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F, y : photon
Z', Yy : dark photon

POI’ta|S a : axion
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F, y : photon
Z', Yy : dark photon

POI’ta|S a : axion
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(|V) Neutrlno POr'ta| y LHN Neutrino Righ’r-Handed neutrino
G gy ~iny - Ganyray ~ Photon (Y)
(v) Dark Axion Portal —— aF, 2" + ——aZ], 2"

[Kaneta, LEE, Yun (PRL 2017)]

Axion (a)— — -

Dark photon (Y)

We introduce a new portal that connects Dark photon (Vector portal) and Axion

(Axion portal) to our sector at the same time.

The new portal is not a simple product of Vector & Axion portals. (e.g. Gayy # € Gayy)
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Standard Model + Dark Force

Gauge symmetry = SU(3)c x SU(2)L x U(1)y x U(1)dark
It may interact with DM, but
SM particles have zero charges

SM Z' U(1)gark gauge boson

/_\/\/ (no direct coupling)
SM

Z’ can couple to SM particles through kinetic mixing of U(1)y & U(1)dark.
L. [Holdom (1986)]

1 1
Lyin = —~Bu,B" + = B, 2" — =7, 7"
: 4" i 2 cosbly " 4 H

U(1) kinetic term (photon part)

— Maxwell’s equations

SM \SM (mixing) Z'’

/W\/\/ (couples through SM gauge bosons)
SM

Vector (spin 1) portal

U(1)y gauge boson: B, = cosOw A, —sinbw Z,
( Ow : Weinberg angle )
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Visible/Invisible decay of Dark photon

2 main categories of Dark force search (in terms of the dominant decay modes) :

(i) “Dilepton Resonance” search Visible dark photon mode

1.00 F

€+ 0.50 F h ]
) ’/4 adrons
Z — ¢*¢- is the major decay | \/ | T W
! : : : it \
Z mode in an ordinary scenario. % sl “* | ‘ .
/- 0.02 F |
£202 Am2\ 1/2 "I Dark photon branching ratio |
F(’}// — €+6_) — T o My (1 — 2X) 0.1 02 05 L0 20 50 100
1 27-‘- m,.y/ my (GeV)

[Batell, Pospelov, Ritz (2009)]
[Raggi, Kozhuharov (2015)]

(i) “Missing Energy” search Invisible dark photon mode

X Z'— yyis the major decay mode,

7 if ¥ (very light dark sector particle) exists.

y BR(Z — missing energy) = 1 is taken.
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(kinetic mixing squared)
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Dilepton searches for dark photon (Visible dark photon)

[Current constraints]
1074

Photon (Y)

Belle-ll
5ab™’

BLHCb

Pre- 2021

1073 1072 107"
ma [GeV]

From Dark Sector 2016 Workshop (arXiv:1608.08632)

Dark photon (y’) y-Y' kinetic mixing
(vector portal)

£+
Zl
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Mostly from the Z’ — dilepton
searches (e*e- or u*y-)

(i) Electron, Muon g-2

(i) Beam-dumps

(iii) Meson (quarkonium) decays
(iv) e+e- collision (photon+Z’)
(v) Fixed target experiments

The dark gauge boson is actively
searched for in many experiments.

The vector portal is constrained to
be small (¢ <<1).



Example: A Experiment (APEX) at JLab - Hall A

[APEX Collaboration] \\
Electron, P = E0/2 \\
Dark Photon
Bremsstrahlung ‘ Septum HRSIeft
Z i T/
e Beam w77 /
e —_— -
. — NN
e-beam (GeV scale) « W target \\\\\

fixed target

Positron, P = E0/2

New Fixed target (Tantalium Z=73) experiment designed for direct Dark Photon
production/detection.

Events/(1 MeV)

108 “““““““““““
’7 i i
106 ,:"'/ Z' — e*e- narrow resonance at Z’ mass
105 signal * (Direct bump search at Low-energy facility)
107
S50
1041::: S || B SMka * The High Resolution Spectrometers (HRS)
1000 - T at Hall A are used.
0o BB

180 200 220 240 260

e e~ mass (MeV)
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Missing energy searches for dark photon (Invisible dark photon)

[Current constraints]

1072

S

1073

1074

(kinetic mixing)

10>

107

1077

Photon (y) ~® "\ Dark photon (y') y-y" kinetic mixing

| Illlllll I ||||||||

(I Illllll

Bellell 20 fb!

— gt

(vector portal)

L L LI

W
<

Z/

<

1073

10~ 1

m,. (GeV)
From Physics Beyond Colliders at CERN (arXiv:1901.09966)

The invisible dark photon is also actively searched for in many experiments.

The vector portal is constrained to be small (¢ << 1) in this scenario too.



Example: NAG64 (beam-dump for dark photon) at CERN SPS

INAG4 Collaboration]

CERN experiment
to test invisibly decaying Z’

i S s 41t calorimetry

HCAL

aaaaa

“active dumping”

(i) Primarily e-beam (~100 GeV). Ultimately EOT ~ 1012,

(i) Detector is hermetic (catching all SM particles except for neutrinos) and measures total
energy deposit.

(i) Test “energy loss” (Missing E) by invisibly decaying Z'. (Essentially BKG free.)

(iv) Does not depend on unknown ap (DM coupling).
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Extended range of parameters of the Dark Photon
. Energy Frontier

Jupiter [EEEAT

L0g10 E

‘_ ma [GeV]

9 Limited area

'E shown before
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o
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-15 -12 -9 ,’ -6 -3 0 3 6 9 12

Dark photon is Iog-lived (compared to the Universe age, 14B years)
and can be even a DM candidate.  Pospelov, Ritz, Voloshin (2008)

Extremely large parameter space emerges
once we accept the idea of a very small coupling.



Axion Portal
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Axion at a glance

Axion: Pseudo Nambu-Goldstone boson associated with Peccei-Quinn symmetry,
a global U(1), introduced to address the strong CP problem
[Pseudo: the U(1)pq is not exact, and gives a small mass to the axion]
[strong CP problem: Charge Parity symmetry breaking in the strong interaction sector is too small]

fa (axion decay constant) = U(1)rq symmetry breaking scale
Ajep 1072 GeV? o OBM 102
Ja fa T fa

M &

Axion coupling is almost determined once its mass is given.

Axion-Like Particle (ALP): a generalized version of the axion (at the cost of original
motivation from the strong CP problem). No direct relation between Gayy and mass.

Axion: practically, a very light scalar boson (with CP odd)
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Current constraints on Axion and Axion-Like Particle (ALP)

10'6 ———r— 2 i E A
Photon (Y) Lasers
Axion (@) — — — R 108 k :
Photon (Y) %
©) (010 | | Helioscopes 4
axion portal (Gayy) 2 0 i g
RF antenna < \ ' :
| s | ALP
| 2 4012 | g | RF Cavity <3 2 -
R = & fa~few x 1010 /3— =
=>————§MW 8 = ’llﬂ o W d =
X! T o)
Bo c 14 | mi ol . .\(\ -
$ " T ALP
< = |
High Q cavity 85 I ’
Total Universe energy 1071° . ~1012'-:« g PDG 2016 ~
a :
M w = Y Y Y a2l Y aal s
10 107 10® 10° 10* 10® 102 107 10° 10
% \ Axion Mass m, (eV)
27% Irdinary | Axion suffers the relic density deficit problem for fa < few x 1010 GeV
Dark Matter |Matter : too small relic density to explain the data (Qom = 27%)
. —92 2 —2
o/ Axion Case 107~ GeV 10
68 (o] ma % : GCL’Y")/ ~nN —
Dark Energy (Yellow band) fa fa

y:
5

i

fa : U(1)rq symmetry breaking scale



Dark Axion Portal

Gayy
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ay’y’ Y
1 az,,Z

aFWZ’“’/ +

“A hidden connection is stronger than an obvious one.”

- Heraclitus of Ephesus -
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Dark KSVZ axion model (New axion model realizing the new portal)
[Kaneta, LEE, Yun (PRL 2017)]

To realize Dark Axion Portal, we construct Dark KSVZ axion model, which is a simple

extension of the KSVZ axion model with the U(1)park .
(KSVZ axion model: invisible axion model using exotic quarks) Kim (1979); Shifman, Vainshtein, Zakharov (1980)

Field | SUB)e SU2)r Uy || U)park, U(1)pg
Q 3 2 1/6 0 0
UR 3 1 2/3 0 0
M oartic dr 3 1 —1/3 0 0
particies _
L 1 2 1/2 0 0 KSVZ axion model
ER 1 1 —1 0 0
H 1 2 —1/2 0 0
. VY 3 1 Qy Dy, PQy
Exotic heavy quarks e 3 1 —Qy —Dy, PQ - |
Extra scalars Ppg 1 1 0 0 PQos W
(to break PQ & Dark) dp 1 1 0 Dy 0 4&* Additional scalar for y’ mass

L=ypPpoyy°+hc. — PQo=—(PQy+ PQyc)

fc% = PQ% ’U]23Q ; Mg = 1\_/52 fwf:% (with 2 = my,/mg ~ 0.56)
o _ 98 PQs
W 8n2 f, ®pg 1s a pure gauge-singlet.

2 _ 12192, 2
mZ, = e~ Dgvp

Exotic colored fermions may decay into other particles through, e.9. & 4dy + h.c.
for PQ, =0, Q, =-1/3,D, =Dgs .



It depends on the couplings of the Fermions in the triangle

In the KSVZ axion model, there are exotic quarks forming an anomaly triangle.

(i) Original KSVZ axion model: Exotic quarks have EM charges

axion - - -

exotic quark
in the loop

\/\V/\VV/\, photon Photon (Y)

Y

Axion (a) — — —

\/\/\/\, photon Photon (Y)

axion portal (Gayy)

(i) Dark KSVZ axion model: Exotic quarks have EM & Dark charges

axion - - -

exotic quark
in the loop

The new portal was not made
just by combining two old portals
[obvious connection].

\/\/\/\, photon Photon (y)

Y Axion (a)— — -

\/\/\/\, dark photon Dark photon (Y')

dark axion portal (Gayy)

Photon (Yy) ~ A& AN Dark photon (y')
Axion (@) — — —<
Photon (Y)

21
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Dark Axion Portal (in Dark KSVZ axion model)

exotic quarks AVVV\, 7 exotic quarks AVVW\ 7 exotic quarks AVVV\, 7
a___<<:::, a___<<:::, a___<<::z
VW Y VW Y ’

AVAVAVAVES
— s Caty
Y Axion Portal 7
The portal interaction terms are given by Above the QCD scale (~ 200 MeV)
2
& — Nco | Q) Q: electric charge
e 472 fa [ ¢] D: dark charge
/
ee’ PQg
Goryy = Prch N¢ [DQPQQP] + G gy e: EM coupling constant
n a e’: Dark coupling constant
12
e” PQq
GCW’W’ — 12 7 Ne [Di] - 25Gaw’ Nc=3 (color factor)
a

Vector portal (¢) x Axion portal (Gayy) part [obvious connection] should be small
because € << 1.

Dark Axion portal provides a New way to search for Dark gauge boson
[using the hidden gauge coupling] even when Vector portal is closed (¢ = 0).



exotic quarks AVVV\, 7
a-—- — — <r
AVAVAVAVERG]

Gayy

; Axion Portal

Dark photon decay

Decay modes

exotic quarks
a_--<<:::

Gy

2.2 2

N e“e dmz11/2
ety = S i 22
,y/

G2 / m2 3

D(y = qa) 3 —22md, 1 f |
=79 J 6 ™ 1 2,

Axion decay

[(a —vy) =

[(a =) =

[(a —1"7) =

While typical dark photon search looks for dileptons,
its dominant decay could be into a photon + axion.

AVAVAVAVRS exotic quarks AVVV\, 7
y a - — — <r
W Y N Y

23

Ga,y/,y/

G?
a~yry
m?>

64w ¢
2

(;avv’
327 m?2

G2 4m,2y/ :| 3/2

ay'~y" 3
1 —
64 Tna[ 2

2
m2,73
Tng[l-— ’7}

m

(I = partial decay width)



Implications of the Dark Axion Portal
(Cosmic Frontier)
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(1) New dark photon production mechanism
[Kaneta, LEE, Yun (2017)] 1072 )

T T | I ||LU|" 1T T T T

T T TTT

T R RN

I

Very light dark photon

)
O
‘n
>~
<
a
c
O
. X
: DM candidate S 1071L-°
9 -
8 L
G s
‘- y e9  F
thermal axion Aé wJ -
y O
o 1070
>~ -
fsm fsm = B
. Q
» time e e
(Dark Primakoff effect) § i
(V)]
@] /
Q 109 ’

10~ 1072 1077 1
m, [MeV] dark photon mass

Dark photon decays slowly into axion + photon. (y" — a Y)

Purple region gives correct total (axion + dark photon) DM relic density (Qom = 27%).

fore'=0.1,D,=0.1,Q, =-1/3
ry = fraction of dark photon (y’) in total DM
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(i) Explanation of the 3.5 keV X-ray puzzle

[Kaneta, LEE, Yun (2017)]

axion mass = 104 eV
Yy’ mass =7 keV

y’ lifetime =ry x 1028 sec

3.5 keV X-ray excess explained

1.40

T I 1
% 1.30 f= ':k\‘ GC ON, MOS1 ~— @ |  wuf
‘_‘/ \ GC ON, MOS2 ~ @ -I
‘é;.. 1.20 = ! // \ Q‘ =
/ ATRY
3"\§‘ 1.10 = (g ey -]
o / / A & -
gg 1.00 -0/-.;’ o ™ ';.,4 SO )
a-= o o4 Al |
g 0-90 1> ~af Feie ey 8 e L¥ el g
g 0.80 T g g reto a0t e g | ‘i
0.70 1 I L I 1 I L I 1
3.0107% |- % —
) 1072 |— -
3 2.010 7
9
$ 1.010% - + z —
L]
00100 11052 —i—}—#————————————— —%—g— et A
. _ }
-2
-1.0-107% =
] | L | ] 1 | L
3.0 3.2 3.4 3.6 3.8 4.0

1408.2503

PQ symmetry breaking scale (axjon physics)

fa [GeV]

1012

1011

1010

T T TTT

yw I T T TTT

Y

T T T 1T

Dark photon decays slowly into axion + photon. (y" — a Y)

1077 1
m, [MeV] dark photon mass

Interestingly, (from 2014) there is a reported 3.5 keV X-ray excess from the galaxies
(roughly 3~4g0 C.L.). Currently, under scrutiny by many studies.
ry = fraction of dark photon (y’) in total DM




Implications of the Dark Axion Portal
(Intensity Frontier)
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Visible/Invisible decay of Dark photon

New categories of Dark force search (in terms of the dominant decay modes) :

(i) “Dilepton Resonance” search Visible dark photon mode

€+
2,2 Am2\1/2
E-e€ m
L'(y —ete” :—m/(l— X)
7 Y )=
a
(i) “Missing Energy” search Invisible dark photon mode
X
e'? D? 4m?2 \ 1/2
/ Dy = xX) = — 2my (1 =% )
Z (v 2 XX) = 5 my 2,
;
(iif) “Photon” search "New” visible dark photon mode
Y
G2 / m2 3
, ot ) = St (1 78 )
YA (/y ! ) 967 v m?y/

a (From now on, axion includes axion-like particle)
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Photon (Y)

Photon searches for dark photon

[deNiverville, LEE, Seo (2018); deNiverville, LEE (2019);
Dark photon (Y') deNiverville, LEE, Lee (2020)]

Gayy only (model-independent way): We take axion as a very light particle
carrying a missing energy, and neglect the effect of Gayy vertex.
(No signals of exotic quarks impose additional constraints.)

Axion (a)— — -

dark axion portal (Gayy')

TN |
L1 N
i == AN Electron g-2
H AN S . . —
b | T\MiniBooNE Muon g-2
: R \'\\\\ |
0.100f
i ' E:QSE R N .
Jl k) \‘\ \\\\\\
0.010% s, AT SLA\\ . .
‘:\ )l\ o \\\\\ \\9‘?\ \\\ \\\ I,
D o
O \ SRR N AN //, I
S 0.001" SRFASERZ-N Belle-l20f~" . s
'g . CHARM \:1:\_\_\: _—_AT\_\: """""""""""""""""""" I,'
(D \\\\ \\\\\ \\ /// i
1074 e ~—J T Belle-ll50ab™ .- T
\*\ \\ Constraints from the Intensity frontier 1
S N \\ (i) Electron, Muon g-2
1 0—5 . NEOS DTSN \. | (ii) Fixed target neutrino experiments
- TSael _ ) | (iii) Proton beam dumps
- CONUS T SHiP ; (iv) B-factories
RENO  Aceciimmm s~ oo pm o S~<e . 4 |(v)LHC
- Assume Mg << My’ (vi) Nuclear reactors
10_6 \ \ \ Lo \ \ \ Lo \ \ \ Lo Lo
0.001 0.010 0.100 1 10
Controlled (Lab) experiments only my (GeV)




B-factories (BaBar, Belle |I)

B-factories are asymmetric e+e- colliders of Ecm = 10 GeV.
e+e- can annihilate into a dark photon + axion, and the dark photon can decay
into a photon + axion (e+e- = y a — y a a). It is a mono-photon search.

30
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Proton beam dumps (CHARM, SHIP tuture)

Proton Beam Target Neutral Mesons

. 7

v
: fﬁ\’
™,
_ a
v /
GCW'Y )
g
Production

v = avy,aete”

AT

Dark Photon Beam

Decay Volume Detector

Detection of decays

T (n) mesons decay into a photon + axion + dark photon.
Dark photons can decay into the mono-photon + axion (CHARM) or

2 charged tracks + axion (SHiP).
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Neutrino fixed target experiments (LSND, MiniBooNE)

(originally for 7+ K* — v, u*)

™ n — ayy'

7" — ay (Sometimes)

m—)| - - = - = AWMV - - = - -

Proton Beam Target Neutral Mesons

w0, n

v
: ﬁﬁ
T,
_ a
v ~
GQ'Y’Y )
g
Production

Axion and Dark Photon Beam Detector

Detection of scattering

T (n) mesons decay into a photon + axion + dark photon.
Axion can scatter with the electrons in the detector (mineral oil, etc).
Signals are similar to the neutral current elastic (NCE) scattering of the neutrinos.
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Reactor experlments (MINER/CONUS RENO/NEOS)

Gayy 2(GeV?) - dN,/dE,(MeV™'s™")

— my =100 keV
1GW 4
1014 — my =500 keV+
— my=1MeV | 0.100¢
o — my =2 MeV
10 | = 0.010
10 £ 0,001
. — CONUS
108, 10—4‘ MINER
— RENO
- — NEOS
10—5 . . A ol . N Ll . L
1060 ‘ 0.01 005 0.10 050 1 5
my (MeV)
a
pA /
Y(pa) ; p
7
a
77/
W
e(pp)
Production Detection of decays

Reactor energy is low, but it produces huge flux of photons.
Good to probe the small mass, small coupling region.

(Because of isotropic production, the closer distance is more sensitive.)



Axion (a)— — -

Photon (Y)

dark axion portal (Gayy')

Gayy (GeV™)

Controlled (Lab) experiments only

Photon searches for dark photon
[deNiverville, LEE, Seo (2018); deNiverville, LEE (2019);

Dark photon (Y') deNiverville, LEE, Lee (2020)]
Gayy only (model-independent way): We take axion as a very light particle

carrying a missing energy, and neglect the effect of Gayy vertex.
(No signals of exotic quarks impose additional constraints.)

~

o T T
—
2,
4 ’ 7
l, Y.
77
4

0.100

—
-

V4
7
Vs

B

I
‘P
»
I'I1

\Rl\

I | I I I I I
\ ‘\\
SIS

Scattering (ae —7ye)

A _'M _ _NIT

l—'-i\
,/

Electron g-2

Muon g-2

NN
S
\\\ \\\ |
SLA\ \ .' |
:'
]
BaBar ]
Y2l |
s
. Belle-11 20 fb™ [
1 R etttk |
1
)
7
///
- Belle-11 50 ab™ |

—
el g iy ——

Constraints from the Intensity frontier

) Electron, Muon g-2

(i
1 0_5 NEOS ‘\\ (i) Fixed target neutrino experiments |
(iii) Proton beam dumps 3
CONUS ,Il (iv) B-factories
RENO ¢ |(v)LHC
f Assume Ma << mY (vi) Nuclear reactors
10_ | | | | [ ‘ | | | | | | [ ‘ | | | | | | [ ‘
0.001 0010 0.100 1 10
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New possibility: Low-energy e-beam dump with photon signal
[deNiverville, LEE (2019)]

Bremsstrahlung

ep — ep +

, ¢
Y= ay

Monophoton

)’ VRNV

/

8

VAVAVAVAVAVAVAVAVAVAVAVAY,

Electron Beam  Target

- Y

(;avv’

\Y,

Dark Photon Beam

Decay Volume

Detector

Most viable options of the e-beam dump using the vector portal were taken.

Major production of dark photon through the vector portal (Bremsstrahlung) at
the affordable e-beam facilities, and the major decay to the photon through the

dark axion portal (y'— y+a).

The dominant y’— y+a can suppress

the severe kinetic mixing (€) constraints.

(Detailed design study is called

for.)

Mean Travel Distance (m)

1000

100 &
50|

500 \

Gayy=10"* GeV~'

40

60

m, (MeV)

80 100
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Dark Axion Portal at the LHC (Energy Frontier)?

There are models which have a dark photon (or its variant) in the final states.
Searched for as “Lepton-Jets” (highly collimated leptons. y—¢*#-) using vector

portal.
(Currently, searching for dark photons at the LHC = searching for lepton-jets.)

R
e p
x10™
T

T T ] T T L5 § T
VS$=14TeV

=7 zd rn.Zd =5GeV a

m, = 125 GeV -

Backgrounds:
— I>2ZZ

(ex) rare Higgs decay - - - -

L _'Zy“ 4
® 1L — tRILITL1 T —

| Do

0 5 10 15 20 25 30 35 40
m;* (GeV)
d

[Davoudiasl, LEE, Lewis, Marciano (2013)]

do/dm™(1b/0.2 GeV)

(125 GeV)

Depending on the model, the decay mode to dark photon can even dominate.
(ex) Top-partner — Top + y as the dominant decay mode (followed by

y—¢*¢-). [Kim, Lane, LEE, Lewis, Sullivan (2019)]

In the presence of the dark axion portal (Gg,), one might need to search
for “photons” (y — y a), which can dominate the decay BR, at the LHC.



Concluding Remarks
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mass -+ ~2.3 MeVic? =1 275 GoVie* ~17307 GeVic* =126 GeVie*
| chasge -+ 273 ) 73 0 H
b
- @ |- @ @ .
Higas
wp charm | tof J | guon bodon
~4.8 MoVic ~95 MeVie* =418 Govie? o
'y .
_‘/] an an o An . 0
£ n 4 " \@ w2 1
-~ |
— down . strange | bottom | photon
- ! - F N\ — B - » - J
0.511 MeVie* 105.7 MeVie* 1.777 Gevic* 912 GeVic*
-1 x 1
- & |. @ JB y
-
electron muon | Zboson 8
' O
g <22Vt <017 MeVic* <155 MeVic* 80 4 Gavic* om
0 ) ) \ 0 N s
.| Q. ® .@ .
-
o |
electron mu tau !
W | neutrino | neutrino | neutrino | | Wboson g

Standard Model

Hidden Sector

Dark sector could be investigated through portals.
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Photon (y) ™~~~ Dark photon ()

vector portal (g)
(ex) Holdom (1986): 1100+ citations (used in actual searches)

Photon (Y)

Axion (@) — — —

—

Photon (Y)

axion portal (Gayy)
(ex) Sikivie (1983): 1000+ citations (used in actual searches)

Photon (Y)
Axion (a)— — -

Dark photon (Y')

dark axion portal (Gayy)
Kaneta, LEE, Yun (2017)
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LHC
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— 6 —
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- Cold Dark Matter -
=15 —
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-15 -12 -9 -6 -3 0 3 6 9 12
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10
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10
>
Q
~ o0 L Helioscopes 4
= £
<< H 1o
©] : e
2 4012} RF Cavity <3 2
a 3! H 83 =
3 = =9 X
o = . Bw ]
o = e L ) S
c 5 et
§ 10 ) P
< 3 S 0%
10718 i
1 L 1 1 1 1 1
10 107 10® 10° 10* 10® 102 10" 10° 10
Axion Mass mp (eV)
1
Electron g-2
0.100§
0010
T> ?‘\‘ BaBar
o L
S 0.0015, Belle-I1 20 fo™
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When a new portal is introduced,

there are a lot of physics we can explore with it
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Backup Slides
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Electron and Muon g-2

The dark axion portal contribution gives a wrong sign to explain muon g-2 anomaly.
We use the g-2 data to place a limit.

Cf. The dark photon contribution to the muon g-2 (right sign, but excluded now). * 4
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(i) New dark matter detection scheme

Under investigation
Photon (Y)

dark photon (keV-MeV scale)

Whether a new detector design is necessary or just a new interpretation of
the existing dark matter search will be enough should be studied carefully.
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Extension of the electrodynamics
(in the presence of the axion and dark photon)
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Extended Electrodynamics

in the presence of the axion and dark photon
[Huang, LEE (2018)]

(Effective) Lagrangian for “extended” electrodynamics

1 1 | 1 o 1 5 5
® L — _ZFF — ZF,F/ -+ §mW,A’A/ -+ 5 (@ua) — §maa
| ij” aFF - GC’JQW aFE' - GC‘Z’”’ aF'F'

— (A+€A’)J—A’J’

vector portal, axion portal, dark axion portal

after the kinetic mixing (vector portal) is already diagonalized




Extended Electrodynamics
In the presence of the axion and dark photon
[Huang, LEE (2018)]

Euler-Lagrange equations of motion

e O, F"F — Gawcp)’yaﬁy“ — Gawfﬁyaﬁ’”“ for photon
— JH

o O, F'"F — Ga,ywayaﬁ’”“ — GGW/(?V&F”“ for dark photon
= — m,QY,A’“ + JH e JH

G

1 pp_ Gen ppr G

2 2
s (O ma)a— = > 4
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/ / ~
WY F'E' =0 for axion



Maxwell’'s equations

[Huang, LEE (2018)]
From the equations of motion

V-E = p—i—GaWVCL-B’—I—GaW/Va-B"

. . 9E da da
v B_J+E—Gaw(a B+Vax E) = Gayy (8B+V x E)
V-B=0

. OB

E=-—
v ot
V . E_TI — (pl —+ 8,0) — m?y/A'O —+ GM/,Y/VCL . é/ —+ Ga,W/Va . é

.y . ., OF da =, oa =
VxB = (J —l—ef)—m?y/A + 5 _G‘”’”(atB + Va ><E) G oy (8 B—I—VaxE)
V-B =0

—*/_ 85’
V x E = oy

Dark sector particles (through portals) serve
as the extra source of electromagnetic field.



From the equations of motion

Wave equations

[Huang, LEE (2018)]
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- 0

oa - 0

O°FE — Garny oy

8B + G4y V X (

0

(8 +m /)E Ga77 ot

(82 + m,%/)é/ -+ GMWV X (

(8B—|—Va><ﬁ)—GaW/at(atB Vaxﬁ'):O
gaé—l—Va X E) + Gy V X (%§,+VG X E’) = 0
(ganrV ><E) G“W’gt(gjé Vaxﬁ):O
ga’B + Va xE)+GaW/V><<%§+VaxE) =0

(82+m3)a+Ga775-§+Ga77/(E-§/+E,-é)+Ga7/,7/E B =20
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—m=10kv| [deNiverville, LEE, YM Lee (2020)]
~ 10" — my =500 keV
TV. — my =1MeV 0.100 -
>
§ — my =2 MeV
< 1012 ’ -
%) T 0.010 E
] >
z 3
f 1010} i
“% O 0.001F 1
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3 10° _ MINER
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Ey (McV)

FIG. 2. Production spectrum of dark photons through the

my (MeV)

dark axion portal (G,-~/) in a 1 GW nuclear reactor

for four

dark photon masses. One can see that there are kinematic
cutoffs in the energy spectrum that depend on the dark pho-

ton mass.

The reactor photon production distribution was mod-

cled by

AN,

0.58 x 10'® P

dE, ~

scc - MeV

(7

MW -

—E./(0.91McV)

(4

Detectors for neutrino oscillation (RENO/NEQS/...) use scintillation to detect gamma’s. (MeV scale threshold).

Detectors for coherent elastic neutrino-nucleus scattering (MINER/CONUS/...) use crystals to detect gamma’s

(negligible threshold).

Bkg (single photon): radioactive isotopes in the rocks, PMT glasses, liquid scintillators, etc.

Detailed bkg analysis to reduce the isotope peaks would enhance the sensitivities significantly.

FIG. 4. Expected sensitivities at CONUS, MINER, RENO
and NEOS. Presented are 95% C.L. contours for one year of
data. The result with 1 MeV-cutoff is shown for RENO, and
the result with 3.5 MeV-cutoff is shown for NEOS. MINER
and CONUS do not require an energy cutofl. The cutoll re-
duces the sensitivity at the lower bound of G-+ since the
dark photon signal mostly comes from the low energy region
when the coupling is small (see Fig. . NEOS has better
sensitivity than RENO in larger couplings and masses ben-
efiting from its close location to the reactor core. MINER
and CONUS have smaller coverage compared to RENO and
NEOS because of their smaller detector volume. An anal-
ysis of the background energy spectrum could improve the
presented sensitivities.

TABLE I. Summary of the experimental setups. The specifications for the experiments are based on Refs. [12} (16} (17, 54, 55|,
and the background rates are determined based on Refs. 56]. The detector volume of CONUS and MINER was estimated
from their payload. (*Phase-2 is assumed. **Signal4Background rate.)

) ) Detector Reactor Reactor-detector Background . .
Experiment . Energy cutoff
volume power distance rate
CONUS 751.46 cm® 3.9GW 17m 12 Hz Negligible
MINER™ 3085.2 cm® 1 MW 2.835m 6 Hz Negligible
3 16.4 GW (total) | 304.8m (nearest) ‘ PRy
RENO 18.7m 2.73GW (each) | 739.1 m (farthest) 30 Hz I MeV
NEOS 1.008 m* 2.73GW 23.7m 0.16 Hz** 3.5 MeV




Loop-induced kinetic mixing

Effect of the exotic quark (y) on the kinetic mixing ().

N¢

€induced — 6— (eQwe Dw) log (nj\w)

For A ~ 107% GeV (typical GUT scale) and m,, ~ fa, (10° - 1012 GeV), we get
€induced ~ -O(10-2) fore’'= 0.1, Q,D, =1. — On its own, inconsistent with the
experimental constraints for keV-MeV scale dark photon.

This can be addressed either by

(i) assuming a cancellation between the €induced and the short-distance (UV)
contribution to € (taking fine-tuning).

(i1) introducing more particle that couple to y and y’ to change the loop-induced
contribution (increasing model complexity).

€induced =

eQye Dy log (m12
o 2 mi9

(A IS where €induced = O)

) Holdom (1986)
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