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Dark photon

SM particles charged under the extra U(1) gauge
<latexit sha1_base64="oZIq6capfwkEPjNnWu/0JZ6Z2bs="></latexit>

B � L , Lµ � L⌧ , . . .

U(1) extensions of the SM
<latexit sha1_base64="E9lIrnIlMtFiDOJdjM40BXTFVdM="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

4
F 0
µ⌫F

0µ⌫ � "

2
Fµ⌫F

0µ⌫ + · · ·

SM particles not charged under the extra U(1) gauge
dark photon
Dark sector, charged under U(1)’, may exist.

B. Holdom, PLB166, 196 (1986)
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Massless dark photon and its couplings
Discrimination between the ordinary and dark photons
Massive dark photon: mass eigenstates
Massless dark photon: interactions

<latexit sha1_base64="b8XIXJg8ep2ZVdxWfLgMRKUqTWI="></latexit>

Lint = �jµemAµ + · · ·
no massless DP couplings to the EM current

higher dimensional operators
B.A. Dobrescu, PRL94, 151801 (2005)

<latexit sha1_base64="pIduN4lAQ9m1NV1HnVDsLGQW8UY="></latexit>

Ldipole = �1

2

X

f 0,f=e,µ,⌧

f̄ 0(D(f 0f)
R PR +D(f 0f)

L PL)�
↵�fF 0

↵�

Lepton Family Violation involved
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Muon decays

TWIST experiment @TRIUMF
R. Bays et al., PRD91, 052020 (2015)

<latexit sha1_base64="eXjnXMxemX6TQO2NWVLW5AJsvx8="></latexit>

µ+ ! e+ +missing boson

angular distributionmuon polarization <latexit sha1_base64="VNOfGe45i+sZv6YlXlWVYXnBYUI="></latexit>

Pµ+ ' �1Table 1: Upper bounds on the branching fraction of µ ! e +X for A = 0,±1 [3], and
corresponding bounds on the dipole coupling.

A -1 0 +1
Br (⇥10�5) 5.8 2.1 1.0

(|D(µe)
R

|2 + |D(µe)
L

|2)�1/2 [106 TeV] 1.2 1.9 2.8

2.2 Polarized µ+ decay
The above experimental bound of muon decay is given by the TWIST Collaboration [3],
which studied polarized µ+ decays. The decay distribution is given by

1

�(µ+ ! e+�0)

d�(µ+ ! e+�0)

d cos ✓
=

1

2

 
1 +

|D(µe)
R

|2 � |D(µe)
L

|2

|D(µe)
R

|2 + |D(µe)
L

|2
Pµ+ cos ✓

!
. (5)

where �(µ+ ! e+�0) is the unpolarized decay rate in Eq.(3). We take the spin quan-
tization axis being the z axis, ✓ denotes the polar angle of the e+ momentum in the
µ+ rest frame, and Pµ+ is the µ+ polarization. In this convention, Pµ+ ' �1 in the
TWIST experiment [3]. In Ref. [3], the TWIST Collaboration has analyzed three cases
of angular distribution, A = ±1, 0, where

A := � |DR|2 � |DL|2

|DR|2 + |DL|2
. (6)

Their result is summarized in Table 1 as well as the corresponding bounds on the dipole
coupling constant.

We note that the case of A = �1 (D(µe)
L

= 0) exhibits the same angular distribution as
the SM three-body muon decay at the endpoint. As shown in Table 1, the experimental
bound for the A = �1 case is weakest because the suppression of the SM background is
most difficult. We have found better bounds for A = 0,+1.

Interpolating the TWIST data for A = 0,±1, we obtain improved bounds in the
|D(µe)

R
|–|D(µe)

L
| plane as depicted in Fig. 1. The solid (dotted) line represents the 90%

CL bound with the second (first) order interpolation. The dashed line is the previous
bound ignoring the angular-distribution dependence, namely the bound in Eq.(4). We
expect that the error in the interpolation is about the difference between the solid and
dotted lines.

An upper bound on the branching fraction of the muon decay into an electron and
a familon [5] (denoted by f) is given in Ref. [6], Br(µ ! ef) < 2.6 ⇥ 10�6. This
bound applies to the case of A = 0 (|D(µe)

R
| = |D(µe)

L
|) in µ ! e�0 since the familon

is isotropically emitted in the muon rest frame. The black dot on the diagonal line in
Fig. 1 represents this bound,

1q
|D(µe)

R
|2 + |D(µe)

L
|2

> 5.5⇥ 106 TeV . (7)

3

asymmetry
exp. upper bound

NP scale

<latexit sha1_base64="HVoAA+qWYI+8VhUEew91b6Jj9Lw="></latexit>

A := � |D(µe)
R |2 � |D(µe)

L |2

|D(µe)
R |2 + |D(µe)

L |2

<latexit sha1_base64="LaPnd/MwQWYxBun6uTEakfIt6Oo="></latexit>

d�

d cos ✓
=

m3
µ

32⇡
(|D(µe)

R |2 + |D(µe)
L |2)

�
1�APµ+ cos ✓

�
<latexit sha1_base64="sAlF0pfqywmlOO8jFzOfRjN5gOE="></latexit>

µ+ spin

<latexit sha1_base64="eWl4cqC9G6/6SYcOlTk0y7UI9Ug="></latexit>pe
<latexit sha1_base64="2g3sJV8lTjU6PBOKlSQj6GZO4WI="></latexit>

✓
<latexit sha1_base64="Qn+EfWHEcYMLJTcN86zlmvz9faw="></latexit>

• µ+ ! e+�0
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Improved bound (2nd order)
Improved bound (1st order)
Previous bound, 90% CL
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D
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]
Previous bound by 
M. Fabbrichesi, E. Gabrielli,  
G. Lanfranchi, arXiv:2005.01515

familon search 
@TRIUMF
A. Jodidio et al., PRD34, 1967 (1986)

<latexit sha1_base64="IyPN9kTzHNpoohrqrisTLYtekDg="></latexit>

A = 0
<latexit sha1_base64="//FuxYoxX9LWaIjda1BhZlt/tqQ="></latexit>

(|D(µe)
R |2 + |D(µe)

L |2)�1/2

> 5.5⇥ 106 TeV
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<latexit sha1_base64="Jr8Ty0EeDhlzwdDd6KsW2ukFkvQ="></latexit>

• µ+ ! e+e�e+

�0

µ+(k1)

e+(p1)

e�(p2)

e+(p3)

�0
µ�(k1)

e+(p1)

e�(p2)

e+(p3)

Figure 2: Diagrams involved in µ ! e+e�e+. Note that they are not equivalent.

2.3 Tau two-body decays
The search for ⌧ ! `�0 (` = µ, e) constrains the corresponding parameters in Eq.(1).
With the experimental bounds, Br(⌧ ! µ(e) +X) < 4.5(2.7)⇥ 10�3 [7, 8], we obtain

1q
|D(⌧µ)

R
|2 + |D(⌧µ)

L
|2

� 3.3⇥ 103 TeV ,
1q

|D(⌧e)
R

|2 + |D(⌧e)
L

|2
� 4.3⇥ 103 TeV . (8)

2.4 Three-body decays
2.4.1 µ+ ! e+e�e+

The effective lagrangian Ldipole in Eq. 1 causes µ+ ! e+e�e+ in the presence of both
flavor-diagonal (ee) and off-diagonal (µe) couplings. Two distinct diagrams contribute
to the process as depicted in Fig. 2. We denote the amplitude of the left (right) diagram
by M1(2). Neglecting the electron mass, the squared amplitudes with the final spins
summed and the initial spin averaged are given by

X

spin
|M1|2 = (|D(µe)

R
|2 + |D(µe)

L
|2)|D(ee)

R
|2{m2

µ
(t+ 4u)� (t+ 2u)2} , (9)

X

spin
|M2|2 = (|D(µe)

R
|2 + |D(µe)

L
|2)|D(ee)

R
|2{m2

µ
(u+ 4t)� (u+ 2t)2} , (10)

where t = (k1 � p1)2 = (p2 + p3)2, u = (k1 � p3)2 = (p1 + p2)2, and we have used
D(ee)

R
= D(ee)⇤

L
. The interference of the two amplitudes is expressed by

X

spin
M1M

⇤
2 =

X

spin
M⇤

1M2

=
1

2
(|D(µe)

R
|2 + |D(µe)

L
|2)|D(ee)

R
|2{2m2

µ
(t+ u)� (t+ 2u)(u+ 2t)} . (11)

5

<latexit sha1_base64="s7E0IQ2v5wjoz+LKLKj/6fxFbD0="></latexit>

� =
5m5

µ

2048⇡3
(|D(µe)

R |2 + |D(µe)
L |2)|D(ee)

R |2

Experimental bound by SINDRUM
<latexit sha1_base64="8N1B7fcBghvrcme9szB6DkfYGlQ="></latexit>

Br(µ+ ! e+e�e+) < 1.0⇥ 10�12

U. Bellgardt et al., NPB299, 1 (1988)

<latexit sha1_base64="bouFwlY99qQrbBuUzd5DKIJfD1Q="></latexit>

1

[(|D(µe)
R |2 + |D(µe)

L |2)|D(ee)
R |2]1/4

> 243 TeV
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Tau decays

<latexit sha1_base64="cqct768TFIcNhxysU2zt8qNvxcM="></latexit>

• ⌧ ! `�0 (` = µ, e)

Experimental bounds by ARGUS H. Albrecht et al., ZPC68, 25 (1995)
<latexit sha1_base64="FebbRpiUa1GUrIgwkNTC5cKUyc8="></latexit>

Br(⌧ ! µ(e) +X) < 4.5(2.7)⇥ 10�3

<latexit sha1_base64="g4Mlc4GGhjLRZ5FguCJvEzdb8ps="></latexit>

1q
|D(⌧µ)

R |2 + |D(⌧µ)
L |2

� 3.3⇥ 103 TeV

<latexit sha1_base64="mgTNNEZr0I2/Y58eXthwDe/qH5s="></latexit>

1q
|D(⌧e)

R |2 + |D(⌧e)
L |2

� 4.3⇥ 103 TeV

<latexit sha1_base64="2zlqGFQfNwTl4gct6fkFfC2roZA="></latexit>

D(µe)
R,L = 0 assumed
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<latexit sha1_base64="EQEqFZjBPl8clCStiO6e5SBODI0="></latexit>

• ⌧+ ! `+`�`+ (` = µ, e)

similar to 
<latexit sha1_base64="Vp1OurmxkJRx/C/mn+wFJMkB8Nk="></latexit>

µ+ ! e+e�e+

<latexit sha1_base64="wPD9dqCk6bh40Y7OkbYQcbMuqU8="></latexit>

�(⌧+ ! `+`�`+) =
5m5

⌧

2048⇡3
(|D(⌧`)

R |2 + |D(⌧`)
L |2)|D(``)

R |2 .

Experimental bounds by Belle
<latexit sha1_base64="HUpypK7IjpHNvzgAeuhlvudyXjA="></latexit>

Br(⌧+ ! `+`�`+) < 2.1(2.7)⇥ 10�8 (` = µ(e))

K. Hayasaka et al., PLB687, 139 (2010)

<latexit sha1_base64="Jm3WxrIthQMZAAlCqPW8jz3fMd8="></latexit>

1

[(|D(⌧µ)
R |2 + |D(⌧µ)

L |2)|D(µµ)
R |2]1/4

> 13.1 TeV

<latexit sha1_base64="lCrSFddac9vvwK+V7B3LzwfU/AM="></latexit>

1

[(|D(⌧e)
R |2 + |D(⌧e)

L |2)|D(ee)
R |2]1/4

> 12.3 TeV
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<latexit sha1_base64="ug3GzSevnQ3YRM1V0sQmhtt6JlY="></latexit>

• ⌧+ ! `+`0�`0+

one diagram in the case of  
<latexit sha1_base64="2zlqGFQfNwTl4gct6fkFfC2roZA="></latexit>

D(µe)
R,L = 0

<latexit sha1_base64="eoFU8OlsxaALjVMTY2TZIuBsc9E="></latexit>

�(⌧+ ! `+`
0�`

0+) =
m5

⌧

1024⇡3
(|D(⌧`)

R |2 + |D(⌧`)
L |2)|D(`0`0)

R |2

Experimental bounds by Belle K. Hayasaka et al., PLB687, 139 (2010)
<latexit sha1_base64="yDrKwWm6nFAnXN2lS82avpnNR1k="></latexit>

Br(⌧+ ! µ+e�e+) < 1.8⇥ 10�8

<latexit sha1_base64="rwJ2aRfPK1OUqAuc99JZItlevuU="></latexit>

Br(⌧+ ! e+µ�µ+) < 2.7⇥ 10�8

<latexit sha1_base64="cUbM5YMpiUuu1/rfnCirHTULPWw="></latexit>

1

[(|D(⌧µ)
R |2 + |D(⌧µ)

L |2)|D(ee)
R |2]1/4

> 10.8 TeV

1

[(|D(⌧e)
R |2 + |D(⌧e)

L |2)|D(µµ)
R |2]1/4

> 9.77 TeV
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Future colliders

(requiring 10 events/y, no BG)

<latexit sha1_base64="BEikYD0CF4bZLTo6pF3H76wD0Wk="></latexit>

• µ+e� ! µ�e+

<latexit sha1_base64="D58Hnc9Tr8rk5ug3rOPshYCBi1c="></latexit>

|D(µe)
R |�1 & 7 TeV

<latexit sha1_base64="6uSBmgeCXjSFTv5GlnmYQQAE97o="></latexit>

� =
s

128⇡


5(|D(µe)

R |2 + |D(µe)
L |2)2 � 1

3
(|D(µe)

R |2 � |D(µe)
L |2)2

�

= 541 fb

 
|D(µe)

R |
TeV�1

!4✓ p
s

346 GeV

◆2

(for D(µe)
L = 0)

<latexit sha1_base64="L/kDdy8T2yDV4dfFmkhA9dpKgkY="></latexit>

• µ+e� ! ��0

<latexit sha1_base64="Xt8EAJPKDGB8keC3NvbnokaZYyI="></latexit>

(|D(µe)
R |2 + |D(µe)

L |2)�1/2 & 33 TeV
<latexit sha1_base64="Yu0y9cTwIjjyxO+3BcF8ZBmVQYM="></latexit>

�E� = 1 GeV @
p
s/2

SM BG
<latexit sha1_base64="JwmDCWuFpsjBtYDKDK4oHyM8cBg="></latexit>

µ+e� ! ⌫̄µ⌫e�

<latexit sha1_base64="WQmPrFCS3Z3yxtBLd+f+3ZKTLis="></latexit>

� =
↵

2
(|D(µe)

R |2 + |D(µe)
L |2) = 1521 fb

0

@

q
|D(µe)

R |2 + |D(µe)
L |2

1 TeV�1

1

A

2

µTRISTAN:
<latexit sha1_base64="VEm7mYeO2O3lER6+jLGShwzm1uQ="></latexit>

µ+e� collider
<latexit sha1_base64="5p1jzTGdKEs1a3mcqbr8s7jTw7s="></latexit>p
s = 346 GeV , L = 4.6⇥ 1033 cm�2s�1

Y. Hamada et al., PTEP053B02 (2022)
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<latexit sha1_base64="WIxuRJE5hS/ZbWi6ddfyNF66eTk="></latexit>

• µ+e� ! ⌧+⌧�
<latexit sha1_base64="m/+X5Wi0Hu3JXD8AhHKrdjdDt0E="></latexit>

� / |D(µ⌧)
R/LD

(⌧e)
R/L|

2 strongly constrained by
<latexit sha1_base64="Lq+56lIMG1WvbxV/RvyOeG8h/DQ="></latexit>

⌧ ! `�0

<latexit sha1_base64="uvTqyy/j+Bq1w/c60tqg81y1x2A="></latexit>

• µ+e� ! ⌧+e�, µ+⌧�

constrained by
<latexit sha1_base64="UpYcrFphWSY3HJ45POx1l+5nAj0="></latexit>

⌧+ ! `+`0�`0+
<latexit sha1_base64="6u2LdbyAaqQdADIcQJkfnTi/6nc="></latexit>

� / |D(µ⌧)
R/LD

(ee)
R/L|

2 , |D(e⌧)
R/LD

(µµ)
R/L |

2

<latexit sha1_base64="UpYcrFphWSY3HJ45POx1l+5nAj0="></latexit>

⌧+ ! `+`0�`0+

ILC

constrained by

<latexit sha1_base64="2MGGK3FAIVkPE9DZTd8NsnNpzXk="></latexit>

• e+e� ! µ⌧, e⌧
<latexit sha1_base64="G1wc6+pUII7FV9RbBpgPjOZ+DTE="></latexit>

� / |D(µ⌧)
R/LD

(ee)
R/L|

2 , |D(e⌧)
R/LD

(ee)
R/L|

2
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Family conserving interactions
Big-bang nucleosynthesis B.A. Dobrescu, PRL94, 151801 (2005)

M. Fabbrichesi, E. Gabrielli, G. Lanfranchi, arXiv:2005.01515
<latexit sha1_base64="uADGkYfkAgI62C0Lf7z1yRgvVq0="></latexit>

Ne↵ = 2.878± 0.278

earlier dark photon decoupling <latexit sha1_base64="ttAuL0iiSV8yAhUhTIqUkxCH2FE="></latexit>

Td ⇠ 150 MeV
<latexit sha1_base64="t5JvQe6Bf1ozbVF5vnGsc/0z1z4="></latexit>

|D(``)
R,L|

�1 & 1⇥ 104 TeV , ` = µ, e

Stellar cooling M. Giannotti et al., JCAP05(2016)057 
M. Fabbrichesi, E. Gabrielli, G. Lanfranchi, arXiv:2005.01515

white dwarves, red giants 
<latexit sha1_base64="+eN5kKlLz5PVztbSp9yI5g7Mtlw="></latexit>

|D(ee)
R,L|

�1 & 7⇥ 106 TeV

LEP M. Fabbrichesi, E. Gabrielli, G. Lanfranchi, arXiv:2005.01515

<latexit sha1_base64="CYGpSB+QK+1LHqmFeQgTjRtT1Ko="></latexit>

|D(ee)
R,L|

�1 & 2 TeV

<latexit sha1_base64="8+k+GQqSGEAQdQj0n65I3NlhXVA="></latexit>

e+e� ! ��0 search by OPAL, L3, ALEPH
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Muonium hyperfine splitting <latexit sha1_base64="pTzhxJZdYpj6v4a06I1Vc1vPmAI="></latexit>

<latexit sha1_base64="SXJAqlukvsGOBitKl5kstY9K++M="></latexit>

µ+
<latexit sha1_base64="SXJAqlukvsGOBitKl5kstY9K++M="></latexit>

µ+

<latexit sha1_base64="p4AjgsQj0HVdgScPAhc5PzkUDu8="></latexit>

e�

<latexit sha1_base64="2lXSsa4HigPcC6+RTBoWLvIQNPE="></latexit>

�0

<latexit sha1_base64="p4AjgsQj0HVdgScPAhc5PzkUDu8="></latexit>

e�

<latexit sha1_base64="xsnBPOoxbktCmReBwmdtMylE9+o="></latexit>

µ+e� bound state
<latexit sha1_base64="U6oM52TJDOVecKv9xT9O9nzNrUQ="></latexit>

�EHF (nS) :=EHF(nS)|F=1 � EHF(nS)|F=0

=

✓
2

3
D(ee)

M
D(µµ)

M
� 1

3
D(ee)

E
D(µµ)

E

◆
1

⇡

✓
Z↵mr

n

◆3

<latexit sha1_base64="kMfqdarPxtBL7cqMy0agc5whHBM="></latexit>

D(``)
R/L = D(``)

M ± iD(``)
E

(uncertainty in the SM prediction)<latexit sha1_base64="+rz5drKoR+yzSevL8Up5eth82Us="></latexit>

|�EHF (1S)/h| < 500 Hz
<latexit sha1_base64="9IPqqo2fi2EoEQ7lAOlD3c3CZek="></latexit>����
2

3
D(ee)

M D(µµ)
M � 1

3
D(ee)

E D(µµ)
E

����
�1/2

> 222 GeV
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Summary
■Massless dark photon interaction with the SM sector
no coupling to the EM current, higher dim. operators
LFV dipole interactions are allowed.

■Constraints by various LFV processes
Probed NP scales:

<latexit sha1_base64="CYALAKvpAf73fcVKO6KyxUTUUU8="></latexit>

µ ! e�
0 : O(106) TeV (improved)

<latexit sha1_base64="PPrdXRyJSpJyXMpATfRoCcYA3yg="></latexit>

⌧ ! `�
0 : O(103) TeV (new)

■Prospect
High energy colliders: less sensitive
Belle, Belle II may probe higher scales in tau decays.


