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Abstract: Light bosons, including light axions, dark photons, and dilaton/moduli, are well motivated extensions to the Standard Model of particle
physics and intriguing dark matter candidates. Much progress has been made in recent years in both astrophysical and lab searches for these light
bosons with the understanding that these light bosons act like weak classical waves which permeate the space we occupy.

In this talk, | will discuss some novel phenomenon of light bosons in the dark sector, based on important in medium effects of these particles. | will
show how to take advantage of medium effects of the photon to optimize searches for these light bosons with data coming from cosmic microwave
background (CMB) experiments, and improve sensitivity to light dark photons and axions by orders of magnitude. | will also show how thinking of
dark photon as weak classical waves breaks down during production of light bosons in both early and late universe, when gauged strings are
produced in an event we call the string Bosenova, as well as the resulting observabl e consequences.

Zoom link
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Light dark bosons in the cosmos

Junwu Huang

Feb 28,2024
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Beyond standard model

* We have evidence for physics beyond the Standard Model
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Beyond standard model

* We have evidence for physics beyond the Standard Model

« We know Dark Matter exist, gravitationally

Pirsa: 24020048

Temperature Juctuations [ ji K? ]

2000

1000

)

Multipole moment, ¢

Page 4/74

2 10 50 500 1000 1500 2000 2500
¢
¥
1
-‘"-
’ '.“-
| -y .
\ Hm’u w-.\"
) T —— e
90" 18 1 07 01 007
Angular scale



Beyond standard model

* We have evidence for physics beyond the Standard Model

« We know Dark Matter exist, gravitationally

Multipole moment, ¢
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Dark Matter

* We have evidence for physics beyond the Standard Model
« We know Dark Matter exist, gravitationally

« But where do we start?

H, H ¢/ Try? M,
1033eV  3x 107 %V peV eV TeV 1013 GeV

Pirsa: 24020048
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Dark Matter

H, Dark Matter Hie/ Tryy? M,

10-33eV  3x 107 %V peV eV TeV 1013GeV

Dalal, Kravtsov, 2022

+ A model that is not excluded?
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Dark Matter

Axions Dark Photons

3% 10" 1%V peV 1013GeV
Freeze-in WIMP

A model that is not excluded?
* Production in the early Universe?
« Thermal production

» Gravitational production
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Dark Matter

Axions Dark Photons
- Energy
3x 107V peV eV TeV 1013GeVv

Freeze-in  WIMP

* A model that is not excluded?
* Production in the early Universe?

* Are these targets theoretically motivated?
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Light Bosons

Axions Dark Photons |
3x 107 %V peV eV
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Light Bosons

Axions Dark Photons

p Energy
3x 107 %V peV eV

+ The QCD Axion is initially proposed to solve to the Strong CP problem

d L Theoretical expectation:
/ldn|~2x10169-e-cm
.
\J

4
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Light Bosons

Axions Dark Photons

p Energy
3x 107 %V peV eV

+ The QCD Axion is initially proposed to solve to the Strong CP problem

d L Theoretical expectation:
/ |d,| ~2x1071%9 - ¢ - cm
.
\J

—$ <1071

4
Experimental measurement:

|d,| <107%-¢-cm
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Light Bosons

Axions Dark Photons

p Energy
3x 107 %V peV eV

+ The QCD Axion is initially proposed to solve to the Strong CP problem

Peccei and Quinn, PRL 38, 1440, 1977
Weinberg, PRL 40,223, 1978
Wilezek, PRL 40, 279, 1978

d L Theoretical expectation:
/ |d,| ~2% 10719 ¢ - cm
4 + \ » 0<10-10 QCD axion
~——TF 6(t) - 0

y
Experimental measurement:

|d,| <107 -¢-cm
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Light Bosons

Axions Dark Photons

p Energy
3x 107 %V peV eV

+ The QCD Axion is initially proposed to solve to the Strong CP problem

« String axiverse and photiverse
Svrcek, Witten (2006), Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell (2009)
+ Axions (QCD Axion)

+ Dark photon

* Moduli/Dilaton
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Light Bosons

AXxions Dark Photons

3% 10" 1%V peV 1013GeV
Freeze-in WIMP

+ The QCD Axion is initially proposed to solve to the Strong CP problem
* String axiverse and photiverse
+ Axions (QCD Axion)  Axion dark matter

+ Dark photon Dark photon dark matter
Mediator of interactions to the dark sector

* Moduli/Dilaton
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Dark Matter

Axions Dark Photons

p Energy
3x 107 %V peV eV

A model that is not excluded?

* Production in the early Universe?

Are these targets theoretically motivated?

» Searching for these states?
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AXIoNs

Axion photon coupling: &4, aF*F,,

Agrawal, Hook, JH, 1912.02823

DeRocco, et. al. (JH), 2205.05700
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Baryakhtar, JH, Lasenby, 1803.11455

https://cajohare.github.io/AxionLimits/

Axion gluon coupling; E(?""“’GJL‘,,,

a
Hook, JH, 1708.08464
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The dark photon action:

1 1
S = Jd“x — FYF, = SmAAY + eFUF,

kHz MH: GHz THz eV keV

10" ¢
R 10 =
Siemonsen, et. al. (JH),
221209772

PRV
1075 =
10°
107

1073 Pirvu, JH, Johnson, 2307.15124
+ ongoing date analysis

5 I U T LT R 0 S L PSR
407407407307 4074074074074 xO \D \9 BRI

Dark photon mass [eV]

N \o"\d’ A0 AT 4T 4t 4
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Dark photon

(Okun 1982, Holdom 1985)

https://cajohare.github.io/AxionLimits/

East, Huang, 2206.12432

kHz MHz GHz THz

1 Y
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Optimised discovery projection SuperCDMS
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Baryakhtar, JH, Lasenby, 1803.11455
Chiles & Charaey, et. al. (JH), 2110.01582
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Light boson as waves

Axions Dark Photons
3x 107 %V peV eV

"LL

(Figure Credit: Mina)

WS
N S
& o S

We are immersed in light Bosons
as a classical wave as a weak field
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Manipulating a photon

- Light Bosons' properties are easily affected by the environment

Light

Pirsa: 24020048 Page 20/74



Manipulating a photon

- Light Bosons' properties are easily affected by the environment

Light

| Superconductor |

-Light bosons, photon and the dark sector bosons, can have properties that depend on the medium
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Light bosons manipulated

* |In-Medium Effect:

+ Take advantage of these effects of both photon and/or light bosons

.

...to (find or create) the correct medium to improve our searches for light bosons
Pirvu, JH, Johnson, 2307.15124 + ongoing date analysis

Pirvu, Mondino, JH, Johnson, 240X 000K
+ How the in-medium effects shape the parameter space we probe

+ ...as well as producing striking new signatures
East, Huang, 2206.12432
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Patchy Dark Screening

Dalila Pirvy, Junwu Huang, Matthew Johnson
2307.15124
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Dark photon conversion

* Resonant conversion to search for photon to dark photon conversion

S AVAVARAVANY:

< >

Pirsa: 24020048 Page 24/74



Conversion In the lab

* Resonant conversion to search for photon to dark photon conversion

YN NNA

- In the lab: <

- drtector

LAMPOST
(Baryakhtar, JH, Lasenby, 1803.114565)

ADMX (Cavity)
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Dark photon conversion

» Resonant conversion to search for photon to dark photon conversion

S AVAVARAVANY: U

B
. . 2 e’Xn,
* |lonized medium in the cosmos 0, =
mﬁ’
2 2
wp = mA,
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Conversion In cosmology

* Resonant conversion to search for photon to dark photon conversion

2 2
s W =My,
r J A
U/
Cosmology provides ) gQXen_e
1‘ natural scanners wp = —
m

(4

400 thousand

The Big Bang

Redshift +

Mirizzi, et. al., 0901.0014, Caputo, et. al., 2002.051 65
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Conversion In cosmology

* Resonant conversion to search for photon to dark photon conversion

YN NNA

2
Cosmology provides s € Xen'e

2 __ .2
wP_mAI

1‘ natural scanners w, =
mt’:’
) (From Hongwan Liu)
1077 e
—8F— m,(n=227em™}) . .
1077 NI Recombination P
109k ma  4x107 eV ]
_10 ma = 10718 eV The Big Bang
= 1070 F = 1026V ] 5
~11 .
o 1000 F Reionization k 7
-3
X
aual
Time Mirizzi, et. al,, 0901.0014, Caputo, et. al., 2002.05 | 65
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Conversion In cosmology

* Resonant conversion to search for photon to dark photon conversion

0 AVaVaVaVaWt

2 o il
wP_mAI

Cosmology provides
]' natural scanners

— NFW gas === myr =3 x 1073V

10~ ;
) 1073 107 10! 10°
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Inside a galactic halo

Statistically:

#(t)

102 107!

r [Mpc]

10°

Pirsa: 24020048
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Inside a galactic halo

— NFW — gas - mup =3 x 10 1Bay

#(t)
107503 102 101 10°
r [Mpc]
A e M3 d -1
(M, w) = P, a = A 1 € |— Inm?2(Z(t))
YQ! rLb 3 dt t=tl"BH
Frequency dependence Position/Angular dependence
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Map of photon conversion

T =2.726K
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Map of photon conversion

T =2.726K
- -
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Many halos

T + halo

T4, w)

irsa: 24020048 Page 34/74



Screening and dark screening maps

fCMB(ﬁ) T4, w)

+ How do | separate the two maps!?

* How to use this map?
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Monopole = Spectral distortion

- Monopole: < . > — .

T4, w)
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Monopole = Spectral distortion

- Monopole: < . > —~

TR, w)
. Mirizzi, et. al., 0901.001 4,
COBE/FIRAS constraints. Caputo, et.al. 2002.05 65
Bv,T)
Removal of CMB photon
(frequency dependent)
0 2 4 b 8 10 VT

Pirsa: 24020048 Page 37/74



Auto-correlation

- Auto-correlation (TdSCTdSC) — TZC;T

Y Y ¥
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Auto-correlation

- Auto-correlation (TdSCTdSC) — TZC;T

4

Scales as €

Y Y ¥
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Cross-correlation

»  Cross-correlation with LSS survey

(T%%,) = TCH'

Scales as 2
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Cross-correlation

»  Cross-correlation with LSS survey

(T%%,) = TCH'

2

Scales as €

@ %5
o€

(BSM x SM) type operators
(CMB x LSS)
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Map separation

(Taken from Planck website)
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Map separation

(N, ) x —

(Taken from Planck website)
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Projection

1078

1079

10—10
10—14 10—13 10—12 10—11 10—10

mar [eV]
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Projection

1072
106

-7

w 10
10~8
Planck
107 —--= CMB Auto
- CMB x LSS

10—10

10~ 10713 10-12 1071 1071

mar [eV]
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Projection

o0 Planck
-== (CMB Auto
i —— CMB x LSS
w 1077
CMB-S4
- --= CMB Auto
— (CMB x LSS
1079
10—10

10-14 10—13 10—12 10—11 10—10

ma [eV]
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Dark photon

10‘-(1 L L] IIL L
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Pirvu, JH, Johnson, 2307.15124 + ongoing date analysis
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Dark photon
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Pirvu, JH, Johnson, 2307.15124 + ongoing date analysis
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Dark photon Asdon
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Pirvu, JH, Johnson, 2307.15124 + ongoing date analysis
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Dark photon Asdon

10‘4 L L]
CMB-HD i
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Pirvu, JH, Johnson, 2307.15124 + ongoing date analysis
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Summary

light

LBackground | | ZEfFect of Dark Sector | Observer

Years after the Big Bang
0.1 billion 1 billon
v
The: Big Bang ;

=
3
Q
@
=
I=
<Q
|:t_i

. Relonisation
2 LT, W |

10
Redshift + 1

Dark photon, axion, freeze-in...

(BSM X SM)

CMB, 21cm, LIM... _ . _
Linear perturbations, Halos,Voids, Bubbles. ..

In collaboration with Cristina Mondino, Dalila Pirvy, Matt Johnson, and
Hongwan Liu, Fiona McCarthy, Colin Hill, Selim Hotinli, Keir Rogers...
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String Bosenova

Will East, Junwu Huang, 2206.12432
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Packing too much energy!

* Is it actually weak classical wave?
+ Dark photon occupation number:

* At earliest time accessible with CMB (10%eV)

P

~ 10%
m3,

" N=

+ At inflationary production (10-3eV):
N =~ lelmj. ~ 10°4
* In superradiance cloud (1072eV):

N=PAR3 & (76
mA-‘
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Simulation

* Vortex formation in Superradiance cloud

Video Credit: Will East
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Simulation

* Vortex formation in Superradiance cloud

+ Abelian Higgs model:

Video Credit:Will East

N I R
§=|d*x|= | D@
2 }

21, 1 2
—FEL = (|cI>|2 = 1) ‘
+ Stuckelberg limit:

m%/mj, = ,'{/g% — 00  Heavy higgs, light dark photon
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Simulation

* Vortex formation in Superradiance cloud

+ Abelian Higgs model:

Video Credit:Will East

1 2 1 A > 2
— 4 ’ Tl 2 ,2
é’—[dx[—z |DHCI) ——4F!‘”Fp,,,—z(|<b| - )‘

+ Stuckelberg limit:

m%/mj, = ,'{/g% — 00  Heavy higgs, light dark photon
+ Low energy action?

1 Iy ol 1 P A
csj = Jd4x (_ZF} F,‘w = Emj,AﬂA*)
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Vortices

Abrikosov 1957

O(r)/v, B(r) D(r)
1.0

08

06f

0.4

02

Vimg ~2 112124 °

A single vortex
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Vortex Formation

@(r), B(r)
B(r)

Galaiko 1966
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Vortex Formation

Galaiko 1966
@(r), B(r)
i ‘ B(r)
=1 ®(r) =/ v* — gpB(r)/A
@ i —
0 @

Pirsa: 24020048 Page 59/74



Vortex Formation

ol
© |

Galaiko 1966
O(r), B(r)

\

=1
D(r) =+/v: - gpB(r)/A
055
® r
i /€
0
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Vortex Formation

Galaiko 1966

o B ~ Bsh NAI/EVE
@(r). B(r)

D(r) =+/v: - gpB(r/A

2 4 i

ol
© |

Above the superheating field, the
| phase transition is second order
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Vortex dynamics
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Vortex dynamics

:) - é
~ X Vortex:. A =—
s g

gpr
©s;
y

©
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Vortex dynamics
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Vortex dynamics

0
Vortex: A =—
Epr
— dA .
E=""=%.VA
dt
dd _ v
d  gp
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Dark photon dark matter?

Vortex Formation Vortex captures the energy

R T PYAY A
o Fo-

) F:

-t

=

= |

- 4

R 1071}

&

v

(t — to) X may

~ 1/my

Vortex forms once the

The energy density in the dark photon depletes
critical field is reached
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Vortex Formation when:

10°°
10719¢
10712 ¢
U0 f
10719

1071 ¢

wn-" 10? 10" 10°
my.leV (Picture credit: Zach Weiner)
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Vortex Formation when:

10
1071
1071

BT
1071

10—18

107" 1071
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Fate of the vortices

String Crossing

>< >< @ O | oW @
" .

Q @ String Loop (Long lifetime) '
@

—_—
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GW & String glitches

Preliminary
Preliminary results with Ristow, Brzeminski and Hook

1077 [-
03 10
@ O o > @ Futu;ia 1075
107

l10 100 1000 100 10° 109
UGo  flHz]
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GW & String g

Preliminary results with Ristow, Brzeminski and Hook

RH String Loop (Long lifetime)

Accelerometers: Gravitational wave detectors _f~

Pirsa: 24020048

10—21
10—23
1075
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y
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Log1o(SNR)
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10g10[mA:/eV]
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10*
10 10
1
BURE
101

1w =

w1 " 1!

. feV

String Bosenova Dark photon dark matter?

— oW i,
BH —_—
j) O i IGDJ
@ ) String Loop (Long lifetime) >

Direct detection & GW

w e

Video Credic Wil East
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e UL

Two stream instability
and freeze-in

Mardon (Talk) & Lasenby 2020

wh ¥ o' ot ! 10" 107
eV

Dark photon dark matter?

Video CredicWill East

- o
Q_H) O — (o

Direct detection & GW

Photon mass?

Adelberger, Dvali, Gruzinoy, 2003
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Conclusions

- Ligh i k k . .

IE0E.DOSONIC g FRatter/daricsector Patchy dark screening Dark photon vortices

* Novel collective dynamics affect
* How to search?

* Where to search?
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