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(v) Dark Axion Portal

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)




Outline

1. Axion Portal (brief overview)

2. Vector Portal (brief overview)

3. Dark Axion Portal (Dark KSVZ model as a concrete realization)

4. Implications of Dark 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]

fa (axion decay constant) = U(1)rq symmetry breaking scale

frmo

fa

1 84S 1 OEM

agg ~ 5% , G ~ O(1)

=5,

G

mg ~ 0.5

Gapy 1079 GeV!

Y

Axion coupling is almost determined once its mass is given. v
My e

Axon-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 ma.



Current constraints on Axion, ALP
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[See the next talks for more about axion and ALP,]
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Dark Photon at a glance

Vector portal has been widely used for the dark photon interaction.
There are various motivations for a dark photon from the DM physics (e.g. positron
excess, self-interaction) as well as the non-DM physics (e.g. muon g-2 deviation).

[See S. Tulins talk] Pospelov (2008)
1 1 c 1 . 7Z-7 mixing in the dark photon
Liin = —-B,,B*" + — B, Z* _ _g7 gn arXiv:1604.01213
o 4 M 2 cos By MY 4 H
U(1)Y U(1)Dark
physical m2
/ A /
L"int = —& BJ]’IEJJMZ,UJ — etan me—Q gZ‘]l’L\;CZ,u
Z
(negligible for mz << mz)
103 1072 107! 1 10 102 100 10

my [GGV]

Hypercharge B, = cosfy A, — sin by Z,, has both photon and Z boson components.
For a very light Z', the coupling to NC can be neglected (“Dark Photon model”)

when a simple Higgs structure is assumed for Z' mass (e.g. Higgs singlet).

With a different Higgs sector (e.g. 2HDM-+singlet), the coupling to NC can be larger even for a light
(Z’ because of an additional Z-Z’ mass mixing (“Dark Z model”). Davoudiasl, LEE, Marciano (2012)




Constraints on Dark Photon (visible one)
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(mostly Z'—I|+|- searches)

Dark photon is actively searched for in many labs around the world.
The kinetic mixing parameter is constrained to be small |g]? << 1.



Extended range of parameters of the Dark Photon
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Dark photon can be long-lived (> Universe age, 14 billion years) enough to be a DM candidate.
62 )4 (mg, ) Pospelov, Ritz, Voloshin (2008)

i

I'(v — 3v) = (5 x 10_8)52(

m3 for sub-MeV dark photon [See M Pospelov’s talk]



Dark Axion Portal
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A hidden connection is stronger than an obvious one.

- Heraclitus of Ephesus -



Dark KSVZ model

To realize Dark Axion Portal, we construct Dark KSVZ model, which is a simple
extension of the KSVZ axion model with the U(1)park .

(KSVZ model: invisible axion model using exotic quarks)

Field SU(S)C SU(Q)L U(l)y U(]-)Dark U(l)pQ
Q 3 2 1/6 0 0
UR 3 1 2/3 0 0
dr 3 1 —1/3 0 0
L L 2 —1/2 0 0 KSVZ axion model
ER 1 1 —1 0 0
H 1 2 —1/2 0 0
Exotic colored (0 3 1 Qy Dy, PQy
fermions Tk 3 1 —Qy —Dy, PQye
d PQ 1 1 0 0 PQgs
dp 1 1 0 Dy 0 4“-* Additional scalar for y’ mass

L=yp®pott + h.c. — PQo=—(PQy+ PQye)

2 = PQ3 U%Q : My 1\—/1—227 fﬂfT:W (with z = m,, /mgq ~ 0.56)
G o 9?6* PQg
99 = g2 f-

2 _12192,2
m2, = € Dgvp

Exotic colored fermions may decay into other particles through, e.g. @},¢dg + h.c.
for PQy =0, Qy =-1/3, Dy = Dg .



Dark Axion Portal (in Dark KSVZ model)

Below the QCD scale, the portal interaction terms are given by

e? PQo T 24+ » Q: electric charge
Ga'y'y — Q72 fa _2NCQ12p — § 1+ Z} D: dark charge
ee/ PQg ;
Gayy = 812 f, '2N0D¢Q¢] + eGaryy
e/2 PQ@ 5
Gayy = 23 7 2Ne D] + 26Goqy

The simple (vector portal. €) x (axion portal. Gayy) part should be much smaller than

(axion portal. Gayy) because |g[? << 1.
They contain genuinely new couplings coming from the exotic colored fermions in the

triangle charged under a dark gauge symmetry.

Gayy ~ Gayy’ ~ Gay’y’ if e’ ~ e, D¢ ~ Ql/;






Dark DFSZ model N
Preliminary

What about the DFSZ model? We can construct a Dark DFSZ model in a similar
way we did for the KSVZ model with the U(1)park .

(DFSZ model: invisible axion model with nonzero PQ charges for the SM fermions. No exotic quarks)

Field SU(S)C SU(Z)L U(l)y U(]-)Dark U(l)pQ
Q 3 2 1/6 0 PQqg A
uR 3 1 2/3 0 PQo + PQuy,
dp 3 1 ~1/3 0 PQg + PQu,
L 1 2 —1/2 0 P .
. | | _{ 0 PO, fngHd DFSZ axion model
Type-ll H, 1 2 1/2 0 PQpg,
OHDM  Hj 1 y ~1/2 0 PQu,
() PQ 1 1 0 0 P Q(I)
Pp 1 1 0 Dg 0 Q--v Additional scalar for y’ mass

Scalar parts are model-dependent.
We take Type-ll 2HDM, and assume the ®%,H. - Hs term.

L=APpoH, Hy — 2PQs=—(PQn, +PQmu,)

PQpy, = —2PQgcos* 3, PQp, = —2PQg sin” 3 (with tan 8 = v, /vg)
fo = PQgvpg + PQiy vy + PQ3 v7 My =~ 1f fﬁfmﬁ (with z = m,, /mg ~ 0.56)

9?9 —6PQs
812 fa

Gagg —



Dark Axion Portal (in Dark DFSZ model)

Preliminary
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Below the QCD scale, the portal interaction terms are given by

e? —6PQg {8 B 24—|—z]
812 fa

Gy =
R 3 31+z
GCL’Y’Y' ~ () + gGCW’Y

Ga,y/,yf ~ O — QEGG/}/’V’

There are only simple (vector portal. €) x (axion portal. Gayy) parts since there are no
fermions in the triangle charged under the dark gauge symmetry.
Dark Axion Portal couplings are much smaller than the Axion Portal coupling.

Gayy >> Gayy , Gayy



It depends on the Fermions in the triangle

In order to have a sizable Dark Axion Portal coupling Gayy , we need a fermion in
the triangle-loop that have sizable couplings of U(1)rq, U(1)em, U(1)park Symmetries.

\/\/\/\, photon

Y

axion - - -

dark photon

Fermin in the loop
(with sizable PQ, EM, Dark couplings)

Cf. Note a similarity with the protophobic gauge boson (Z'— m —Y),

suggested to explain the 17 MeV 8Be anomaly. Feng et al (PRL 2016)
[See T Fengs talk]



Implication of Dark KSV/Z

(Dark photon production in the early universe)



Current constraints on Axion, ALP
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We address issue of the relic density deficit of the axion DM,
by compensating it with the keV-MeV scale dark photon DM.




Axion + Dark Photon dark matters

For definiteness, we assume € = 0 in order to avoid additional y’ production channels

(f foar — y y', etc) and constraints with the kinetic mixing.
(We also assume no Higgs portal mixing, and v is too heavy (my = f3) to avoid other

dark photon production channel.)

Depending on the ¥y charge, the leading production channel is determined.

case (1) € =0.1,Dy =3, Qu =0 (electrically neutral) g
Y . ' ) )
Gayy =0
Gayy =0 Dominant channel = Axion-mediation '

Gayyy =107/ fa

case (ii) e =0.1,Dy =3, Qy =-1/3 (electrically charged) Gy
Gayy 1072/ fa

Gayy —1072/ fa

1 Dominant channel = Dark Primakoff effect Fout fout
Gafy/,),/ ~ 10~ /fa >

We will give an illustration for each case.



Case (i) Axion-mediated production (Gayy) for Qy =0

The keV-MeV scale dark photon is produced
- = - Gy through the axion in the Dark KSVZ.
(non-thermal production through feeble interaction)

dZZ/ +3Hn, = C’[n,y,] Boltzmann equation for the y’ DM
Clny| ~ W_G?ngG?L’y 7’T8 non-renormalizable couplings
0
dY-
Y’Y’ (T = O) = / ) with nyl — nW//S
Trn dT
0. h? = Sol 7 h? ~0.12 x {€/D¢]4{102]§{ Ty }{5TRH]3{1010G6V}
/ — 1N~ ~
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(Dark photon relic density)

from the condition I'y < H at TrH
with Ty = C[n.]/n5}
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with Tra < (100 GeV) x [



Case (i) Axion-mediated production (Gayy) for Qy =0
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Blue curves:
Qdark photon h2=0.12

fore’=0.1, Dy =3, Qy = 0 in Dark KSVZ model
(taking € = 0, g* = 100)
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Axion alone is hard to explain the DM relic density for fa < 10" GeV.
Dark KSVZ model naturally provides Axion + Dark photon DMs that can explain it.



Case (i) Axion-mediated production (Gayy) for Qy =0

For 61 = 0.5 - 1 (misalignment angle) among 0 - &

1012

Blue curves:
(Qdark photon + Qaxion) h?=0.12

fore’=0.1, Dy =3, Qy = 0 in Dark KSVZ model
(taking € = 0, g* = 100)

_anion h2<0.12 (fOr fa <107 GeV)
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Axion alone is hard to explain the DM relic density for fa < 10" GeV.
Dark KSVZ model naturally provides Axion + Dark photon DMs that can explain it.
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Case (ii) Dark Primakoff effect (Gayy) for Qy # 0

- Preliminary
ayy’

@ — = = = Y The keV-MeV scale dark photon is produced using

the axion in thermal bath (gg <« ga, etc).
g (non-thermal production through feeble interaction)
: Ja 2
~ 10°
f fou T;(axion) ~ 10° GeV ( T GeV)
> Salvio, Strumia, Xue (2014)
dn. . ,
at + 3H”n7/ = C[nvz] Boltzmann equation for the y' DM

2 Y2 : .
G ( T2 ) non-renormalizable couplings

N 2\ € Yavy 16 =
C[nv’] — (Ef: ngf) 85 17| log m% T O(l) taking plasma mass my ~ eT

0

dY.

ny/ (T — 0) m— / dT d;_: with nyl — nW//S
TrH

3 Q- / 2.2 , 10 3
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(Dark photon relic density)
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Case (ii) Dark Primakoff effect (Gayy) for Qy # 0

Preliminary
1012 T T A1 [ T 1 141 TI/TITIY )
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Qdark photon h2=0.12
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Axion alone is hard to explain the DM relic density for fa < 10" GeV.
Dark KSVZ model naturally provides Axion + Dark photon DMs that can explain it.



Case (ii) Dark Primakoff effect (Gayy) for Qy # 0

For 61 = 0.5 - 1 (misalignment angle) among 0 - & Preliminar_y

Blue curves:
(Qdark photon + Qaxion) h?=0.12

1012

fore’=0.1, Dy =3, Qp =-1/3 in Dark KSVZ model

V0 L] S /. S — (taking € = 0, g* = 100)

- Qaxion h2<0.12  (for f < 10 GeV)
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X-ray constraint/implication is not considered yet.
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Axion alone is hard to explain the DM relic density for fa < 10" GeV.
Dark KSVZ model naturally provides Axion + Dark photon DMs that can explain it.

0/h? 2012 x |



Dark gauge boson for the Relaxion physics

arXiv.org > hep-ph > arXiv:1611.08569

(Help | Advanced s

High Energy Physics - Phenomenology

Dynamics of cosmological relaxation after reheating

Kiwoon Choi, Hyungjin Kim, Toyokazu Sekiguchi
(Submitted on 25 Nov 2016)

We examine if the cosmological relaxation mechanism, which was proposed recently as a new solution to the hierarchy
problem, can be compatible with high reheating temperature well above the weak scale. As the barrier potential
disappears at high temperature, the relaxion rolls down further after the reheating, which may ruin the successful
implementation of the relaxation mechanism. It is noted that if the relaxion is coupled to a dark _gauge boson the new
frictional force arising from dark gauge bosonmEWrOduztfgﬁ"cén"eﬁéientTygloWT:léwn the rEIa"xibn motlon “which allows
the relaxion to be stabilized after the electroweak phmansmon for a wide range of modeI parameters while

= TRSTEES B e e = B e

satisfying the known observational constraints.

Comments: 9 pages, 4 figures

Subjects: High Energy Physics - Phenomenology (hep-ph)
Report number: CTPU-16-33

Cite as: arXiv:1611.08569 [hep-ph]

(or arXiv:1611.08569v1 [hep-ph] for this version)




Testing Dark Axion Portal in the labs

Under investigation



Detection o
Under investigation

(i) decay example

photon

dark photon

~ axion (ALP)

SHIP implications of y' — y + ALP , ALP — y + y’ are under investigation
(with P. deNiverville et al). (for MeV-GeV scale particles)

Electromagnetic Calorimeter

v; detector

400 GeV

>a

j SHiP: designed to search for long-lived particles
(image from Neutel11)

Decay vesgel
Active Muon Shield y Tracking chamberg Muon detector

Molybdenum + Tungeten
Target



Detection . o
Under investigation

(ii) scattering example

(Dark Primakoff effect)

dark photon | axion (ALP)

e, N e, N

(Ex) Low-Q? electron recoil (dark photon DM direct detection experiment)




Summary



Summary

Dark sector can be investigated through portals.

We introduced “Dark Axion Portal” (a-y-y' , a-y-y’) that can establish a new
connection to the dark sector.

They are not from a product of the existing portals (say, Gayy # €Gayy), but genuinely
new couplings from the fermions carrying the U(1)oark charges, and they can be
much larger than naive expectations.

We constructed Dark KSVZ model as a concrete example that realizes the Dark
Axion Portal. The new model provides new Yy’ production mechanisms in the early
universe. It can address the axion relic density deficit problem for fa < 10" GeV.

Works in progress include
(i) to construct more general models with the heavier Z" and ALP
(ii) to constrain Gayy , Gayy in @ wide parameter space from the existing data
(iii) to develop new ways to test Gayy , Gayy (new experiments for a, y’ search)




Concluding Remark

Axion physics (a)

Dark gauge boson physics (Y’)




Connecting Two Dots

Axion physics (a)
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Dark Axion Portal )

Gayy’ Gay’y’

Dark gauge boson physics (Y’)

Thank you.
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Loop-induced kinetic mixing

Effect of the exotic colored fermions (1) on the kinetic mixing (¢).

s (€Que'Dy) o ()

€induced — 671 )
(A is where €induced = 0).

For A ~ 10'% GeV (typical GUT scale) and my ~ fa, we get Einduced ~ O(103 - 10-2)
fore’=e, Qy ~ Dy ~ 1. = On its own, inconsistent with the experimental
constraints for keV-MeV scale dark photon DM.

This can be addressed either by

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

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

€Q¢€ Dy, log (m12

= m12) Holdom (1986)

€induced =



