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 in the SM𝐵+ → 𝐾+𝜈𝜈̄
• The  process is known with high accuracy in the SM: 

•  

•

𝐵+ → 𝐾+𝜈𝜈̄
𝐵𝑟(𝐵+ → 𝐾+𝜈𝜈̄) = (4.97 ± 0.37) × 10−6
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Measurement of B+ → K+νν̄
•Challenges in reconstructing the events 

• Searches for  have only been performed 
at the B factories Belle and BaBar 

•Using the same techniques in Belle, BaBar 
• Semileptonic tagged analyses 
• Hadronic-tagged analyses 

• Inclusive tag analysis (Belle & BelleⅡ ) 
• Allow one to reconstruct inclusively the decay 

 from the charged kaon

𝐵 → 𝐾(∗)𝜈𝜈̄

𝐵+ → 𝐾+𝜈𝜈̄
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•  
• Significance of observation is   
•  tension with the SM prediction  

•  
• Indicate not only the presence of NP in the  
transitions but even the presence of new light states 
(particles in dark sector?)

𝐵𝑟(𝐵+ → 𝐾+𝜈𝜈̄) = (2.4 ± 0.7) × 10−5

3.6𝜎
2.8𝜎

𝐵𝑟(𝐵+ → 𝐾+𝐸miss)𝑁𝑃 = (1.9 ± 0.7) × 10−5

𝑏 → 𝑠𝜈𝜈̄

4



Questions ?
• Can we explain this mild excess in terms of new physics 

with light particles ? 


• Light DM ? Something that decays mostly into neutrinos ?


• New light d.o.f. may have connections with other puzzles in 
particle physics and cosmology…. 


• Muon g-2, Hubble tension, etc.


• Answer : Yes, within  models with light complex 
scalar DM and light dark Higgs boson 

U(1)Lμ−Lτ
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These two channels are possible for light DM, 
only if we include dark Higgs boson !

Higgs Portal DM 
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 -charged DM 

:  only vs. 

U(1)Lμ−Lτ

Z′￼ Z′￼ + ϕ
arXiv:2204.04889 [hep-ph] 

With Seungwon Baek, Jongkuk Kim



SM+  gauge symU(1)Lμ−Lτ

• He, Josh, Lew, Volkas, PRD 43, 22; PRD 44, 2118 (1991) 


• One of the anomaly free gauge groups without extension 
of fermion contents


• The simplest anomaly free U(1) extensions that couple to 
the SM fermions directly


• Can affect the muon g-2, PAMELA  excess, (and B 
anomalies with extra fermions : Not covered in this talk) 

e+



Muon g-2

2

Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

The Muon g-2 Collaboration, 2104.03281

Excellent example for graduate students  
• Relativistic E&M (spinning particle in EM fields) 
• Special relativity (time dilation) 
• (V-A) structure of charged weak interaction



Muon (g-2) in  ModelU(1)μ−τ
Baek, Deshpande, He, Ko : hep-ph/0104141 

Baek, Ko : arXiv:0811.1646 [hep-ph]The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any further, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [18]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx

2(1− x)

x2m2
µ + (1− x)M2

Z′

≈
α

′

2π

2m2
µ

3M2
Z′

(2.6)

The second approximate formula holds for mµ ≪ MZ′ . In Fig. 1, shown in the blue band

is the allowed region of MZ′ and α
′

which is consistent with the BNL data on the muon

(g − 2)µ within 3 σ range. There is an ample parameter space where the discrepancy

between the BNL data and the SM prediction can be explained within the model.

3. Dark matter : Relic density and (In)direct signatures

3.1 Thermal relic density

In our model, the Dirac fermion ψD and its antiparticle ψD are CDM candidates. The

thermal relic density of ψD and ψD is achieved through the DM annihilations into muon,

tau leptons or their neutrinos through s-channel Z ′-exchange. They can also annihilate

into the real Z ′ pairs when kinematically allowed.

ψDψ̄D → Z
′∗ → l+l−, νlν̄l (l = µ, τ),

ψDψ̄D → Z
′

Z
′

. (3.1)

We modified the micrOMEGAs [24] in order to calculate the relic density of the U(1)Lµ−Lτ

charged ψD CDM. It is easy to fulfil the WMAP data on ΩCDM for a wide range of the DM

mass, as shown in Fig. 1. The black curves represent constant contours of Ωh2 = 0.106

in the (MZ′ ,α)-plane for MψD
= 10, 100, 1000 GeV (from below). We can clearly see the

s−channel resonance effect of Z
′

→ ψDψ̄D near MZ′ ≈ 2MψD
. The blue band is the

allowed region by the (g − 2)µ at the 3 σ level. We also show the contours for the Z ′

production cross sections at various colliders: B factories (1fb, red dotted), Tevatron (10fb,

green dot-dashed), LEP(10fb, pink dotted), LEP2(10fb, orange dotted) and LHC (1 fb,

10 fb and 100 fb in blue dashed curves). The cross sections in the parentheses except the

LHC case roughly correspond to the upper bounds that each machine gives. Therefore the

left-hand sides of each curve is ruled out by the current collider data. Note that a larger

parameter space can be accessed by the LHC. These issues and other collider siugnatures

are covered in the next section.

The current experimental mass bound of SM-like Z ′ is 923 GeV from the search for

a narrow resonance in electron-positron events [25]. We emphasize, however, that in our

model the Z ′ boson as light as ∼ 10 GeV is still allowed by present data from various
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FIGURES

FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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FIG. 2. ∆aµ on the a vs. mZ′ plane in case b). The lines from left to right are for ∆aµ away

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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Figure 5: Thick solid red curves (thick dashed blue curves) are predictions of the neutrino-induced
up-going muon flux from the annihilation of dark matter with masses 3, 2, 1.5, 1 TeV from above,
for the NFW (isothermal) dark matter profile. The thin solid line is the superkamiokande bound.

The lower DMs are allowed with the NFW profile. However, if the isothermal profile is

used, all the DM are allowed because this profile is flat near the Galactic center and the

neutrinos are not much produced.

Fig. 6 shows the predictions for the gamma-ray flux from the Galactic center (0.1◦

region from the GC) [36] and the Galactic Center ridge (|b| < 0.3◦, |l| < 0.8◦) [37]. We can

see that the constraints on the DM annihilation for the NFW profile become more severe

than in the neutrino case. That is the NFW predicts too much gamma-ray, exceeding

even the current data for the massive DM. However, if more flat profile like the isothermal

profile is used, the predictions are below the current data.

4. Collider Signatures

New particles in this model are Z
′

, s (the modulus of φ) and ψD. Z
′

couples only to muon,

tau or their neutrinos, or the U(1)Lµ−Lτ charged dark matter. The new scalar s can mix

with the SM Higgs boson hSM, affecting the standard Higgs phenomenology.

Let us discuss first the decay of Z
′

gauge boson and its productions at various colliders.

In the broken phase with MZ′ ̸= 0, Z
′

can decay through the following channels:

Z
′

→ µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge

interaction, the branching ratios are completely fixed once particle masses are specified. In
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ′ ≫ mµ,mτ ,MDM. The total decay rate of Z
′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ′ × 4(3) ≈

4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ′

100GeV

)

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντ ν̄τZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ′ ≫ mµ,mτ ,MDM. The total decay rate of Z
′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ′ × 4(3) ≈

4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ′

100GeV

)

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντ ν̄τZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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I. INTRODUCTION

Recently experiment from BNL [1] has measured the muon anomalous magnetic dipole
moment with aexpµ = (g−2)/2 = (11659202±14±6)×10−10. This value differs the Standard
Model (SM) prediction in Ref. [2,3] by 2.6σ,

∆aµ = aexpµ − aSMµ = (42.6± 16.5)× 10−10. (1)

At present the experimental errors are still too large to claim a real deviation. There are
also uncertainties from theoretical calculations, in particular contributions from hadrons at
loop levels are not well determined [4]. Improvements from both experimental measurements
and theoretical calculations are needed. If this difference is true, it is an indication of new
physics beyond the SM. Many authors have discussed possible implications for new physics
beyond the SM [5]. Some interesting constraints have been obtained. In this paper we study
the implications of a large ∆aµ on models with gauged Lµ − Lτ . Here Li is the i lepton
number.

Lµ − Lτ gauge models are some of the simplest models beyond the SM which contain
an additional Z ′ boson. Without enlarging the fermion contents in the SM, there are only
three types of U(1) symmetries which can be gauged from anomaly cancellation requirement.
These symmetries are

i) U(1)Le−Lµ; ii) U(1)Le−Lτ ; iii) U(1)Lµ−Lτ . (2)

Some experimental consequences of these models have been studied in Refs. [6,7]. There
are stringent constraints on the parameters of models based on i) and ii) because the Z ′

couple to electrons. It is difficult to generate a large enough value for ∆aµ in eq. (1). On
the other hand, for models based on iii) there are limited data available to constrain relevant
parameters. It is possible to have a large ∆aµ.

In U(1)Lµ−Lτ models, only the second and third generations of leptons are affected,
whereas all other SM particles are not. The transformation properties of leptons under the
SU(3)C × SU(2)L × U(1)Y SM gauge group and the U(1)Lµ−Lτ gauge group are

Le
L : (1, 2,−1)(0) eR : (1, 1,−2)(0)

Lµ
L : (1, 2,−1)(2a) µR : (1, 1,−2)(2a)

Lτ
L : (1, 2,−1)(−2a) µR : (1, 1,−2)(−2a).

(3)

where the numbers in the first and the second brackets indicate the transformation properties
under the SM gauge group and the U(1)Lµ−Lτ group, respectively. The numbers in the second
bracket will be indicated as Y ′. The covariant derivative in terms of the photon field Aµ,
the Zµ field, and the Z ′

µ field is given as

Dµ = ∂µ + ieQAµ + i
e

sW cW
(I3 − s2WQ)Zµ + i

e

cW

Y ′

2
Z ′

µ, (4)

where sW = sin θW , cW = cos θW . We have normalized the Z ′ coupling to the U(1)Y charge
coupling e/cW .

The U(1)Lµ−Lτ may be an exact symmetry or broken at some scale which may or may not
be related to the electroweak breaking scale. One can classify three types of models based on

2
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FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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FIG. 2. ∆aµ on the a vs. mZ′ plane in case b). The lines from left to right are for ∆aµ away

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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There are already many papers available studying the implications of the PAMELA data

in different models and/or context [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,

24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39].

The simplest model for the leptophilic (or hadrophobic) gauge interaction is to gauge

the global U(1)Lµ−Lτ symmetry of the standard model (SM), which is anomaly free [40,

41, 42, 43]. Within the SM, there are four global U(1) symmetries which are anomaly free:

Le − Lµ, Lµ − Lτ , Lτ − Le, B − L

One of these can be implemented to a local symmetry without anomaly. The most popu-

lar is the U(1)B−L, which can be easily implemented to grand unified theory. Two other

symmetry involving Le are tightly constrained by low energy and collider data. On the

other hand, the Lµ −Lτ symmetry is not so tightly constrained, and detailed phenomeno-

logical study is not available yet. Only the muon (g−2)µ and the phenomenology at muon

colliders have been discussed [43, 44]. This model can be extended by introducing three

right-handed neutrinos and generate the neutrino masses and mixings via seesaw mecha-

nism [41]. Also U(1)Lµ−Lτ can be embedded into a horizontal SU(2)H [41] acting on three

lepton generations. This may be related with some grand unification.

In this paper, we extend the existing U(1)Lµ−Lτ model by including a complex scalar

φ and a spin-1/2 Dirac fermion ψD, with U(1)Lµ−Lτ charge 1. There is no anomaly

regenerated in this case, since we introduced a vectorlike fermion. The complex scalar φ

gives a mass to the extra Z
′

by ordinary Higgs mechanism. And the Dirac fermion ψD

plays a role of the dark matter, whose pair annihilation into µ or τ explains the excess of

e+ and no p̄ excess as reported by PAMELA [2, 3]. Then we study the phenomenology of

the U(1)Lµ−Lτ model with Dirac fermion dark matter in detail.

In Sec. 2, we define the model and discuss the muon (g − 2)µ in our model. In Sec. 3,

we calculate the thermal relic density of the CDM ψD, and identify the parameter region

that is consistent with the data from cosmological observations. In Sec. 4, we study the

collider signatures of the model at various colliders (Tevatron, B factories, LEP(2), the Z0

pole and LHC), including production and decay of Z
′

and Higgs phenomenology. Then our

results are summarized in Sec. 5. We note that this model was discussed briefly in Ref. [4]

in the context of the muon (g − 2)µ and the relic density. In this paper, we present the

quantitative analysis on these subjects in detail, as well as study the collider signatures at

colliders.

2. Model and the muon (g − 2)µ

The new gauge symmetry U(1)Lµ−Lτ affects only the 2nd and the 3rd generations of leptons.

We assume li=2(3)
L , li=2(3)

R (i: the generation index) carry Y
′

= 1(−1). We further introduce

a complex scalar φ with (1, 1, 0)(1) and a Dirac fermion ψD with (1, 1, 0)(1), where the first

and the second parentheses show the SM and the U(1)Lµ−Lτ quantum numbers of φ and

ψD, respectively. The covariant derivative is defined as

Dµ = ∂µ + ieQAµ + i
e

sW cS
(I3 − s2

W Q)Zµ + ig
′

Y
′

Z
′

µ (2.1)
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The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

In general, we have to include renormalizable kinetic mixing term for U(1)Y and U(1)Lµ−Lτ

gauge fields, which will lead to the mixing between Z and Z
′

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

somewhat enhanced, depending on the size the Z − Z
′

mixing. However, electroweak

precision data and collider experiments give a strong constraint on the possible mixing

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

one assumes that the new U(1)Lµ−Lτ is embedded into a nonabelian gauge group such as

SU(2)H or SU(3)H , then the kinetic mixing term is forbidden by this nonabelian gauge

symmetry [41]. In this paper, we will assume that the kinetic mixing is zero to simplify the

discussion and to maximize the contrast between the positron and the antiproton fluxes

from the dark matter annihilations.

In this model, there are two phases for the extra U(1)Lµ−Lτ gauge symmetry depending

on the sign of µ2
φ :

• Unbroken phase: exact with ⟨φ⟩ = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero ⟨φ⟩ ≡ vφ ̸= 0, and MZ

′ ̸= 0

In the unbroken phase, the massless Z
′

contribute to the muon (g − 2)µ as in QED up to

the overall coupling:

∆aµ =
α

′

2π
. (2.4)

Currently there is about 3.4σ difference between the BNL data [47] and the SM predic-

tions [48] in (g − 2)µ:

∆aµ = aexp
µ − aSM

µ = (302 ± 88) × 10−11. (2.5)

The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any more, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
µ

3M2
Z

′

(2.6)

1Similar idea for the DM was considered in [45, 46] in the context of Stueckelberg U(1)X extension of

the SM model.

– 3 –

Here we ignored kinetic mixing for simplicity

 muon g-2, Leptophilc DM, Collider Signature

Baek and Ko, arXiv:0811.1646, for PAMELA  excesse+



Muon (g-2)

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

In general, we have to include renormalizable kinetic mixing term for U(1)Y and U(1)Lµ−Lτ

gauge fields, which will lead to the mixing between Z and Z
′

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

somewhat enhanced, depending on the size the Z − Z
′

mixing. However, electroweak

precision data and collider experiments give a strong constraint on the possible mixing

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

one assumes that the new U(1)Lµ−Lτ is embedded into a nonabelian gauge group such as

SU(2)H or SU(3)H , then the kinetic mixing term is forbidden by this nonabelian gauge

symmetry [41]. In this paper, we will assume that the kinetic mixing is zero to simplify the

discussion and to maximize the contrast between the positron and the antiproton fluxes

from the dark matter annihilations.

In this model, there are two phases for the extra U(1)Lµ−Lτ gauge symmetry depending

on the sign of µ2
φ :

• Unbroken phase: exact with ⟨φ⟩ = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero ⟨φ⟩ ≡ vφ ̸= 0, and MZ

′ ̸= 0

In the unbroken phase, the massless Z
′

contribute to the muon (g − 2)µ as in QED up to

the overall coupling:
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density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any more, and consider

the massive Z
′

case (broken phase) in the following.
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FIGURES

FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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colliders. It is mainly because the production cross section at the Tevatron is suppressed

since Z ′ should be produced from the couplings to the 2nd and 3rd family leptons.

In the range 100 GeV ! MψD
! 10 TeV, α " 10−3 and 100 GeV ! MZ′ ! 1 TeV, the

relic density and ∆aµ constraints can be easily satisfied simultaneously while escaping the

current collider searches. We note that if the (g−2)µ constraint is not considered seriously

or if we assume there are other sector which saturate the (g − 2)µ upper bound, then all

the region in the right-hand side of the blue band is also allowed.

MΨD"10GeV

MΨD"100GeV

MΨD"1000GeV

1fb

10fb

100fb

1fb

10fb

0 1 2 3 4
#6
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#4
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Figure 1: The relic density of CDM (black), the muon (g − 2)µ (blue band), the production cross
section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink
dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z0 decay
width (2.5 ×10−6 GeV, brown dotted) in the (log10 α

′

, log10 MZ
′ ) plane. For the relic density, we

show three contours with Ωh2 = 0.106 for MψD
= 10 GeV, 100 GeV and 1000 GeV. The blue band

is allowed by ∆aµ = (302± 88)× 10−11 within 3 σ.

3.2 Direct detection rates

Since we ignored the kinetic mixing between the new U(1) gauge boson and the SM U(1)Y
gauge boson Bµ, there would be no signal in direct DM detection experiments in this

model. The messenger Z
′

does not interact with electron, quarks or gluons inside nucleus.

Also there would be no excess in the antiproton flux in cosmic rays in this case, while one

could have an excess in the positron signal in a manner consistent with the PAMELA/Fermi

data. However there would be a small kinetic mixing between two U(1) gauge field strength

tensor. If we assume a small kinetic mixing θ(∼ 10−3 = 10−2) between the Z
′

µ and photon,

– 5 –

Neutrino trident puts strong  
constraints on this model

2

N N

µ+

µ�

�
�

k1
k2

p+

p�

q

k Z �

�

FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X

pol

|M1M2|
2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)

(k1 · p+)(q · k2)(q · p�)

A2
+

(k2 · p�)(q · k1)(q · p+)

B2

+
2(k1 · p+)(k2 · p�)(p+ · p�)

AB
�

(k2 · p�)(p+ · p�)(q · k1)

AB

�
(k1 · p+)(p+ · p�)(q · k2)

AB
�

(k1 · p+)(k2 · p�)(q · p�)

AB

+
(k1 · p+)(k2 · p+)(q · p�)

AB
+

(k1 · p�)(k2 · p�)(q · p+)

AB

�
(k1 · p+)(k2 · p�)(q · p+)

AB

!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0

k2 � m2

Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

3

Next we consider the phase-space integration. The to-
tal cross-section is obtained by integrating over the entire
solid angle ⌦0, ` < t < s, and 4m2 < ` < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ` (see also ref. [23]). Keeping only
leading log terms in the muon mass we find the following
expression for the inclusive SM cross-section,

�(SM)
'

1

2

�
C2

V
+ C2

A

� 2G2

F
↵ s

9⇡2

✓
log

⇣ s

m2

⌘
�

19

6

◆
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

In general we can write

�(SM+Z
0
) = �(SM) + �(inter) + �(Z

0
) , (10)

where the second term is the interference between the
SM and the Z0 contributions. In the heavy mass limit,
mZ0 �

p
s this can be expressed concisely as [13]

�(SM+Z
0
)

�(SM)
'

1 +
⇣
1 + 4 sin2 ✓W + 2v2

SM
/v2

Z0

⌘2

1 +
�
1 + 4 sin2 ✓W

�2 . (11)

This expression also holds for the di↵erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z0, mZ0 ⌧
p
s the expression is

more complex. In the leading log approximation, the
interference term is given by

�(inter)
'

GF
p

2

g02CV↵

3⇡2
log2

⇣ s

m2

⌘
. (12)

The Z0 contribution alone, for m ⌧ mZ0 ⌧
p
s, is

�(Z
0
)
'

1

m2

Z0

g04↵

6⇡2
log

✓
m2

Z0

m2

◆
, (13)

while for mZ0 ⌧ m ⌧
p
s it is

�(Z
0
)
'

1

m2

7g04↵

72⇡2
log

✓
m2

m2

Z0

◆
. (14)

As can be expected, at high mZ0 the Z0 contribution is ad-
ditive with respect to the SM one (as shown in Eq. (11))
and decouples as m�2

Z0 . For light Z0, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌫µN ! ⌫µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in 4m2 < s < 2E⌫q and 4m2/(2E⌫) <
q < 1, with the q integral regulated by the form fac-
tor . Using a simple exponential form factor, we find
good agreement between our results from the EPA and
a direct numerical calculation of the full process follow-
ing [19]. As a cross check we also reproduced the trident

0.01 0.1 1 10 102 103

10-3

0.01

0.1

1

m Z ' HGeVL

g '

CCFR

Hg-2Lm ±2s

ZÆ4mûLHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9± 1.8)⇥ 10�9 to the theoretical value [26].

cross sections reported in [19, 22], for V-A theory and
for the SM, for various neutrino energies, using both the
EPA and the numerical calculation. For large mZ0 the
relative size of the Z0 contribution is independent of the
neutrino energy. For low mZ0 on the other hand, lower
neutrino energies lead to an enhanced sensitivity to the
Z0. Since the experimental searches employed a variety
of kinematical cuts, in determining the sensitivity to the
{g0,mZ0} parameter space we use full numerical results
for the phase-space integration rather than analytic ap-
proximations and keep the full dependence on the muon
mass.

Neutrino trident production has been searched for in
several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⌫ ⇠ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⌫ ⇠ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

�CHARM�II/�SM = 1.58 ± 0.57 , (15)

�CCFR/�SM = 0.82 ± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di↵erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⌧ model, and more gen-
erally any new force that couples to both muons and

Altmannshofer et al. 
arXiv:1406.2332 [hep-ph]

Seungwon Baek, Pyungwon Ko, 
arXiv:0811.1646, JCAP(2009) 

about PAMELA  excesse+

One can evade the neutrino trident constraint, if one introduces  
New fermions and generate muon g-2 at loop level w/ new fermions ! 



Z’ Only
• Consider light Z’ and  for the muon g-2. Then


•  : dominant annihilation channel


•  is too small for  to be effective for 


•  with the s-channel  resonance for the correct relic 
density


• Many recent studies on this case:

gX ∼ (a few) × 10−4

χχ̄ → Z′￼* → fSM f̄SM

gX ∼ 10−4 χχ̄ → Z′￼Z′￼ Ωχh2

mZ′￼ ∼ 2mDM Z′￼

- Asai, Okawa, Tsumura, 2011.03165

- Holst, Hooper, Krnjaic, 2107.09067

- Drees and Zhao, arXiv:2107.14528

- And some earlier papers



CAU seminar

Leptophilic  model + DM𝑍′￼

•  : dominant annihilation channels 
•  with the s-channel  resonance only gives the correct relic density

• Large DM charges

𝜒𝜒̄(𝑋𝑋̄) → 𝑍′￼
∗ → 𝜈𝜈̄

𝑀𝑍′￼~2𝑀𝜒 𝒁′￼
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Asai, Okawa, Tsumura,  JHEP 2021
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FIG. 1. Regions inside the yellow and Green shaded areas
by the �aµ are allowed at 1� and 2� C.L.. Cyan, black, and
orange regions are excluded by other experimental bounds.
Above green solid line is ruled out by the Borexino experi-
ment. Region inside the orange area can resolve the Hubble
tension. We take two Benchmark Points (BP) (MZ0 , gX) as
BPI =(11.5MeV, 4⇥10�4) and BPII = (100MeV, 8⇥10�4).

following U(1)
X

charge assignments:

QX(µ, ⌫µ, ⌧, ⌫⌧ , X,�,�) = (1, 1,�1,�1, QX , Q�, Q�),
(2)

where X and � are complex scalar and Dirac fermion
DM [81], and � is dark Higgs that breaks U(1)X sponta-
neously with its nonzero VEV: �(x) = 1p

2
(v� + �(x)).

The model Lagrangian and various formulae in the inter-
action and mass bases are given in Appendix A.

In this model, the Z 0 contribution to �aµ at one-loop
is given by [29–31, 41]

�aµ =
↵X

2⇡

Z
1

0

dx
2M2

µ
x2(1� x)

x2M2
µ
+ (1� x)M2

Z0
, (3)

where ↵X = g2
X
/4⇡ with the gX being the U(1)X gauge

coupling constant. Taking gX ⇠ (4� 8)⇥ 10�4, Eq. (3)
can resolve the discrepancy in Eq. (1) in the MZ0 < Mµ

limit. The region for heavier MZ0 is excluded by the neu-
trino trident events in the muon-neutrino scattering with
a nucleus N , ⌫µN ! ⌫µNµ+µ� [45]. Data measured by
CHARM-II [82] and CCFR [83] Collaborations provide a
stringent constraint, which basically excludes the param-
eter region with MZ0 > O(1) GeV [31] [84]. In our study,
we take 2� exclusion limit from the CCFR data. There
are also constraints on (MZ0 , gX) plane from BaBar and
LHC searches for the 4µ channel, Borexino neutrino os-
cillation data, and �Ne↵ , which are summarized in the
Appendix B.

Considering all of the experimental bounds, the re-
maining parameter space for the �aµ in case of light
Z 0 is depicted in Fig. 1. In the following, we shall take
two benchmark points (11.5MeV, 4 ⇥ 10�4) [BPI] and
(MZ0 , gX) = (100MeV, 8⇥ 10�4) [BPII]. Note that the
Hubble tension can be relaxed in case of [BPI] with the
help of light Z 0 contributing to some amount of dark ra-
diation [85, 86]. In the main text, we show the results for
[BPI] only, relegating those for [BPII] in Appendix C.

SCALAR DM (X)

Generic Case: QX/Q� 6= ±1,±1/2,±1/3, etc.

Let us first consider complex scalar DM with a generic
QX/Q�. Then the gauge invariant and renormalizable
scalar DM Lagrangian is given by

LDM = |DµX|
2
�m2

X
|X|

2
� �HX |X|

2

✓
|H|

2
�

v2
H

2

◆
� ��X |X|

2

✓
|�|2 �

v2
�

2

◆
(4)

where DµX = (@µ + igXQXZ 0
µ
)X. Here we assume that

QX = 1, and Q� is chosen in such a way that there
are no gauge invariant operators up to dim-5 that would
make the DM X decay into the SM particles, so that
DM particle would be stable or long-lived enough [87,
88]. This case we call “generic” [89]. The ��H allows
the CP -even neutral components of � and H, � and
h respectively, to mix. The dark(SM)-Higgs-like mass
eigenstate is denoted as H1(2). Using the mixing angle
↵ 2 [�⇡/4,⇡/4], they are written as H1 = � cos↵ �

h sin↵, H2 = � sin↵ + h cos↵. In this work we assume
MH1 < MH2(= 125GeV). See Appendix A for more
details.

In Fig. 2, we depict the Feynman diagrams relevant

to the thermal relic density of complex scalar DM X. In
this case, the important channels for the correct DM relic
abundance turn out to be XX†

! H1H1, Z 0Z 0. Note
that the channels with H1 in the final states [Fig. 2, (Bot-
tom)] or in the s-channel propagator [Fig. 2, (Top) (b)]
would be possible only if the dark Higgs is included. Since
the U(1)X gauge coupling gX is small, the XX†

! Z 0Z 0

with t, u-channel [Fig. 2 (c),(d) or the contact interaction
(a)] would not be e�cient enough to dilute away DM par-
ticles, as noticed in previous works. The large enhance-
ment of the annihilation cross sections is possible either
by producing longitudinally polarized Z 0 [Fig. 2 (Top)
(b)] involving the s-channel dark Higgs boson propaga-
tor [90], or by taking large value of ��X [Fig. 2 (Bot-



 -charged DM 

:  only vs. 

U(1)Lμ−Lτ

Z′￼ Z′￼ + ϕ

cf: Let me call  ,  gauge boson,  
“dark photon”, since it couples to DM  

Z′￼ U(1)Lμ−Lτ



Models with Φ

• Physics depends on  ,  and 


•  need special cares, since there are extra 
gauge invariant op’s that break  after  is 
spontaneously broken by nonzero VEV of  

QΦ QX Qχ

QΦ = 2QX(χ) and 3QX
U(1) → Z2 , Z3 U(1)

Φ

TABLE I: U(1) charge assignments of newly introduced particles and SM particles. The other SM

particles are singlet.

Field Z
0
µ X(�) � Lµ = (⌫Lµ, µL), µR L⌧ = (⌫L⌧ , ⌧L), ⌧R

spin 1 0 (1/2) 0 1/2 1/2

U(1) charge 0 QX(Q�) Q� +1 -1

II. U(1)Lµ�L⌧ MODEL WITH DARK HIGGS

The minimal model set-up is based on an SU(3)
c
⇥ SU(2)

L
⇥ U(1)

Y
⇥ U(1)

Lµ�L⌧
gauge

theory. This U(1)
Lµ�L⌧

gauge theory is anomaly-free without introducing additional chiral

fermions [15, 16]. The model lagrangian is written by

L = LSM �
1

4
Z 0µ⌫Z 0

µ⌫
� gX

�
¯̀
µ�

µ`µ � ¯̀
⌧�
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where gX is the U(1)
Lµ�L⌧

gauge coupling, Dµ = @µ + igXQ�Z 0
µ
, � is new scalar.

The phase where U(1) symmetry is spontaneously broken is described by

�(x) =
1
p
2
(v� + �(x)) ,

where v� is vev of dark Higgs (see Table I). The Z 0 boson mass is given by

MZ0 = gX |Q�|v�. (2)

In the neutral two scalar bosons, we can define the mixing matrix O which is defined by
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where s↵(c↵) ⌘ sin↵(cos↵), �, h are the interaction eigenstates and Hi (i = 1, 2) are the

mass eigenstates with masses Mi, respectively. The mixing angle ↵ is defined by

tan 2↵ =
2��Hv�vH

2�Hv2H � 2��v2�
, (4)

where vH = 246 GeV is the vev of the SM Higgs.
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FIG. 2. (Top) Feynman diagrams for Complex scalar DM
annihilating to a pair of Z0 bosons. (Bottom) Feynman di-
agrams for Complex scalar DM annihilating to a pair of H1

bosons.

FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.

tom)]. Light dark Higgs boson H1 also contributes to
DM scattering on nucleons, and the stringent bounds
from various direct detection experiments should be im-
posed. Explicit expressions and detailed discussions on
h�viZ0Z0,H1H1 and �SI are given in AppendixC1.

In the Top of Fig. 3, we show the DM relic abundance
⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
XX†

! Z 0Z 0. For BPI, the relic density is determined
mainly by XX†

! H1H1, Z 0Z 0 below MH1 ⇠ 2MX . And
above theH1 resonance ,MH1 > 2MX , the relic density is
mostly determined by XX†

! Z 0Z 0 since XX†
! H1H1

channel is kinematically forbidden. As we can see from
Eqs. (33) and (34), the dominant terms of the annihila-
tion cross sections are not very sensitive to the change
of MH1 for MH1 < 2MX , while h�vreliZ0Z0 / �2

�X
/M4

H1

for MH1 > 2MX . These facts account for the behav-
ioral change in the plot below and above the resonance.
Similar plots for the [BPII] are shown in AppendixC1,
Fig. 7.

Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as

µ
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where X = (XR + iXI) /
p
2. This term gives rise to the

mass splitting between XR and XI :

M2

R
= M2

X
+
p
2µv�, M2

I
= M2

X
�
p
2µv�. (7)

Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous

  and  (dark Higgs)H2 ≃ H125 H1 ≃ ϕ
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FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.
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h�viZ0Z0,H1H1 and �SI are given in AppendixC1.
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⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
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channel is kinematically forbidden. As we can see from
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ioral change in the plot below and above the resonance.
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Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as
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Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous
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FIG. 7. The (Top) plots show the relic abundance of complex scalar DM for Q� = 1.1 as functions of dark Higgs mass
MH1 for [BPI] (Left) and [BPII] (Right). The (Bottom) plots show the relic density as functions of ��X (Left) and the
preferred parameter space in the (MH1 ,��X) plane for �HX = 0 (Right) for [BPII] . We take four di↵erent DM masses,
MX = 1, 10, 100, 1000GeV, respectively. Solid (Dashed) lines represent the region where bounds on DM direct detection are
satisfied (ruled out).

where S is symmetric factor. The thermal averaged cross section of XX†
! Z 0Z 0 is

h�vrel(XX†
! Z 0Z 0)i =

1
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The Z 0
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final state gives the dominant contribution:
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The thermal DM can be detected by DM direct detection searches. Spin-independent DM-nucleon scattering cross
section is given by
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where fN = 0.327 [104, 105], MN is the nucleon mass, and µN = MXMN/(MX +MN ). For MDM � 1GeV, The most
stringent bound comes from CRESST [106], DarkSide-50 [107] and XENON1T [108, 109], which can be evaded by
choosing small enough sin↵ and �HX ⇡ 0.

In the top panel of Fig. 7, we show the ⌦h2 as functions of MH1 for two [BP]’s. The bottom panel is for the
[BPII]: (Left) ⌦h2 as a function of ��X , and (Right) the allowed parameter space in the (MH1 ,��X). Solid (Dashed)

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM



Complex Scalar DM: 
 ( )U(1)Lμ−Lτ

→ Z2 QΦ = 2QX

21

14

FIG. 8. (Top) Feynman diagrams for local Z2 scalar DM annihilatiing to a pair of Z0 bosons. (Bottom) Feynman diagrams
for local Z2 scalar DM annihilatiing to a pair of H1 bosons, which is mostly dark Higgs-like.

lines represent the region where bounds on DM direct detection are satisfied (ruled out). It is found that the scalar
DM can be thermal WIMP in wide mass ranges, outside MZ0 ⇠ (2 � 3)MX due to the contributions from the dark
Higgs � ' H1 that opens new contribution to Z 0Z 0 and new annihilation channel into H1H1.

C2. Local Z2 Scalar DM

Feynman diagrams for local Z2 scalar DM model are depicted in Fig. 8:
The thermal averaged cross section annihilating to a pair of Z 0 is

h�vrel(XIXI ! Z 0Z 0)i ⇡
1
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will give the dominant contributions here. Neglecting Z 0 mass in the final states, the thermally averaged annihilation
cross sectionaround freeze-out temperature is
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Note that one can see the longitudinal enhancement e↵ect.
If kinematically allowed, the DM annihilation cross section into the dark Higgs boson is also possible:

h�vrel(XIXI ! H1H1)i ⇡
1
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In the local Z2 scalar DM case, there are two processes in DM direct detection. One is elastic scattering and the
other is inelastic scattering process. In our interesting parameter space where � � O(100)keV, inelastic scattering
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FIG. 9. (Left) Relic abundance of local Z2 scalar DM in case of [BPII]. We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the lines satisfy the DM direct detection bound. (Right) Relic abundance of local Z2 scalar DM in the (MH1 ,��X) plane.

process does not happen. Thus, we will concentrate on elastic scattering process mediated by both the dark and the
SM Higgs bosons. In this case, the spin-independent elastic DM-nucleon scattering is given by
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We choose small enough sin↵(' tan↵) and �HX in order to avoid the strong constraints from direct detections.

C3. Local Z3 scalar DM : (QX , Q�) = (1, 3)

There is another special case for the complex scalar DM: Q� = 3 and QX = 1, for which U(1)
X

! Z3 [65, 110] by
Krauss-Wilczek mechanism. The relevant Lagrangian is given by

LDM = DµX†DµX �m2
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�
.

In this case there appears a new mechanism, semi-annihilations XX ! X†H1, X†Z 0 in addition to the usual anni-
hilation channels XX†

! Z 0(�, h) ! (SM particles) [110]. Thus the mass scale of the complex scalar DM X can
be in a wide range, evading the mass relation, MZ0 ⇠ (2 � 3)MX , that was derived in the case with Z 0 only and
without H1. In Fig. 10, we show for di↵erent choices of ��X ⌦h2 as functions of �3 which controls the strength
of semi-annihilation. Since gX ⇠ O(10�4) is very small, the channel XX ! X†Z 0 is not important compared to
XX ! X†H1. Therefore the parameter �3 controlling the channel XX ! X†H1 becomes most important. This is
why two plots in the left and the right are almost identical for our choice of parameters. Once again, we observe that
the dark Higgs can modify DM phenomenology significantly and the allowed mass range for the complex scalar DM
X can be very far from MZ0 ⇠ 2MX for a special choice of dark charges, QX = 1 = Q�/3.

C4. Fermion DM: Generic Case

Generic Case: Q� 6= 2Q� = 2

For the generic case of Dirac fermion DM, the DM Lagrangian is given by

LDM = �(i /D �m�)�. (44)

In this case there is no direct renormalizable interactions between � and � for generic Q� (except for Q� = 2), which
is in sharp contrast to the scalar DM cases we discussed earlier. If we assume gX ⇠ O(10�4) for the muon (g � 2),
DM pair annihilation cross sections for ��̄ ! Z 0Z 0, Z 0H1 are ⇠ O(g4

X
). Therefore they are too small for the correct
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FIG. 4. Top: Relic abundance of local Z2 scalar DM as func-
tions of ��X for [BPI] and di↵erent values of mass splittings
(�). We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the curves satisfy the DM direct detection bound. Bot-

tom: The preferred parameter space in the (MH1 ,��X) plane
for di↵erent values of �. The gray area is excluded by the
perturbative condition.

subsection. The corresponding Feynman diagrams are
similar to those in Fig. 2 with appropriate change of
X fields. The corresponding Feynman diagrams are de-
picted in Fig. 8 of Appendix C2, along with the relevant
expressions for h�vi.

In Fig. 4, we show the DM relic density as func-
tions of ��X for the [BPI] for MI = 1, 10, 102, 103GeV
and � = 1, 0.1, 0.01 with fixed MH1 = 10GeV and
sin↵ = 10�4. The new parameter µ makes the pre-
diction for the relic density significantly di↵erent from
the generic case we considered in the previous section.
For the light DM we can obtain the correct relic density
via XIXI ! Z 0Z 0 while for the heavy DM the chan-
nel XIXI ! H1H1 becomes relevant as well. In Top of
Fig. 4, as � increases the DM coupling with H1 becomes
stronger, reducing the relic abundance. Note also that we
can see bump-like shape. This happens due to the can-
cellation between ��Xv� and µ. In Bottom of Fig. 4, we
again see that the XIXI ! H1H1, Z 0Z 0 dominates below

the resonance region MH1 ⇠ 2MX while XIXI ! Z 0Z 0

takes over above the resonance. Near the resonance re-
gion co-annihilation XIXR ! Z 0H1 contributes to the
relic density. However, this e↵ect is sub-dominant. If we
took even smaller � such as � < 10�3, we could get the
correct relic density for the heavier DM upto a few TeV
through XIXI(XRXR) ! H1H1, Z 0Z 0 channels.

For the DM direct detection, there are two processes in
this case: one is elastic scattering and the other is inelas-
tic scattering process. In the parameter space yielding
the correct DM relic density, one has � � O(100)keV, so
that inelastic scattering process does not happen. Thus,
we consider only the Higgs-mediated elastic scattering
process, the cross section of which is given in Appendix
C2. It turns out that the parameters chosen in Fig. 4
satisfy the bounds on the DM direct detections.

Another special case for the scalar DM case is for Q� =
3QX = 3, for which U(1)X ! Z3. In this case too, one
can accommodate both �aµ and thermal WIMP DM for
MZ0 ⇠ (10 � 100) MeV, gX ⇠ 10�4 with a much wider
range of DM mass due to the semi-annihilation channels,
XX ! X†H1, as well as XX†

! H1H1. More detailed
discussion on this case can be found in Appendix C3.

LOCAL Z2 FERMION DM: Q� = 2Q� = 2

For Dirac fermion DMmodel [93], let us consider a spe-
cial case Q� = 2Q� = 2, for which the DM Lagrangian
at renormalizable level is modified as

LDM = �(i /D �m�)��

⇣
y��C��† +H.c.

⌘
. (9)

Again the symmetry breaking pattern is U(1)X ! Z2 (lo-
cal Z2 fermion DM) due to the nonzero v�. This model
is a dark gauge model for inelastic fermion DM, and has
been studied in the context of DM bound state forma-
tion in Ref. [68] and the XENON1T excess in Ref. [75],
respectively. In this model the light dark Higgs contribu-
tion to the DM self-interaction and the relic density has
been considered in [94].

After U(1)X symmetry breaking with nonzero y�, the
original Dirac fermion � is decomposed into two Majo-
rana fermions (�R and �I) with mass splitting / v�:

� ⌘ MR �MI = 2y�v�. (10)

Assuming y� > 0, we have � > 0, and the lighter state
�I becomes Majorana fermion DM, with �R being its
excited state. Then the Lagrangian of DM is written as

LDM =
1

2
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�Mi)�i � i

gX
2
Z 0
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2
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DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM
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FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).

First let us consider thermal relic density within the
standard freeze-out mechanism. Note that the new sin-
glet scalar � plays a crucial role for the fermionic DM in
this model to be thermal WIMP. And DM mass can be
very heavy up to ⇠ O(a few) TeV. This result is in sharp
contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
ilar to the local Z2 scalar DM case (see Appendix C5 for
the detail). Imposing this constraint, we get the plots in
the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
MI ⇠ MZ0/2 ⇠ O(10� 100)MeV.

In the Top of Fig. 6, we plot ⌦DMh2 as functions of
� in case of the [BPI], for MH1 = 5GeV and di↵erent
DM masses MI = 1, 10, 102, 103GeV. The most domi-
nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
the contours of ⌦h2 = 0.12 in the (MH1 ,�) plane for
the same choices of MI . Similar plots for the [BPII] are
shown in AppendixC5, Fig. 11.

FIG. 6. Top: Dark matter relic density as functions of mass
splitting � for [BPI] and for di↵erent values of DM mass,
MI = 1, 10, 100, 1000GeV. Solid (Dashed) lines denote the re-
gion where bounds on DM direct detection are satisfied (ruled
out). Bottom: Preferred parameter space in the (MH1 ,�)
plane for di↵erent DM masses. The gray region is ruled out
by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not
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FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).
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contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
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the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
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nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
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the same choices of MI . Similar plots for the [BPII] are
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gion where bounds on DM direct detection are satisfied (ruled
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by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM



Summary of this part
• DM physics with massive dark photon can not be complete without 

including dark gauge symmetry breaking mechanism, e.g. dark 
Higgs field , which have been largely ignored by DM community 
(or some ways other than dark Higgs to provide dark photon mass) 


• Many examples show the importance of  in DM phenomenology,  
astroparticle physics and cosmology


• Once  is included, can accommodate the muon g-2 and thermal 
DM without the s-channel resonance condition  


•  : essentially free, whereas  MeV and 
 can explain the muon (g-2)

ϕ

ϕ

ϕ
mZ′￼ ∼ 2mDM

mDM mZ′￼ ∼ O(10 − 100)
gX ∼ O(10−4)



On Recent Belle II 
data on B+ → K+νν̄

arXiv:2401.10112 
With Shu-Yu Ho, Jongkuk Kim



 in the SM𝐵+ → 𝐾+𝜈𝜈̄
• The  process is known with high accuracy in the SM: 

•  

•

𝐵+ → 𝐾+𝜈𝜈̄
𝐵𝑟(𝐵+ → 𝐾+𝜈𝜈̄) = (4.97 ± 0.37) × 10−6
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Measurement of B+ → K+νν̄
•Challenges in reconstructing the events 

• Searches for  have only been performed 
at the B factories Belle and BaBar 

•Using the same techniques in Belle, BaBar 
• Semileptonic tagged analyses 
• Hadronic-tagged analyses 

• Inclusive tag analysis (Belle & BelleⅡ ) 
• Allow one to reconstruct inclusively the decay 

 from the charged kaon

𝐵 → 𝐾(∗)𝜈𝜈̄

𝐵+ → 𝐾+𝜈𝜈̄

28



•  
• Significance of observation is   
•  tension with the SM prediction  

•  
• Indicate not only the presence of NP in the  
transitions but even the presence of new light states 
(particles in dark sector?)

𝐵𝑟(𝐵+ → 𝐾+𝜈𝜈̄) = (2.4 ± 0.7) × 10−5

3.6𝜎
2.8𝜎

𝐵𝑟(𝐵+ → 𝐾+𝐸miss)𝑁𝑃 = (1.9 ± 0.7) × 10−5

𝑏 → 𝑠𝜈𝜈̄
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CMB constraints
•Dominant DM annihilation channel

•Before resonance,  
•Near resonance,  
•After resonance,  

•  dominantly decays into a pair of either 
 or DM (kinematically open when 

)
•We can avoid the stringent CMB bound 
thanks to invisible decay of both  and 

𝑋𝑋∗ → 𝑍′￼𝑍′￼, h1h1
𝑋𝑋∗ → 𝑍′￼h1
𝑋𝑋∗ → 𝑍′￼𝑍′￼

h1
𝑍′￼

𝑚h1
> 2𝑚𝑋

h1 𝑍′￼
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CAU seminar

Belle II anomaly: two-body decay
• When , two-body decay   
•  

𝑚𝐻1
< 𝑚𝐵 − 𝑚𝐾

𝑏 → 𝑠𝐻1

31

𝑯𝟏
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Belle II anomaly: three-body decay
• When ,  is off-shell  three-body decay 

• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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 𝑋𝑋∗ → 𝑍′￼𝑍′￼𝐻1𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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@ resonance
 𝑋𝑋∗ → 𝑍′￼𝑍′￼, 𝑍′￼𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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𝑋𝑋∗ → 𝑍′￼𝑍′￼

 𝑋𝑋∗ → 𝑍′￼𝑍′￼, 𝑍′￼𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)

36
 𝑋𝑋∗ → 𝑍′￼𝑍′￼, 𝑍′￼𝐻1
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Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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Phase-space suppression
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Belle II anomaly: three-body decay



Conclusion
• Belle II data shows a mild excess of  over the 

SM prediction


• This mild excess can be interpreted as  + dark 
sector particles through a dark Higgs portal: a pair of 
scalar DM, a pair of Z’ decaying into a pair of neutrinos, 
both of which are invisibles in  models with 
complex scalar DM 


• Can accommodate the muon g-2, and relax the tension in 
the Hubble parameter with extra dark radiation

B+ → K+νν̄

B+ → K+

U(1)Lμ−Lτ



Back Up



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability 

(Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model 
of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “(Chiral) dark gauge theories 
without any global sym”


•Origin of DM stability/longevity 
from dark gauge sym, and not 
from dark global symmetries, as 
in the SM


• Just like the SM (conservative)



In QFT,
• DM could be absolutely stable due to  

unbroken local gauge symmetry (DM with 
local Z2, Z3 etc.) or topology (hidden sector 
monopole + vector DM + dark radiation)


• Longevity of DM could be due to some 
accidental symmetries (Strongly 
interacting hidden sector (DQCD), dark  
pions and dark baryons : Ko et al (2007))


• Kinematically long-lived if DM is very light 
(axion, sterile  , etc..)νs


