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Evidences — Dark Matter

* There are undeniable evidences for dark matter in a wide range
of distance scales
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Evidences — muon g-2

result by a factor of 2

M
« Muon g-2 experiment improves the preC|s|(u)?1In of their previous

g-2 collaboration, PRL 2023
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Evidences — Hubble tension

 Large difference between early and late H, measurement
e Hy = 73.2+ 1.3 kms *Mpc~?
e Hy = 67.4 4 0.5 kms *Mpc™?

* The discrepancy either arises because
« Our distance measurements are incorrect
« Cosmological model we use to fit all those distances is incorrect
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U(l)Lu_LT-charged DM

* U dark = U(Dp,1,

« Let's call Z/, U(1)L#_LT gauge boson, dark photon since it couple to
DM

High1 workshop (2024-01-23) 5



Leptophilic Z" model

 Possible to gauge one of the differences of two lepton-flavor

numbers X. G. He et al, PRD 1991
*L,— L, L, —L;:anomaly free without extension of fermion contents

« Symmetry including L, is strongly constrained

* The simplest anomaly free U(1) extension that couple to the SM
fermions directly

« No kinetic mixing between Z’ and B @ high-energy
« Kinetic mixing is generated through
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Leptophilic Z' model

e Hubble tension

» Tension between early and late-time determinations of Hubble
constant

« 10 — 20MeV Z' reached thermal equilibrium in the early Universe and
decays, heating the neutrino population

 Delay the process of neutrino decoupling
* 0.2 < AN ¢ < 0.5: substantially relaxes the tension

M. Escudero et al, JHEP 2019
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U(1)Lﬂ_Lr-charged DM model

* Simplest U(1)LM_LT-Charged fermion DM model
1 1

LD Loy — ZZéﬁZ’aﬁ + §m2Z,Z(’xZ’a + XY OaX — My XX

+IxQZLXY X + 9x 2L Y | Qi

« New gauge boson Z' plays a role of messenger particle between DM
and the SM leptons

* New parameters: {gy, mz, m,, Qx}

» Consider Z' boson only & gx~(3 — 5) x 10~* for the muon g-2
« x¥(XX) = foufsm . dominant annihilation channels
* gx~10~*is too small to get O, h* = 0.12

High1 workshop (2024-01-23) 8




U(1)Lﬂ_Lr-charged DM model

« y¥(XX) - Z"™ — vv : dominant annihilation channels
* my,~2m, with the s-channel Z' resonance only gives the correct relic

density
P. Foldenauer, PRD 2019 I. Holst, D. Hooper, G. Krnjaic, PRL 2022
Relic density for le = 50 MeV '
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U(1)Lﬂ_Lr-charged DM model

ccalar DA
« gx~10~*is too small to get QOh? = 0.12
* myg~2m, with the s-channel Z’ resonance
* Sub-GeV DM -
« No direct detection bound £

+3 UB

Tight correlation between |
DV mass and Z' mass

Mg, ~ 2T,

mz[GeV]
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

* UMD gark = UMy,
» Let’'s call Z”U(l)L”—LT gauge boson, dark photon since it couple to DM

* UV complete U(1)L _.,~charged scalar DM model
« Dark photon Z' gets massive through ny)L _1, breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

« Scalar potential

02 2 22 2
V=g |HH-L) 1, (0fo 22 +)\¢.H(<I>T<I>——) (HTH—”—‘I’)
0 > > 0
1

« If dark symmetry is spontaneously broken, ®(z) = 7 (ve + ¢(7))
- Dark photon Z' gets massive: m 7 = gx|Qo|ve

 Two CP-even neutral scalar bosons Nt 11U
tan 20 = @2
. ¢ _ 0 Hy\ [ cos® sin6)\ (H; AHVE — ApUg,
h) Hy,) \—sinf cosf®) \ H,

2 2 2 2 s 2 2 2 :
2005 Aapvsvm _ (M, cos 0+ my, sinl 0 (my, .—Qmel) cos @ sin 0
\\opvovy  2Agvy (m?% — m?ql) cos 6 sin @ m?ql sin” 0 + m?qg cos® 6

* 3 independent parameters: my,, my,, sinf

s oo
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

 After spontaneous symmetry breakings
 Additional interactions with the dark Higgs

| P | :
E{;‘; D EQ’%{Q(BI}ZFHZLGDE[—F ggf («9%'!,’@2"”2:1.@') — /"up'?}@(.-ﬁg — /"ﬁ.H'UHh-d —
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» Constraint from N.¢r @ Tcyp

« If light dark Higgs masses are lighter than Tj,.~1MeV, the light dark
Higgs mainly decays into e* — AN¢¢ # 0

» The dark Higgs decay before 1sec

* Higgs invisible decay PDG 2022 | \ [= =20 .
P2 v arptfrg 2 rkx ot [ eweTex i tmmme

* Br(H, — inv.)= < 13%

SM , ~H1H1 |, ~7' 71 | ~xX*
I‘H2+1"H2 +1“HZ +1“H2

» sing should be small >(¢ = H;,h = H, |

; Eli 1IC|
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

» Simplest U(l)Lﬂ_Lr-charged scalar DM model
Lot = igx 2 (X*OMX — XOMX*), gx 7, Y Quly !

* Free parameters: {m,,, gx,my, Qx = 1}

X ----?vavz’ X b A
Xy Xy
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

« UV-complete U(1), ,~L,-charged scalar DM model

2
Lot = 1D, X X =Aax XP (10 = 5 ) A X (1

- Free parameters: {m,, gx, sin8,my, my_, Qop, Aox}
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

Baek, JK, Ko, 2204.04889

« UV-complete U(l)L”_LT-charged scalar DM model
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Measurement of Bt - K*vv

« The B* - K*vv process is known with high accuracy in the SM:

« Br(B* - K*tvv) = (497 +0.37) x 107° HPQCD, PRD 2023
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Measurement of Bt - K*vv

Belle-Il, 2311.14647

_SM Average
) : 1201
§ o —o— Belle 1I (362 fb!, Combined)
Belle II preliminary SM 1 24407 This analysis, preliminary
—— Hadronic 1 . Belle 11 (362 fb-!, Hadronic)
—— Inclusive L S

12.5 p [ £Ldt = (362 +42) fb!
10.0 F

—— Combination

0 2 4
/FB/BSNI

* Br(B* > K*vv) = (24 +0.7) x 107>
« Significance of observation is 3.60
 2.80 tension with the SM prediction

* Br(B* » K*Eppijs)ne = (1.9 £ 0.7) x 107°

* Indicate not only the presence of NP in the b = svv transitions
but even the presence of new light states (particles in dark

sector?)
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Solutions: EFT-approach

X. He et al, 2309.12741
« Scalar DM eee
OS,Sb_ _b t OV,sb (= ,u,b 1‘?
v = (30)(9'9), w = (3VD)(d'i0, ), (x)
""""""""""" o ] Y o
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Solutions: EFT-approach

° Fermlon DM X. He et al, 2309.12741

O?jlb = (3b)(Xx). Of}fzb = (3b)(XivsX),
Ot = (570 (X00): () Oy = (57" (X735),
O = (5" D)Fow ). (<) OL3 = (D)Ko 70). ()
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Solutions: EFT-approach

e \Vector DM X. He et al, 2309.12741

02" = (3b) (X[ XM,

E ?' %
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. 1 o 5 i 5
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Candidates

Pull

Solutions: 2-body decay

W. Altmannshofer et al, 2311.14629
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» Belle Il provides information on the g* spectrum
« A peak localized around ¢* = 4GeV*?
« = Two-body decay (B —» KX),my = 2 GeV

High1 workshop (2024-01-23)
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Solutions: 3-body decay

Bird et al, PRL 2004

« Singlet scalar DM model (m, < 2.3GeV)

_LS_ISMr 2052+’\*52H1H 4@—
A | 2 t
- ISSd + E(mﬁ + Aviy,)S? + + ESEHE, s \t
h -~
Cpy _ 44AM3, <

d Be”e E> = g%vm% '
* Relic denS|ty

v, A2
EW" ( 1lim m; 1T,
4 hX
mh m;—2mg

TannVrel —

» A should be large to fit the relic as well as Belle Il

* m; < 1GeV is already excluded by BABAR limits (2004 data).
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1 My Pann [Cm3S_1]

eff

(ov) =T

Solutions: 3-body decay

e For mX

10GeV, CMB bound (DM annihilation @ T~eV )

excludes the thermal DM freeze-out determined by s-wave

annihilation
« DM annihilation should be mainly in
DM channel
 Asymmetric DM

(ov)~ 1+ b v?

10-25 AMS /PAMELA positron fraction
Thermal cross-section
10726 3
] Fermi Galactic center excess |
10727 T LR T T T 1 3
10t 102 103 104 CMB 1
-28 RS | P | L L
my [GeV] 1075 10 102 10°
my [GeV]
Planck 2018,

R. K. Leane et al, PRD 2018
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Solutions: 3-body decay

Bird et al, PRL 2004

« Singlet scalar DM model (m; < 2.3GeV)

_LS_ISMr 2052+’\*52H1H 4@—
A | 2 t
- ISSd + E(mﬁ + Aviy,)S? + + ESEHE, s \t
h -~
Cpy _ 44AM3, <

d Be”e E> = g%vm% '
* Relic denS|ty

v, A2
EW" ( 1lim m; 1T,
4 hX
mh m;—2mg

TannVrel —

» A should be large to fit the relic as well as Bellell

* m; < 1GeV is already excluded by BABAR limits (2004 data).

e At that time, the authors did not consider the CMB bounds.
* This model does not work anymore.

High1 workshop (2024-01-23) 25



Can we find the integrated
solution of Aa,,, DM relic

density, Hubble tension and
BT - K*vv at Belle 1I?




Can we find the integrated
solution of Aa,, DM relic

density, Hubble tension and
BT - K*vv at Belle 1I?

Baek, JK, Ko, 2204.04889
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Bellell anomaly: 2-body decay

* When my < mg — myg, two-body decay

b 4 S
m, = 11.5MeV, g, =5x10"%, Q,= 0.4

t\/t L

\ - I
S H 10-! Higgs invisible decay !
1 : B(H; —1Inv.) > 0.13 :
g 1072¢ |
? s 1o /3
1073 ¢ Bt K*tvp |
: (Belle IT) E
i
10~4 Bt— Kt H; <]
0.01 0.05 0.1 05 1 5
my (GeV)
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Bellell anomaly: 2- or 3-body decay

* When my > mg — myg, H, Is off-shell > three-body decay
* Two-body decay: my < 10GeV (my, < mp — my)
* Three-body decay: 20MeV < my< 60MeV (my, > mpg —my)

m,, = 11.5MeV, g, = 5x107%, Q, = 0.4, s5,= 6 X 107>

l:l 1§ 1 | - | ) 1 ) 1 ) ) I ) 'Io II+I II-;_II_I=
10 é )\IIJX<47T /y/yB(B;lIe{Ill)tué
100;
1071k
A‘I’X KOTO Kg — 7
10~2

[ 05 > oppp=m""
1073}

- //B"‘—)K"‘Hl L BT KX X"
10_4=I L 1 L1 L 1&gl 1 ,I Il]llll l 1 Ll L 111l l 1 lllllll=

1072 107! 10° 10! 102
my (GeV)

High1 workshop (2024-01-23) 29




Bellell anomaly: 2- or 3-body decay

* When my > mg — myg, H, Is off-shell > three-body decay
* Two-body decay: my < 10GeV (my, < mp — my)
* Three-body decay: 20MeV < my< 60MeV (my, > mg — my)

m,, = 11.5MeV, g5y = 5x 1074, Q= 0.4,5,= 6x 1073

1:. . . S— — TTTTTT T  — IIIIW'
10 3 Apx <4 Y Y Pmaietny 3

109 .
[ B(H,—TInv.) <0.13
107!
Apx
1072

B+—>K+XX*E
E | L L1 R L Ll | RN
. Vs -2 -1 0 1 2
X ’\>H1 '(', H, 10 10 10 10 10
RS GeV
x+’ SvH, mHl( V)
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Bellell anomaly: 2- or 3-body decay

* When my > mg — myg, H, Is off-shell > three-body decay
» Two-body decay: my < 10GeV (my, < mp —my)
* Three-body decay: 20MeV < my< 60MeV (my, > mg — my)

m,, = 11.5MeV, g5y = 5x 1074, Q= 0.4,5,= 6x 1073

| ™ e '“:(§3;*$““¢ft
10 3 Apx <4 Y Y Pmaietny 3

ol
10 |
L B(H; —Inv.) <0.13
10‘1;
)\‘I)X t KOTO Kg — 7
1072

* ’ ' :
X 102 10~!
X --P-WZ, X --h-* Z’
1 (¢ e
X*--“--l _____ H, X et 1 -\H1 High1 workshop (2024-01-23) 31



Bellell anomaly: 2- or 3-body decay

* When my > mg — myg, H, Is off-shell > three-body decay
* Two-body decay: my < 10GeV (my, < mp — my)
* Three-body decay: 20MeV < my< 60MeV (my, > mg — my)

m,, = 11.5MeV, g5y = 5x 1074, Q= 0.4,5,= 6x 1073

1:. . . —— o — T™TTTTT T T—T TTTTT o - +_=.
10 § Apx <4 /7;‘”73(331’;5”5
ol
10 |
L B(H; —Inv.) <0.13
1071k
A‘I’X - KOTO Kg — wvir
1072k ]

[ 05 > oppp=m""
1073

my (GeV)
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Bellell anomaly: 2- or 3-body decay

* When my > mpg — my,
« Two-body decay: my <
* Three-body decay: 20Me

Ll S N
0-
10% |
B(H; —1Inv.) < 0.13
107!
)\{)X KOTO Kg — wvir
1072, ]
T > Tppy ===~
1073 ..
1074 . /
1072 10°!

my (GeV)
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Bellell anomaly: 2- or 3-body decay

° When mH > mB — mK’
- 4my — 4msms, + 3m;
 Two-body decay: my < 1= 7= ___ZW
« Three-body decay: 20Me 16mmy (4my—my, )* +

m,, = 11.5MeV, gy = 5x 1074, Q=

Ll S I R 75
0-
10% |
B(H; —1Inv.) < 0.13
107!
)\{)X KOTO KE — wvir
1072, ]
T > Tppy ===~
1073 ..
1074 . /
1072 10°!

my (GeV)
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Bellell anomaly: 2- or 3-body decay

Il - three-body decay

O
H CA e . CA e
my
10! '
. [
100 |
B(H; —1Inv.) < 0.13
10! ,
Aax KOTO K¢ — n%vis X ‘\> H, Z
-2
10 ______________________ Zf
Osi 2 OpMn =" """
1073k

BT KTXX*
I L L L Llll

102 10-! 100 10! 102
my (GeV)
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CMB constraints

« Dominant DM annihilation channel
« XX* > Z'7Z',H{H{: s-wave annihilation
« XX* - Z'H;: p-wave annihilation

* H; decays
* Apair of DM (open when my, > 2my)
A pair of Z'
« SM particles

« 7' decay
« Apair of v (my, = 11.5MeV, gy =5 x 107%)

High1 workshop (2024-01-23)




CMB constraints

« Dominant DM annihilation channel
« XX* > Z'7Z',H{H{: s-wave annihilation
« XX* - Z'H;: p-wave annihilation

* H; decays
* A pair of DM (open when my > 2my)
« Apairof Z' (Z' - w)
« SM particles (suppressed due to small Yukawa coupling & sin 6)

« 7' decay
- Apair of v (mg = 11.5MeV, gy =5 x 107%)
* Br(Z' - e*e™) =~ 10~° due to smallness of kinetic mixing (¢ = —gy/70)

« We can naturally avoid the stringent CMB bound thanks to
invisible decay of both H; and Z'

High1 workshop (2024-01-23)




Conclusions

* New physics beyond the Standard Model shows up through
80% dark matter

* DM physics with massive dark photon cannot be complete
without including dark gauge symmetry breaking mechanism
which have been largely ignored by DM community

« We shows the importance of the dark Higgs in DM
phenomenology via Muon g-2 anomaly, Bellell excess









