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Dark Matter (DM)

* Existence of dark matter has been confirmed in many astrophysical
observations.

Rotation curves of galaxies, gravitational lens, etc.

e DM constitutes about 26% of the Universe.

e There is no candidate of DM in the
standard model (SM).

DETAVE I 26.8%

DENSIAY 68.3%

Mysteries of DM:
- Spin
- The scale of mass

- Production mechanism
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Light dark sector

Standard model Dark sector

Portal int.

mediator
- SM particle

—  Newparticle . candidates of light DM :

- Sterile neutrino

- Axion/ axion-like particle (ALP
We focus

- Dark photon
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Feature of ALPs/ axion

- Stability of DM directly links to the lightness.

c.f) WIMP DM
To stabilize it, some assumptions would be needed such as
discrete symmetry or higher SU(2) representations.

:{> Assuming that ALP is light ensures the stability of DM.

1
Ta = 1/Ta ~ S 2 (Age of Universe)

« ALP couple with photons.

:> Rich phenomenology especially for Astrophysics

e.g) X-ray, y-ray, Supernova cooling, ...
2

Lc+9-2—-q,Gm

f’ 3272
- If one consider QCD axion, strong CP problem is (a—a—0f) . g )
solved. (<a>=0) — (9 — 0+ ?> 553 GM,/G”V
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Mass of ALP

« ALP is pseudo NG boson originated from the global U(1) symmetry breaking.

- ALP mass terms generate from the explicit U(1) breaking terms.
*9  m?d? + h.c. » m?a’

r Qa

s
P=[vp+—)e e

- m? = 0, U(1) symmetry is conserved. Corresponding to this, axion becomes
massless NGB.
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Interaction of ALP in CP conserving case

ALP interactions enjoy shift symmetry a — a + C' at the classical level.

ota - oHa — Ot a R
Lo =cp, 7 fryufr +cm 7 FRYWIR + Co ; (¢7iD,¢)

aem a F F”Lu/

+47Tfa HY

« While ALP-fermion (Higgs) couplings respect the shift symmetry, ALP-photon
coupling does not.

- ALP only has pseudoscalar coupling with fermions in the CP conserving case.

0"a z oMa - oHa _ _
o g Swdu b en T ot = = (e Pl g d s d)
=0 — fﬁ <_2mefAf75f)

{aﬁ“(fwf) = 0}
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Current bounds for the ALP-fermion coupling

o*a
ALP-neutron Couphng: L = gun —— Y Y5 «—ALP interacts with the spin of fermion.
Ja
v, [Hz]
1T 6 .9 A 3 _ _
10710740 40740 A0 A0 A A0 AT AT 48% AP AP AT S 4D 40010 40
1072
CASPEr- :
10-3 SRRl ¢ Torsion balance -
Vn/VHg SNO
104 ¢ K-’He comagnetometer
10_5 Olq o NASDUCK
H3gnetomey, Neutron star cooling
1070
10~
10-8 SN1987A
= 107°
(-
00 10710
10711
10—12
10°1
10—14
10—15
10—16
10—17
22 9 90 A9 A% AT A6 A% AR 4D A2 Ay A0 .9 % T 6 95 & 3> 12
107407407407 407407 40710710 404040 40 A0 407407 407 407 A0 40 A0
m, [eV] https://cajohare.github.io/AxionLimits/

- The strongest current bound comes from SN1987A.

« CASPEr experiments survey gan ~710-74 at ma~0.7 neV.

Kodai Sakurai A new renormalizable model for Axion-like particle and its phenomenology 8 /45


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

ALP interaction with CP violation

We consider the scalar coupling

LY = _ggfaff

— Nucleon receives a new force mediated by ALP.

The potential in the non-relativistic limit

mMagT

s S _—
9N IN, €
dmr

Vi(r) =

[C.O'Hare, E.Vitagliano, PRD 102, 115026 (2020)]

— The gravitational potential is modified as

oy o (gN)?
l+e )’&_47TGNm3

Re Ry km m cm pm nm A
1017

Va(r) = G (

10

r

S
dN constrained by long-range force experiments.

- When ma< 7eV, this gives significant contributions.

- 10 11

 The constraint is much tighter than gan (~10-9).

mg [eV]

_\b I/\‘: S C I C T VS S \\ [
407407 407 407 407 40 40 O
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What we are interest

- The CPV coupling is disfavored by the bounds from the long-range force.

[ For QCD axion, CPV source spoils the virtue of the PQ mechanism. ]

 This would be the reason why UV models with CPC dark sector are popular.

- However, if ma> eV, the limit of the long-range force is weaker.

Open question: How are the properties of ALP changed in the case we introduce CPV
in the dark sector?

In this talk, we consider a simple renormalization model with CPV in dark sector.

 Properties of ALP
* ALP phenomenology
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Scalar potential: CP symmetric dark sector [1/2]

. . 1 ,
SM Higgs doublet field: # = (U+ }@HGO)) , Dark Higgs field: ® = vg + —(s’+ ia’)

U(1) symmetric part:

V2

V= —mg|®[* + A" + Ap[H[*|®[* + A | H|" — piy |H|*

e Global dark U(1) symmetry is imposed in the potential.

- Spontaneously broken by (®) . — pands mix

- Nambu Goldstone boson a is massless.

Kodai Sakurai
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Scalar potential: CP symmetric dark sector [2/2]

Gt . . 1 .
SM Higgs doublet field: # = (v+ %(eriGo)) , Dark Higgs field: ¢ = vg + \ﬁ(s’qt ia’)

U(1) symmetric part:

V= —mg|®[* + A" + Ap[H[*|®[* + A | H|" — piy |H|*

* Accidental discrete symmetry:

CP: (CP)H(t,z)(CP)' = H*(t, —%) Coark © (Caari)H(t, ) (Caar)! = H(t, T)
(CP)®(t,Z)(CP)" = &*(t, -7 (Caart)®(t, %) (Caarr) = (¢, 7)*

Both of CP and Cuqark are conserved in V.
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Scalar potential: CP violating dark sector

. . 1 ,
SM Higgs doublet field: # = (U+ }@HGO)) . Dark Higgs field: ® =vg + \ﬁ(s’jt ia’)

U(1) symmetric part:

V= —mg|®[* + A" + Ap[H[*|®[* + A | H|" — piy |H|*

Soft breaking terms:  CPV can be included only in this part.
4
oV =k chq)mq)_JCI)J —I—Z C; mo, ) ®I|H|? —|—c ma ' ®7|®%) | + h.c.
7=1 7=1

e K corresponds to the order parameter of breaking of dark U(1).

- We assume k <<1. This may be natural in the sense that U(1) is restored in x — 0.

- It scales the mass of ALP  m2 ~ O(k)vg ~ O(k)m>  ((ve ~ms 2 v )
_ _ . (CP)H(t,%)(CP)' = H*(t, -
* CP and Cgark are violated in 6V. cF: (CPYD (1 B)(CP) = &*(t. —7)

Cdark . (Cdark)H(tvf) (Cdarkz)T - H(t>f)
(Cari)®(t, Z)(Caar)’ = ®(t, T)*
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CP violating dark sector predicts a CP-even ALP!

e The ALP field mixes with the CP-even components p and s’

L] G+
h P SM Higgs doublet : 1 = <U + %(p + iGo))
S| = R(@hs,esa,eah> s’ 1
. o Dark Higgs singlet: ® = vg + \ﬁ(s’—i— ia’)

h : SM-like Higgs boson , s: dark Higgs boson, a: ALP

 The mixing angle between h and a can be expressed by

2 2
2 M2, m?

~ 5 5 cp, is function of ¢; .

eah

e Though the mixing with the SM Higgs boson, couplings of ALP with SM fields are generated.

mys = , =
Ling. 3 —eahTfaff — idarafys S

counter exapmple of
— ALP has the couplings of CP-even scalar. this coupling?

— The couplings scale with the mass of ALP.
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Why does pseudo scalar couplings vanish?

Cgark + CP : the SM fields transform as in the SM, ®[t, 7] — ®[t, —7]

4 2
oV = m(chCDméj@j + Z(E]Hmé_j(bj\H\z + E;-I)méj(bjkmz)) + h.c.
j=1 j=1
In k20 (i.e. 6V=0),

Caark : Broken, C'P : Broken

Cdark - CP(E Ceffp) : Conserved

I

But (Cost P)(—igas)afysf(CogP)f
— ‘|‘igafaf75f

— The simple model involving dark Higgs singlet predict CP-even ALP.
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CP-even ALP couplings

U(1) symmetric part:]

V = m3 @ 4 NS+ Ap[HPIB + Ay |HI* — i HP
Expl |C|tbreak|ng ters '
4
oV =k chq)mq)_JCIﬂ —I—Z C; ma, ]CIDJIHP—I—C mg, ? ®7|®|%) | + h.c.
=1 j=1

CPV can be included only in this part.

= L.g~ Osm (80,) » Coarkand CP symmetric
mg

 Non-renormalizable

» Lo D —OungnxxaXX - It realizes through the mixing
Trmm— 2 between h and a.
~ < aXX
MpMG InXX - It vanishes at k = 0 (m3z — 0) .

Renormalizable
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Search of CP-even ALP

The interaction between ALP and the SM-like Higgs boson is not necessary small,
differently from the interaction with fermions.

(aff): b Laff

L....ﬁ

(h(0a)?) : — >h(0a)?

If Ap ~ O(1), the coupling can be sizable.
— The SM-like Higgs boson decays into ALPs can be significant.

- In case that ALP can decay, characteristic decay pattern of ALP can be predicted.

7

mg

- The Higgs invisible decay can be also useful, even if ALP is DM. Loy >

51129172
TEUTIM, Mg

2
(QCD axion mg ~ m: ;2 f. > v shoud be satisfied. — (7(0a)%) : ~ ﬁh(aa) Is suppressed. j
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Numerical result for BR(h— aa)

e Input parameters 10— 1 107
500GeV < mg,vs < 10TeV _ . s N L 10
»
0<c <1, 10" <k<107? ' e %%, “Cul] 03
10 . ¢ .’ o ® N A 4
. . o E e a oD 2 10T T
e Branching ratio < - v 7
> T IR 4 107 =
)\ — ) . 0‘:0 P :. o: ) m
BR(h_> CLCL) ~ ‘ hCLCL’ 102_ o o tr‘z;:'r._.é E 106
Smmypl'y, : o % acty 7
‘ 10
)\P Vg . i -8
Maa = 77) cos 0y, + EAH sin 05 + O(kK) . 10
"\ \ 10 1073 1072 107
VS +ApH PO + Al H|* Ohs

— If the mixing angle between h and s, 6rsis 1% ~10%, BR(h—>aa ) can exceed 1%
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Collider signature at the ILC

« At the ILC withyv/s = 250 GeV | the ALP can be
produced via e¢"e” — Zh  followed by A — aa.

- Different signatures are possible depending a
relation between Lp and Lv (also LR).

Condition Signals in Higgs factory a . ALP

Lp>Ly > Lp Higgs invisible decay X : SM particle
Displaced vertex x2, Higgs invisible decay . b

Lp ~ Ly > L | or/and Displaced vertex+missing energy
Ly >Lp > Lpg Displaced vertex x2
Ly >Lr 2 Lp Exotic Higgs decay

Lp : Decay length of ALP
Ly : Detector size

Lr : Resolution of vertex detector
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Probe of CP-even ALPJ[1/5]

nextdommantdecaymodes ..... 77.... ...... _,.._. .................. DeCay Iength (LD)
1000

\e

0.01 M.
0.05 0.10
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Probe of CP-even ALP[2/5]

nextdommantdecaymodes ..... 7 7&. ...... _.;_. .......... eesennes D ecay Iength (LD)

1000 —
5 < /
K
S (o
<& b .
S 10} Iggs exotic decays
X \
< [ \ Resolution of vertex detector (LRg)
D 1t
) ILD: LD ~ 4um
< _
© 010" \)0 _
. BR(h—aa—cccC)< 103 (20, 2ab )
0.01 \
0.05 0.10
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Probe of CP-even ALP|3/5]

[KS, W. Yin]
a dominant decay modes: e+e—i"§\ wtpT  wm ‘ s ’ 99 ce
.I.l.eXt;.do.r.I.nna.,I.lt.d.éca.);.;no.(.iES. ..... .-.y fy.f\.é_i_e_.l;'_ﬂ:i(:K.:.sg..é ...... + ": ....... Decay Iength (LD)
1000 ey N
=
S |as
<| 8 : .
S 101 Higgs exotic decays
X \
< [ , Resolution of vertex detector (Lg)
D 1t
” : ILD: LEP ~ 4pum 1o, 191204601
- [
© 010} -
< 5 BR(h—aa—cccC)< 103 (20, 2ab)
0o \ [Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]
~0.05 0.10

’ Displaced vertex
Detector size (Lv)
TPC (ILD): 180 cm  [ILD, 1912.04601]

1 6
BR(h — aa) < 2 x 10~ (A&;) (20)
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Probe of CP-even ALP[4/5]

[KS, W. Yin]
a dominant decay modes: etTe™ : f\ ptu wm Do ’ 99 : cc
.ﬁéxéudo-ﬁ.una:r.lt.d.éca:};.ino.aesl ..... :y f.y..n.u.- ...... ._..............E .......... g....:..g .......... _ ....... D ecay Iength (LD)
1000 e N /
L N
i
IR Higgs exotic decays
X Z
< [ , Resolution of vertex detector (Lg)
D 1k
” : ILD: LEP ~ 4pum 1o, 191204601
<
O O70F B _
< BR(h—aa—cccC)< 103 (20, 2ab)
001 \ [Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]
~0.05 0.10

| Displaced vertex
Detector size (Lv)
TPC (ILD): 180 cm  [ILD, 1912.04601]

Lp> Ly or Lp 2 Ly

6
BR(h — aa) < 2.3 x 1073 (20, 900fb™1) BR(h — aa) <2 x 1074 (%) (20)
[Y. Kato, 2002.12048] "
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Probe of CP-even ALP[5/5]

[KS, W. ¥in] Model predictions
a dominant decay modes: e+e_i'/§\ [TANTRENE ‘ T ’ 99 cc 5
nextdomma,ntdecaymodes ..... '7 7 ...... seesssannnines .......... _ .......... eeannees B R(h . aa) - |>\haa‘
1000 ¢ o = P 8mm,y,
\ A s .
Mhaa 7]31) cos 0y, + %)\H sin 05 + O(k)
~——~ 100 CP-even ALP can be probed by h—aa.
&
S |ois :
<| 8 ' : .
S 10! Higgs exotic decays
X \ ;,
< [ \ Resolution of vertex detector (LRg)
D 1k
\”/ | ILD: L3P ~ 4pm (1D, 1912.04601]
I~ \
O O70F B -
A BR(h—aa—cccc)< 108 (20, 2ab1)
001 \ [Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]

0.05 0.10 | R
Displaced vertex
Detector size (Lv)

TPC (ILD): 180 cm  [ILD, 1912.04601]

LD > LV or LDzLV

6
BR(h — aa) < 2.3 x 1073 (20, 900fb™1) BR(h — aa) <2 x 1074 (;9) (20)
[Y. Kato, 2002.12048] "
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CP-even ALP as DM

- The lifetime can be larger than the age of the [KS, W. Yin]
Universe in Ma S 1MeV S :
. m? eﬁs<[ 1000 Tty 6 )
a2 % -
T mhuimZmi K7 : Vera Rubin |
AR :observatory
« The ALP can be thermally produced throug! 10 % : ]
the interaction: c
\/_ 2m 0.100 S N
0L = w Bac‘?aww %5
CL “. 40
~~~~~~ ]é[,
‘s
1 e 0.001 NG
A2, mZ—mi ~ 2lcmline: i
1000 5000 1 x 10 5% 10% x 10° 5x 10°
- The correct relic density can be obtained: mgy[eV]

N me [ my \2( Tr \°[/3TeV\*
2 0'3520keV(GeV) (ZGeV) (AH

— The ALP DM can be probed by the future 21 cm line measurements,
Vera Rubin observatory (structure formation limit) as well as future X,y-ray observatories.

— Higgs boson invisible decay can also probe ALP DM with m, < 1MeV .
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e Suppression of the mixing effect in the strong coupling regime
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Introduction [1/2]

* What we found from the discovery of the Higgs boson H

1. Mass: 125 GeV, Spin: O
2. H is mainly produced by the ggF process.
3. H decays into yy, VV, bb, TT

4. The properties of H is consistent with the SM (SM-like)

CMSs 138 fb™' (13 TeV)

K
z -
@ Observed "] +1sd. (stat) '
m +1 5.d. (stat @ syst) :| +1 s.d. (syst) B
—— #2 5.d. (stat @ syst) Kw
— ) Stat Syst =
Ky g 1.02 0.08 £0.05 0,05 k| " —f S o— — - Leptons Quarks
- : aBnon
'@' 1.04 -0.07 4005 +0.05
- o o -
1103008 = Sa0e S0 B Force carriers Higgs boson
— H K ——
- | == oo
kg 1 0.92+008 005 =0.06 N
— K ® 1
_§_ 1.01011 +0.07 +0.08 | Immecccccce- refli- == eea
0 ~l-0.10 - :
B E —e— B =B =0
’ 09955 o T o - - Bmv‘freeu.B 20,k <1
— ; - - inv. = r MV
- 0.92+008 4006 +0.08 . SM prediction
- : ’ - - Parameter value not allowed
—;i'— 1.12 0:512 018 008 .
— 10 W ----mmmm - m
_é_%_ 1.65+0:34 03 FEPEPE l .................. l ......... I ......... | .....
P N TS AT A 0.8 1.0 1.2 1.4 1.6

Parameter value
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Introduction [2/2]

* What we found from the discovery of the Higgs boson H

m SM particle

H (125)

010101010V SM-like coupling SM particle

Did we really observe the SM-like Higgs boson?

- In this talk, we propose a new picture that gives observed
properties of the Higgs boson.

+ As a concrete example, we focus on the CP-even ALP model with k=0.
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Introduction [2/2]

* What we found from the discovery of the Higgs boson H

m SM particle

A H (125) & “Fuzzy Higgs boson”

~ cos(a)p1 + sin(a) o

010101010V SM-like coupling SM particle

Did we really observe the SM-like Higgs boson?

- In this talk, we propose a new picture that gives observed
properties of the Higgs boson.

+ As a concrete example, we focus on the CP-even ALP model with k=0.
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Usual picture

m(bl — 125G6V
Mg, > Mg,
h o O1 COS (¢ — SIn «
=R R=|".
S O2 SIN v COS (X

Flavor (interaction) basis Mass basis

We can interpret the mass eigenstate ¢; as the observed Higgs.
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In case that s promptly decays into dark sector

s A
e 3
. . . / m A m2
s invisible decay : S) ------- ¢ . ~ P2 8 Ao ~ (1
5) 327202 8r s~ O)
\\\ a (>~ 0)
Analog of v oscillations
—iHt 2
Transition of sto h: ‘S> R CE T |h> P(t) ~ ’<S| € |h>‘
2
_ 2 2
~ sin?(2a) sin” (Lt> €=Ty — My
4|p]
Typical time scale
s invisible decay : ¢, ~ [ Transition of sto h : tosc. ™ @
moly €/4

. . In this case, we can not define the mass
= Ifts << tosc., I.€., [s>> |m1 - m2|, S decays before Convertlng to h. eigenstates as the asymptotic states

because the s promptly decays.

Observed Higgs boson can be
understood as the flavor state, which is
linear combination of ¢7 and ¢2.

uzzy Higgs bosor "



Quantum Zeno effect [1/2]

“Frequent measurements slow the evolution of a quantum system, hindering
transitions to states different from the initial one”.

To demonstate this, let us consider the spin system (Rabi oscillation) as a concrete
example.

Initial state :  [1(0)) = |1)

()
Time evolution :  |1()) = e 't |1) H = 5 ( 12) (1] + 1) <2|)
= cos(2t/2) |1) + isin(2t/2) |2)

Q2: Rabi frequency
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Initial state : [¢(0)) = |1)

Quantum ZenO effeCt [2/2] Time evolution : [¥(t)) = cos(Qt/2) |1) + isin(Qt/2) |2)

*®* Measurement at t=a
t=0

y _—

(@) | = cos?(2a/2)

t=a
b
— l ) (2]¢(a)) ‘2 = sin?(Qa/2)
o0

** Frequent measurement up t=a

a
ACL = N
t=0 t=Aa t=a-Aa =a
- p 2 0242\ 2N
T . - T — (1e(Aa)) =(1 W)
| | —exp[ Qa2] =1
— — x| =
‘ 2N — o0
No. of ©® e
measurements 1 N-1

If one measures the system frequently the transition of the spin is suppressed (Quantum Zeno effect).
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Similarity with the system of the Higgs boson

If we assume that s—aa is the measurement of the system on the dark sector side,
the appearance of fuzzy Higgs can be understood ad the quantum Zeno effect.

h

tS @O @C . @@
(ts < tose.)
s decay : tg ~ 7 Transition of sto h: tosc. ™~ |ﬁ‘
mQFs 6/4

= If ts << tosc, i.€., [s >> |m1- m2|, the state |h> evolves itself by the frequent
measurement by the dark sector.

We confirm this effect by strict calculation in the quantum theory.

We will see that suppression of mixing between s and h happens.
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Breit-Wigner formulation R (G o)

A — LR : (Q2 - m% + 2o — Mo . > . RT [ : Renormalized self-energies
—II2; Q? — m3 + s
(i,j=12)

Ay = (Q° —mi + ﬁn)(Qz —m5 + ﬁ22) — TT;5T0y,
The position of the pole is determined by As =0.

() : 1Mo,y < 1 :

Q° =m7 + 1111, m3 + I

1 |
im1F1 imQFQ

sy ~ ~ . s . 2 2
(ii) : 11,2, IT5; are not negligible { ¢ = m7 —m3 ) Analytical formula of M;; (only DM loop) :

1 A A * . 2 4 : 2 2
QQ :_{m% i m% — TIy1 — Tlog Mo~ sin“(a)mj sin a cos amims
2 Y 32702 \sinacos amim; cos?(a)m3

+ /(e —IIhy + D)% + 4H12H21}

When vs <<1, 1221 can be sizable.
Position of the pole is nontrivial in this case.
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Result with a=11/4

Mheff = \/m% cos? a + m3 sin®

¢ = m2 — m2

po [cose — sin o
sin o COS

Using the BW formulation, we numerically
calculate the Ann with the different values of vs.

— Two separated poles appear.

vs controls the size of I's

3
mo AsMo
FS ~ o ™
32T 8T

Mpef=125.25GeV, a=11/4, e=25GeV?

' I's < ‘mg — M1
il " !
L I ) ]
0.50 i ,' \ vg=1000GeV
— ) R \ ' ]
(\Il ,' ! vs=500GeV
> \
)
<
= 0.10
=
o
— 0.05
0.01 | I l l l

125.0 125.1

125.2 125.3 125.4 125.5

Q [GeV]
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Result with a=11/4

Mhoft = \/m% cos? a + m3 sin” o

¢ = m2 — m2

po [cose — sin o
sin o COS

Using the BW formulation, we numerically
calculate the Ann with the different values of vs.

vs controls the size of s

3
mo AsMo
FS ~ g ™
L 3273 8

— Single pole appears at Q=mH.

— The propagator with vs = 30 GeV is
coincide with the SM. (Fuzzy Higgs boson)

I's > ‘mg — ma
1¢ -
K Vs =100GeV
__050F ;
o _ vs =30GeV
>
)
9
g i
~ 0.05F
ool
125.0 125.1 125.2 125.3 1254 125.5
Q [GeV]
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Result with a=11/4

2

mheﬁ‘E\/m%COS2Oﬁ+m§Sina p_ (cosa —sin
~ \sina cosa
2 2
€:m2_m1

Using the BW formulation, we numerically

Mpef=125.25GeV, a=r1/4, €=25GeV?

§ : correction at €. O(107°) at v, = 30 GeV.

calculate the Ann with the different values of vs. s > |mo —my||
— — 1k .
vs controls the size of s 050l Vs =100GeV
T m% A s i vs =30GeV
s ™ 5 o O
L 322 87 1 O
_é 0.10
s
0.05
001 | L 1 I 1 L l 1 1 l 1 L l 1 1
125.0 125.1 125.2 125.3 125.4 125.5
Analytical result of Ann ( SM loops are neglected ) Q [GeV]
A i(1+9)
hh = 2 1 2 21
2 87‘(’6 sin“(2a)v
Q2_mheff+ 2sm<a)—|— 4( )S: €2 sin” (2av)
. mheff ,; M petf ' L heft—dark =
Senprsy SIS S R e o, \ ___________ P 4mheﬂ'rs [mheff]
Posmon of pole
m3 sin? o I's m3 sina
c.f) Iy, sdark = —(5——5—

32, 3272 m3 cos? a

In case of I's < |ma2 —my|, L'y,—dark > 1 at strong
coupling regime. But T'heg—dark < 1 .
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Suppression of mixing by quantum Zeno

€2 sin”(2av)

FS > |m2 o ml‘ b Dheff—dark =
Amj, 5 Us [Mpefr]

g < |mg —my] : . m3 sin® o I's m3 sin®
—dark — —55_ o
Prvdar 32mv% 3272 m3 cos?

Comparing these equations, we can define the effective mixing angles for
the fuzzy Higgs boson.

e sin” (2av)

I'heff—dark =
4mheffr Mpef)

Mg € sin *(2a)
3272y Am?2 T2

= SIN° Qefr

— |f s promptly decays into the dark sector, et is suppressed, i.e., Sincest — 0 (I's > 1)

— The suppression of the invisible decay rate is due to the suppression of the mixing.
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Numerical result for 1,6 dark

Mper=125.25GeV, a=r1/4, e=25GeV?

102 @ vg=500GeV |!

® vg=100GeV

® vs=30GeV ||

— 10 ¢
=
=
| S | 1 1o
jﬁe ------------------------------------- BRiinv. (ATLAS) 11%
T
T 101t
=
o
< .
= T2 o BRyinv. (ILC) 0.239%

perturbative: Ps > |ma —mil|| Ts < [mg —my
unitarity
1 0 102 e

vs |GeV]

- . . It is difficult to measure the
Deviations of Higgs coupling:  rv — 1 = cos e ~ —0.01% (vs = 30 GeV) deviation in the future exp.

— heff can be surveyed by the future experiment of Higgs inv. decay.
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Result with a=0.01

Mper=125.25GeV, a=0.01, e=—1600GeV?

= S E——
= 107"
B 1073
a :
. -7 1072
‘T> 0.100+ 2 ; .
L‘ i
O C 10 . . . 10—4 b . . E
<} - 1 10 100 1000 131.4 1315 1316
— 0010: e [GeV] /
< _
<
0.001 ¢ vs=10% GeV vs=103GeV
! vs=102GeV vs=30GeV
10_4 3 ;
115 120 125 130 135
Q [GeV]

* In case of a=0.01, the fuzzy Higgs boson also appears.

— Therefore, the suppression of the mixing effect happens even if |m1-mz|~O(1) GeV.
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e |ntroduction

e Model with CPV in dark sector

* Testability of ALP

- Future colliders, astrophysical observations

e Suppression of the mixing effect in the strong coupling regime

3. Summary
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Summary

e We discussed a simple renormalizable model with CP violation in the dark sector.

e The model predicts ALP with CP-even scalar coupling.

- ALP can be probed by future collider experiments and astrophysical observations.

Long lived particle (in GeV) Higgs invisible decay, displaced vertex,
Higgs exotic decay

DM (in keV-MeV ) Higgs invisible decay, 21 cm line measurements

Vera Rubin observatory, X,y-ray observatories

- If decay width of s is larger than |m1- my|, the suppression of mixing between s
and h happens.

- The observed Higgs ~ cos(a)¢; +sin(a)e,  (Fuzzy Higgs)

- The scenario can be tested by Higgs invisible decay.

Kodai Sakurai A new renormalizable model for Axion-like particle and its phenomenology 45 /45



Buck up




Relations for scalar couplings in the limit k=0

B sin(2a1)(m? — m?)

Ap = ,
P 4vvg
y cos(2ay)(m? — m?) + m2 + m?
S 8’0(% )
Ay — cos(2ay)(m? — m?) + m2 + m?
2

] = ehs

V= —m3|®* + A" + \p|H[>|®” + Au|H|* — uF|H|*,

h Or cosa; sina; 0
s| =R, | p R, = | —sina; cosa; O
a a’ 0 0 1
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Amputated view of the detector

ILD detector

Detector sizes

BeamCal

Technology Detector Start (mm)|Stop (mm)|Comment
pixel detectors Vertex Tin = 16 rout = 98 |3 double layers of silicon
pixels
Forward tracking Zin = 220 Zout = 371 |2 Pixel disks
SIT Tin = 153 rout = 303 |2 double layers of Si pixels
Silicon strip Forward tracking Zin = 0645 | zZour = 2212 |5 layers of Si strips
SET Tin = 1773 | Tout = 1776 |1 double layer of Si strips
Gaseous tracking TPC Tin = 329 | 7oyt = 1770 |MPGD readout, 220 points
along the track
Silicon tungsten calorimeter ECAL option rin = 1805 | rour = 2028 |30 layers of 5 x 5 mm? pixels
ECAL EC option Zin = 2411 | zZow: = 2635 |30 layers of 5 x 5 mm? pixels
Luminosity calorimeter| 7;, = 83 rout = 194 |30 layers
Zin = 2412 | 2oyt = 2541
Diamond tungsten or GaAs calorimeter | Beam calorimeter Tin = 18 rout = 140 |30 layers
Zin = 3115 | 2zout = 3315
SiPM-on-Tile ECAL alternative rin = 1805 | rone = 2028 |30 layers, 5 mm strips,
crossed
ECAL EC alternative Zin = 2411 | 25yt = 2635 |30 layers, 5 mm strips,
crossed
HCAL option Tin = 2058 | Tout = 3345 |48 layers, 3 x 3 cm? pixels
HCAL EC option Zin = 2650 | Zout = 3937 |48 layers, 3 x 3 cm? pixels
RPC HCAL option Tin = 2058 | rour = 3234 |48 layers, 1 x 1 cm? pixels
HCAL EC option Zin = 2650 | 2ot = 3937 |48 layers, 1 x 1 cm? pixels
SiPM on scintillator bar Muon Tin = 4450 | rour = 7755 |14 layers
Muon EC Zin = 4072 | zZout = 6712 |up to 12 layers

TABLE I. Key parameters of the ILD detector. All numbers from [4]. “Star” and “Stop” refer to the minimum and maxiumum
extent of subdetectors in radius and/or z-value .

LumiCal FTD/SIT
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Time schedule of the future X, gamma ray obsearvatries

Cosmic rays
(M3NeT
Neutrinos iceCube ceCube-Gen:.
HESS, MAGIC
=
y-rays DAMPE = HERD
INTEGRAL
POLAR
HXMT
X-rays NuSTAR ‘

™ /7
pektrRG__|

XMM-Newton
vrvn "WESEUS
wavelength mifl
HST
Visible and M
near infrared h
ICid, YWEIKS
Infrared . JWSsT._.
ALIVIA
J r"
Radio waves - 3
9
1/|C10
Gravitational KAGRA
waves Advanced Virao
Agdvanced L)
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 20
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ALP production ins Supernova

a
o
e —> : P e
———————— a
+
Ze > > Ze €
(a) Bremsstrahlung (b) Electron-positron fusion
fy
SNV VSN N\ HE— a
—————— a
Ze > —» Ze
(c) Primakoff process Y

(d) Photon coalescence
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Axion-nucleon (QCD axion)

oua _
= v NY*~= N
2faCN Y Y5

cp = —0.47(3) + 0.88(3)ch — 0.39(2)cg — 0.038(5)c,
—0.012(5)c2 — 0.009(2)cy — 0.0035(4)c}

cn = —0.02(3) + 0.88(3)cy — 0.39(2)c? — 0.038(5)c;
—0.012(5)c2 — 0.009(2)cy — 0.0035(4)c}

chSVh = —-047(3),  ch>V4=-0.02(3)

cpt%% = —0.617 + 0.435sin® 8 + 0.025, cP¥S2 = 0.254 — 0.414sin? B + 0.025
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Long lived particle search at HL-LHC
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Figure 24: Projected upper limits on the branching fraction, Br(h — ¢¢), for 50 observed
decays of long-lived mediator particles using the CMS MS when events are selected by
applying softer cuts on the displaced particles only. The shown limits are obtained by
combining the ggF, VBF and Vh modes for the Higgs boson production at the 14 TeV
HL-LHC experiment with an integrated luminosity of 3000fb~' and the decay modes of
¢ — ptu, 7tn~, KTK—, c¢, 777~ and bb according to the branching ratios in Fig. 4.
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LLP searches from Higgs decays in the future ete- colliders

[S. Alipour-Fard et al., 1812.05588]
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Figure 1: Projected 95% h — X X branching ratio limits as a function of proper decay
length for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee,

and where only one is visible they overlap. The larger dashes are the ‘long lifetime’ analysis
and the smaller dashes are the ‘large mass’ analysis.
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Cosmic Axion Spin Precession Experiment (CASPEr)

Lagrangian A

297
Espin ~ JaNN [3MG(F, t)]ﬁn'}'“’)%q}n ) BO O-I’l

>
CASPErWind  Bg(?)

Hamiltonian /W

Magnetic field constacted by ALP DM

Hspin — gaNNﬁa(Fa t) ’ 3:71 -1
’ a GeV
Ba[T]z10_7ngN[ v
dn

Hwind ~ JaNNMqA0 cos(wat)z')'- 3n ) (16)

~ gaNNV 2R3 cppm cos(w,t) v - G | (17)

The existence of axion field affects to spin of the nucleon.
Thereby, the gann is constrained.
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Thermal production

- Thermal production rate 9 _
5L = — /\\Cm;” Dadai)
1 m?2 Hh Y . Q
4 Ajms Ay mi—mj 5/ 4

- For the ALP is not to be thermalized, I'< H should be satisfied.
We then obtain the conditions for the cosmic temperature:

1/10 1 A \Y5 (418GeV ) ®
g* H . c
<
T~7G€’V(1oo) (STeV) ( my )
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Invisible decay for SM-like Higgs boson

* Br(s—> inv.)20D R (&, SM-like & v 7 XD invisible decayH W T WS

3
m m3
1B 0 h_ cos? a I = S
327mv? T n

- AMwZ iRt 2/NT X FEEIE. vs<<V, cosa~0.3 TlMh—>inv) b RKE<KRB

mes = 70GeV
1 :_ T | S S S S S B B S R T T
e h—>inv.D vs KTF & [ — ] ATLAS ( .
0100 = ===sA === == == mm - EEEEEE s L] current): Bry ...
FFvrelssd S et ] h
. o.o1o§- P R Bry i
- AMw ~4MeV 3 ST O N £ O S S AU SO FUPPRRI :' Brs—inv [1s=100 GeV]
_ ': ILC: Brj, iy, Bre_.inv [vs=500 Ge
current bound (< ik _ iy s->inv Vs V]
1074
10-5 T el L L | TR a1 L 1 1 PR A L i1
000 005 010 015 020 025  0.30

Pt 1 cose

ky =025% 1%

— AMwDtentionZ B LB 2V F U A TIEEIC h—>inv. D FEWVWTE D, ILC THRIER] BE,
57 /25



Current bounds for the mass difference in the degenerate Higgs scenario

[CMS,Eur.Phys.J.C 74 (2014) 10, 3076]
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Fig. 29 Map of the values of the likelihood ratio g (x, Am) for two near
mass-degenerate states parameterized by x (the fraction of signal in the
lower mass state) and Am (the mass difference between the states). The
black cross shows the best-fit value, and the lines correspond to the
lo and 20 uncertainty contours for the SM (single state) expectation
(upper plot) and the observation (lower plot) 58 /2 5



Other plots




Branching ratios for the ALP

ALP BRs
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Branching ratios
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Result with a=11/4

2

mheﬁ‘E\/m%COS2Oﬁ+m%Sina p_ (cosa —sin
~ \sina cosa
2 2
€:m2_m1

Using the BW formulation, we numerically

calculate the Ann with the different values of vs.

vs controls the size of s

3
mo AsMo
FS ~ g ™
| 32T S 1

Mpef=125.25GeV, a=11/4, e=25GeV?

nl vs=1000GeV | |
i vg=500GeV
__0.50F ]
o vs =100GeV
) Vs =30GeV
<
— 0.10 To M
=
<«

0.01 | L I I | I L 1 L L | L I | L I 1 L L L | I )
125.0 125.1 125.2 125.3 125.4 125.5
Analytical result of Ann  (hs = SMis neglected ) Q [GeV]
A i(1+9)
hh = 2 T 2 2
2 87‘(’6 sin“ (2a)v
Q2 — m? —I— “sin_(2a) + 4 ) (Za)uvs, €2 sin(2a)
heff 2mh ff ] mh ff : Fheff—>dark —
T SN A S ‘ ______ < ,l 4mieﬂ:rs[mhefﬂ
Posmon of pole
m?3 sin? T's m3 sin®a
C. r k= ———— !
" P17 dark 32, 3272 m3 cos? a

§ : correction at €. O(107°) at v, = 30 GeV.

In case of I's < |ma2 —my|, L'y,—dark > 1 at strong
coupling regime. But T'heg—dark < 1 .
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