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Axion/Axion like particles (ALPSs)

 Dark matter (DM) is one of the most important unsolved problems in the SM.

* Axion/ALPs are prominent candidates of light DM.

* They emerge as pseudo Nambu Goldstone boson by
spontaneous symmetry breaking of global U(1) symmetry.

* Mass range of axion is not fixed.
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Axion-photon coupling

QCD axion has the anomalous photon coupling:
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N : QCD anomaly coeefieicnt
E : EM anomaly coeefieicnt

L

E,,

Experimental bounds for axion-pohoton couploing
https://cajohare.github.io/AxionLimits/

If m, = 10 eV |, the constraint
tighten.

e.g., for mg ~ 1 keV
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This is too small to be survyed
by direct seaches.
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https://cajohare.github.io/AxionLimits/

Anomaly-free axion[1/3]

e fo can be O(1010-12 GeV) while keeping the mass keV scale.
* |t can be orignated from the SSB of U(1)F.

* |t does not has the anomalous photon coupling:
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This can evade constraint from the X-ray.
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Anomaly-free axion[2/3]

There are a lot of motivations to consider the anomalfy-free axion.

* |t can be a good candidate for DM with the mass of order keV.
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* Axion can be produced by the so-called misalignmet mechanism.

Quh? ~ 2.9 x 1072V f=/m.07 F(6,)

= |n the intermediate scale, the observed relic density
can be satisfied by taking appropriate value of 6.
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Anomaly-free axion[3/3]

[F. Takahashi, M. Yamada, W. Yin, Phys.Rev.Lett. 125 (2020) 161801]

* It can explain the excess for the electron recoil

Excluded Excluded
events reported by the XENONT1T. by RG+WD o byXray
\\ RG cooling
f g —1 ' (central value)
a 10 ae g
— ~ 10" GeV \
Je (5 X 10—14) : N

Favored region for
* |t can be tested by the future X-ray expereiments #ENON 1T excess

such as ATHENA if m, is relatively Irarge.
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In this talk

These properties of the anomaly free-axion have been surveyed with
the effective lagrangian for the axion in previous works.

Open questions:

* |s it possible to embady the anomaly-free axion in the UV
complete models?

* How does the axion connect with a heavy new paricle above EW scale?

&

This talk:

' 2 We consider the three Higgs doublet model with the U(1)_F
symmetry.

’ 2 We investigate the viable parameter space to explain XENON1T
excess for this model.

2 We also discuss how the axion with keV mass correlates with the |

Vf heavy additional Higgs boson.



Three Higgs doublet model with B-L Higgs boson [1/2]

Particle contents and charge assignment of the U(1)r

Higgsrdouvble‘t | SM Ieptqn_{quark fieldsr o

U(l)rp charge q || ¢1 | ¢2 | &3 || So | S1 | S5 L, | L
Type-A -3 3|0 0|1 |-2] 1 0 | —1
Type-B -3 3|0 O (1 |-2|1/|-1|0

* The CP-odd component is regarded as NGB which is identified as the axion.

- Os are needed in order to write down the Yukawa interactions for each lepton generation:

— YeLep2er — YeLyp3lr — yo Ly p1p + hec.

« Axion is indeed anomaly-free.

qr. +49r, + 4L, = 0, Qep + 9ur +¢rr =0 e, Anomalous photon coupling vanishes.

For U(1)s- 1(S) = +1, Qa-L(Pi), Qs-L(Le, Lr) =0
(For UMeL Qs-L(S)=+1, QeL(®), Qe-L(Le, 2R)=0) 8 /13



Three Higgs doublet model with B-L Higgs boson [2/2]

3 Higgs doublet sector  STHZ); x L1y B-L Higgs sector U5_1, x-F(1)x
U
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Mass eigenstates: ]—]1,2737 1.9 Al 9 a

H1 . 125 GeV Higgs boson H2,3 . CP-even Higgs boson

Y

Al 2 - CP-odd Higgs boson 1:2 . Charged Higgs boson
a . Anomaly-free axion

( Heavy Higss bosons in B-L Higgs sector are integrated out) 9 /13



Axion mass and heavy Higgs boson masses

We asume U(1)r breaks into Zs . — One soft breaking parameter only appears in 3HDM sector.

3 Higgs doublet sector  STHZ); x L1y
Utt)F
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— T = ) k:172737
P \/5 (’Uk + hy + sz)

B-L Higgs sector U@)5_1, x-(1)r
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Mass of heavy Higgs @ =, = i, = 4,,) Mass of axion
2 .2 %
myoU 2 g U
mg ~ -\ v° Mg ~ Mig 5
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= m¢ and ma relate through the soft breaking parameter and the portal couplings.
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Accommodation of XENON 1T excess

: tan 51 = 2 tan B, = U3
Constraints: L= o2 1 o2
 Thoretical bounds: - e | =

v No restriction for m, |
- Perturvativity for the running | ® 2.1<m,<3.1keV

coupling constants (up to A = fa) i -

- Potential bounded from below ] L
g 2

- Experimental bounds: B |

- Higgs signal strength 2' !l ﬁﬁ? 2
- B meson decay, mixing _ ]

0 0

- S, T parameters 200 400 600 800 1000 200 400 600 800 1000

me (= MH,, = Myt mAl,Q) (GeV] me(= MH,, = Myt mAm) (GeV]
1,2 1,2

XENON1T excess:

[ 2.1 keV Smgy < 3.1 keV

Jae = 4 X 10714 &> f.~38x 10"

— mo should be heavier than around 500 GeV for the scenario to explain XENON1T excess.

— There is a correlation between mo and tanf312 = Characteristic decay pattern of .
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Correlation between axion coupling and heavy Higgs mass

[KS, F. Takahashi ]
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1 x10-15 Scan range of mo:
5.x 10716 200GeV < mg < 10TeV
Axion-electron coupling:
1.x 10716

Me
Gae = fa [3(Cﬁ1 . sﬂl)cﬂz T 3]

Mo correlates with not only the mass of axion but also the axion-electron coupling.

=) If ais discovered in the future X-ray search, we can obtain the information of mo.
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Summary

We discussed anomaly-free axion in the framework of the three Higgs doublet model
(SHDM).

- Motivation for anomaly-free axion:

- It can be DM with mass of keV scale and the decay constant at intermesiate scale.

- It can explain the XENON 1T excess while satisfying the constraint from X-ray.

* The results:

- Anomaly-free axion correlates with the heavy Higgs bosons in 3HDM.

- The scenario to explain XENON1T excess predicts a correlation between tg1,52, and
the mass of additional Higgs bosons.
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Parameter dependence for axion mass
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Higgs potential

V= Vsupm + VB_L + V1.

B A2(¢2¢2)2 A3 (¢l b3)?

31 61) (dhb2) + As(d]1)(Bhds) + As(Bhd2) (6L b3)
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Yukawa interaction for the heavy Higgs

E = —VCKM Z §§IiHi{ (my Pr, — mgPr)d + h.c.}
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Physical states after EWSB

- Mass eigenstates

5 wi (H: ) (I
= ol L) \a

Ws

- Model input parameters (17)
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Three Higgs doublet model with B-L Higgs boson [1/3]

e Symmetry

SU(2)[ X U(l)y X U(l)B—L X U(I)F

Local Global
U(1)r

- Axion can be anomaly-free

U(1)B-L

- B-L Higgs (singlet) bosons are introduecd.

- The CP-odd compontent is regarded as NGB which is identified as axion.

- fa can be taken around 1010 GeV.

- Majorana mass for the righthanded neutrino can be generated by the SSB.

- large neutrino mixing is obtained by introducing several B-L Higgs fields.
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