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Current status of Higgs measurements

Cross-section (pb)

Ratio to SM

« However possibility of extended Higgs sector is not excluded at all.
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The data show success of the SM.

- E.g., Alignment limit, decoupling limit.
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Probe of NP from Higgs sector

Dark matter
(WIMP, axion, dark photon, ...)

Higgs sector
0 Neutrino masses

(Type-Il seesaw, radiative seesaw,...)

9
O+ X+...
EW baryogenesis

X: Additional Higgs field (Phase transition, GWs, CPV,...)

Muon g-2, W-mass, ...

In this talk, we will discuss how axon DM can be embedded in the
context of the extended Higgs model.

- Correlation between axion mass and heavy Higgs boson masses.

- Axion couplings have the corrections from the mixing btw axion and heavy Higgs.
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Axion In keV scale

« Axion has a good nature as DM.

- Thermal production and/or non thermal production

- The stability is explained by the lightness: I'(a — vv) ~

3

mg

dr %

- KeV scale is accessible by direct searches of DM experiments.
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XENONRNT (current) :
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LZ (future) :
g.,~10"%atm, ~ O(10)keV

Kodai Sakurai

Anomaly-free axion and heavy Higgs bosons in 3HDM 4 /12



X-ray constraint

https://cajohare.github.io/AxionLimits/
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Anomaly-free axion

Due to the suppression m2/m the X-ray constraint is relaxed.

e M2 4.8 x 10 a \2
G O e Ma 1 10- 18( ) 8 x 10°GeV (m )
487 fo m? 1 fa 5keV

4.8 x 10°
Jae " ~ 1% 10 13(1)( SXfOGeV)>gae 107" atm, = 5keV

— Both X-ray and DD experiments can explore anomaly-free axion.
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Three Higgs doublet models with B-L Higgs bosons

Higgs doublet B-L Higgs ~ SMleptons SMaquarks

’(;51 |¢2|¢3‘
U(1)r charge g —3‘ 3 ‘ 0 ‘ 0

 Axion is indeed anomaly-free.

qr. +qr, + 9. =05 Qer ¥ Qur + ¢ =0 ie., Anomalous photon coupling vanishes.

- Three ®s are needed to write down the Yukawa interactions for each lepton generation:

Ly =—yeLedoer — yeLopsbr — yp Ly 10, + h.c.

- Physical states:  H 5 3, Hftz, A5, a
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Masses for axion and heavy Higgs bosons

We assume U(1)r preserving Zs. — One soft breaking parameter appears only in Higgs sector.
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Soft U(1)r breaking terms
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Mass of axion:
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m

— The mass of heavy Higgs bosons and axion are related.
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Axion-photon coupling

Jay = gcw T g _|_ gmm
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Comparison with X-ray bounds

[KS, F. Takahashi ]
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* gay IS constrained as usual axion if tg1-1~O(1).

* Only in the limit of g1 —>1, threshold corrections dominates.

131 <1.1 is needed to evade current X-ray bounds.
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Correlation between Higgs and axion

1.x 107" = 5T 'DAR\);E:\:\?Nn‘T — [arXivzzz%'ql?sr?l(gss of heavy Higgs bosons
5.x107*F " , EI‘% @ mMy<10TeV
e~ —— .15 ® mo<5TeV
1.x 107 { | @ me<sTeY
5.)(10_15; ‘:57 O me<iTeV
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Scan range of mo:

1.x1071° 200GeV < me < 10TeV

5.x 10710

107 Axion-electron coupling:

gae — f: [3(c§1 o sél)céz + 3]

1.x 10710 —— e 0 s 5 Axion relic density:

m, [keV] ot ~012(5) (35w

- We imposed the current X-ray bounds as well as various theoretical and exp. constraints.

« The heavy Higgs masses are correlated with the ma and Qae.

—|f axion is detected by future experiments, the information of extra Higgs can be extracted.
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Summary

- Anomaly-free axion can be probed by the future direct searches

and future X-ray searches.

* We consider 3HDM as a possible UV completion to predict the

anomaly-free axion.

+ We find that gay receive sizable corrections due to the mixing.

Jay ~ (Threshold corrections)

Jay ~ (Mixing corrections )

No extra CP-odd Higgs]

Additional CP-odd Higgs exists |

 Properties of the additional Higgs are related to those of axion.
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Buck up




Can two Higgs doublet models realize anomaly-free axion?

— |t wouldn’t work.

- Two of three generations should have same U(1)r charge.

e 1 T

(—a,—b,—b Qi) = (¢, d.d)

Q(ei)

:> a-+ 20 =0,

(Anomolous photon ¢ - 2d = 0
coupling is zero )

_ _ _ a—+c
- Axion necessarily couples with quarks. H(—a—c) H( 5 )
_ _ a—+c _ a—+c
L3>ycerliH(—a—c)+yufirloH( ) + Yy Trl3H ( 5 )
a—+ ¢ a-—+ ¢
+ yrurQH ( 5 ) +ypdrQH( 5 )

E{> Jay receives QCD corrections and a-1t mixing, which gives O(1) contributions.

Kodai Sakurai Anomaly-free axion and heavy Higgs bosons in 3HDM /12



Axion production

1 W Bl I = = = = = = = = = =N =N = = =N =N N

— 7 4

¢ I I B BN = m

Thermal production

Scattering by thermal bath particles
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Non thermal production

misalignment mechanism, etc.
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« Thermal production

Ex.) A ~a
/l@\
h .~ Na

Y/ Ni (n=4 for
- Y fr hh > aa)

- Many parameter space
Is excluded by X-ray.

« Misalignment mechanism

2

6.\ ° ¥
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Correlation between axion mass and Higgs coupling

P3HDM
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- The maximal size of deviation is around 2%. &= Perturvativity for the

running coupling constants

* The keV scale axion can be tested by future colliders.
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Correlations for the potential parameters

U3

V2 _
tan — 2 tanfy =
b vy VU3 + v3

10!

No restriction for m,
® 2.7=m,=<3.1kaV

200 400 600 800 1000

m@(: MH, 3 = mHliz = mA1,2) [GGV]

— mo should be heavier than around 500 GeV if the mass of axion is fixed.

— There is a correlation between mo and tanf312 = Characteristic decay pattern of O.
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Predictions for decays of the heavy Higgs bosons

BR(H; —>XX)

mu, = 600GeV t5 =1.5
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0.001
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’ t8,
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- t
€H2 — _ﬂca:& + 18,503
Cpo

2HDM Type X

- BR(H2—> 17) is relatively larger than the case of Type X 2HDM.

- If the axion is detected at a few keV, one can obtain predictions of a similar decay
pattern of H> except for Ho— TT..
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Higgs potential

V=Vsupm + Ve_1. + V1 .

Vatipm = mi; (6161) + m3y(dhda) + mis(dhes)
+A1(B161)% + Ao (dh2)? + A3 (4L 3)?
(3] 61) (Ph2) + As(D161) (B583) + Ae(dhb2) (B83)
+A7(01d2) (Dh1) + As (] 3)(B581) + Ao (B583) (B b2)

No(6561)(¢h2) + hie.| + Vi,

Veoft = — m%2(¢{¢2) -} h.C.]

Vi = Z Z ﬂm¢n|8m|2(d’;r¢.¢n)

m=0,1.2n=1,2,3

+ l:“":1§¢1¢3‘5';fs‘2(¢];¢3) + H§1¢2¢3S%SI (¢h3) +h-0-]

Ve = Y (uilSe* + kil Sil*) + kn|Sul?[511* + ka3l Sal*|S5* + K13/81/%|55/?
i=0,1,2

+ k011053511 + Kozz0/ ST S3I? + k13311515512, 1913



Yukawa interaction for the heavy Higgs
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Alignment limit

* The alignment limit in 3HDM is defined by

Y1 :517 042:52

- Higgs coupling: Ky = CasCar—B,CBy T SayS8, — 1
- Mixing matrix: H, h, c.f.) 2HDM
Hy | = Rs | he sin(f —a) =1 —>oz=ﬁ—|—g
Hj L J hs
Hi\ (—sinfB8 —cosf)\ (I
OOé3 OOéQ Oal <H2> a ( cos 3 —sinﬁ) (hg)
— Oag(/)g
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Neutrino masses

If we introduce right-handed neutrinos N, we can explain the neutrino mass
by the seesaw mechanism.

- Ul)p charge:  Q(N;) = (1,—1,0) &— Same assignment
(Type A) as eni

Global fit oscillation data (30)
J, [1811.05487]
N

- Lagrangian for neutrinos:

— L = y1 LeN1b3 + yo Ly Nags + y3 L, N3
1

—|— §(MN)isz‘ch —|— h.C.
ﬁ\ (yN)ZJNz'CNjSO,l,Q
(S3) (So) O
(Mn)ij ~ | (So) 0 (S1) if Y ~0()
0 (S1) (So)

U3

* Neutrino mass and mixing ( ™o = diag(ylay%y?))ﬁ )

2,2
T —1 U ; 2 /1 10
my, ~mpMy mp Ui NO.leV( J ) 107 GeV
Vs 0.01 Vs

UITDMNSmVUPMNS = diag(m, ma, m3)

Large neutrino mixings are checked by scanning {v:, (Mn)i;} .
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