me </ Amv.

Higgs loop Fermion loop
Bnon—grav Bgrav Bnon—grav Bgrav
4 A2
4 2 2log =5 1) 2
T 9o _ 9o Ir ( 8z T . llgg
A2 A4 7272 Mgm} 42 \4 36072 MAm3
1 2 1,72 2
T 9 _ 9 4gpmy _ lgg
2m2 A4 14472 M2 m?, 3m2A\6 720m2 MEm3
4,4 A2
4 2 ms3 | 4log 25 — 7) 2, 2
I 9o _ 9o Irmy ( &y _ ggpmy
w2A\2m?, 7272 MAm?, m2A\8 42072 M3 m3,
100 g 101
10° ; 77777777777777777777777 -
107° b = fo 1
me/my 100 E
1 10 1073 = r
&10710 ¢ LL e <
S — g
T mmm e 107° k& -
t BY >0 RN 1
10715 L | E
o - __-_---___ g 10710 3 -
10-20 T T B R0 RV I RTY RRRTITY MY 10-15 "
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my [eV] my[eV]
(a) (b)

Figure 6.5: The constraints on the dark gauge boson parameters in the Higgs mechanism. (a):
Lower limit of g¢ as a function of my,. The positivity bound is satisfied in the region above the
lines. (b): Contour of the lower bound of go on my —my plane from the positivity bound. The
dashed lines indicate the Higgs quartic coupling is large A > m. We choose A = 1 TeV in both
figures.

For simplicity of the presentation, in the following, we will discuss the constraints on the
dark gauge boson parameters for ¢ = 0 with a fixed value of A (Interpretation 1 in Sec. 5.2).
One should recall, however, that the actual bound is (6.4.1). The bound becomes stronger for

o = +1 and weaker for ¢ = —1.

Abelian Higgs without matter fields

Let us first look at the case where there is no matter field and only gauge and Higgs fields exist.

For a very light gauge boson my < my r < A and mg < +/Amy, the following conditions can

be obtained from each helicity

A2
BI?OJ;— rav + B:,;zj;v Z O — m 2 = (642)
¢ ¢ ’ 3v/2ge Mp)
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Figure 6.6: The constraints on the dark gauge boson parameters for the Stiickelberg U(1) gauge
theory with a fermion field. The positivity bound is satisfied in the region above the lines. We
choose A =1 TeV.

AQ
BIL 4+ BL >0 — my>———, 6.4.3
non-grav grav — vV = 6\/§g<1>MP1 ( )
A
B 4+ BLL >0 — > 6.4.4
non-grav grav = 9o = 6 \/§ Mop, ( )

In Fig.6.5, we show the positivity conditions. Note that the higher terms of A for the non-
gravitational contributions can be dominant if my = /myA or my < mi /A.
Stiickelberg gauge boson with matter field

Next, let us discuss the case where the Higgs field ¢ is absent in the EFT, as in the case of the
Stiickelberg mechanism. We find

A2
ng;l—grav + ng;;gv >0 — gF Z 0.2 ; s (645)
mpMpy/log(Amz")
Bgolrll—grav + Bg;gv > 0 — My Z O]-A—3 ) (646)
grmpMp)
A4
B e + BEE 20— my 2 0.02 : (6.4.7)

grm%Mp log(Am}l)

In Fig. 6.6, we show the positivity conditions on my — gr plane. Note that for my > 2mp,
delicate arguments are required and the positivity conditions used previously cannot be applied
as they are.

More generally, it is possible to incorporate both Higgs and fermions. The helicity config-
urations involving longitudinal modes provide stronger constraints. As discussed earlier, the
Higgs contribution is dominant when go ~ gr and my < mg p, in which case the positivity

conditions will be similar to those of the Higgs scenarios.
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Comparison with other swampland constraints for Stiickelberg gauge
bosons

Let us compare our swampland constraints with another swampland constraint on the gauge
boson mass [74] (see also [75]) motivated by the swampland distance conjecture [76]. This bound

states that the UV cutoff Ayy of an EFT with a gauge boson should obey
Avy S min((my Mpy/g)"/?, g"* Mp) (6.4.8)

where (as before) my is the gauge boson mass and g is the gauge coupling constant. In Fig. 6.7

we compare our bounds and the bound (6.4.8) for sample values of parameters.

T Ty Ty T Ty Ty Ty Ty

100 & 100 E E
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105 ;X .
R\‘xionic WaC AN
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-0 p A 1010 L N oy
7N o ? 1 P

&
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'

w0 g \ T S ]

A=10mp =1 TeV

" WGC "
1072 L \ E 107 ¢ 1 GeV
my =014
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(a) Light fermion (b) Heavy fermion

Figure 6.7: Comparison between the swampland constraints for Stiickelberg gauge bosons, the
gravitational positivity bound (in red) and other swampland bounds (6.4.8) (in blue) and the
weak gravity conjectures (in green). We take the cutoff scale A is 1 GeV (dotted lines), 1 TeV
(solid lines) and 1 PeV (dashed lines). (a): Light fermion case mr = my and (b): Heavy
fermion case mp = 0.1A. In this plot, the lines are chopped in the parameter space where
my > 0.1A.

One can see in Fig. 6.7 that overall our bound is stronger than the bound (6.4.8). Let us
quickly point out, however, that the two bounds are derived under a different set of assump-
tions/arguments, and one needs to be careful in any meaningful comparison.

The gravitational positivity bound is derived by general properties of Reggeized scattering
amplitudes of a weakly-coupled UV theory. The assumptions are believed to be standard, but
the bound has some ambiguities due to the unknown UV mass scale/sign (M, o) in (5.2.5). By
contrast, the bound (6.4.8) is derived from a set of swampland conjectures. The (my Mp;/g)'/?
bound in (6.4.8) is derived by noting that the Stiickelberg mass is obtained when the gauge
boson eats a fundamental axion, for which we can apply an axionic version [74,75] of the
weak gravity conjecture [77]; the g'/®Mp; bound in (6.4.8) is derived from a combination of

the (sub)lattice/tower weak gravity conjecture [78,79] (see also [50,80]) and the species bound
81-83].
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Figure 6.8: Implication to the U(1)g_j, gauge boson from the gravitational positivity bound
with ¢ = 0. Here we adopt A = 1 GeV. The positivity constraint excludes the parameter region
below the black lines. The dotted lines indicate that the gauge boson mass is greater than
neutrino masses and our analysis cannot be directly applied. We also show several experimental
constraints from the fifth force searches [84-92], stellar cooling [93], cosmological constraints on
the neutrino properties [94,95], and XENONnT constraint on the e — v scattering [96,97]. We
assume that right-handed neutrinos are heavy and not relevant to the constraints.

Let us also note that our bound applies to gauge boson masses both in the Higgs mechanism
and the Stiickelberg mechanism, while the bound (6.4.8) applies only to those in the Stiickelberg
mechanism. Our bound is more general in this respect.

In Fig. 6.7 we also plotted the bound from the weak gravity conjecture [77], which requires
an existence of a particle with charge ¢ and mass m such that v/2¢ > m/Mpy.

6.5 Comparison with observational constraints

The dark U(1) gauge sectors discussed so far are theoretical constructs. However, any new
physics describing our universe must necessarily coexist with the Standard Model. Since some
important subtleties arise at this point, we will first briefly discuss them and then discuss the
specific model (B—L gauge model) as a possible application of the gravitational positivity.

If we apply the discussion of gravitational positivity bounds to, for example, the scattering
of photons and dark gauge bosons, the dark sector necessarily has interactions beyond those
described by the Standard Model and gravity as discussed in next chapter. In general, these
interactions allow the dark gauge boson to decay into photons and SM fermions and also decay
into gravitons.

In this case, the dark gauge boson has a finite decay width, and hence care must be taken
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when applying the positivity constraint. Despite those caveats, the decay rate of light and weakly
interacting gauge bosons is extremely small, and we expect no major practical problems.

As an example, we consider the U(1)g_1, extension of the Standard Model. We assume the
gauge charge of the B—L breaking Higgs is the same as that of the SM leptons. In Fig. 6.8, we
show the positivity bound (6.4.1) on the U(1)g_r, model and current experimental constraints.
Here we take 0 = 0 and A = 1 GeV. In this plot, we assume that the B—L Higgs contributions
are dominated over the SM fermions and neglect the SM contributions. The dashed lines in
the figure show the parameter region where the dark gauge boson can decay into neutrinos.
The stringent bound from the positivity constraint comes from TL scattering mode. Note that
the constraint is more severe for the higher cutoff, as seen in the TL constraint (6.4.3). The
gravitational positivity bound requires the larger gauge coupling for smaller masses and has

strong tensions with the experimental searches.
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Chapter 7

Positivity bounds on photon-dark
photon scattering

7.1 Dark photon model

As described in the chapter 3, the dark photon is the gauge boson A* of an extra U(1) symmetry
in the dark sector to which we refer as U(1)q. The kinetic mixing of A, and the ordinary photon
Ay is renormalizable, so that there is no reason to exclude it ' . Indeed, it appears naturally if
there exist heavy fields which are charged under both of the electromagnetic U(1)gy and the
hidden U(1)q4. Also, A, is massive in general. We then consider the massive dark photon model
described by

L= MTglR + Lsm[As) + Lps[Ad], (7.1.1)
where Lgy is the Standard Model Lagrangian and Lpg is the dark sector Lagrangian. We only
denote the U(1) gauge fields dependence explicitly.

In this work, we consider the following form of Lpg:
1 1 €

Lps[Ad] = —Z(Fa,,w)2 — 5771?4,(/1%,1)2 — 5EWE;” + Lym[Ad] - (7.1.2)

where Ly, denotes Lagrangian of matters in the dark sector. We implicitly assume that there

is no light particle which is charged under both U(1)gm and U(1)4 in the given EFT by using

(7.1.1).
In the section 3.1, we see that the kinetic terms of U(1) gauge bosons are diagonalized as
1 7% 1 / nx 1 2 /1\2
Lo = = Fu ™ = 2 F, = §mA’(Au) ) (7.1.3)

in terms of new fields (A, A’) which are defined by

A, - 1/\/1—62 0 A (714)
Ay —e/vVI—& 1)\A)" o
1To be precise, the dark photon kinetically mixes with the hyper-charge gauge boson. In this case, the dark

photon couples to the weak neutral current as well. However, this coupling is suppressed as O (mi, / mQZ) and
irrelevant in the parameter space studied in the present paper.

5
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The rotation (7.1.4) generates tiny couplings between A’ and the Standard Model charged
particles. The interaction term is given by replacing A, of Loy with Ay, = A —€¢/v/1 — €2 A”:

€
V1—¢€2

As apparent from this form, interactions between the dark photon and the Standard Model

ESM |:A - A/:| ~ £SM [A - EA/] . (715)

charged particles are the same form as that of the ordinary photon, and the strength of the
interaction is suppressed by the kinetic mixing parameter e. We will review the explicit form of
the interaction in the next section.

By contrast, interactions between the dark photon and hidden matters Ly,,[A,] do not induce

couplings between A and hidden matters by this rotation, because A, = \/11_714’ . Therefore, we

do not need to specify the matter content in the dark sector to analyze the photon-dark photon

scattering vy — /.

7.2 Explicit form of Lagrangian

In this section, we will see the explicit form of the Lagrangian (7.1.1) considered in this chapter.
As we have seen in the previous section, the dark photon interacts with the Standard Model
particles in the same way as the ordinary photon. Therefore, it is enough to consider the
interaction between the ordinary photon and the Standard Model particles and perform the
substitution A — A — €A’ to analyze the photon-dark photon scattering. We also discuss the

interaction between graviton and other fields.

7.2.1 The Lagrangian of the electroweak sector

In the Standard Model, QCD sector is strongly coupled at low energy. We consider the photon-
dark photon scattering in ¢ — 0 limit to calculate the positivity bounds. However, the QCD
sector is strongly coupled in the t-channel, and the perturbative calculation is not valid. In our
work, we neglect the QCD sector and the estimation including the QCD sector is left for future
work. Therefore, we focus on the electroweak sector Lagrangian Lgw C Ly below.

Among the Lagrangian of the electroweak sector, the relevant terms for the photon-dark

photon scattering are [98]:

1
La=—Fut™ (7.2.2)

1
LwlA] = -3 (0.W,F —W.5) ("W — W) —my, WIW ™ —ied" A" (WIW, — W, W)
—ieA” (-WFo,W ™+ W HO,Wi +Wio'W, — W, 0"W,)
+ e (AW AW, — A AMWIWY) (7.2.3)
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LAl = )" ithy" (9, — ieA,) ¥y — mythpy. (7.2.4)
k=e,pu,7

L 4 is the kinetic term of the electromagnetic field, Ly [A] is the Lagrangian of the W boson,

and L [A] is the Lagrangian of the lepton fields, where [A] denotes the A dependence. e is the

electromagnetic coupling constant, and myy is the mass of the W boson. Z boson and neutrinos

are not relevant to the photon-dark photon scattering. Couplings between leptons and W boson

can also be neglected because they are not relevant too.

7.2.2 The interaction between graviton and other fields

As discussed in the previous chapter, the graviton kinetic term is given by expanding the

Einstein-Hilbert term around the flat metric in the harmonic gauge as

1 1
Ly, = Eh“” (n“”n”” — in“”nf"’) O*Rpers (7.2.5)

and the propagator of the graviton is given by

Dy (p) — - (Moo + m;;mp — allpo) (7.2.6)

Next, let us consider how graviton couples to other fields. Interaction terms between graviton
and the SM particles is given by expanding the metric in (7.2.1) around the flat space time
metric.

Let us start from vector fields, that is,photon, dark photon and W-boson. We define the

dark photon kinetic term as

1 1
Ly = —Z(F;V)Q - 57~n§,,(,4;)2. (7.2.7)
The interaction term is given by
h, TH
Ligraw = ——— + O (Mp) , (7.2.8)
’ Mp,

where i = A, A/, W and T} is the energy-momentum tensor defined as

T = _ 2 dVek . (7.2.9)
V=g 0g"

The explicit form of the energy-momentum tensor is given by

uv="uv

Taw = Fua ™, — %FWFQB, (7.2.10)

TWW[A] = [(@LWJ - (%W;) (&/W*a — 8aW;)
+ 2ied, A (W)W, — WIW, ) + 2ied* A" (WiW, — W,W)
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— 2" (AW, AW, — AL AWIW =) — 262 (AW AW, — ALA W, W)
+ 2ie A (=W, 0 W,, + W, 9. W, + W, W, — W, 9,W})

+2ieA, (W oW+ W o,W 5 + WIoW, — W 0°W,])] + (u+v)

+ 2my, WIW,, (7.2.11)

v

Tw g = Fp o F'S + m AL AL + 1, (—ZF’ PFlL5— 5mi,,A’aA' ) : (7.2.12)
The Lagrangian of leptons should be re-written to the form which is suitable to the curved
spacetime. Introducing the vierbein field e”,, the Lagrangian of the fermion fields in the curved

space-time is given by [99]

V=g [0y el (iV, + eAy) v — miy] (7.2.13)
where
1
V,=0,+ §WMAB<]AB; (7.2.14)
1
JAP =1 (v, ~"], (7.2.15)
wip =~ g (Ouey — Then) - (7.2.16)

Around the flat spacetime, the vierbein field is expanded as

1
h* (7.2.17)

eMA = (WA - 2 Mpy A

Therefore, interaction terms between graviton and the lepton fields are given by

Vit[Al = > [ i Wiy Doy, + ﬁplh%(ilp — mg) Py, + %W (I Pwaan) vi|

 2Mp)
k=e,u,T
(7.2.18)
where D, = 0, —ieA,, JAB = % [WA,VB}, WyAB = ﬁpl (Oahp, — Ophay).
Combining everything, we obtain the explicit form of the Lagrangian (7.1.1) as
1 / uy 1 !/ / 1 v !/ /
L=Ly+ —ZFWF“ — §mA/AMA“ — ZFWF” + Lw[A — €A |+ L[A— €A
M = g N [ A — €A] + Vi [A — €A (7.2.19)
—— T — — T — —— A —¢€ —€ . 2.
Mpy ™M Mpy " My " P

7.3 Kinematics and amplitudes

In this chapter, we consider a 2 — 2 photon-dark photon scattering vy — ~44'. The photon is

massless whereas the mass of the dark photon is m 4. We denote momenta of incident particles
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as p1,p2 and momenta of scattered particles as p3 and p4, as usual. Mandelstam invariants for

this process are defined as

s = (p1 +p2)°, (7.3.1)
t:=(p1—ps)” = =2[p*(1 — cos ), (7.3.2)
w:= (py — p1)* = =2|p1*(1 + cos ), (7.3.3)

where p' is the 3-momentum of particle 1 in the center-of-momentum(COM) frame. Using
Mandelstam variables, the scattering angle in the COM frame cosf = p; - p3/|p1||ps| can be

written as

2t
cos =1+ ———- (7.3.4)

s—2m?,’

The relation between the Mandelstam variables is given by
s+t +u=2m%. (7.3.5)

As in the previous chapter, we have to deal with the kinematic singularity, and we introduce

a kinematic singularity free amplitude M (s,t) defined by

M(s,t) = 5% (s — 2m%)° M(s,1) (7.3.6)
which maintain the s <> u crossing symmetry in the forward limit.

We apply the gravitational positivity bound to the scattering amplitude of the photon-dark
photon scattering. The positivity bound is given by

B(A) :==ay — — ds

& m, <8 - m?ﬁl’)?

4 (N ImM(s,t=0

/ mMs,t =0) (7.3.7)
where myy, is the threshold energy. In the case of the photon-dark photon scattering considered
here, the threshold energy is determined by the mass of the electron, which is the lightest
charged particle in the Standard Model. Explicitly, the threshold energy is given by m2, = 4m?.

ag is defined at s = m?%;:

(7.3.8)

As in the previous chapter, B (A) is composed of the non-gravitational and gravitational
contributions, Byon—grav (A) and Bgay (A), respectively. Bpon_grav(A) is given by
A2 Im -//\\/l/nonfgrav(svt = O)

4
Bnonfgrav(A) = a2,nonfgrav - ;/4 ) ds (3 m2 )7 . (739)
me - A’
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The interaction term considered in this chapter is renormalizable in the gravity decoupling limit

Mp) — o0, therefore Byon_grav Can be expressed as

4 > I Mnon— rav($, T = 0
Bnon—grav(A) = _/ ds - £ <S 7 ) . (7310)
e T )
In the limit A > m 4/, we have
4 > I non-grav 7t -
Bnon-grav(A) = _/ ds m M £ (8 3 0) . (7311)
e T o)

Therefore, it is sufficient to us the original amplitude M for the evaluation of Byon grav().

The expression of the gravitational contribution By (A) is given by

. 2 a6Mgrav,t-channel(57 t) 2
Bgrav (A) = @2 grav,t-channel +— thPO [a D + M}%It 2 (7312)
s=m?,
For A > m 4/, this expression is simplified to
. aQM rav,t-channe 7t 2 . . . .
Bgrav (A) ~ t1—1>r£10 g é;; 1(s, 1) I e (kinematic smgulamty)} L (7.3.13)

Al

7.3.1 Helicity configurations

We define the polarization vector of the photon and the dark photon in the same manner in the
previous chapter, (6.1.8) and (6.1.9). There are two s <+ u symmetric amplitudes depending
on the helicity configurations of dark photons. For the process with transversely polarized dark

photon, we consider
M (s,) = LM(1T2+374%) + M(17273747)
FM(17273747) + M(172+374)] (7.3.14)

where 1 and 2 (3 and 4) are the ingoing (outgoing) photon and dark photon, respectively, and

the superscript + denotes the helicity. For the process with longitudinal modes, we consider
— 1~ N
ME(s,1) = 5 | M(1*2"374%) +M(1*2L3*4L)} , (7.3.15)

where L means the longitudinal polarization. For these amplitudes, the crossing symmetry
implies the s <+ u permutation invariance.

Below, we refer t0 (Buongrav: Bgrav) for MT and ME as (BL,, oy Bih,y) and (Bl yravs Bl
respectively.

The one-loop diagrams are calculated by using the Mathematica packages FeynRules [64—66],

FeynArts [67], FeynCalc [68-70] and Package-X [71].
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7.4 Calculation of B(A\)

From (7.2.19), it can be seen that the Standard Model charged particles mediate the photon-
dark photon scattering. In this section, we summarize calculations of the gravitational positivity
bounds Bpon—grav, Berav 01 the photon-dark photon scattering.

Here, we consider the light dark photon and assume that m 4 is much smaller than other
scales in the theory. Then, we can use the formulas (7.3.11) and (7.3.13) to calculate Bpon—grav; Barav-
Therefore, it is practically enough to calculate the standard scattering amplitude M, not the
kinematic singularity subtracted amplitude M.

The form of the contribution of each charged particles to Bhon—grav, Bgrav depend on their
spins. Although only fermions and W-boson directly couples to the photon in the Standard
Model, we also discuss the contribution of a charged scalar particle for completeness.

As discussed in the section 7.2, the kinetic term of the graviton h , the photon A and the
dark photon A’ is given by

1 1
£h — §h’/W (nﬂﬂnua _ §n,ul/77po) athm (741>
1
La=—1Fuf", (7.4.2)
1 1
Lo == (Bl = Smi (A, (7.4.3)

The graviton propagator in the harmonic gauge is given by

. 2(77 77ua+77077u _771/770)
1Dy po(p) = —F ‘; ok (7.4.4)

The covariant derivative is defined as
D, =0, —1ieA,, (7.4.5)
where e is a coupling constant. The fine-structure constant is denoted as

a=—. (7.4.6)

7.4.1 Scalar

The part of the Lagrangian which contain the kinetic term and the interaction term of a charged
scalar ¢ is given by

1

Ls[A] — M

by TE (7.4.7)
where Lg[A] is given by

Ls[A] = |D,g)* — mi|o, (7.4.8)
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¢ 0, W
o0, W

Sy )

/ /

(a) Non-gravitational Feynman diagram. 7 7

(b) t-channel graviton exchange diagram.

Figure 7.1: Examples of Feynman diagrams considered in this section. Charged particles
¢, ¥, W mediate the photon-dark photon scattering.

and the energy momentum tensor Tg ,, is defined as
Ts o = 2D,¢Dy¢ — M [|Dad|” + mi|o)*] . (7.4.9)
The full Lagrangian is given by

1
L=LL+La+ Ly + ﬁs[A — eA’] — M—hw,Téw. (7.4.10)
Pl

Using the above Lagrangian, we can calculate the contribution of charged scalar loops to
the scattering amplitude M%L, ML,
Transverse

Assuming that s > A > mg > my/, O (MD,) part of the scattering amplitude of the transverse

polarization is approximately given by

2 2
MG non-grav = 20°€ <1n LI R 2) . (7.4.11)
’ S —S
The imaginary part is
Im Mg non-gray == 2T02€%. (7.4.12)

T . .
Then, By, ongrav 1S glven by

4 [ 27ale 40’€?
BE == dp = . 7.4.13
S,non-grav T /A2 ,LL3 Y A4 ( )

On the other hand, the gravitational part nggm is given by

0]
BY = 7.4.14
S,grav 9071_771%]\41:2’1 ( )
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Longitudinal

Assuming that s > A > mg > mas, O (M) part of the scattering amplitude of the longitudinal

polarization is approximately given by

2 2.2 2/ 2 2.2, .2 2 2 2
MSnon grav == - ?QnA + @iy <1n2 E 1 + 61n_ 6In _> ) (7415)
3myg s s s s

and the imaginary part is

2
M, o gray = 4T0%€ <ln - 3) T, (7.4.16)
S

Therefore, B, gray 15 given by

32a%e*m?, . A 128a’e*m?,
BS,non—grav = T In m_S - T (7417)
Bg gray 1s given by
o
Bsgray ~ ———5——-. 7.4.18
o 907 m3 Mg, (7-4.18)

7.4.2 Fermion

The Lagrangian which contain the kinetic term and the interaction term of a charged fermion

Y is given by
Lp[A] = i) Dytp — mppth + Vyu[A]. (7.4.19)

The interaction term of ¢ and the graviton Vj,[A] is given by

VinlA] = 2Mp R 51 lhw(zlﬂ my) + w (V*T*Pw,an) ¥, (7.4.20)
where J48 = 1[4 +P] and w,ap = ﬁpl (0ahp, — Ophay).
Transverse

Assuming that s > A > mpr > ma, the O (MD)) part of the scattering amplitude of the

transverse polarization is approximately given by

M ongray = —20°€ <1n ) 22— 2l —2In—p + 4) (7.4.21)

mp mF mF

and the imaginary part is

A = 7% (In 55 1), (7.42)
F
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Then? B};,non-grav is
. 4 [0 drale? (ln i 1>
B S r/q
Fnon-grav T //\2 MS ®
102¢ (n & — 1)
F
= v . (7.4.23)

On the other hand, the gravitational part is given by

1la
T
_ 7.4.24
Fgrav 180mm3 M3, ( )

Longitudinal

Assuming that s > A > mpr > my, the O (MQ)) part of the scattering amplitude of the

longitudinal polarization is approximately given by

8 2.2 2/ 16 2.2 2/ 2
Ménon—grav &= - ZnA - mA <lni2 + IH%> ) (7425)
’ 3mz s myg -5
and the imaginary part is
2
TME o e = 1670224 (7.4.26)
’ s
Then, Bﬁnon_grav is
4 [ 16ma’e*m?, [
L _ A
BF,non—grav - ; /A2 ,lLS d/u
64a*e*m?,
- % (7.4.27)
On the other hand, the gravitational part is given by
11
Bl = — s 7.4.28
Py 180mm % Mg, ( )

7.4.3 Vector

The kinetic term and the interaction term with the photon and the graviton of the Standard

Model W-boson is given by

1
Ly — ——h,, T 7.4.29
w MP] pr=w ( )

where Ly is given in (7.2.3) and Ty, is given in (7.2.11). Although the interaction terms
between the W-boson and the photon in (7.2.3) are explicitly obtained within the electroweak
symmetry breaking SU(2) x U(1) — U(1), it can be shown that this is the unique combination
of 3-point and 4-point vertices which maintain the perturbative unitarity of a photon-photon

scattering.
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Transverse

85

Assuming that s > A > my > ma, the O (MD,) part of the scattering amplitude of the

transverse polarization is approximately given by

8a’e’s s m?
w
MWnon-grav — 2 hl 2 + ln )

miy, miy —s
and the imaginary part is
2
ImMWnon grav 87:;%; -
Then, By yon-gray 1S given by
By non-grav =~ 32@262
: AQ
On the other hand, the gravitational part By, arav 1S glven by
T 47

Weray T 90r M3m2,

Longitudinal

Assuming that s > A > my, > my, the scattering amplitude is given by

2a e2m?, s S m2w
A/
-Mwnon gray = 1 In — +1In — ],
my miy S

and the imaginary part is
i
Im./\/lwnon_gmv ~ 2mate —is.
mW

L . .
Bw,non-grav is given by

B 8ate?m?,
W, non-grav = 2.4
A%my,
L .
By gray 18 glven by
L 47a

~Y —
Weray = 90mm2, M2,

7.4.4 Decoupling of longitudinal mode

(7.4.30)

(7.4.31)

(7.4.32)

(7.4.33)

(7.4.34)

(7.4.35)

(7.4.36)

(7.4.37)

From the above results, we can see that Byon_grav for the longitudinal mode of the dark photon

is suppressed by m?, compared to the transverse mode. This suppression can be explained by

the decoupling of the longitudinal mode from charged particles in the limit where m 4 — 0.
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For a dark photon with the momentum

E

pr=| 1 %me , (7.4.38)

|p] cos @

where F = {/m?, + |ﬂ2, the longitudinal polarization vector is given by

1]
1 Esin®

mA’ O
FEcosf

(7.4.39)

o
& =

If the momentum of the particle is much larger than the dark photon mass p' > m 4/, the energy

can be expanded as
E=|pl+0(m%). (7.4.40)

Then, the polarization vector can be written as

o P o 7.4.41
5L_m_A/+ (mar) . (7.4.41)

Let us consider the scattering amplitude involving a longitudinally polarized dark photon

M = e M,,. When the scattering energy is large, M can be written as
pH
M = ElLLMu = m—MM + @ (mA/) . (7442)
A/

However, the Ward identity p*M,, = 0 indicates that the first term should vanish. Therefore,

we conclude that
M=0(myu), (7.4.43)

and the longitudinal mode decouples from the charged particle in m 4 — 0 limit.
The scattering amplitude M~ (s,t) defined in (7.3.15) involves two longitudinal dark photons.

Therefore, it should be suppressed by m?%, compared to the transverse mode.

7.5 Gravitational positivity bounds on dark photons

Let us apply the results of the previous section to the model (7.2.19). It is the simplest setup
where the contributions of heavy particles including those in the dark sector to B (A) are
negligibly small. In this setup, the scattering process vy — ~4' is mediated only by the
Standard Model particles. Since new particles coupled to photon below 1 TeV have not been
found, we choose A > 1 TeV.
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The results of the previous section show that non-gravitational contribution Byon—gray (A)
depend on the spin as well as the mass of the charged particle. The contributions of spin
1 particles are less suppressed by A than that of a spin 0 or 1/2 particles for both trans-
verse and longitudinal polarization configurations. Therefore, the dominant contribution to
BTnon-grav(A), Bfnon-grav(A) is given by the W-boson loop.

On the other hand, a contribution to the gravitational part only depends on the mass m

of the charged particle, and proportional to m=2.

Therefore, the dominant contributions to
BTgrav(A), Bfgrav(A) come from the electron loop, which is the lightest charged particle in
the Standard Model.

The results are,

3202¢2 Bl ) 8a2e?m?,

[ S — ~ o —_

- 2 2 7 non-grav - 2004 )
mi, A A2my,

B (V)

non-grav

BT (A) ~ BE Ha

ANy ——ron—— 7.5.1
grav( ) 1807ngMlgl ? ( )

where o ~ 1/137 denotes the fine-structure constant.

Let us discuss the implication of (7.5.1). As discussed in chapter 5, the gravitational pos-
itivity bound (5.2.6) involves the set of UV parameters (M, o) which is deeply tied with the
properties of the UV completion of gravity and cannot be assessed theoretically in the current
technique. Although we cannot make a confident prediction on the dark photon model due to
this UV ambiguity, the implication of (7.5.1) highlights aspects that have not found in prior
researches.

Firstly, let us consider the case where we adopt the perspective of Interpretation 1 and set

o = 0. Then, (5.2.6) implies a lower bound on e: from M7 we obtain

11 mwA _11 A
> ~ 1. 1 5.2
2\ 5r60ma mutdp, — 200 X ey ) (7.5.2)

while we obtain a stronger constraint from M as

S 11 m%VA
€ \/
- 1440 m g4rme Mpy
A 1keV
0x 1073 . 5.
3.0 x 10 X<1Te\/>(m,4/> (7.5.3)

The bound (7.5.3) also shows the existence of a lower bound on my for given € and A. Note

12

that (7.5.3) only applies to the massive dark photon case. The origin of the lower bound on

m s is the suppression factor (mas/my)? contained in BY

L non-gray- L 118 factor appears because

longitudinal modes of dark photons are decoupled from W-bosons in the limit m 4 — 0, which
is discussed in 7.4.4.
On the other hand, (7.5.2) and (7.5.3) can be regarded as a possibility to experimentally

constrain the properties of quantum gravity from the perspective of Interpretation 3. If a dark
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photon is discovered within the parameter space outside of (7.5.2) and (7.5.3), it inevitably
imply o < 0. Moreover, this would allow us to place a lower bound on M. Such opportunity is
not explored in setups of previous studies [46-48].

We have neglected QCD contributions so far. Since the QCD scale is lower than the elec-
troweak scale, it may give relevant contributions to Br(f))n_grav. Indeed, QCD effects, particularly
the Pomeron exchange, provide the leading contribution to Bﬁ%)n.grav in the Standard Model
analysis of [48]. If we extend the analysis to transversely polarized dark photons simply by
multiplying the factor € to the coupling between photon and Pomeron, the bound (7.5.2) is
slightly relaxed as e > 10713 for A ~ 1 TeV.

It would be interesting to investigate how much the bound (7.5.3) is relaxed when QCD is
taken into account. In general, the QCD contributions to M will be suppressed by the dark
photon mass mys at least as long the mass is the Stiickelberg mass. We thus expect that the
existence of a lower bound on m 4 like (7.5.3) is a robust result, leaving further studies for future

work.

7.5.1 Remarks on higher-dimensional operators

In the above analysis, we assume that heavy particles in the dark sector are not charged under
the Standard Model U(1)gy symmetry. In general, however, we can also consider dark photon
models in which new particles other than ~" are also present whose mass scales are well below
the quantum gravity scales such as Mp) or M. Let us discuss the validity of our results (7.5.2)
and (7.5.3) on the kinetic mixing when new particles are introduced.

Let us introduce a new particle Y with mass my for illustrations. Below the mass scale
my, we can take into account the contribution from Y to the process vy — v+’ by adding the
higher-dimensional operators to the Lagrangian: operators which are relevant for the discussion

of positivity bounds at the leading order are,

CQ v (6%

—5 Fwk”, O ,0°F" P (7.5.4)
Y

Here, Wilson coefficients C and C; are typically given by the couplings between Y and (v, ~')

(See figure 7.2). The contributions of the leading higher-dimensional operators (7.5.4) to

B non-grav(A) and By, pon-grav(/A) are estimated as

C
BT,non—grav(A) |operators (7.5.4) ~ m_él/ ) (755&)
02m2 ’
BL,non—grav (A) loperators (7.5.4) ~ m—GA ’ (755b)
Y

where we have A < my because the cutoff scale cannot be heavier than the mass of Y which is
integrated out. When these contributions are larger than those from particles in the Standard
Model (7.5.1), the implications of the positivity bound (5.2.6) will be different from (7.5.2) and
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\

— Cl, CQ

<

!/ / / /

Y v Y v

Figure 7.2: If the scattering energy is small compared to the mass of the charged particle Y in
the dark sector, loop diagrams of Y can be approximated by effective operators.

(7.5.3).2 According to egs. (7.5.1) and (7.5.5), the contributions from higher-dimensional oper-

ators to Br non-grav(A) and Bt pon-grav(/A) are negligible when the following condition is satisfied,

respectively:
%
my Z <€2a2 mWA7 (7563)
1
Cs|\ ¢ 1
my 2 (%) (miyA)® (7.5.6D)

where we impose (my <)A < my.

C4 and Cy are not suppressed by € in general if Y is charged under both of U(1) and U(1)4.
In particular, we can consider the scenario in which |C}[,|Cy| > €* such that the conditions
(7.5.6) are violated even for very heavy my. Therefore, it will be possible to construct models
which are consistent with the positivity bound (5.2.6) with o = 0 regardless of the value of e,

by introducing heavy bi-charged particles.

2The contribution from Y to B grav and Br, grav Will be typically O(MPlem;,Q) which is negligible compared
to those from electron (7.5.1).
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Chapter 8

Conclusion

In this thesis, we explored gravitational positivity bounds on massive U(1) gauge boson models.
For non-gravitational theories, positivity bounds are derived from fundamental properties of
scattering amplitudes, which encode consistency conditions of quantum field theories such as
unitarity. The dispersion relation connects the IR and UV regimes of the scattering amplitude
and imposes constraints on the coefficients of low-energy expansion of amplitudes, which can
be translated into bounds on EFT parameters.

For theories with gravity, however, the t-channel pole arising from graviton exchange ob-
structs the naive derivation of positivity bounds. Nevertheless, this t-channel pole can be sub-
tracted by assuming that the scattering amplitudes exhibit Regge behavior in the high-energy
regime. Once the t-channel subtracted dispersion relation is established, it is straightforward
to derive positivity bounds for gravitational theories.

The gravitational positivity bound (5.2.6) establishes a connection between EFT amplitudes
and the set of the UV parameters (M,o). The implication of these bounds depend on M
and o, which parameterize the UV behavior of scattering amplitudes. When o0 = 0,41 or
M is sufficiently large, it can be considered as constraints on the parameter space of the EFT,
reflecting the nature of quantum gravity. Schematically, this bound takes the form of Bjon-grav >
| Bgrav|, where Byongray and By, represents non-gravitational and gravitational contributions,
respectively. From this relation, lower bounds on non-gravitational interactions can be derived.
On the other hand, (5.2.6) can be viewed as IR constraints on quantum gravity. From the data
that can be accessible in IR, it is possible to infer the information about the UV amplitude.

In this thesis, we formulated gravitational positivity bounds on the scattering amplitude of
gauge bosons and derived constraints on parameter spaces of theories that include a massive
U(1) gauge boson. First, we discussed the gravitational positivity bounds for a massive U(1)
gauge boson V by considering the V'V — V'V scattering process. This scattering is mediated by
either a Higgs boson boson or charged particles depending on the mass generation mechanism. In
the case of Stiickelberg mechanism, we derived lower bonds on the gauge coupling of the charged

particle and the mass of the gauge boson. We compared our bounds with other quantum gravity
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constraints found that our bound is the strongest, especially when the gauge boson mass is small.
For the Higgs mechanism, the scattering is mediated by the Higgs particle. We obtained lower
bounds on the gauge coupling of Higgs, the mass of Higgs and the gauge boson. We also compare
our bounds with observational constraints on the U(1)g_y, gauge boson. It turns out that the
positivity bounds are sufficiently strong to be competitive with these observational constraints.

We also study the dark photon dark matter model in chapter 7. By analyzing photon-
dark photon scattering, we calculate BT (A), BL (A) within the simplest model where only the
dark photon and the Standard Model particles are present. Assuming ¢ = 0, we found that

gravitational positivity bounds impose lower limits on m 4 and e.

L

non—grav (A) is suppressed by m?, due to the decoupling of longitudinal modes

In particular, B
in the m4 — 0 limit, and make it difficult to reconcile small m 4/, € and ¢ = 0 in this model.
We also argued that the presence of a heavy bi-charged particle could provide a dominant
contribution to the photon-dark photon scattering. In this case, tiny value of ¢ might be
compatible with ¢ = 0.

We conclude this thesis with a discussions on potential future directions. First, it is crucial
to deepen our understanding of the parameters (M, o) to obtain concrete constraints. These
parameters are determined from UV data, making it non-trivial to demonstrate that they pos-
sesses desirable features. One promising approach is to constrain UV parameters using unitarity
techniques as discussed in [52,53]. Another approach is to calculate the scattering amplitude in
the high-energy region within specific setup, as discussed in [54, 100].

There are also some subtleties involved in applying our method to realistic models, which we
did not touch in this work. First, we ignored issues arising from massless loops. Massless loops
alter the analytic structure of scattering amplitudes, and it is necessary to choose different con-
tours in deriving positivity bounds [42]. Additionally, massless loops present problems related
to IR divergence. Although we estimated the contributions from massless loops by introducing
IR cutoff by hand and discussed that these contributions can be ignored, it would be preferable
to formulate positivity bounds on scattering amplitudes with IR divergence properly addressed
using technique such as the dressed state formalism [101]. There is also a problem in applying
positivity bounds to decaying particles, as these particles are not asymptotic states and, strictly
speaking, the S-matrix does not exist for them. There is discussion on formulating positivity
bounds for decaying particles [61], and it would be interesting to apply this formulation within
our setup.

As mentioned at the end of chapter 7, it is interesting to consider a theory in which heavy
bi-charged particles mediate photo-dark photon scattering. In such a model, 0 = 0 and tiny
value of € might be compatible. However,there are a lot of experimental constraints on a new
particle charged under U(1)gy. For example, long-lived charged particles have been searched

for in collider experiments. In particular, the ATLAS collaboration has placed bounds on
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muon-like, long-lived, multi-charged articles using /s = 13 TeV proton-proton collision data.
These bounds range from 1050 GeV to 1570 GeV, depending on the particle’s charge [102].
Furthermore, if heavy charged particles Y were present during the time of nucleosynthesis, some
protons in nuclei could have been replaced by Y, resulting in the formation of anomalously heavy
hydrogen. By examining deep-sea water samples, the authors of [103] have placed an upper limit
on the fraction of Y as Y/p < 4 x 1077 for the mass range 5u < my < 1600u. Therefore, it
is crucial to establish a concrete setup and scrutinize the relevant experimental results before

drawing definitive conclusion.
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Appendix A

Special function

A.1 Hypergeometric function

The (Gaussian) hypergeometric function o Fi(a, b; ¢; z) is defined by

o Fi(a, b;c; 2) Z Jnl (A.1.1)
n=1

(€)n n"

where (z),, is the Pochhammer symbol

(@)n = % (A.1.2)

The hypergeometric function is a solution of hypergeometric differential equation

d2 2F1<CL, b7 G Z)

dyF(a, b; c;
(1= 2) T tle—(a+b+1)] 2 1(a, by c; 2)

dz

—aboFi(a,b;c;2) =0, (A.1.3)
The hypergeometric function has the integral expression:

oFi(a,b;c; 2) = ! ) /01 N1 =) 11— 2t)%dt  Re(c) > Re(a) >0.  (A.1.4)

B(a,c—a
This equality is proved by expanding (1 — 2t)~° and integrating term by term. Especially,

1
QFl(CL,b; C, 1) = m/{) tULil(l — t)cjaibildt
B(a,c—a — )
B(a,c — a)
J'(c—a—0)
—a)l(c—10b)

N
~ T (A.1.5)

2Fi(a,b; c; z) has a branch cut along z € [1, 00| and the discontinuity is given by
DiscoFi(a, b;c; 2) := o Fy(a, b;c; 2z + ic) — o F1(a, by ¢; 2 — i)

—2mil'(c)

— _1C—d—b F _ _b _ _b 11_
fite—a_pr@rp ¢~ D" 2hle-ac—be-abilil=z)

(A.1.6)
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This is the consequence of an linear transformation formula

L(c)'(c—a—0)

['(c—a)l'(c—1b)

DT (a+b—0)
['(a)l(b)

o Fi(a,b;c;2) = oFi(a,byja+b—c+1;1—2)

(1—2) """ F(c—ac—bec—a—b+1;1—2). (ALT)

A.2 Rodrigues formula

In this subsection, we will review the Rodrigues formula, which gives polynomial solutions of
an equation of hypergeometric type, based on [104].

Let us consider the differential equation
o)y +7(2)y+Ay=0, (A.2.1)

where o(z) is a polynomial of degree at most 2, and 7 is a polynomial of degree at most 1. A
differential equation of this form is called an equation of hypergeometric type. More general

differential equation

w72, 0(z)
u —i—g(z)u +02(z)u_0’ (A.2.2)

where o(2), (¢)(z) are polynomials of degree at most 2, and 7 is a polynomial of degree at most
1, can be reduced to an equation of hypergeometric type through a change of variables.

We will discuss conditions for (A.2.1) having an polynomial solution. Let us assume y(z) to
be a solution of (A.2.1) which is a polynomial of degree n. Using v1(z) = 3/(2), the differentiation
of (A.2.1) is:

o(z)v] + 1 (2)v] + v =0, (A.2.3)
where

ni(2) =7(2) +0'(2) ,
p =X+ 7(2) (A.2.4)

and (A.2.3) is an equation of hypergeometric type which have a solution of a polynomial of

order n — 1. By repeating this operation k times, we obtain
o(2)v) + m(2)v), + prvr =0, (A.2.5)
where v, = %y(z) is a polynomial of degree n — k and

(2) =7(2) + ko'(2)

Mo”(z) : (A.2.6)

ik =X+ kT'(2) + 5
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Especially, considering k = n, u,, should be zero so that (A.2.5) have a constant solution v,. In

other words, a condition for (A.2.1) having an polynomial solution is given by

1
A= —n7’ — in(n —1)o" . (A.2.7)

Then, we will obtain this polynomial solution explicitly. Let p(z) be a function which satisfies

[o(2)p(2)] = 7(2)p(2) - (A.2.8)

Using p(z), (A.2.1) can be written as
5 W ) + () =0, (A29)

p(z) is chosen according to degree of o(z) as

(b—2)%(z—a)? foro(z)=(b-2)(z—a),

p(z) = ¢ (2 — a)*e? foro(z) =2z—a, (A.2.10)
2" +hz foro(z)=1.
Similarly for (A.2.5), defining pi(2) as
[0(2)pr(2)] = T(2)pe(2) (A.2.11)
we obtain
1
ok ()0 (2)vi(2)]' + pwvi(2) = (A.2.12)
Pr(2)
From (A.2.6), (A.2.8), and (A.2.11),
/ / /
Be 22 4 k2 (A.2.13)
Pk P o
and consequently we have
pr(2) = p(2)o"(2) . (A.2.14)
Using this equation and vx41 = vy, (A.2.12) becomes
1
PV = —— (pk+1vk+1)/ . (A215)
Mk
From this equation, it is understood that y™ (z) is given by differentiating p,v, o p(z)o™(2):
A, B
() () = - mZ n(z)] ™ A.2.16
Y™ (2) = vz p(z)o"(z : 2.
(2) = vule) = 5 )" () (A216)

Here, constants A,,, B is given by

m—1
A =(=1)" [ 16 o= A (A.2.17)
k=0
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1
B EA—ny(")(z) : (A.2.18)

Especially, the polynomial solution y(z) is given by

y(z) = = [p(z)o"(2)|™ (A.2.19)

which is called the Rodrigues formula.
In the following, we denote y,(z) as a n-th order polynomial solution of (A.2.1), and

An, B, pien, as corresponding A, B, py,. Let us assume that
o(x)p(2)2¥|peap =0 (k=0,1,...) (A.2.20)

is satisfied for some points a,b. Then, the orthogonality condition

’
I\ F<n—1+%>

b A e
/ Yn(T)Ym () p(z)dr = 2/ r(2n-1427)n!
a ’ (n#

J2 o (@)p(x)ys @)y (x)dz (n=m)

) )
(A.2.21)

3

can be proved as follows.
Firstly, Let us consider n # m case. Without loss of generality, we can assume m < n.

Using notation here, (A.2.15) can be written as
d (k+1) (k)
7= [oen (@) (@)] + pnpr )y, (2) = 0 (A.2.22)

Multiplying this by yfff) and integrating from a to b,

b b
b
Ui ()P (2)y D (@) |, — / daprr (2)ys D @)yt (@) + i / dzpr()ysy (2)y (x) =

(A.2.23)
The first term vanishes due to (A.2.20) so that
b b
/ e (@)Y @)y () de = pugen / pi(@)y )y () da (A.2.24)

is derived. By repeating the above procedure from £ = 0 to k = m + 1, it is proved that

/w<@ ()yn(x)dx = fil /iWW>@>W“%w““”@Mx—0 (A.2.25)
. P\T)Ym\T)Yn = e i P\T )Y, Yn =U. 2.

Next, let us consider n = m case. By repeating (A.2.24) from k£ = 1 to k = n, the norm of

yn(z) can be calculated as

n—1

/ p()yn (2 )yn (x)dz = (H L) / o™ (x)p(x)y{ )y (x)dw

k=0 Hin
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n—1 b
- (H i) [ o @ @l @) (A:2.26)

oo Hkn
Because
Mk =An + kT’ + (kz_ 1)0”
=k’ + kk = 1) 1>0" —n1’ — nin—1) 1)0”
2 2
:—%”(n—k)(k+n—1+i—7;:) , (A.2.27)

the product of ju., is calculated as

iz

n—1 n 27_/
o r (2n -1+ 7)
M = (——> n! - (A.2.28)
e 2) T T(n-1+%)

Using this result, we finally obtain

o

b N\ n— 2_7/'/’ b
[ oomtamtaris = (-5 Fzzfl_fjg,))m [ o @ @ i (1229

A.3 Q function

Using Cauchy’s integral formula, the Rodrigues formula (A.2.19) can be written as

_ Bunl [ ds a"(s)p(s)
Yn(2) = e }£2m,—<s_z>n+l : (A.3.1)

where C is a closed contour surrounding the point s = z.

For z ¢ [a, b], it is possible to define a function which is called a function of the second kind

by changing a contour of (A.3.1) as follows:

B! [P om(s)p(s) .
Q)= 1 / T s (A.3.2)

This function satisfies the same differential equation as y,,(z). As is obvious from the definition,
Q. (z) has branch points at z = a, b.
It is possible to translate (A.3.2) by repeating integration by parts as

B, [*(d"/ds™) [0"(s)p(s)]
p(2) /a s =z !

_ ! /by”<5)p(s)ds, (A.3.3)

p(2) s—z

where the Rodrigues formula is used in the second line.

S

Qn(2) =

For z € [a,b], Q,(2) has the discontinuity. Using

1 1 1
Disc =
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=mo(s — z), (A.3.4)
Q,.(z) satisfies
DiscQ,(z) = myn(2) (A.3.5)
A.4 Gamma function
Gamma function is defined as
) = / el (A1)
For n € N,
L) _ 277 (A4.2)

A.5 Legendre polynomial

Legendre polynomial of order n is defined as

1 /d\" .
Pu(2) = 55 (£> (z* —1)" . (A.5.1)
P, (z) satisfies the following equation:
d d
i [(1 — %) @f(l")} +n(n+1)f(z)=0. (A.5.2)

Let us calculate inner products of Legendre polynomials using (A.2.29). The functions which

define Legendre polynomials are given by

p=1,

oc=2>-1,

T =21,
d" (2n)!
—P,(r) = —= . A5.3
dz? (z) 2nn)! ( )

Then, the inner product is given by

/_1 P (x) Py (z)dx =6, - T+l | { 2n>!!r/l (1—2%)"dz

1 F'2n+1)n! [ 2™ 1
1 2n)!1” !
:5nm ’ ) ( n) ' 22n+1 / s" (]. — S)n ds
(2n)! | 2"n! 0

1 [@)? e D+ 1)?
W[g—m} 2 et 2)
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2

S, A5.4
2n+1 ( )
Changing the variable from z to y = 15% in (A.5.2), we have
G- Lp -2 p 4 nn+ 1P, =0 (A5.5)
—y)—P, —2y)—P, +n(n . = 0. 5.
v =) g Wg,

This is the hyper geometric differential equation with a« = —[, 5 =1+ 1,y = 1. Therefore, the

legendre polynomial can be written as
P,(x) =oF (—n,n+ 1;1;(1 —2)/2) . (A.5.6)

Using this expression, P,(x) can be analytically continued to non-integer [. For z < —1, P,

have the discontinuity. Using (A.1.6), it is given by
DiscP(x) = —2iP/(—z) sinnl (A.5.7)

The asymptotic behavior of P(2) in |z| — oo is given by

1
f (A.5.8)
2

The legendre function of the second kind is given by
1 (! P(s)
- _Z AT A5,
Qi(x) 2/_13—x8 (A.5.9)
, where normalization is different from that of (A.3.3). @;(z) can be expressed using the hyper-

geometric function as

JTU+1) . (1 111 3
=r2— (2 Fl=l+1,=l4+ ==+ =; : A5.1
When z € [—1, 1], the equation
1 , , s
5 (Qi(x +1e) — Qi(z —ic)) = —§Pl(x) (A.5.11)
is satisfied.
The asymptotic behavior of @;(2) is given by
1T+ 1) 1
2 A.5.12

Using (A.5.6), (A.5.10), and the relation between hypergeometric functions, there is the

relation between P, and Q;:

, 2

P(—=2) = e ™P(z) - - sin(ml)Q(z). (A.5.13)

The reflection relation is given by
Qi(—2) = —e ™Qy(2). (A.5.14)

There is integral relation
o 1

P, dz = . A5.15
| P - e (A515)
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A.6 Spherical harmonics

Spherical harmonics is defined as

. 20410 —m)! _ im
Y, (G,gp)z\/ yp El—km;!PI (cosB)e™* | (A.6.1)

where P/"(cosf) is defined using Legendre function as

my2 d™
Pr(z) = (=)™ (1 —22)"™” T Pl) (A.6.2)
and called associated Legendre polynomial.

There is an important relation called the spherical harmonic addition theorem:

n

ST (DY (01 01) Yy (B2, 00) (A.6.3)

m=—n

47
2n+1

Fu(cosy) =

where v is the angle between the directions (61, ¢1) and (6, p2):

cosy = cos 6 cos Oy + sin 6 sin 05 cos(p; — ¢2) . (A.6.4)

A.7 Gegenbauer polynomial

Gegenbauer polynomials are d-dimensional analog of legendre polynomials. In this section, we
will review some fundamental properties of Gegenbauer polynomials.

Let us start from the metric of d — 1 dimensional spherical coordinates:

ds* =dr® + r?d6? + r*sin® 0,d03 + - - - + ( 2sin? 6, - - - sin® 9d—1) dos_,
Vg =rt2 (sin ;) - -sin by s . (A.7.1)

Then, the Laplacian is given by

| | o
V2 = ﬁ% (\/39"8,) = 0% + Wael [(sm o) 2, - (A.7.2)

The eigenvalue equation of the differential operator, where r? is multiplied by the §; component
of the Laplacian, and z = cos 6, is substituted is:

(1—22)45dd%(1—z2)d§2}f+)\f:0. (A.7.3)

This differential equation is a equation of hypergeometric type where
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d—4

p(z)=(1-2%) 7% . (A.7.6)

Using (A.2.7), it has [-dimensional polynomial solution Pl(d)(z) if

A=XN=I(l+d—3). (A.7.7)
Explicitly,
4-d (] -2
(1-27) ZE( %) E;+Mk+d @}l (2) =0 (A.7.8)

holds. This solution is called Gegenbauer polynomial. Using the Rodrigues formula (A.2.19), it

can be written as

Pl(d)(z) = L%il [(1 — 2%) %H] : (A.7.9)

, where B; is a normalization constant.

(A.7.8) equal to

(1—@EL#@+§—EQ—2)

d (d)
P — 3P — AT
yho 5 SR 41l 4+d=3)PY =0 (A.7.10)

d

by the change of variable x = 152 is is the hypergeometric differential equation and Gegen-

bauer polynomial can be written using the hypergeometric function as:

21—
B@@Mxﬁ}<ll+d 3i?ﬂ 22). (A.7.11)

In the following, we calculate appropriate normalization factor B; where Gegenbauer poly-

nomial coincide with the hypergeometric function. Because

d l D(z+1)° ok ok—1
g (E =2 ) ZO< ) F(x—k:—l—l)F(:c—i—k:—l+1)<1_Z) (1+2) ’
(A.7.12)

the following relation is satisfied:

;i [(1_22>d2_4+l]:Zl:(ig)(_l)kr(%:l_Fl) (1_2) (1+Z)

(1 22)% dz! P IS +1—k+1)T (S +k+1)
[ (&2 41+1
= (—1)l2l—2 +0(1-2). A.7.13
()2 gy + O -2) (A.7.13)
Then, choosing
(&2 +1
= (=1)! El—i ) ’ (A.7.14)
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the desired result is obtained:

d—2 1-
Pl(d)(z):zFl( L+ d =3 = 22> . (A.7.15)

We will calculate the norm using (A.2.29) under this normalization. Firstly, the term pro-
portional to 2! is given by
d—2 1—
PO (2) =F ( Li+d—3%"7 Z)
2 2
Zl: z+ d—3), (1 - z)k
— k' =2, 2
FQ2l+d—3)/T(l+d—3) [1—2z) -
=(-1) - - + O
P52+ /T (%) 2
_ T@I+d-3) ()
2D (L2 4 1) T(1+d - 3)

A+ 0GE (A.7.16)

d—lPl(d)(z) is given by

and

d @) = l'F(2l+d 3T (52)
dzt"! 20 (Z+0)T(l+d—3)

(A.7.17)

Therefore, the norm can be calculated as

/1 (1-2)F PO()P ()
- (i +d—3) WP +d-3)T(52) 17t e
= Xy a—an [2T(%+Z)F(l+d—3)] X/_ (=) de

1

IT(20 +d - 3)T (42)° - 4
= O X (20 + 2) (2) X22[+d3/ xdT+l(1_x)d2 .
2T (G2 +1) Tl +d = 3) 0
2N d BT () T (D)
X
P (52 4+0°T(1+d-3) T@+d-2)
_ _9\2
213D (452)
T(+d—3)(2l+d—3)

= 5lk><

Sk - (A.7.18)

Defining constant factors Ny, nf,d) as

_(16m)F g (4m)E(d+2] —3)T(d+J —3)

Ny = ., n , A.7.19
e AT (ST + 1) AT
The norm can be written as
1 / ! 2\ %% () pld) 07
- dz(1—2%) 2 P77 (2)Py7(z) = . A.7.20
92 1 ( ) J ( ) J ( ) Ndnsd) ( )
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There is a identity called the Gegenbauer addition formula [105]:

I'(d—3 d—s
2“61% /1 dzPﬁd) <zlz2 + Z\/l — 27 \/1 - 22) (1-2%) 7 = P}d) (21) Pﬁd) (22) .
(A.7.21)

When d = 4, this is the integral of the addition theorem of spherical harmonics (A.6.3) . By

changing the variable of the integral

y=mnzntafl-/1-2, (A.7.22)
with integration limits
2122—\/1—z%\/1—z§<y<zlzg+\/l—z%\/l—zg. (A.7.23)
This can be written as
1— 27 — 25 —9y° +2yz12, > 0 . (A.7.24)
Using
d—3
Am =z 4-d @ 1 — 2_212_21/2+2 Z/Z”
Pd <y7 21, 2’2) = S 7d-3\ (1 - y2) 2 ( i Y Q (A725)
r(?) (1 —y?— 22— 2" 4 2yz'2") 2
1— 2222 _42_9
[P s kM (A.7.26)
-0 -2
we get

— 1 —
24‘d—£§d(d_33)> / dzP\? <z1zQ + z\/l - z%\/1 - zg) (1-22)7
—1
d—>5

:24—dr(d_3) /1 6(1_y2_2/2 ”2+2yzl ”)P(d)( ) (1_2%_Z§—y2—2y2122>2
2

dy

rz(£2) ), V1-=22/1-22 (1—27)(1 —23)

i=d aa 2740 (d —3) ! ds

—(-)7 - IS [ apaeas (127 HP)
2 (T) -1

(it st 22 (d =2 /1 2T pld)
= (1 21) (1 Zz) =0 ﬁr 5 71dy79d(y,z1,22) (1 y) Py (y)

4-d 4=d 1 o d—2 ! d—4
=(1-2)% (1—23)° §7TTF (T)/ dyPa (y, z1,22) (1 — y°) 2 P‘gd)(y). (A.7.27)

-1

This shows that the kernel Py (z, 2/, 2”) can be written as

Palz,2,2") = (4m) 4 2N2 (1 — 27 )T ) Z”J 'PO ()P (2 P (") . (A.7.28)
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A.7.1 Derivation of kernel

Let us consider d — 2-dimensional vectors pi, p3(They represent momentum of 2-2 scattering

amplitude) and 7. Let us define z = %%, 7 = %, 7 = ’7‘3;3—7) . Then, 7 can be written
usingpy, p3 as
ﬁ:a%—'+5§+m, AL PL=L Py=0, (A.7.29)
1 3

where «, 8 are real coefficients. There are relations between «, 8 and 2/, 2”:

d=a+pBz =p+az, a= T B = T (A.7.30)
The integral of d — 1 dimensional solid angle is
/ A0 =2 / d* s (i — 1)
=2v1 — 22 | dadBd® 3, 0 (2 + o+ B2+ 2afz—1
I
=2v1 — 22 / dadﬂri‘4dmdd_4§2m(5 (Ti +a?+ B2+ 208z — 1)
1—a®—p32-2
— V-2 V015d4/dad6 O(1=a” = § = 2aB2)
(1—a?2—-p2-2aB2) 2
1 1— 2 _ 2 n2 Dol M 5-d
=V1-— 22 V015d4/ ——dz'dz" 00—z —2" -2 +22 25;)01 (1-2% 7
1 z (1 _ ZQ _ Z/Q _ Z//Q + 222/2’/) )

1 1
:/ dz'/ dz"Py(z,2',2") . (A.7.31)
-1 -1

Here, we define

2Qm 2 ﬂ@l— 2 2 2 2///
i (1—27) > (1—2"—2" 2"+ zzz;i)d | (A7.32)

(%) (1 —22—27— 2"+ 2z2/2") 2

_ opld—3)/2
and Volgi—s = (%) -

2




Appendix B

Gravitational Contributions Beyond
Graviton t-channel

Figure B.1: An example of a gravitational contribution beyond ¢-channel exchange.

The gravitational contribution By (A) to B(A) can be divided into Bgray t-channel(A) from
the graviton ¢-channel exchange and the remaining part Bgay others(A) (see Fig. B.1). In this
Appendix we show that we can neglect Bgray others(A) in comparison with Bgyay t-channel (A)-

Calculation of Bgray others(A) is challenging due to the presence of IR-divergent diagrams in
/\A/l/grav,others(s,t). While it is more desirable to define IR-finite amplitudes using the dressed
state formalism, it is beyond the scope of this work and will be pursued in future research.
To regularize this IR divergence, instead, we introduce an IR regulator pr by deforming the
graviton propagator as

1P iP,

uvpo L po
, B.0.1
@ +ie ¢ — pig + e ( )

where P

oo 15 defined by P,..0 = (MupMve + Mpollvp — MuwMpe) /2 in the harmonic gauge. Using

the deformed graviton propagator, we can confirm that |/Wgrav70thers(s, t)| is bounded by O(s%)

as |s| — oo. Along with the analyticity of /qgrav,others, this makes it possible to derive the

relation
4 o I Nravo ers 7t:0
Biray, others(A) = — / g TMarav, oth (57 )| (B.0.2)
T Ja2 (s —2m?)
Moreover, since Im Mgmmhers(s, t) is also bounded by O(s%), we obtain
1
Bgrav, 0thers<A> =0 (W) . <B03>

107



108APPENDIX B. GRAVITATIONAL CONTRIBUTIONS BEYOND GRAVITON T-CHANNEL

This is much smaller compared to the contribution from the graviton ¢-channel exchange dia-

grams and can be safely neglected.
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