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Probing Reheating Cosmology with

Dark-Sector Searches:
Cosmic Millicharged Background

Yu-Dai Tsai
Los Alamos National Laboratory (LANL)
Gan, Tsai, 2308.07951, Tsai et al., 2407.07142



https://arxiv.org/pdf/2308.07951.pdf

Summary: Important Explorations in Particle Physics

Coupling Strength

A

A

Energy High-Energy Theories
The rest of the String Theory
Standard Model (SM), non elusive Grand Unification Theory
Precision Intensity

Space Mission
Quantum Sensors
Tsai et al., Nature Astronomy 23
Tsai et al., 2309.13106 (CommPhys)
Tsai et al., 2210.03749 (JCAP)
Tsai et al., 2107.04038 (JCAP)

Neutrinos
Gravity Dark Matter (DM)

(Gravitational Waves)

» Mass

A comprehensive effort is crucial in studying the “Elusive Universe”
What particle physics can do for cosmology?


https://www.nature.com/articles/s41550-022-01833-6
https://arxiv.org/abs/2210.03749
https://arxiv.org/abs/2107.04038

Strong Theoretical Motivations of Millicharged Particles

Millicharged particle (mCP) is a particle y with {mass, electric charge} = {mx, e}

@, is the mCP electric charge, (e ): Qy /e
dx

1. Long-standing questions: Is electric charge quantized? To what unit? Why?
Novel connections to monopoles?

2. A generic prediction of string theory, Wen, Witten, NPB 1985, % €Z
3. A product of Grand Unification Theories (GUTs), Holdom, PLB 1986

4. Finding mCP can be a strong probe of early-universe reheating cosmology
Gan, Tsai, 2308.07951

* “Theory Review of Millicharged & Fractionally Charged Particles”
Planned review for Progress in Particle and Nuclear Physics (PPNP)


https://arxiv.org/pdf/2308.07951.pdf

Two Kinds of Millicharged Particles (mCP)

“Pure” mCP

* Theoretical implication of mCP with
a small rational or irrational charge,
NO dark photon needed

* Prediction of string theories
* Indirect test of GUTs models

Effective “Kinetic-Mixing” mCP

* Predicted by GUTSs.

heavy
X exotic
B’ B
— U(1l) SMU(1)y
X
Choose a

proper basis:
massless dark photon B’
decouple from SM

Lyvicp = ix(P — i€'e B+ Mucp)x
My goal: find and differentiate these mCPs!



Probing Inflation & Reheating Cosmology

a: scale factor, quantifying the size of the Urlixgg,_g______,,_—-———
t: time it

a ~ t‘l(') a~ g

THERMAL
EQUILIBRIUM

REHEATING

Daniel Figueroa
(UAM-IFT)

We know very little about the reheating phase; washed out in later stage
T4, 1s the reheating temperature; BBN is the big bang nucleosynthesis
TGUT(N 1016 GeV) Z Trh Z TBBN(N MeV)



Outline

* Probing Reheating Cosmology
* Differentiate 2 types of mCPs
* Experimental Searches

e Related Studies



Gan, Tsai, 2308.07951

Cosmic Millicharge Background (CmB)

“Pure” mCP Irreducible Production during Reheating

 mCP with a small (irrational) charge Intlaton Decays

& no dark photon l Reheating at temperature T,
* Generic prediction of string theory

* Indirect test of GUTs models SM X
* Indirect test of string /
compactifications 0
X —_—
SM X

Lycp = iX(@ — i€'e B + Myicp
C X( )X Thermal Production & Annihilation

»
»

<
<

mCP can be easily “overproduced”,
to more than that of the observed
amount of dark matter


https://arxiv.org/pdf/2308.07951.pdf
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mCP Parameters that Lead to Overproduction

TT'h >> 100 GeV
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“Pure” CmB from Irreducible Production

€= Q/e Overproduction Bounds for “Pure” mCP
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* Minimal reheating temperature larger than Tgpy
(e.g., Hasegawa+, JCAP 19; Hannestad, PRD 04)

e Our purple bound is covering the SN1987A constraint
(gray region from Chang+, JHEP 18)

FORMOSA
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Ty, effects on overproduction and CMB

1073 107 107 10° 10! 10°
my [GeV]
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Kinetic-Mixing Cosmic Millicharge Background (CmB)

Kinetic-mixing mCP Kinetic-mixing mCP

Inflaton
X ,heavy exotic .
}/ l Reheating //Dark Sector\\
// Thermalization \
— SM
X

r N\
le)( A \

\
9d I
I
I
L=Lsy— jIB’WB”“’ - gB;wBW +ix(d +ie' B’ + iMycp)X ¥ /
SM \ ’
_ . X A /’
\
Choose a proper basis: N S _
massless dark photon A’ decouple from SM Freeze-in: S==-
€94 )
‘ ax = e Freeze-out:
_ . massless dark photon A’ will affect N,
Lyicp = ZX(@ —ideB + Myicp)X Y

See Vogel, Redondo, JCAP 14,
Adshead, Ralegankar, Shelton, JCAP 22
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Kinetic-Mixing CmB Cosmology

my \1/2 [ ANeg\ >
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107" — Ta = 5MeV See Gan, Tsai, 2308.07951 for detailed discussions
1072
10-3 " P llllllol—z i P .n.ln(n)l—l " " .n.;‘ln(l)o i i .n-n-ln(l)l i i 11-111102
my [GeV]

Current: ANeg < (0.3)planck

Future: ANeg < (0.06)cMB-s4
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Testing Reheat Temperatures in Both Cases

Overproduction Bounds for “Pure” mCP
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Reheating Targets for “Pure” mCP
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AN, Constraints for mCP with Dark Photon
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Another Key Objective:

Differentiate Two Types of MCPs 9

X A’

ga=0 moderate g4 Sizable g4
Oriiiodaction Bauiidsdor " Piire? salP |nte rpOIate between the two AN Constraints for mCP with Dark Photon
10 : g : 10° — '

B WG i | L < > L]
10— clerator - A il (83§
107 B S = TerMIN ,W' i TV FerMINI2L) S

T e . 1 3 1 -
IO“I-—'r..-mwf ; S S Sy R (. D s o B 1

—_— T S H H 1
|u-‘i A ﬂ : - - feszzzZEEmzg=2 ]

s ;

T : ] Ax

B i < -9 F 7 — Ty 2 1GV

10°1¢ Jﬂ/ k| — Ty, = 100 MeV
 — 3 10—10 th ] ]
107! = - "\/ﬁ — Ty = 10MeV
IO'"; j ? 1071 T = 5MeV
i ’ f: & H -12
107} 1072 107! 10¢ 10! 0? 10 . . . .
m, [GeV 107 10 107! 10° 10! 102
x 1=V
my [GeV]

* Theoretically, is there a limit on how small g, can be, for

a given q,,?
* Combined with cosmology, we may distinguish two mCPs
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“Distinguishability” Conditions
Gan, Tsai, 2308.07951

* Turning down thermalization between y — A’: g4 < (167%m, /Fmy))'/*

* Requirement for kinetic mixing:  e<1 = gi>eq, g, = gd
’ €

Burgess et al, JCAP 08

* Considering these two inequalities for gd, we can roughly determine that:

1/4
g > 1 ( mx ) 7 375
X ~
~ aér/nz -Fmpl , 167’(‘365/2_9:/2

One CANNOT de-theramlize y — A’ interaction rate to mimic “pure” mCP!


https://arxiv.org/pdf/2308.07951.pdf

Regions of Interests

10° ET
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104 mses=SSISZTCSTEEEES
107 \
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10°F
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1011
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Orange Star: favoring “pure” mCP

Yellow Star:

testing reheat temperatures

Green Star:

1) testing reheat temperatures with CMB-S4
2) currently favoring kinetic-mixing mCP
Purple Star: favoring kinetic-mixing mCP

can be reached by direct-detection exps.

Our study can be extended to other BSM searches,
MCP is one of the cleanest examples



Outline

» Probing Reheating Cosmology
* Experimental Searches
“Energy + Intensity Frontier”

ATLAS at LHC



Two Search Methods: Scattering & Scintillation

Electron Scattering

~ energy exchange set by detector threshold (> MeV)

i

1 MeV
Oex =2 2.6 X 107Pcm* 5% e % = )C :
Eellllll . me

Expressed in recoil energy threshold, E, (min)
e.g., neutrino detector
Credit: MicroBooNE Col.

Magill, Plestid, Pospelov, Tsai, PRL 19, 1806.03310
Harnik, Liu, Palamara, JHEP 19, 1902.03246

* Dedicated Scintillation Searches for Millicharge Particles

~ eV-level energy exchange
Q w dE ,
S X € .
dx
' Energy deposition

milliQan design, 1607.04669 (MilliQan Collaboration)
FerMINI: Kelly, Tsai, PRD 19, 1812.03998
FORMOSA: Foroughi-Abari, Kling, Tsai, PRD 21, 2010.07941
LANSCE-mQ: Tsai et al., 2407.07142
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https://arxiv.org/abs/1812.03998
https://arxiv.org/abs/2010.07941
https://microboone.fnal.gov/

Neutrino

Monitor
building

SUBMET

LANSCE-mQ at LANL

+
280m

SUBMET at J-PARC

Finished first year of three year run!

|
t t
120m om

FNAL-mQ at FNAL

Hope to install early 2026

M. Citron mcitron@ucdavis.edu

1071

120 GeV
proton

800 MeV
proton

Install summer 2025

@ 400 Gev
proton

P SHIP-mQ at the SPS

23 Could be installed for SHIP startup (~2030)

CMS

= Run 3 milliQan
= FORMOSA
~—— LANL mQ
= SUBMET

= FNAL mQ
w SHIP

10° 10! 102

MCP mass/GeV

Proposed and helped lead these experiments

FORMOSA at LHC

Updates:

* MicroBooNE completing
dedicated millicharge analysis
(Arellano, Evans, ... + Tsai)

* For dedicated searches:

1. LANL LDRD $165k funding for ‘25
2. Featured on P5 report
3. Demonstrators are built and full

detectors under way

18



Outline

* Probing Reheating Cosmology
* Experimental Searches

 Related & New Studies



Neutrino-Photon (Quantum) Interactions

Neutrino Electromagnetic Properties:

(v @)y, emlvi(pi)) = wr(pr) Ay (@)ui(pi)

low q? @, 2. e
oW 4 > Al;z(q) (sz - g(rfz> ff) o QI/.u’ffzf

charge charge radius  dipole moment
Giunti et al., Rev. Mod. Phys 14, Abraham, Foroughi-Abari, Kling, Tsai, PRD 25

Charge Radius Bounds
—— FLAtE100 == FLAIE

FASERv2

v, LSND

<
COHERENT «— =
SM . DUNE
TEXONO

1 L OICHARM  COHERENT

Vr | LEP2

10'—33 10 iZ [ ]10'—31 10'—3()
cm

Cam also Study Weak Mixing Angle near NuTeV Energy, Tabrizi, Machado+, JHEP 22, PRL 20
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@/ @ CeSa -+ ZAS Tsai et al., Nature Astronomy 22, JCAP 23, CommsPhys-Nature 24

Detect Dark Matter & Constrain CvB Pure Gravitationally

Po = constant / Po = constant
Semimajor Axis

a ~ |

Local Dark Matter Density

Induced Precession:
Agp X Po

« Explore cosmic neutrinos over-density, ultralight dark matter, fifth force &

primordial black holes, modified gravity, monopoles, topological defects

 Featured in DOE Office of Science Newsletter, Scientific American,

Symmetry Magazine, covered by over 100 news articles in 20 languages
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https://arxiv.org/abs/2210.03749
https://www.nature.com/articles/s41550-022-01833-6
https://www.nature.com/articles/s42005-024-01779-3

Summary: Important Explorations of Elusive Universe

Coupling Strength
Energy High-Energy Theories
The rest of the String Theory
Standard Model (SM), non elusive Grand Unification Theory
Precision Intensity
Neutrinos
Gravity Dark Matter (DM)
(Gravitational Waves)

» Mass
A comprehensive effort is crucial in studying the “Elusive Universe”

New measurements and discoveries are on the horizon:
Millicharge, Neutrino Charge Radii, and Dark Matter

22



Tsai et al., Nature Astronomy 22, JCAP 23, Comms Phys. Nature 24

Gravitational Constraints on Dark Matter Overdensity

109 _< High—e NEOs >‘< NEOs W Other Ast(r()lds i
*  Pmax(r) is the derived i +Apophls
upper bound on DM
E 1077 e, E. —=o— Bennu . |
* ppy = 0.3 GeV/cm3 Y - B Vo, Ty, ]
= 10°f o ]
« We overcame 101% to 101* "« e -
order of magnitude in ~ Yy Shtyy,
terms of precision. T 1000 I
E —-18 Mo
Q pom ~ 10 (AU)3
10 F .
%0 0.5 17 5 10
r: Distance from the Sun
Astronomical unit (AU) r [AU]

n = ny/fw S 3.4 x 10M(0.1 eV/my), 95% CL [Planets]

» The horizontal lines are NOT error bars, but the coverage of the constraints.
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