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Intensity frontier
Dark photon portal ℒ ⊃

ϵY

2
YμνF′ μν

- kinetic mixing between the hyper-charge gauge boson and dark photon

- SM particles feebly couple to dark photon ℒ ⊃ ϵejμ
emA′ μ

Beam-dump experiment
1
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Lifetime frontier
LHC lifetime frontier

- FASER(2)

- MATHUSLA (CODEX-b)

Berlin and Kling, PRD, 2019
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FIG. 2. Schematic drawings of a timing layer at CMS (top-left), MATHUSLA (top-right), CODEX-b (bottom-left), and FASER
(bottom-right), along with their locations with respect to the LHC ring. The red shaded region indicates the decay volume for
each experiment.

roughly corresponds to the threshold for soft muon iden-
tification [42]. In order to be able to reconstruct the
tracks with su�cient precision, they must hit the outer
layers of the tracking system. We therefore require a ra-
dial displacement of the �2 decay vertex of r�2 < 30 cm.
Finally, we demand that the muon tracks are su�ciently
displaced and require a transverse impact parameter of
dµ > 1 mm. In summary, this search strategy for dis-
placed muon-jets at ATLAS and CMS requires

DMJ : pT,j > 120 GeV

pT,µ > 5 GeV

r�2 < 30 cm

dµ > 1 mm . (15)

When estimating the reach, we assume the expected
integrated luminosity of the high-luminosity (HL) LHC,
L = 3 ab�1, and that backgrounds can be reduced to a
negligible level as argued by the authors of Ref. [8].

2. Time-Delayed Tracks

An alternative search strategy using precision timing
has been proposed in Ref. [43]. If �2 decays after travers-
ing a macroscopic distance, its decay products will ar-
rive at the calorimeter delayed in time compared to SM

particles that are promptly produced at the interaction
point (IP). This time delay is due both to the reduced
speed of the massive iDM state, v�2 , and the increased
path length of the displaced decay, l�2 + l` (` is a lepton
from the decay of �2), compared to a SM track with
path length lSM. We can estimate the time delay as
�t = l�2/v�2 + l`/c� lSM/c, where for simplicity we have
assumed that the decay products move along straight
lines at the speed of light.

The CMS collaboration recently proposed the instal-
lation of a precision timing detector with a resolution
of ⇠ 30 picoseconds. This timing layer would be lo-
cated in front of the electromagnetic calorimeter (ECAL)
with a radial size of R = 1.17 m and extending up to
z = 3.04 m along the beam axis. While this upgrade was
originally intended for pile-up reduction, its potential im-
plementation in searches for LLPs has been investigated
in Ref. [43]. A schematic drawing of this setup is shown
in the top-left panel of Fig. 2.

As in Sec. VIA 1, we require the excited iDM state to
decay leptonically. Following Ref. [43], we demand that
at least one of the �2 decay products has a time delay
of �t > 0.3 ns and require a recoil jet of pT,j > 30 GeV
to timestamp the primary vertex. Since no vertex recon-
struction is required for signal identification, this search
can make use of the entire decay volume inside the ECAL
and access radial and longitudinal displacements of the
decay vertex of r�2 < 1.17 m and z�2 < 3.04 m, re-

- forward direction θdet = 2 × 10−3

- off-axis θdet = 0.5
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FIG. 2. Schematic drawings of a timing layer at CMS (top-left), MATHUSLA (top-right), CODEX-b (bottom-left), and FASER
(bottom-right), along with their locations with respect to the LHC ring. The red shaded region indicates the decay volume for
each experiment.

roughly corresponds to the threshold for soft muon iden-
tification [42]. In order to be able to reconstruct the
tracks with su�cient precision, they must hit the outer
layers of the tracking system. We therefore require a ra-
dial displacement of the �2 decay vertex of r�2 < 30 cm.
Finally, we demand that the muon tracks are su�ciently
displaced and require a transverse impact parameter of
dµ > 1 mm. In summary, this search strategy for dis-
placed muon-jets at ATLAS and CMS requires

DMJ : pT,j > 120 GeV

pT,µ > 5 GeV

r�2 < 30 cm

dµ > 1 mm . (15)

When estimating the reach, we assume the expected
integrated luminosity of the high-luminosity (HL) LHC,
L = 3 ab�1, and that backgrounds can be reduced to a
negligible level as argued by the authors of Ref. [8].

2. Time-Delayed Tracks

An alternative search strategy using precision timing
has been proposed in Ref. [43]. If �2 decays after travers-
ing a macroscopic distance, its decay products will ar-
rive at the calorimeter delayed in time compared to SM

particles that are promptly produced at the interaction
point (IP). This time delay is due both to the reduced
speed of the massive iDM state, v�2 , and the increased
path length of the displaced decay, l�2 + l` (` is a lepton
from the decay of �2), compared to a SM track with
path length lSM. We can estimate the time delay as
�t = l�2/v�2 + l`/c� lSM/c, where for simplicity we have
assumed that the decay products move along straight
lines at the speed of light.

The CMS collaboration recently proposed the instal-
lation of a precision timing detector with a resolution
of ⇠ 30 picoseconds. This timing layer would be lo-
cated in front of the electromagnetic calorimeter (ECAL)
with a radial size of R = 1.17 m and extending up to
z = 3.04 m along the beam axis. While this upgrade was
originally intended for pile-up reduction, its potential im-
plementation in searches for LLPs has been investigated
in Ref. [43]. A schematic drawing of this setup is shown
in the top-left panel of Fig. 2.

As in Sec. VIA 1, we require the excited iDM state to
decay leptonically. Following Ref. [43], we demand that
at least one of the �2 decay products has a time delay
of �t > 0.3 ns and require a recoil jet of pT,j > 30 GeV
to timestamp the primary vertex. Since no vertex recon-
struction is required for signal identification, this search
can make use of the entire decay volume inside the ECAL
and access radial and longitudinal displacements of the
decay vertex of r�2 < 1.17 m and z�2 < 3.04 m, re-

- more boosted and thus shorter 
lifetime particles come

pgeo ∼ pT /θdet

- less boosted and thus longer 
lifetime particles come

- typical transverse momentum is determined by 
the production process of long-lived particle

- HL-LHC (2027+) ℒ = 3 ab−1

- intensity frontier as well as high-energy frontier

Talks by Felix Kling, 
Yuxiao Wang and 
Motoya Nonaka

Talks by Jake Pfaller 
and Erez Etzion
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Intensity/lifetime frontier

- minimal dark photon model

Γ(A′ → f̄ f ) ≃
1
3

αϵ2Q2
f mA′ 

Dark photon portal

- in the minimal dark photon model, only one parameter 
(kinetic mixing) for a given dark photon mass

- upper bound determined by the lifetime (should be sufficiently long-lived)

- lower bound determined by the lifetime (should decay) and production

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].

– 82 –

Physics Beyond Colliders 
collaboration, J. Phys. G, 2020
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Resonant decay through mixing

- thorough mixing with SM resonances

Short lifetime in a specific mass

A′ → V* → f̄ f or hardrons
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FIG. 1: Left: The rest-frame lifetime of a pseudo-Nambu-Goldstone boson (PNGB) as a function
of its mass ma and decay constant F . Right: The lifetime of a dark photon A0 as a function
of its mass mA0 and ✏, the strength of its mixing with the Standard Model hypercharge gauge
boson. In both plots, the black lines correspond to di↵erent decay lengths (c⌧): 10 µm (solid), 1
cm (dot-dashed), 1 m (dashed), and 100 m (dotted). In the blue, purple, red, green, and white
shaded regions the decays are prompt (< 10 µm), displaced with < 1 cm, displaced with > 1
cm, “invisible” with > 100 cm, or “invisible” with > 100m, respectively. In fixed-target or beam
dump experiments the particles typically get a large boost that increases their decay length by
Ebeam/mass. The feature in the left plot at 2mµ occurs since PNGB’s coupling to a Standard
Model particle is proportional to that particle’s mass, and at this point decays to two muons are
allowed. The dip in the right plot near 0.7 GeV is due to the ⇢-resonance. The lifetime for both
the PNGB and the A0 is calculated assuming decays directly into Standard Model particles.

to 1 GeV). Thus, for example, proper lifetimes of 1 mm are obtained with F ⇡ 70 GeV

(ma = 100 MeV) or F ⇡ 20 TeV (ma = 300 MeV). Fig. 1 (left plot) shows the decay length

(c⌧) of a PNGB as a function of its mass ma and decay constant F . Note that the decay

length is very di↵erent above and below the muon threshold, due to the much stronger

coupling to muons as compared to electrons. We see that for F . 102 GeV, they decay

promptly and colliders should be able to set the best constraints. For larger F , collider

searches that look for displaced vertices or missing energy can still set limits, but searches

in beam dump experiments (with a large shield) become relevant.

We ignore decays of PNGBs to two photons, since this is always subdominant in the mass

range we consider in this paper.

6

ρ0

Essig, Harnik, Kaplan, 
and Toro, PRD, 2010
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Conventional computation
All SM resonances are relevant

- with the same quantum number (neutral, spin 1)

5 53. Plots of Cross Sections and Related Quantities

53.3 ‡ and R in e+e≠
Collisions
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Figure 53.2: World data on the total cross section of e+e≠ æ hadrons and the ratio R(s) = ‡(e+e≠ æ
hadrons, s)/‡(e+e≠ æ µ+µ≠, s). ‡(e+e≠ æ hadrons, s) is the experimental cross section corrected for initial state
radiation and electron-positron vertex loops, ‡(e+e≠ æ µ+µ≠, s) = 4fi–2(s)/3s. Data errors are total below 2 GeV
and statistical above 2 GeV. The curves are an educative guide: the broken one (green) is a naive quark-parton model
prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of this
Review, Eq. (9.7) or, for more details [99], Breit-Wigner parameterizations of J/Â, Â(2S), and Ã (nS), n = 1, 2, 3, 4
are also shown. The full list of references to the original data and the details of the R ratio extraction from them can
be found in [100]. Corresponding computer-readable data files are available at https://pdg.lbl.gov/current/xsect/.
(Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2021. Corrections by P. Janot
(CERN) and M. Schmitt (Northwestern U.))

11th August, 2022

PDG 2022

R(s) =
σexp.(ēe → hadrons; s)

σtree(ēe → μ̄μ; s)

Multiplying R-ratio by decay width to muon pair
Γ(A′ → hadrons) = Γ(A′ → μ̄μ) × R(m2

A′ 
)

- misses non-hadronic resonances like true muonium (later)
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Mass mixing basis

- δ=1 corresponds to mass degenerate limit 
(though eigenvalues split by η)

ℒ ⊃ m2
V(Vμ, A′ μ)( 1 −η

−η δ2 + η2) (Vμ

A′ μ) - ratio of mass parameter 
(input mass)

δ =
mA′ 

mV

Closer look at conventional computation

- effective mixing parameter ∝ ϵ

“Mass insertion” method

- one can obtain “classical” mass eigenstates by diagonalizing it

A0

f

f

A0

f

f

V

Figure 1: Left: A
0
decay via the kinetic mixing. Right: A0

decay via the insertion of the mass mixing.

and � ! 1� 0+ with 0+ being a tiny positive number, the mass mixing approaches to the maximal
one, ✓ ' �⇡/4. In this limit, the mixing matrix Ckin approaches to the unit matrix, and one obtains
CV A0 ' �1/

p
2 and CAA0 ' 0 at O(⌘0). Meanwhile, for the V decay, the mixing-matrix elements are

approximately CV V ' 1/
p
2 and CAV ' 0 in the limit. Therefore, the decay rates of A0 and V are

identical in this limit as

�(A0
! ff̄) ' �(V ! ff̄) '

mA0

16⇡

2

3
g
2
V
. (8)

“Mass-insertion” method

Next, we regard the mass mixing in Eq. (2) as a perturbation parameter. We calculate the decay rate
in the basis where the kinetic terms are diagonalized but the mass matrix is not diagonalized. Two
diagrams contribute to the A0 decay, as shown in Fig. 1. One is from the direct coupling of A0 to ff̄

after diagonalizing (canonicalizing) the kinetic term (left panel). The other is from the A
0-V mass

mixing and propagating V as an intermediate state (right panel). Then, the decay rate is calculated
as

�MI(A0
! ff) =

MA0

16⇡2

4

3

����g
A

0

f
+ g

V

f

�m
2
V
⌘

M
2
A0 �m

2
V
+ imV �V

����
2

,

g
A

0

f
⌘ (Ckin)V A0 gV + (Ckin)AA0 eQf , g

V

f
⌘ (Ckin)V V gV + (Ckin)AV eQf ,

(9)

where Ckin denotes the diagonalizing matrix for the kinetic mixing term and M
2
A0 = m

2
V
(�2 + ⌘

2),
while �V denotes the total decay rate of the particle V in the absence of mixing with A

0:

�V =
mV

16⇡

4

3
g
2
V
. (10)

We refer to this result for the decay rate of the dark photon as that of the “mass-insertion” method.
g
I

f
denotes the coupling of f to the vector field I in the basis with remaining the mass mixing. We

consider the same limit as that used in the above “classical” method, i.e., the limit of tiny kinetic
mixing parameters and � ! 1�0+. In this limit, the mixing matrix Ckin approaches the unit matrix,
and its o↵-diagonal elements are proportional to the kinetic mixing related to V and A. Therefore,
the decay rate is proportional to the square of the kinetic mixing parameters in the limit.

Pole method

The result of the “mass-insertion” method seems inconsistent with that of the “classical” method at
� ! 1. In the small mixing limit, the “mass-insertion” method is expected to be a good approximation

4

- using off-diagonal part as a perturbation

−ηm2
V
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Width of dark photon

ΓMI(A′ → f̄ f ) =
MA′ 

16π
4
3

ḡA′ 
f + ḡV

f
−ηm2

V

M2
A′ − m2

V + imVΓV

2

M2
A′ = m2

V(δ2 + η2)

- in the mass degenerate limit, second term is resonantly large

ΓV =
mV

16π
4
3

g2
V - decay width in the absence of dark photon

ΓMI(A′ → f̄ f ) ≃
MA′ 

16π
4
3 (ḡV

f
η

ΓV /mV )
2

- A’ width is larger than that of V for 

- the enhancement can be 10 orders of magnitude for narrow 
resonance like true muonium, J/ψ and Υ

η > ΓV /mV

- is perturbation valid?

“Mass insertion” method
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Γ(A′ → f̄ f ) ≃ Γ(V → f̄ f ) ≃
mA′ 

16π
2
3

g2
V

“Classical” method

ℒ ⊃ m2
V(Vμ, A′ μ)( 1 −η

−η δ2 + η2) (Vμ

A′ μ)

- in the mass degenerate limit, one obtains nearly (but not exactly) 
identical particle with half width of original SM particles at the tree level

- this does not depend on mixing parameter and thus not 
valid at small mixing parameter

Width of dark photon

- diagonalizing mass and compute the width at tree level

“Mass insertion” vs “Classical”

- (as demonstrated later) “mass insertion” is valid for small 
mixing parameter, while “classical” is valid for large
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“Pole” method
Mixed propagator

X X = X + X X X + X Y X

X Y = + X X Y + X Y Y

Y Y = Y + Y X Y + Y Y Y

Figure 2: The Dyson equations for theX–X, X–Y , and Y –Y propagators. Here, a propagator with a shaded

blob depicts the corresponding 1PI-corrected propagator, while a white blob shows the 1PI correction.

The real part of the pole rigorously defines the mass of the vector field, which is close to its tree-level
value m

2
V,A0 in a weak interacting theory such as the one we discuss in this article. This is why we

ignore the real part of the vacuum polarization. The imaginary part of the pole gives the product of
the mass and the total decay rate.

Here, we consider again the same limit used in the previous two methods: tiny kinetic mixing
parameters and � ! 1� 0+. In this limit, as we saw in the first (“classical”) method, the couplings
of X and Y to ff̄ have the same magnitude but the opposite sign, and hence one obtains ⇧0

XX
'

⇧0
Y Y

' �⇧0
XY

= O(⌘0). We write them as ⇧0 in the following discussion. The mass eigenvalues are
close to each other in this limit (i.e., m2

X
' m

2
Y
), and the mass di↵erence is proportional to ⌘. Then,

when the mass di↵erence (' ⌘m
2
V
) is negligible compared to the vacuum polarization ⇧0, the poles

are approximately obtained at the order of ⌘0 as

s
±
pole ' m

2
X
(1 + ⇧0

± ⇧0) . (16)

Thus, one of the imaginary parts of the poles is given by 2m2
X
Im⇧0, i.e., at the order of ⌘0, while the

other one is, at least, given at the order of ⌘2. Meanwhile, when the mass di↵erence dominates the
value inside of the square root, the poles are approximately given at the order of ⌘0 as,

s
±
pole ' m

2
X
(1 + ⇧0) . (17)

In this case, the imaginary parts of the poles, namely the decay rates of the two vector fields, become
identical. The poles s

±
pole provide the behavior of the decay rate expected by the approximate two

methods. One of the mass eigenstates has the total decay rate entirely suppressed at � ! 1 � 0+

when |⌘| . |⇧0
| ' �V /mV , while the decay rates of the eigenstates are identical when |⌘| & �V /mV .

Note that even in this discussion the real part of ⇧ does not play a significant role, since it does not
contribute to the mass di↵erence in the square root and suppressed by ⇡ compared to the imaginary
part.

The particle identification of the poles might be confusing at � ' 1. The pole s
+
pole corresponds

to V at � ⌧ 1, while it corresponds to A
0 at � � 1. Generally, there is a gap of order of ⌘ between

the real parts of the poles at � ' 1. Therefore, when we define the poles sVpole and s
A

0
pole being those

of V and A
0 as above, their real parts have a discontinuity at � ' 1 as a function of �. Meanwhile,

the imaginary parts of the poles must be connected even at � ' 1: The decay rates of V and A
0 are

identical at large |⌘|, while the decay rate of A0 is suppressed at small |⌘|. In the following, we define
s
A

0
pole such that its imaginary part is continuously connected to what is suppressed by ⌘

2 apart from
� ' 1.

6

ΠXX ΠXY

DXX(s) =
1

s − m2
X − ΠXX(s)−

ΠXY(s)2

s − m2
Y − ΠYY(s)

- find complex poles of mixed propagator (solution of Schwinger-Dyson)

- most robust (by definition of unstable “particles”)

- imaginary part of one-loop mixing 
does not have classical interpretation 
(i.e., quantum effect)
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Trum muonium
Spin 1 bound states of muon-anti muon Matsumoto, Watanabe and 

Watanabe, JHEP, 2023

- narrow resonance

Figure 8: The same as Figs. 4 and 6, but for the dark photon A
0
degenerate with the “true muonium” in

mass. Each line code is also the same as those in Figs. 4 and 6. Left: The decay rates as a function of �

with ✏ begin fixed to be several values. Right: A closer look at the rates with � being fixed to be one.

respectively. Here, M2
A0 = m

2
V
(⌘2 + �

2) is the mass of the dark photon in the bases with the mass
mixing term. In addition, with I, J representing the vector fields X, Y in the mass basis, i.e., the
dark photon and the “true muonium”, we also obtain the imaginary part of the vacuum polarization,
which is required to calculate the decay width in the pole method, as follows:

Im⇧IJ(s) = �
↵

3
sCAICAJ . (44)

Fig. 8 compares the decay widths of the dark photon as a function of � with fixed ✏ (10�7,
10�8, and 10�9) calculated using the three methods. We use the same line types as the previous
subsections: colored solid lines for the pole method, colored dashed lines for the “mass-insertion”
method, and gray dot-dashed lines for the “classical” method. One can observe that, excluding the
region of � ' 1 (the maximum mixing mA0 ' mV ), the three methods yield the decay widths in good
agreement. However, in the vicinity of � = 1, the “classical” method approximates the pole method
when ✏ = 10�7, while the “mass-insertion” method gives the widths compatible with those of the
pole method when ✏ is smaller, i.e., ✏ = 10�8 and 10�9. This observation is more readily confirmed
by examining each width as a function of ✏ with � fixed to be one, as illustrated in the left panel of
Fig. 9. For the “true muonium” case, the kinetic mixing ✏cr that saturates the criteria |⌘| ⇠ �V /mV

is approximately given by ✏cr ' 3.2⇥ 10�8 according to Eqs. (40) and (42), and thus the “classical”
method breaks down as |✏| > ✏cr.

There exists a sharp dip in the decay rates around � ' (1�↵
4
/4)1/2 apart from the |��1| . �V /mV

region as seen in the left panel of Fig. 8 (see also the right panel of Fig. 9 for a closer look). In
the “classical” method, the decay rate �A0 in Eq. (43) becomes zero when the two contributions
to CAA0 , i.e., the decay directly from the dark photon and that via the “true muonium”, cancel
each other out. The “mass-insertion” method also involves two contributions to �MI

A0 . However,
the complete cancellation does not occur due to the imaginary part present in the propagator of the
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ΓV ≃ 3.66 × 10−10 MeV

Comparison of three methods Mass insertion 
(dashed)

Pole (solid)

Classical (dot 
dashed)

- all agree away from 
mass degenerate limit

- “mass insertion” is 
valid for                      
while “classical” is valid 
for 

ϵ < 3.2 × 10−8

ϵ > 3.2 × 10−8

- critical value       
corresponds to

ϵcr
η = ΓV /mV

AK, Kuwahara, Matsumoto, Watanabe 
and Watanabe, arXiv:2404.06793

mV ≃ 2mμ
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Trum muonium
Anti-resonance of decay width Matsumoto, Watanabe and 

Watanabe, JHEP, 2023

AK, Kuwahara, Matsumoto, Watanabe 
and Watanabe, arXiv:2404.06793

Figure 9: Left: The same as Figs. 5 and 7, but for A
0
degenerate with the “true muonium” in mass. Each

line code is the same as in Figs. 5 and 7. Right: A closer look at the rates near the destructive interference.

“true muonium”, and the destructive interference is smeared compared to that of the “classical” decay
width �A0 . The decay width obtained in the pole method exhibits destructive interference similar to
the “classical” decay width. This fact can be understood by examining the denominator of DA0A0 in
Eq. (13). CAA0 = 0 when the destructive interference occurs. Since both vacuum polarizations ⇧A0A0

and ⇧A0V included in the denominator of DA0A0 vanish, the decay width in the pole method gets zero.

4 Summary and application

Taking the dark photon as an example of a mediator particle connecting the SM and the dark sectors,
we introduced the three methods to calculate the decay width of the mediator particle in Section 2.
Then, it is found that the decay widths obtained in these methods behave di↵erently when the
mediator particle and the SM partner are (nearly-)degenerate in mass in the interaction basis.

“Classical” method
The decay width of the mediator particle is calculated at tree level in the mass basis, where the
field redefinition removes all kinetic and mass mixing among fields relevant to the discussion.

“Mass-insertion” method
We take the basis where the field redefinition removes all kinetic mixing terms while the mass
mixing term remains. Regarding the mass mixing between the dark photon and the SM field
as a small perturbative parameter, we calculate the decay width by inserting it once.

Pole method
Imaginary parts of poles found in current-current correlation functions provide the decay widths
of intermediate states, i.e., the mediator particle and its degenerate partner. We obtain the
widths by calculating vacuum polarizations in the mass basis and resuming them.
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- slightly below resonance of decay width
- destructive interference 
of two contributions

ΓMI(A′ → f̄ f )

=
MA′ 

16π
4
3

ḡA′ 
f + ḡV

f
−ηm2

V

M2
A′ − m2

V + imVΓV

2 Mass insertion 
(dashed)

Pole (solid)

Classical (dot 
dashed)

- “classical” agrees with “Pole”, 
but not “mass insertion”
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Summary
Critical mixing parameter AK, Kuwahara, Matsumoto, Watanabe 

and Watanabe, arXiv:2404.06793

- corresponds to 

- conventional multiplication 
of R-ratio for hadrons is 
justified for 

η = ΓV /mV
Mesons Mass (MeV) Width (MeV) Branching ratio to e

�
e
+ Critical mixing ✏cr

⇢ (770) 775.26 149.1 4.72⇥ 10�5 9.53⇥ 10�1

! (782) 782.66 8.68 7.38⇥ 10�5 5.26⇥ 10�1

� (1020) 1019.461 4.249 2.979⇥ 10�4 1.81⇥ 10�1

J/ (1S) 3090.9 9.26⇥ 10�2 5.971⇥ 10�2 1.10⇥ 10�3

 (2S) 3686 2.94⇥ 10�1 7.93⇥ 10�3 4.95⇥ 10�3

 (3770) 3773.7 27.2 9.6⇥ 10�6 8.04⇥ 10�1

 (4040) 4039 80 1.07⇥ 10�5 9.05⇥ 10�1

 (4160) 4191 70 6.9⇥ 10�6 9.25⇥ 10�1

⌥ (1S) 9460 5.4⇥ 10�2 2.38⇥ 10�2 7.64⇥ 10�4

⌥ (2S) 10023 3.198⇥ 10�2 1.91⇥ 10�2 6.38⇥ 10�4

⌥ (3S) 10355 2.032⇥ 10�2 2.18⇥ 10�2 4.68⇥ 10�4

⌥ (4S) 10579.4 20.5 1.57⇥ 10�5 4.81⇥ 10�1

⌥ (10860) 10885.2 37 8.3⇥ 10�6 7.67⇥ 10�1

⌥ (11020) 11000 24 5.4⇥ 10�6 7.04⇥ 10�1

Table 1: Masses, total decay widths, and branching fractions into a e
�
e
+
pair of vector mesons that could

be mixed with the dark photon A
0
, and the critical values of the kinetic mixing Eq. (49).

⌥ (4S), their total decay widths are large, so that the critical kinetic mixing ✏cr becomes O(1).
Therefore, for the kinetic mixing not excluded by experiments so far searching for the visible decay
of the dark photon, the “mass-insertion” method provides an accurate prediction of the decay width
of the dark photon degenerate with such a vector meson. On the other hand, for vector mesons
with dominant decay modes suppressed by the OZI rule (e.g., J/ (1S), ⌥ (1S)), ✏cr is O(10�3) or
smaller, so that we have to choose the approximation method correctly, the “classical” method and
the “mass-insertion” method, depending on the magnitude of ✏.

5 Concluding remarks

We consider the decay of the mediator particle in the presence of a nearly degenerate SM particle
by taking the dark photon as an example. We find that the “mass-insertion” method, in which we
treat the mass-mixing parameter (denoted as ⌘) perturbatively, is valid as far as ⌘ is smaller than
the decay width of the degenerate particle normalized by its mass. The “classical” method, in which
we compute the decay rate in the mass basis, overestimates the decay rate in such a case when the
mass di↵erence is smaller than about the decay width of the degenerate partner particle.

Implication for existing literature

The “classical” method has been used for Z and A
0 in the literature. In the context of collider

searches, including electroweak precision tests of the dark photon (or the Z
0 boson) [24, 25], and

the thermal relic abundance of the inelastic dark matter [26–28]. In the former analysis, the Z

boson mass and the couplings of the Z boson to the SM fermions are a↵ected in the presence of
the dark photon. Then, electroweak observables written in terms of the couplings and the mass
are a↵ected. When A

0 is degenerate with Z in mass, it is better to write the observables in terms
of the cross-section with re-summed propagators because the couplings of the Z boson significantly
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Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].

– 82 –

Physics Beyond Colliders 
collaboration, J. Phys. G, 2020

ϵ < ϵcr

- smaller for narrower 
resonance

- checked for ρ and Z-boson 
as well as true monism

Non-hadronic resonance
- to be added by hand
- not only resonance but 
also anti-resonance
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GeV dark sector
Motivations

- weak top-down reason

- closer to electroweak scale is more natural (Higgs portal)
- with supersymmetry v′ =

ϵg
g′ 

v

- strong bottom-up reason
- relic abundance of heavy (> 100 TeV) stable particles 
overclose the Universe (Unitarity bound)

- light (sub-GeV) dark matter evades high-energy collider experiments

- dominating background from Z → νν̄

- higher-energy hadron collider is worse

- light (sub-GeV) dark matter evades direct-detection experiments

- not enough recoil energy
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Motivations

- strong bottom-up reason

- multiple dark matter candidates

- e.g., electron and proton from the dark-sector point of view

- most strongly coupled one does not need to be a dominant component

- evade late-time annihilation constraints from CMB

- this is not so trivial

- in the following, dark matter = lightest stable particle in dark sector

- lower bound of the coupling to SM from the relic abundance

- need new experimental strategy (low background) 

- dark sector phenomenology

GeV dark sector

XENON1T collaboration, 
PRL, 2019 & 2019
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Geometric acceptance
Efficiency factor

effic. =
1

Nevents ∫
zmax

zmin

dz ∑
events

∈ geom.

m
pz

Γe−z(m/pz)Γ
pz

m
= vzγ

- Lorentz boost

Nsignal ≃ NA′ × Br(e+e−) × effic.

- decay position

events ∈ geom.-                         is generically   and     dependent

- if weak dependence

effic. ≈ 𝒜
1

Nevents ∑
events

(e−zmin(m/pz)Γ − e−zmax(m/pz)Γ)

- strong dependence in Sea Quest due to KMAG

z pz

- geometrical acceptance
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Geometric acceptance
Kinematics@SeaQuest

-    takes away energy
(smaller impact for heavier     )
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-     from Bremsstrahlung 
is more energetic

A′ -      from Bremsstrahlung 
is more boosted

A′ 

A′ 

γ - lower collimation for heavier

- minimal model Berlin, Gori, Schuster, and Toro, PRD, 2018
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Geometric acceptance
Efficiency factor@SeaQuest
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- meson decay is good in production, 
but bad in detection
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Electron beam dump
SLAC E137 1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
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e� e� ��̄

Invisible

b)

Scenario B
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Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A0 Production in Target

A0

Z

e�

e�

�

�̄A0

- long decay length

Al shield
200 m 
(dirt hill) 

ℓ−
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Ee = 20 GeV

Eℓ > 1 GeV

3 m

ultra forward 
event

# of events > 3

decay
200 m 
(open air)

- production
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FIG. 5: Inclusive cross section for radiative A0 production in
fixed-target electron-Tungsten collisions with a 10 GeV beam.

↵D✏2 > O(few) ⇥ 10�15 in the mA0 ⇠ m� ⇠ TSN ⇠ 10
MeV range. Thus, even for ↵D ⇠ ↵, SN constraints do
not provide an important constraint on the range of cou-
plings required for an acceptable � relic density. At very
small ↵D, the SN constraints do become increasingly rel-
evant.

III. CHARACTERISTICS OF DARK MATTER
PRODUCTION

We use the simple model of Eq. 2 to characterize the
sensitivity of the experimental approaches described in
this paper. This model allows for direct A0 production in
a fixed target setting. The A0 can then decay invisibly to
� pairs when 2m� < mA0 , or propagate virtually to allow
direct ��̄ production. This later process is representative
of direct dark matter production through a four-fermion
operator with electrons. The former process covers the
well-studied invisible decay of a dark photon [19]. We
use a complete Monte Carlo model of � production de-
scribed in [40], which uses a modified version of Madgraph
4 [105], to calculate the signal yields. The modification
of Madgraph 4 includes: (1) initial-state particle masses,
(2) a new-physics model including a massive A0 gauge
boson coupled to electrons with coupling e✏, and (3) in-
troduction of a momentum-dependent form factor for
photon-nucleus interactions. In Figure 5 we show the
e�N ! e�NA0 production cross section for our mass
range of interest. This section summarizes the impor-
tant physics of production that will be exploited by the
techniques described below.

We focus on an electron beam with energy E0 exceed-
ing O(1) GeV (suitable for JLab, for example) incident on
a fixed target. On-shell A0 production is described in de-
tail in the literature [40, 106], so we will only summarize

key features. In terms of the energy fraction x = EA0/E0

carried by the A0, a simple approximate di↵erential cross-
section for production is

d�

dx
= (4↵3✏2)�̄(mA0 , E0)

x2 + 3(1 � x)

3(1 � x)m2
A0

, (6)

dominated by A0 bremsstrahlung o↵ the electron in scat-
tering o↵ target nuclei. where �̄(mA0 , E0) is defined in
Eq. A18 of [40] and describes the coherent nuclear form
factor. Note that this expression di↵ers by a factor of
2 relative to Eq. A14 of [40], which contains a typo-
graphical error; the corrected version is given in Eq. 5 of
[106]. The minimum momentum transfer to the nucleus is
qmin ⇡ m2

A0/2E0. When qmin is smaller than the inverse
nuclear size ⇡ 0.4 GeV/A1/3, �̄(mA0 , E0) ⇡ Z2

⇥ “Log00

(see Fig. 10 of [40]), a logarithmic factor which for an
11 GeV beam on Tungsten is O(10) for A0 masses be-
low a few hundred MeV, dropping rapidly below 1 for
O(GeV) masses. This expression is dominated by the
range (1 � x) . � where

� ⌘ max

✓
mA0

E0
,
m2

e

m2
A0

,
me

E0

◆
. (7)

The total A0 production cross-section scales as

�A0 ⇡
4

3

↵3✏2

m2
A0

�̄(mA0 , E0)
⇥
log(��1) + O(1)

⇤
. (8)

The A0 yield for a mono-energetic beam on a Tungsten
(W) target of T radiation lengths is given by

NA0 = �A0 ·

✓
TX0NeN0

A

◆
,

⇡ 1.6 ⇥ 10�2NeT ✏
2

✓
10 MeV

mA0

◆2

(9)

where X0 is the radiation length of W in g/cm2, A the
atomic mass in g/mole, Ne is the number of electrons
on target, and N0 Avogadro’s number (the latter factor
is the “luminosity”). For the second line, we quote the
raw yield for a benchmark beam energy of E0 = 11 GeV,
mA0 = 10 MeV computed in full Monte Carlo.

Four essential kinematic features of production are:

• The A0
energy is peaked at x ⇡ 1, with median

value h1 � xi ⇠ O(
p
� ). From our full simulation,

we find 0.02 < h1�xi < 0.2 for A0 in the MeV–GeV
range and an 11 GeV beam energy.

• The A0
angle relative to the beam-line is also

peaked forward (roughly as mA0/E0 ⇥ �1/4) in a
narrower region than the typical opening angle for
the A0, i.e. mA0/(E0x).

• The outgoing electron pT has a median value well
parametrized by hpT /MeVi ⇠ (mA0/4MeV)0.9.

mA′ → me
∝ 1/m2

A′ 

foam factor (WW 
may not be good)

- suppressed for mA′ ≳ 2 GeV


