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What is Dark Photon?

•There are many similar particles to dark photon, with different names  
in various contexts.

secluded photon, hidden photon, heavy photon, 
U-boson, Z’ boson, X boson, extra Z boson …

•Dark photon was originally proposed as a hypothetical vector boson  
that couples to charged particles only through kinetic mixing.

B. Holdom, Phys. Lett. B 166 (1986) 196.

•The common feature of these particles is
New massive force mediator of new Abelian gauge symmetry

• In this talk, I refer to these new force mediators as dark photon  
whether or not direct interactions exit.
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Dark Photon Physics
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Minimal Model
As a benchmark model, let us consider the minimal dark photon model 

with U(1)D gauge symmetry under which the SM particles are singlet.

where

B. Holdom, Phys. Lett. B 166 (1986) 196.

Lagrangian L = LSM +LA0

B  : hyper charge gauge boson

A’	: dark photon

kinetic mixing term

✏
f

f̄

�
A0 Qf

In interaction basis, the interaction can be represented as

• No direct int. between dark photon and the SM fermions exists. 

• Dark photon can couple to the SM fermions through the kinetic mixing 
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Minimal Model
In mass basis of the gauge bosons, the dark photon interaction can be  
expressed as 

Lint ⇠
�
✏ecWJµ

EM � g2rJ
µ
NC

�
A0

µ,

• The dark photon couples to the EM current (vectorial).

• The SM fermion f has an effective charge,

• The size of the effective charge is determined by the kinetic mixing.

QD = ✏ecWQf

f

f̄

A0 ✏Qf

• The dark photon also couples to the weak neutral current (axial).

•Neutral current contribution is negligible for mZ ≫ mA’,	due to  

the cancellation of the kinetic and mass mixing (arising from ε),

r = ✏
m2

A0

m2
Z

⌧ ✏
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Kinetic Mixing
• The kinetic mixing term is always allowed at low scale because  

it is invariant under the SM and U(1)D symmetries. 

• The magnitude of ε can not be determined theoretically.

• It can be forbidden or absent at tree level, depending on  
the gauge group structure in UV theory.

‣The loop-induced mixing can be sizable due to the log dependence.

‣Typical size of ε is 10-5 -10-3 for 0.01 < g’ < 1.

Kinetic mixing can be induced through quantum effects.
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• The particle ψ is charged under both the SM and U(1)D symm.

• The mass of ψ is much heavy (can be close to the cut-off Λ).

B. Holdom, Phys. Lett. B 166 (1986) 196.

non-decoupling

e g0
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Dark Photon Mass
Mass of dark photon indicates that U(1)D is spontaneously broken.

Higgs mechanism
New scalar is inevitably required to give a mass to A’

• All of the NG modes of the SM Higgs are absorbed by W and Z.

• At least one complex (SM-singlet) scalar field (dark Higgs, φ)  

must be introduced.

• That scalar breaks U(1)D symmetry by developing a vev.

After the EW and U(1)D symmetries are broken, dark photon and  
dark Higgs acquire masses,

mA0 = g0v�
<latexit sha1_base64="Qrg9vj7qmCBzKQlAQel4p1ZTulk="></latexit><latexit sha1_base64="Qrg9vj7qmCBzKQlAQel4p1ZTulk="></latexit><latexit sha1_base64="Qrg9vj7qmCBzKQlAQel4p1ZTulk="></latexit><latexit sha1_base64="Qrg9vj7qmCBzKQlAQel4p1ZTulk="></latexit>

m� ⇠
p
��v�

<latexit sha1_base64="gWSVd8CqSGOuQ/YiqTCaq2Ze1JE="></latexit><latexit sha1_base64="gWSVd8CqSGOuQ/YiqTCaq2Ze1JE="></latexit><latexit sha1_base64="gWSVd8CqSGOuQ/YiqTCaq2Ze1JE="></latexit><latexit sha1_base64="gWSVd8CqSGOuQ/YiqTCaq2Ze1JE="></latexit>
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Dark Higgs
The vev of φ can be roughly around the EW symmetry breaking scale

For example, mA’=100 MeV and g’=10-3,

v� =
mA0

g0 ⇠ 100 GeV

• Typical scale of dark photon model is larger than mA’ for small g’.

• Dark Higgs boson mass will be the same scale for its vev.

Stückelberg Mechanism

The interaction of dark photon with pseudo-scalara is generated  
(arising from string theory)

• In Unitary gauge, the pseudo-scalar disappears in the Lagrangian.

• This term becomes the mass term of the dark photon.

No light dark Higgs in the spectrum
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Mass Mixing

When the dark Higgs is charged under the SM symmetry, 

Another source of the gauge mixing from the mass terms.

• Dark Higgs also gives the mass to Z bosons.

• The Z-A’ mixing term is generated by the dark Higgs vev

|Dµ�| � v2
�(g2Zµ + g0A0

µ)
2

•When g’ is small, the mass mixing is enhanced.

• The Weak neutral contribution can not be neglected.

•Dark photon interaction becomes axial.

•Neutrinos can interact with A’.

The mixing parameter is roughly given by (in ε→0 limit)

✏m ⇠
g2g0v2

�

m2
Z � m2

A0
⇠

g2

g0
m2

A0

m2
Z
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Non-Minimal Model
Beyond the minimal model, dark photon can have direct interactions  
with the SM particles.

Foot, Mod.Phys.Lett A 6 (1991), 

He, Joshi, Lew, Bolkas, PRD43 (1991) & PRD44 (1991)Well motivated and studied symmetries are 

U(1)B-L and U(1)Lα-Lβ symmetries
 where B is baryon and Lα (α=e,μ,τ) is lepton flavor number.

•Global symmetries of the SM are promoted to gauge symmetry.

• Anomaly-free conditions require a combination of B and Lα.

Dark photon interactions are non-universal in U(1)Lα-Lβ models
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Motivation of Dark Photon
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Dark Matter

The bullet clusterRotation curves of galaxies Cosmic microwave background

WMAP

•The DM occupies 24% of the total  
energy density of the Universe.


•The ordinary matter is just 4.6%.

The existence of dark matter (DM) has been well established through  
gravitational effects.

•The DM has not been directly observed yet.
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Dark Sector
The nature of the DM is

•massive and non-relativistic (cold).

• electrically and color neutral (or dark).

•weakly interacting with ordinary matters.

• absolutely stable or cosmologically long-lived.

‣The dark particles are singlet under the SM symmetries.

‣The DM is the lightest particle in the dark sector.

‣No direct interactions exist between the SM and dark particles.

The weakly interacting nature leads to the idea of  “dark sector”,  
which almost decouples from the SM sector.

The SM 
particles

Dark Matter 
(Dark Particles)

portal to 
dark sector

messenger

‣Messenger particle (portal) connects two sectors.
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Vector Portal
Possible portals allowed by the SM symmetries are 

•Vector Portal


•Scalar Portal


•Neutrino Portal


•Axion Portal a

fa
FµF̃

µ⌫

(B: U(1)Y gauge boson)
(H: SM Higgs)

(L: SU(2) doublet lepton)YNLHN

(µS + �0S2)|H|2
Kinetic mixing

The minimal dark sector model is given by

L = LSM +LA0 +LDM

LDM = �(i /D �m�)� |Dµ�|2 �m2
�|�|2

where
or

Lagrangian

DM

DM SM

SM
�A0

MDM < MA0

✏

DM

DM

A0

A0

MDM > MA0

g0

g0
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Light Mediator
16 26. Dark matter

Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

June 5, 2018 19:56

PDG, 2018

(WIMP=Weakly Interacting Massive Particle)
Lee-Weinberg bound

WIMPs

•When the DM annihilates through the weak int, its mass must  
be > 2 GeV to avoid overproduction. Lee and Weinberg, PRL 39 (1977)

Light DM

• Introducing a new light force mediator, the DM can annihilate  
efficiently. Then, the DM can be lighter than 2 GeV. Boem and Fayet, 

Pospelov, et al 

• Light dark matter suggests light dark photon
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Signature of Dark Sector
The decay widths of dark photon into the SM fermions are given by

where R = �ee!had/�ee!µµ

visible decay
�(A0 ! l+l�) =

1

3
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The decay of dark photon into the dark matter occurs through  
the dark gauge interaction,

where ↵D = g02/4⇡

invisible decay

Dark photon will decay invisibly when αD ≫αε2.
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Decays of Dark Photon
When mA’ < 2mDM, dark photon decays only into the SM fermions.
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Liu, Weiner, Xue, JHEP 08 (2015) 050
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π0γ

ηγ

ω-π0→2π0+γ

• The branching ratio is independent of ε.

• For mA’ < 500 MeV and > 1 GeV, Main decay mode is e+e-/μ+μ-.

• For 500 MeV < mA’ < 1 GeV, hadronic decays are dominant.
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Parameter Space
A’→visible

Battaglieri et al, 1707.04591 
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Muon (g-2)

It should be noted that the negative NLO contribution results
in an anticorrelation between its uncertainty and the uncer-
tainty from the LO contribution, consequently resulting in a
slight reduction in the overall uncertainty that has been
incorporated into Eq. (3.34).
The hadronic LbL contributions, although small compared

to the hadronic vacuum polarization sector, have, in the past,
beendetermined throughmodel-dependent approaches.These
are based on meson exchanges, the large Nc limit, ChPT
estimates, short distance constraints from the operator product
expansion, andpQCD.Over time, several different approaches
to evaluating ahad;LbLμ have been attempted, resulting in good
agreement for the leading Nc (π0 exchange) contribution, but
differing for subleading effects. A commonly quoted deter-
mination of the LbL contribution is the “Glasgow consensus”
estimate of ahad;LbLμ ðGlasgow consensusÞ ¼ ð10.5$ 2.6Þ ×
10−10 [101] (alternatively, see [102–105]). However, recent
works [106–108] have reevaluated the contribution to ahad;LbLμ

due to axial exchanges, where it has been found that this
contribution has, in the past, been overestimated due to an
incorrect assumption that the form factors for the axial meson
contribution are symmetric under the exchange of two photon
momenta [106]. Under this assumption, the determination in
[102] previously found the axial vector contribution to be
ahad;LbL;axialμ ¼ð2.2$0.5Þ×10−10. Correcting this reduces this
contribution to ahad;LbL;axialμ ¼ð0.8$0.3Þ×10−10 [106,107].
Applying this adjustment to theGlasgow consensus result, the
estimate in [108] finds

ahad;LbLμ ¼ ð9.8$ 2.6Þ × 10−10; ð3:35Þ

which is the chosen estimate for ahad;LbLμ in this work. This
result is notably lower than the previously accepted LbL
estimates and will incur an overall downward shift on aSMμ . It
is, however, still within the original uncertainties when
comparing with the original Glasgow consensus estimate.
Alternatively, it should be noted that the estimate of
ahad;LbLμ ¼ ð10.2$ 3.9Þ × 10−10 [108,109], which is a result
that is independent of the Glasgow consensus estimate,
could be employed here. In addition, the recent work [105]
has provided an estimate for the next-to-leading order
hadronic LbL contribution. It has found ahad;NLO-LbLμ ¼
ð0.3$ 0.2Þ × 10−10, which does not alter the hadronic
LbL contribution significantly, but is taken into account
in the full SM prediction given below.
Much work has also been directed at the possibility of a

model independent calculation of ahad;LbLμ to further consoli-
date the SM prediction of aμ. One approach involves the
measurement of transition form factors by KLOE-2 and
BESIII, which can be expected to constrain the leading
pseudoscalar-pole (π0, η; η0) contribution to a precision of
approximately 15% [108]. Alternatively, the pion transition
formfactor (π0 → γ%γ%) canbecalculated on the lattice for the
same purpose [110]. New efforts into the prospects of

determining ahad;LbLμ using dispersive approaches are also
very promising [111–116], where the dispersion relations are
formulated to calculate either thegeneral hadronicLbL tensor
or to calculate ahad;LbLμ directly. These approaches will allow
for the determination of the hadronic LbL contributions from
experimental data and, at the very least, will invoke stringent
constraints on future estimates. Last, there has been huge
progress in developingmethods for a direct lattice simulation
of ahad;LbLμ [110,117–123]. With a proof of principle already
well established, an estimate of approximately 10% accuracy
seems possible in the near future. Considering these develop-
ments and the efforts of the Muon g − 2 Theory Initiative
[124] to promote the collaborative work of many different
groups, the determination of ahad;LbLμ on the level of the
Glasgowconsensuswill, at thevery least, be consolidated and
a reduction of the uncertainty seems highly probable on the
time scales of the new g − 2 experiments.
Following Eq. (3.31), the sum of all the sectors of the SM

results in a total value of the anomalous magnetic moment
of the muon of

aSMμ ¼ ð11659182.04$ 3.56Þ × 10−10; ð3:36Þ
where the uncertainty is determined from the uncertainties
of the individual SM contributions added in quadrature.
Comparing this with the current experimental measurement
given in Eq. (1.1) results in a deviation of

Δaμ ¼ ð27.06$ 7.26Þ × 10−10; ð3:37Þ
corresponding to a 3.7σ discrepancy. This result is compared
with other determinations of aSMμ in Fig. 25. In particular, a

160  170  180  190  200  210  220

(aµ
SM x 1010)−11659000

DHMZ10

JS11

HLMNT11

FJ17

DHMZ17

KNT18

BNL

BNL (x4 accuracy)

3.7σ

7.0σ

FIG. 25. A comparison of recent andprevious evaluations ofaSMμ .
The analyses listed in chronological order are DHMZ10 [84], JS11
[85], HLMNT11 [9], FJ17 [79], and DHMZ17 [78]. The prediction
from this work is listed as KNT18, which defines the uncertainty
band that other analyses are compared to. The current uncertainty
on the experimental measurement [1–4] is given by the light blue
band. The light grey band represents the hypothetical situation of
the new experimental measurement at Fermilab yielding the same
mean value for aexpμ as the BNL measurement, but achieving the
projected fourfold improvement in its uncertainty [5].

MUON g − 2 AND αðM2
ZÞ: A NEW DATA-BASED ANALYSIS PHYS. REV. D 97, 114025 (2018)

114025-23

Keshavariz, Nomura, Teubner, PRD97 (2018)

SciPost Physics Proceedings Submission

1 Introduction

The muon anomaly is defined as the relative deviation of the muon g-factor from 2, aµ =
(gµ � 2)/2. The g-factor is the ratio between the particle magnetic moment and the
spin of a particle. In the framework of the Standard Model (SM) of particle physics, for
the spin-1/2 particles like the muon, g is expected to be 2 at first order, and the higher
order contributions from QED, electroweak, hadronic vacuum polarization, and hadronic
light-by-light virtual loops lead to g > 2. In particular the most recent SM theoretical
prediction is aSMµ = (11659182.04± 3.56)⇥ 10�10 [1], and the contributions of each of the
four main components are summarized in table 1.

aµ Contribution From Value (⇥10�10)
QED [2,3] 11658471.8971± 0.007
Electroweak [4] 15.36± 0.10
Hadronic Vacuum Polarization [1] 684.68± 2.42
Hadronic light by light [5] 9.8± 2.6
Total SM (aSMµ ) 11659182.04± 3.56

Table 1: Current predictions for the Standard Model contributions to aµ.

Since the muon anomaly arises from higher-order contributions from virtual loops, the
comparison between theoretical and experimental aµ values is a test of the SM: a possible
discrepancy could be a hint of new physics.

Experimentally, a

E821
µ = 11659209.1(5.4)(3.3) ⇥ 10�10 [6] was measured in 2006 by

the E821 collaboration at the Brookhaven National Laboratory (BNL), and is about 3.7
standard deviation (�) higher than the most recent theoretical prediction a

SM
µ . The ability

to measure aµ with a relative uncertainty �aµ/aµ of 140 ppb, as aimed at the Fermilab
Muon g�2 experiment, has the potential to confirm the discrepancy with a 7 � significance.

2 Experimental Technique

The Muon g� 2 experiment at Fermilab (E989) [7] is an improved version of the previous
E821 experiment performed at BNL. A longitudinally-polarized muon beam is injected into
a storage ring with a uniform magnetic field, ~B and electric field ~

E for vertical confinement.
The storage ring used by the E821 collaboration was moved from Brookhaven (New York)
to Fermilab (Chicago) in the summer 2013. Inside the ring the muons are subject to both
the spin precession frequency !s and the cyclotron frequency !c: the di↵erence between
them is called anomalous precession frequency !a. Under the approximation that the
muon velocity is perpendicular to the magnetic field (~� · ~B = 0), the magnetic field is
perfectly uniform and, betatron oscillations of the beam are neglected !a that can be
expressed as

~!a = ~!s � ~!c = � e

mµ

"
aµ

~

B �
✓
aµ � 1

�

2 � 1

◆
~

� ⇥ ~

E

c

#
, (1)

where ~

� the velocity of the muons in units of c, and � = 1/
p

1� �

2 is the Lorentz factor.
The muon beam enters the storage ring with a forward momentum of ' 3.094 GeV/c, i.e,
� ' 29.4, hence aµ � 1/(�2 � 1) ' 0 and Eq. 1 simplifies to:

!a = � e

mµ
aµB. (2)

2

Driutti, SciPostPhysProc, 2018

SM prediction

Discrepancy between measurements and SM prediction
�aµ = (27.06± 7.26)⇥ 10�10

�aµ = (26.8± 6.3± 4.3)⇥ 10�10

(KNT2018)

(PDG2018)

BNL average of muon g-2
aexp

µ = (11659209.1± 5.4± 3.3)⇥ 10�10

3.5σ
3.7σ

If the uncertainty is reduced by a factor 4 by J-PARC and Fermi Lab.,

the discrepancy will become 7.0σ.
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Muonic Dark Force
• The discrepancy can be explained by new physics contributions  

at one-loop level.

•Muon must have an interaction with new particles (muonic dark force).

F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1–110 81

Table 17
Typical New Physics scales required to satisfy�aNPµ = �aµ in Eq. (257).

C 1 ↵/⇡ (↵/⇡)2

MNP 2.0+0.4
�0.3 TeV 100+21

�13 GeV 5+1
�1 GeV

a b c d

Fig. 42. Possible New Physics contributions. Neutral boson exchange: (a) scalar or pseudoscalar and (b) vector or axialvector, flavor changing or not. New
charged bosons: (c) scalars or pseudoscalars, (d) vector or axialvector.

where naturally C = O(↵/⇡) (⇠ lowest order aµ), like for the weak contributions Eq. (203), but now from interactions and
states not included in the SM. New fermion loops may contribute similarly to a ⌧ -lepton by

(260)

which means C = O((↵/⇡)2). Note that the ⌧ contribution to aµ is 42 ⇥ 10�11 only, while the 3 � effect we are looking
for is 290 ⇥ 10�11. As the direct lower limit for a sequential fermion is about 100 GeV such effects cannot account for the
observed deviation.41

A rough estimate of the scale MNP required to account for the observed deviation is given in Table 17. An effective tree
level contribution would extend the sensibility to the very interesting 2 TeV range, however, we know of no compelling
scenario where this is the case.

7.2.1. Generic contributions from physics beyond the SM
Common to many of the extensions of the SM are predictions of new states: scalars S, pseudoscalars P , vectors V or

axialvectors A, neutral or charged. They contribute via one-loop lowest order type diagrams shown in Fig. 42. Here, we
explicitly assume all fermions to be Dirac fermions. Besides the SM fermions, µ in particular, new heavy fermions F of mass
M may be involved, but fermion number is assumed to be conserved, like in�LS = f  ̄µ F S+h.c., whichwill be different in
supersymmetric (SUSY) extensions discussed below, where fermion number violating Majorana fermions necessarily must
be there. Note that massive spin 1 boson exchange contributions in general have to be considered within the context of a
gauge theory, in order to control gauge invariance and unitarity. Wewill present corresponding contributions in the unitary
gauge calculated with dimensional regularization. We first discuss neutral boson exchange contributions from diagrams (a)
and (b). Exotic neutral bosons of massM0 coupling to muons with coupling strength f would contribute [19,333]

�aNPµ = f 2

4⇡2

m2
µ

M2
0
L, L = 1

2

Z 1

0
dx

Q (x)
(1 � x)(1 � �2x) + (✏�)2x

, (261)

where Q (x) is a polynomial in xwhich depends on the type of coupling:

Scalar: QS = x2(1 + ✏ � x)
Pseudoscalar: QP = x2(1 � ✏ � x)
Vector: QV = 2x(1 � x)(x � 2(1 � ✏)) + �2 (1 � ✏)2QS
Axialvector: QA = 2x(1 � x)(x � 2(1 + ✏)) + �2 (1 + ✏)2QP

41 It should be noted that heavy sequential fermions are constrained severely by the ⇢-parameter (NC/CC effective coupling ratio), if doublet members
are not nearly mass degenerate. However, a doublet (⌫L, L)withm⌫L = 45 GeV andmL = 100 GeV only contributes�⇢ ' 0.0008 which is within the limit
from LEP electroweak fits [323]. Not yet included is a similar type of contribution from the 4th family (t 0, b0) doublet mass–splitting, which also would add
a positive term

�⇢ =
p
2Gµ

16⇡2 3 |m2
t 0 � m2

b0 | + · · · .

In this context it should bementioned that the so called custodial symmetry of the SMwhich predicts ⇢0 = 1 at the tree level (independent of any parameter
of the theory, which implies that it is not subject to subtractions due to parameter renormalization) is one of the severe constraints to extensions of the
SM (see [332]).

Feynman diagram

(pseudo) scalar (axial) vector charged scalar charged vector

Vector Solution
•Minimal kinetic mixing dark photon has been already excluded.

•Non-minimal dark symmetry should be considered.

•Not only Muon but also other fermions must be charged under a  

new symmetry, to cancel gauge-anomalies.

•One of the possible choices is 

	U(1)Lμ-Lτ symmetry

Fayet, PDD75 (2007), Pospelov, PRD80 (2009)
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Dark Photon for (g-2)μ
Gauged U(1)Lμ-Lτ models can explain the discrepancy of (g-2)μ.

10-10

10-8

10-9

BaBar

• BaBar BaBar collaboration, PRD94, (2016)

LHC

• LHC
p+ p ! Z ! 4µ

CMS, JHEP1212 (2012), ATLAS, PRL112 (2014)

(g-2) @ 2σ

Borexino

CCFR
• Borexino

⌫ + e ! ⌫ + e

• CCFR
⌫ +N ! ⌫ +N + µ+ + µ�

mA0 (MeV)

g
0

• Allowed region consistent with (g-2)μ within 2σ lies in

MA’ =O(1-100) MeV and g’ =O(10-5-10-3)

CCFR, PRL66 (1991), Altmannshofer, et al, PRD89, (2014)

Altmannshofer, et al. PRL113 (2014)
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Neutrino Mass and Mixing
The mixing angles and mass-squared differences have been measured by  
neutrino oscillation experiments 

Table 1: The neutrino mass structures in the minimal gauged U(1)Lµ�L⌧ models.

Model SU(2)L U(1)Lµ�L⌧ Structure Condition

(i) Singlet +1 Two-zero minor CR Eq. (30)

(ii) Doublet +1 Two-zero texture B

⌫
3 Eq. (33)

(iii) Doublet �1 Two-zero texture B

⌫
4 Eq. (35)

Table 2: Values for the neutrino oscillation parameters we use in this paper. We take
them from the NuFIT v4.0 result with the Super-Kamiokande atmospheric data [71, 72].

Normal Ordering Inverted Ordering

Parameter Best fit ±1� 3� range Best fit ±1� 3� range

sin2 ✓12 0.310+0.013
�0.012 0.275–0.350 0.310+0.013

�0.012 0.275–0.350

sin2 ✓23 0.582+0.015
�0.019 0.428–0.624 0.582+0.015

�0.018 0.433–0.623

sin2 ✓13 0.02240+0.00065
�0.00066 0.02044–0.02437 0.02263+0.00065

�0.00066 0.02067–0.02461

�m2
21/10

�5 eV2 7.39+0.21
�0.20 6.79–8.01 7.39+0.21

�0.20 6.79–8.01

�m2
3`/10

�3 eV2 2.525+0.033
�0.031 2.431–2.622 �2.512+0.034

�0.031 �(2.606–2.413)

� [�] 217+40
�28 135–366 280+25

�28 196–351

4.4 Summary

All in all, the neutrino mass structures found in the three models are summarized in
Table 1. Each model is specified with the quantum numbers of the U(1)Lµ�L⌧ -breaking
scalar field. We use the notation adopted in Ref. [51] to identify the neutrino mass
structure. The equation numbers of the resultant conditional expressions are also shown,
which we use to predict the values of

P
i mi and the CP phases in the subsequent section.

For the model (i), there are three independent cases and the rest three are equivalent to
the former; while for each of the two cases in the model (ii), there exists a case in the
model (iii) that has the same predictions. We will focus on the model (ii) for the doublet
cases in the following analysis. As a result, we have five independent (three for the singlet
model and two for the doublet models) cases to be investigated.

5 Neutrino phenomenology

Now we evaluate the values of
P

i mi predicted in the minimal gauged U(1)L↵�L�
models.

To that end, we regard the PMNS mixing angles and the squared mass di↵erences as

13

L =
Y 2
⌫

⇤
(LH)2 !

1

2
M⌫⌫

c
L⌫L

NuFIT 4.0 taken from Asai et al, PRD99 (2019)

If the SM Higgs is also responsible for the neutrino mass,  
neutrino mass term will be given by the Weinberg operator at low scale.

• The simplest realization is the so-called seesaw mechanism.

•Neutrino Yukawa couplings are free parameter. Minkowski (1977),  

Yanagida (1979), 

Gell-mann et al (1979)
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Abelian Flavor symmetry
Neutrino mass matrix has specific form of the so-called two-zero texture  
or two-zero minor under U(1)Lα-Lβ gauge symmetries

• Two conditional equations restrict neutrino parameters.

•After the breaking of U(1) symmetry, the neutrino mixing is  

generated.

• The predicted mass, mixing and CP-violation phases depends  

on the gauge charges of the scalar which breaks the symmetry.

For example, in gauged U(1)Lμ-Lτ model with the SM-singlet scalar

M�1
⌫ =

0

@
⇤ ⇤ ⇤
⇤ 0 ⇤
⇤ ⇤ 0

1

Atwo-zero minor :

Barger et al; Frampton et al;

Lavoura; Lashin et al
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Neutrino Mass and Mixing Asai et al, PRD99 (2019)

•Quesi-degenerate normal ordering

• Σmi > 0.12 eV

• θ23 ≒ 52°

•〈mββ〉> 0.016 eV

In gauged U(1)Lα-Lβ model with the SM-singlet scalar

Planck bound favored region

KamLAND-Zen bound
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Summary
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Dark photon physics has rich phenomenology, depending on 
Summary

• symmetries behind dark photon 
      U(1)D, U(1)B-L, U(1)Lα-Lβ

•origin of kinetic mixing  

      tree or loop-induced

•gauge representations of dark Higgs 

      mass mixing and interaction type

•generation mechanism of dark photon mass 

      existence of light new scalar

Dark photon and symmetry can provide solutions to various problems
• vector portal for light dark matter 

•new muonic dark force for muon (g-2)

•neutrino mass and mixing

•etc…


