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An example of the success of the SM

EW fit ->Higgs boson discovery

806 ' ' ! | ! 1 1 | T T T T T T T
: — LEP1, SLD, vN Data
80.5- 68% CL
>
()
O, 80.4-
<
-
80.3
i mH [Ge . . —
80.2 | 95/300/1000,”  Preliminary

130 150 170 190 210
m, [GeV]

LEP EW WG summer 99 conference
http://lepewwg.web.cern.ch/lepewwg/plots/summer 1999/

Matching the Fermi theory and SM prediction of muon life-time

we get
M / 4T ot
M‘V:TZ(”“ 1 )

V' V2GeMZ(1 - Ar)

Ar Includes the effects

8025l '

50 100 150 200 250 300
mpg [GGV]
Z ZDOEY R IEKodai Sakurai's slidehS5E-TEF L@




An example of the success of the SM

: : : Matching the Fermi theory and SM prediction of muon life-time
EW fit ->Higgs boson discovery J Y P |
we get
M [ 47T o
Mg =—= 114 {1 - |
80.6 T———————T T 2 V2GEM3(1 — Ar)
| —LEP1, SLD, vN Data
- Ar Includes the effects
8054 68%CL
_|_
O, 80.4-
=
-
80.3- 80.45 _
' _ CDF Il result
m [Ge __ 80.43 GeV
802‘ 'H9'5' 3001000 Preliminary | > 80.40
. L S e [ R Pr— - — Fr— — — 5
130 150 170 190 210 ) |
- 80.35}
mt [GeV] § !
(g |
LEP EW WG summer 99 conference 80'30; :
http://lepewwg.web.cern.ch/lepewwg/plots/summer 1999/ : — My, = 20GeV . |
8025w v
| : 50 100 150 200 250 300
80433.4 + 9.4MeV (CDFII collaboration 2022)
mpg [GGV]
+= = = | 7P . . . . -
FNnEoe !l 7@  ZOXY I ZKodai Sakurai's slideh S5 F->T=F U@




W-boson mass shiftO=Ekd a2 &ld ?
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A few examples of the success of the SM

EW fit ->Higgs boson discovery

Prediction
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| would like to consider BSM with this structure.
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BSMs with similar properties.

Non-trivially charged particles
“Real adjoint Higgs field

Singlet scalar (dark sector)
extensions

S5V =V(|H|*,s)

Silveira, 198b; Burgess et al 0011335

“Fleld with very large
representation etc

s can be thought to be CP-even if

renormalizable, 1.e. the potential
Is accidentally CP-conserving.
Flavor violation, proton decay are -

suppressed as in the SM. : Others, including the case that -
« BSMs are heavy. -

Massive dark gauge boson (SM Is not charged) also
belong to this category since we need a dark higgs. -

This talk




Singlet scalar extensions can connect light dark sector:
G, symmetry extension. ® O s
V= —mc%\q)|2+/ﬂ<b\4+/1P\<I>\2\H\2+,1H\H\4_ﬂé‘H‘Z.

(CP-even) axion
Sakurai, WY, 2111.03653;

~ Hidden photon

dark radiation

Takahashi, Sakurai, WY 2204.

DM

DM

e.g. Jaeckel, and Ringwald 1002.0329;

Self-interacting

04770

see also Jeong, Takahashi, 1305.6521

See CxSM Barger et al, 0811.0393
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https://arxiv.org/abs/1002.0329
https://arxiv.org/abs/0811.0393

s° | h2 ,
| mz— cosa =m /\ml—m2
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CDF collaboration, Science 376, 17/0-176 (2022) [ref 17] L"opez-Val , Robens 1406.1043

(26, 27). An example of a nonsupersymmetric
SM extensmn 1S a modlﬁed Higgs sector that ) P S S S
includes an additional scalar field with no SM | my = 1257 GeV ol
gauge 1nteract10ns Wthh predlcts an My shift "
of up to ~100 MeV (17), depending on the mass
of the addltlonal scalar pa.rtlcle and its inter-
action with the SM Higgs boson. A light (heavy)
additional scalar parncle would induce a pOS-
itive (negative) My, shift. Similar but smaller 20

Amy, [MeV]
-
!
j

shifts of 20 to 40 MeV have been calculated =
1n an extension that contains a second Higgs- 4o |

like field with the same gauge charges as | ~ sina
the SM Higgs field (18). Implications of very Compatibility with the LHC signal strength
Weakly interacting new particles such as “dark measurements requires | sin a| > 0.91.




2. Singlet scalar extension
cannot explain the CDF-II
result at all.

Sakurai, Takahashi, WY 2204.04770



W-boson mass shift is at most 2 MeV because of
e+¢e — sZ) - SMs at LEP and signal strength constraints.
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W-boson mass shift is at most 2 MeV because of
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s invisible decay ® prediction.

V=

—m2 | @+ A @+ A | PP HI* + Ay | H|* — u2 | HI*.

(CP-even) axion
Sakurai, WY, 2111.03653;

~ Hidden photon

dark radiation

Takahashi, Sakurai, WY 2204.

DM

DM

e.g. Jaeckel, and Ringwald 1002.0329;

Self-interacting

04770

see also Jeong, Takahashi, 1305.6521

(would-be) NGB x 2



https://arxiv.org/abs/1002.0329

S may decay Invisibly.
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S may decay Invisibly.

Dark Dark
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s may both decay visibly and invisibly.
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S may both decay visibly and invisibly. m_W shift is
at most 4-5 MeV.
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3 = CO n CI u S i O n S = Sakurai, Takahashi, WY 2204.04770

. Singlet scalar extensions TTIERD R IREHZLIC. 7L —I\—,
CPRICEETHI D, GFEERITEI SEV, EEEBDERNL
INBIZiRYEIC T 50, BEVIBEREL. IL<IDATE %,

. WIKY VEELENIEFEALBZMEIEE>EDiEEESNTED > .
. AM, <2 MeV for s visible decay, and

AM, < 4 -5 MeV for s both visible and invisible decay

E*Eflﬁ L/TCO
. Singlet scalar extension cannot explain the CDF-ll result
at all.
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3. Conclusions.

Singlet scalar extension cannot explain the CDF-Il result
at all. AM <2 MeV for s visible decay.

AM, < 4 -5 MeV for s both visible and invisible decay.
It may explain the slight preference without the CDF data.
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Crazyi¥ = |
2002-2006%F or 2009-2011&(CHiggs MER < 1 o fc 3

LEP 1989-2000 1997-2000 data taking
DO 1983-2011, 2006 to 2009 data taking.

CDF 11 1983-2011. 2002 and 2011 data taking
Tevatron Higgs search 2001-2011 https://arxiv.org/pdf/1209.1586.pdf
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CDF IOWRY Y BE MwDBITEFER (Kodai’s slide)

[CDF Collaboration et al., Science 376, 170-176 (2022)]
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Possible applications.

Degenerate scalar scenario

Exact Z_& mirror symmetry

Z = gSM T gmirror SM
—p| H|” | Hyirror |

11940)8

» . $
Relevant to fine-tuning problems or lighter QCD axion. Hook 1802.10093
~ 4MeV, m,, ~ = 125.25GeV, a = /4.

mirrorh —

When dark higgs masses are similar, some parameter space
for WIMP and EWPT will open.

WIMP DM, Abe, Cho, Mawatari, 2101.04887
EWPT, Cho, ldegawa, Senaha 2105.11830

Degenerate scalars with Am > 0.1GeV

can be distinguished at ILC Abe, Cho, Mawatari, 2101.04887

In the fuzzy Higgs region, the degenerate scalars
cannot be distinguished. But it Is probed by the Higgs
iInvisible decay also at the ILC. Sakurai Wy 2204.01739

mirrorh

In this case, the Higgs coupling deviation of k, = cosRa.)

can be also probed together with invisible decay.
Sakurai WY 2204.01739

Extention to dark scalar phenomena

Mixed axions with one component decay very fast has the other
component stabilized.

Strongly coupled dark sector
Go beyond perturbative unitarity. If T

. can be arbitrarily large,

s—dar.

fuzzy Higgs boson is realized with arbitrary |m, — m,

and thus generically realized.


https://arxiv.org/abs/1802.10093

3. CP-even ALP
from generic CPV

Kodal Sakurai, WY 2111.03653

In the following | take for simplicity 6-p = 64, = 0, which does not change our conclusions.


https://arxiv.org/abs/2111.03653

If we do not impose CP symmetry
In the dark sector,

V=—ml|®"+A|®| 4+ 1p|H*| D>+ Ay | H|* — uZ | H|*.

Accidental discrete symmetry in dark global U(1) symmetric [imit:

Cyark Symmetry: SM fields do not transform, ®(¢, ¥) — ®*(¢, ¥)
C'P symmetry: SM fields transform as in the SM, ®(¢, ) — ®*(¢, —2).
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If we do not impose CP symmetry
In the dark sector,

Explicit breaking of dark U(1) Controlled by « IS
4
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If we do not impose CP symmetry
In the dark sector,

Explicit breaking of dark U(1) Controlled by « IS
4

5V =x| Y cmy ‘JCI)J+Z(“’H 2D HI? + ePmi7d/ | |*) [ +h.c.
=1
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But C,,,, - CP remains: SM — CP SM,

d(r, x) > O, — x)  (aparity for dark Higgs).




If we do not impose CP symmetry
In the dark sector,

Explicit breaking of dark U(1) Controlled by « IS
4
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If we do not impose CP symmetry
In the dark sector,

Explicit breaking of dark U(1) Controlled by « IS
4

5V =x| Y cmy ‘JCI)J+Z(“’H 2RI | H|? + ePmZ70/ | @)*) | +h.c.
=1

arg C,C ;é ()
CPEFT = Cdark CcP. SM — CP SM, alt, 1 = a[t, — X1

A simple UV completion of axion without imposing CP
[symmetry has accidental CPgy with ALP being CP-even. |




Couplings of the CP-even ALP

V=—ml|®"+ AP +p|HI*|® >+ Ay | H|* — uZ | H|*.

-Induced from U(1) symmetric part, and thus

O :
SM C CP symmetric.
geff ~— (0 Cl)2 dark X y
mq)@SM -Non-renormalizable (dim 6 or 8).
l.e. very weak at low energy.
4 2
oV =k 2 cjm4_JCI>J + Z Em> D/ | H|* + ®m>7d/ | ®|°)|+h.c.
O J O J @
J=1 J=1
, , -Induced from U(1) breaking part.
m;m, m; _ , . . .
Lo ~ ah,8,, ~ At k- 0,(.e. m> — 0), It vanishes, I.e.

Mg MM

amplitude « m?

a

-Renormalizable, dominant at low energy.



3. Phenomenology of CP-even
ALP

. Probing CP-even ALP in Higgs
factory
. CP-even ALP DM

Kodai Sakurai, WY 2111.03653


https://arxiv.org/abs/2111.03653

CP-even ALP can be naturally
produced via Higgs boson decay

V=—md|®"+ || +p| @ |H|* + Ay | H|* — uZ | H|*.

Higgs portal coupling ®: U(1) Higgs field
I . H :SM Higgs doublet
geffN \/_vh(aa)z Al = m )\—m |
A% =
1 vzmg
Fh—>ad =
16z A%
4
2TeV
Brh—>aa = 2%
Ay




Couplings of the CP-even ALP

V=—m2| "+ 4| @ + Ap|HIP | ® |+ Ay | H|* — p | H|

Lo~ \/52" h(da)? -Induced from U(1) symmetric part, and thus
Ag C,.. X CP symmetric.
| . AP .Non-renormalizable (dim 6 or 8).
Ay, mZ—mi .
l.e. very weak at low energy.
4
5V =x| Y, cmy —J¢J+Z(~H ZIDINH + cPm27d | @) [ +h.c.
j=1
, , -Induced from U(1) breaking part.
m;m, m; _ . . .
Lo~ ah,0 , ~ At x - 0,(i.e. m> - 0), it vanishes, i.e.
Mg MM

amplitude o m?

-Renormalizable, dominant at low energy.



CP-even ALP can be naturally
produced via Higgs boson decay

V=—md|®"+ || +p| @ |H|* + Ay | H|* — uZ | H|*.

Higgs portal coupling ®: U(1) Higgs field
H :SM Higgs doublet

Production from Higgs decay

10— ""'%10_1
| . [ 107 “ <
..... <l Q
y uj: 103
10
"h;— )




After the production,
& it is long-lived if light.
‘ oV =« chmé_jd>j+ Z(Efmé_jd>j|H|2+q

_|_

Invisible decay (Case of ! 2 2
y ( 3 ma mh h O ma
eff = > Yah ™~
Detector | | Invisible decay and Mg mpmg
size missing+displaced vertex
Z,
\Q
Vertex . 0
resolution Q
<
o
Higgs exotic decays : Z \QQ
©
D

S
See c.f. Bauer, Neubert and Thamm, 1708.00443 , Curtin et al, 1412.0018 for LHC A



Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of a from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC
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Probing CP-even ALP at e.g. ILC 250GeV

Decay length and product of « from Higgs decay Kodai Sakurai, WY 2111.03653
and signature at ILC 100? R B
a dominant decay modes: : 10!
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What roles does CP-even ALP play In
the early Universe?

. Light mediator to DM with & > ®Y%, ¥\

ALP couples SM fermion weakly but strongly with DM, which is the desired

: : Please study it with WIMP, which should be an interesting topic!
property of a light mediator.

o CP'eVen ALP DM' This talk.

CP-even ALP is a good DM candidate If it is lighter than MeV.




Thermally produced CP-even ALP DM

2
3 5 ma ml// TR
20keV \ GeV 2GeV

21 cm Ilne

1000 5000 1x10°  5x101x10°

m,leV]




mass range.

6
>
O
4 2
%
%
2 2
\Wy7
T Y
ol | SV
5 alt;] = 0.5a[ty] ' %%QX
-12 -10 -8 -0 -4

log,om, /GeV

Non-thermal production scenario: lighter

Light bosonic DM can be produced
during reheating if 7, > m,,..... as laser.

Moroli, WY, 2011.09475, 2011.12285

ZLing = ia ad’a + iG(ICj)G(a)/w

For CP-even ALP, we need
T, < mg TOr the produced

ALP not to be thermalized.
Probed by inflaton search, 21cm line.



There naturally exists the portal coupling between ® and H.

V=—ml|®"+ || +1p| @ |H|" + Ay | H|* — uZ | H|*.

Higgs portal coupling ®: U(1) Higgs field
:SM Higgs doublet
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