Constraining millicharged dark matter
with gravitational positivity bounds

Suro Kim(KIAS)

2405.04454 with Pyungwon Ko (KIAS)

1/14 High 1 KIAS-IBS-CKC Joint Workshop on Particle, String and Cosmology



Dark Matter

. I\/Ian videncs of dark matter

=1

V. (km s

Bullet cluster
(Chandra X-Ray observatory)

Cosmic Microwave Background
(Planck Collaboration)

150 -

L eme hale

00 o

gas

1 1 1 1 l | W L A 1 i
10 20
Radius (kpc)

Galaxy rotation curve
(NGC 6503)

50]
7T~ disk
O




Dark Matter

However, we don’t know the
nhature of dark matter

In this talk, we will consider
a minimal dark sector model:
Millicharged dark matter



Milli-charged dark matter

« Dark matter charged under the hidden U(1)
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Milli-charged dark matter

What we can do from
theory side?



Effective field approach

High energy physics

Constraints on low-energy EFT
using UV-IR consistency condition

E
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Effective field approach

Keywora:
Positivity bounds



Effective field approach

Quantum gravity

Constraints on low-energy EFT
using UV-IR consistency condition
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Milli-charged dark matter

« Dark matter charged under the hidden U(1)
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IR expansion of scattering amplitudes

 Expand the scattering amplitude in Mandelstam variables
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Wilson-Coefficients
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Wilson-Coefficients

o Coefficients of s”
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Wilson-Coefficients

o Coefficients of s”
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Positivity bounds
* This is well-known as positivity bound

Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi[2006]

* Universal and elegant, but hard to give a
phenomenologically useful constraints

* |et’s improve positivity bounds
1. Fully utilize information from EFT
2. Incorporate gravity



Improved positivity bounds
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e Focus on s“ coefficient
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Incorporating gravity into PB

o Coefficients of s”
a, CJ; ds M(s,0)
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Incorporating gravity into PB

M(s, 1) < s°



Graviton r-channel pole

* [-channel pole of light-by-light scattering mediated by
graviton breaks the Froissart-Martin bound w/ finite



Regge behavior

* Additional assumption on high energy behavior
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Regge behavior

* Additional assumption on high energy behavior

Tokuda, Aoki, and Hirano [2020]
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Gravitational positivity bounds

* Gravitational positivity bounds as a consistency condition
with quantum gravity

) o lar mmey 2
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——0 T o A2 S3 Mglt 0

* Phenomenological applications to
 PB in QED w/ gravitational diagrams Aierte, de Rham, Jaitly, Tolley[2020]

e (Gravitational PB in the Standard model AokiLoc, Noumi, Tokuda [2021]
In scalar potential  Noumi Tokuda (20211

iIN massive dark photon noumi sato, Tokuda [2022]
Aoki, Noumi, Saito, Sato, Shirai, Tokuda, Yamazaki [2023]

* We will discuss the constraints from gravitational
positivity bounds in millicharged dark matter model



Table of contents
v

v

3. Constraining millicharged DM w/ gravitational positivity
bounds

4. Summary



Millicharged dark matter

e Action

1 .
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- 3 parameters &, m, ap = e5/4n

o After diagonalization

Sps & Jd4x\/7 [ -—F, F oy <z;/”Vﬂ +epytA;, — geDyﬂAﬂ — m> ¥+ @(62)]
» Dark matter couples to SM photon by A, - A" — €A

 Let’s investigate the positivity constraints on y'y" — vy’
and yy’ — yy' scattering amplitudes



v — vy’ Scattering

e v'v" = ¥’y cases

Btotal(A) — Bnon—graV(A) + b graV(A)
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v — vy’ Scattering

Point 1: Gravitational contribution can be negative
so that we can obtain stronger bound

Btotal(A) — Bnon—graV(A) + b graV(A)
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y'y' — y'y’ Scattering

Point 2: Constraints on renormalizable couplings




Constraint from y'y' — 7'y’ scattering
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When m ~ 1073, and A > 10°

the whole parameter range
is constrained by combining
observation and positivity bound



' — yy’ scatterin
e yy' — yy'cases

Btotal(A) — Bnon—graV(A) + b graV(A)
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Wimp mass range
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Interpretation of the result

 Case 1: When we get stronger constraints from the
observation (the shaded regions go down)

or we could not find any new physics even in high energy
(Blue lines go up) or both
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e \We can rule out the this model
by combining observations
and theoretical constraints




Interpretation of the result

* Case 2: We could find the dark matter from the
observation and pin down on the parameter space
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Interpretation of the result

* Case 2: We could find the dark matter from the
observation and pin down on the parameter space

e We have to modify the theory below A = 10° GeV
1. Introduce new fields which have a different high energy behavior
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Interpretation of the result

* Case 2: We could find the dark matter from the
observation and pin down on the parameter space

e We have to modify the theory below A = 10° GeV

1. Introduce new fields which have a different high energy behavior
2. Introduce enormous number of particles to modify the bounds
(e.g. Kaluza-Klein modes)



Interpretation of the result

* Case 2: We could find the dark matter from the
observation and pin down on the parameter space

e We have to modify the theory below A = 10° GeV

1.
2.

Introduce new fields which have a different high energy behavior

Introduce enormous number of particles to modify the bounds
(e.g. Kaluza-Klein modes)

Read off information related to the Regge behavior
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Light dark matter m < I, ~ 1keV
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* Positivity bounds are interesting as UV-IR consistency

* Phenomenologically, we may get interesting bounds by

Conclusion

conditions

incorporating gravity into positivity bounds

* Constraints on milli-charged dark matter from

gravitational positivity bounds
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