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Goal: curve out the huge parameter space of dark matter models

          using consistency conditions of quantum gravity!

cf. C01 group of Yamazaki-san, my talk in the C01 session



Motivation

Experimental upper bounds on SM-DM interactions have been improving a lot!

Theoretical lower bounds would be useful as a target sensitivity of experiments.

※ experiments + theories → close the window from both sides!

Fig: dark photon search as an example

experiments

theory??



Progress in the Swampland Program

There are many attempts toward a proof of WGC and its generalization.
[See Harlow et al ’22 for a review]

A lower bound on SM-DM interactions along this line of consideration?

In the Swampland Program [Vafa ’05],

QG constraints on symmetries & interactions have been proposed/studied.

ex. Weak Gravity Conjecture (WGC) [Arkani-Hamed et al ’06]

In 4D graviton-photon system, there should exist a charged state with

                      (Coulomb force > gravity).

Its magnetic version states that  (  : UV cutoff).

※ quantitative generalization of the claim “no global symmetry in QG.”

※ A lower bound on gauge coupling!

g2q2 ≥
m2

2M2
Pl

gMPl ≳ Λ Λ

[Banks-Dixon ’88, Banks-Seiberg ’10, Harlow-Ooguri ’18, … ]



Achievements in FY2021

In [Aoki-Loc-TN-Tokuda PRL 127, 091602],

we studied unitarity of gravitational scattering in the Standard Model coupled to GR,

generalizing earlier works toward a derivation of WGC and its generalization.
 [Cheung-Remmen ’14, Andriolo-Junghans-TN-Shiu ’18, Alberte et al ’20]

Under certain technical assumptions,

1. we identified the cutoff scale of gravitational Standard Model as  GeV,

    which is reminiscent of grand unification,

 2. we derived a WGC-like bound on the electron Yukawa coupling .

Λ ∼ 1016

Λ <
1440

11
ye sin θW MPl

- Our work is the first application of recent developments on gravitational S-matrix

  bootstrap (in particular, positivity bounds in gravity) to our real world.

- Also, our results suggest that the S-matrix bootstrap is useful

  in deriving QG constraints on models of particle physics and cosmology.



Achievements in FY2022

In [TN-Sato-Tokuda ’22],

we generalized the analysis to dark photon models as an example for dark sector models.

Under the same assumptions made in the SM analysis,

we showed that unitarity of gravitational scattering can be useful

to curved out the DM theory space from a complementary direction.

See my talk at the C01 session of tomorrow for details.
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The rotation (17) generates tiny couplings between
A0 and the Standard Model: they are included in
LSM|Ab!A�(✏/

p
1�✏2)A0 . By contrast, couplings between

A and hidden matters are not induced by this rotation.
Below, we call A and A0 photon and the dark photon,
respectively, and analyze the photon-dark photon scat-
tering ��0

! ��0.
The amplitude depends on the helicity configurations

in general. For the process with transversely polarized
dark photon, we consider

MT (s, t) :=
1
4

⇥
M(1+2+3+4+) +M(1+2�3+4�)

+M(1�2�3�4�) +M(1�2+3�4+)
⇤
,

where 1 and 2 (3 and 4) are the ingoing (outgoing) pho-
ton and dark photon, respectively, and the superscript
± denotes the helicity. For the process with longitudinal
modes, we consider

ML(s, t) :=
1

2

⇥
M(1+2L3+4L) +M(1�2L3�4L)

⇤
,

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

Below, we refer to (B(2)
non-grav, B

(2)
grav) for MT and ML

as (B(2)
T,non-grav, B

(2)
T,grav) and (B(2)

L,non-grav, B
(2)
L,grav), re-

spectively.

A simplest model

To begin with, we consider the simplest model with
Lhm = 0. In this case, the process ��0

! ��0 is mediated
only by the Standard Model particles. For simplicity, we
neglect the QCD sector for a while. Since new particles
coupled to photon below 1 TeV have not been found, we
choose ⇤ � 1 TeV.

The form of interactions between A0 and the Stan-
dard Model particles are the same as those for A ex-
cept that the coupling strength is suppressed by a factor
✏/
p
1� ✏2 ' ✏. As a result, the calculations of MT and

ML are similar to those of the amplitude of the light-
by-light scattering which has been done in [36]. As it is
the case for the light-by-light scattering, in our case, the

dominant contributions to B(2)
non-grav(⇤) at ⇤ � 1TeV are

given by the W-boson loop whereas the dominant term

in B(2)
grav arises from the electron, the lightest charged

particle in the Standard Model. The results are,
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W

,

B(2)
T,grav(⇤) ' B(2)

L,grav(⇤) ' �
11↵

180⇡m2
eM

2
Pl

, (18)

where ↵ ' 1/137 denotes the fine-structure constant.
Then, (13) implies a lower bound on ✏: from MT we

FIG. 2. The upper bounds (19) and (20) for ⇤ = 1 TeV are
plotted in the (mA0 , ✏)-plane by the black dotted line and the
white line, respectively. We find that there is no parameter
space compatible with experiments and the bound (20). The
figure is made based on the data given in [41, 42].
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while we obtain a stronger constraint from ML as
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These bounds (19) and (20) are plotted in FIG. 2. The
bound (20) also shows the existence of a lower bound on
mA0 for given ✏ and ⇤ (this bound applies to massive dark
photons only, so massless dark photons are free from this
constraint). The origin of the lower bound on mA0 is the

suppression factor (mA0/mW )2 contained in B(2)
L,non-grav.

This factor appears because longitudinal modes of dark
photons are decoupled fromW-bosons in the limitmA0 !

0.
We have neglected QCD contributions so far. Since the

QCD scale is lower than the electroweak scale, it may give

relevant contributions to B(2)
non-grav. Indeed, QCD e↵ects,

particularly the Pomeron exchange, provide the leading

contribution to B(2)
non-grav in the Standard Model analysis

of [36]. If we extend the analysis to transversely polarized
dark photons simply by multiplying the factor ✏ to the
coupling between photon and Pomeron, the bound (19)
is slightly relaxed as ✏ & 10�13 for ⇤ ⇠ 1 TeV.
It would be interesting to investigate how much the

bound (20) is relaxed when QCD is taken into account.
In general, the QCD contributions to ML will be sup-
pressed by the dark photon mass mA0 at least as long the
mass is the Stückelberg mass. We thus expect that the
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Prospects for FY2023-2024

After presenting our work at the DM symposium of the last year etc,

we started collaboration with the C01 group!

With my collaborators (Aoki, Sato, Tokuda) and the C01 members (Saito, Shirai, Yamazaki),

we are working on

1) comprehensive unitarity analysis of DM models coupled to gravity

2) theoretical studies on gravitational S-matrix bootstrap

See also the talk by Katsuki Aoki in the C01 session tomorrow.

My proposal for the FY2023-2024 公募研究 along this line has been approved!

I hope to make progress with the C01 group and interact more also with other groups!


