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if the Standard Model is so successful, 
why do we look for new physics?
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other possibilities: ALP, Higgs, fermion
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(kinetic mixing)
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(kinetic mixing)
Holdom, 86’

portal between the standard model and dark matter
A A’SM dark 

matter
mA’≪mZ, ε≪1

ε

electromagnetic process dark photon process
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dark photon searches
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But what if my model is not exactly 
dark photon?
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simple recasting
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SM currents

generic vector  resonances - X

the canonical dark 
photon model - AÕ

(no invisible decays)

free parametersmA′�, ϵ

ℒ ⊂ gX !
f

xf f̄γμ f Xμ + !
χ

ℒXχχ̄

X - dark matter interaction 
(invisible decays)

equivalent for coupling

assumptions for recasting: 
• only vector coupling
• the dark photon, A’, bounds are given
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 from dark photon to generic model A′� → X

prompt
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co
up
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X

X

recasting by solving

σX(m, gX) BRX→ℱ(m) ε(τX(m, gX))
σA′�(m, gA′�) BRA′�→ℱ(m) ε(τA′�(m, gA′�))

= 1

BRA′�→ℱ(m)
BRX→ℱ(m)

,
σA′�(m, gA′�)
σX(m, gX)

,
ε(τA′�(m, gA′�))
ε(τX(m, gX))

depends on 
only X

depends on X and the 
experiment 
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perturbative: ΓX→ff̄ =
𝒞f(gXxf )2
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for leptons and quarks (mX > 2GeV)
𝒞f = 1, 1/2, 3  for  ℓ , ν, q
xF = the charge of  f

mX < 2GeV X to hadrons? use data!

ΓA′�→hadrons = ΓA′�→μ+μ−ℛμ(mA′�) ℛμ(mA′�) =
σ(ee → hadrons)

σ(ee → μμ)for A’:

for X: • “mix” with measured vector meson “currents” in ee
• both X and current have U(3) quantum numbers QX and TV 
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signature  

invisible 

prompt

Long-lived 
(displaced)

ϵ(τA′�)
ϵ(τX)

1 − e−t̃/τX ε(τA′�) ≈ 1

e−t̃0/τX − e−t̃1/τX

e−t̃0/τA′ � − e−t̃1/τA′ �

t̃1 = t̃0(1 + Ldec/Lsh)

ε2
maxϵ[τA′�(ε2

max)] = ε2
minϵ[τA′�(ε2

min)]

≈ 1

(finding average boost)
LHCb provide expected limits
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electron beam dump
proton beam dump
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outlook

DarkCast - is a simple tool to calculate 
branching ratios, width and recasting!

Axion like particle addition - in progress

Suggestion and request are very welcome!
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σA′�(m, gA′ �) BRA′ �→ℱ(m) ε(τA′ �(m, gA′�)) = σX(m, gX) BRX→ℱ(m) ε(τX(m, gX))

 from dark photon to generic model A′� → X

recasting from model A’  to model X by solving

for a given mass and couplings 
gX = f(m, gA′�)

BRA′�→ℱ(m)
BRX→ℱ(m)

,
σA′�(m, gA′�)
σX(m, gX)

,
ε(τA′�(m, gA′�))
ε(τX(m, gX))

calculate three ratios 
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though a proper treatment amounts to an O(1) correction to limits that cover several
orders of magnitude for the existing beam-dump results. The probability that a particle
with lifetime ⌧ decays within this Þducial region is given by

✏(⌧ ) = e�t̃0/⌧ � e�t̃1/⌧ . (2.23)

The values for÷t0 and ÷t1 are obtained at each mass from theA0 limits [ "min, "max] by solving

"2max✏[⌧A0("2max)] = "2min✏[⌧A0("2min)] , (2.24)

which arises from the fact that the upper limit on observed signal decays is independent
of decay time, i.e. the experimental upper limits placed on observed signal decays do not
depend on the decay time.

We provide here some simple heuristics that give nearly identical results to the more
involved approach described above, provided that the beam-dump experiment is sensitive
to the X model being considered at a given mass. For the upper edge of a long-livedA0

exclusion region, theA0 lifetime is much smaller than the minimum proper decay time
required to enter the beam-dump Þducial region. This means that the e�ciency is expo-
nentially suppressed (enhanced) for⌧X < ⌧A0 (⌧X > ⌧A0), resulting in the upper edge of the
exclusion region for theX occurring at the gX value where

⌧X (gmax
X ) ⇡ ⌧A0("max) . (2.25)

The lower eddge of theA0 exclusion region is typically where theA0 lifetime is much larger
than the maximum proper decay time required to decay before exiting the Þducial region.
In this regime, the ratio of e�ciencies is just the ratio of the lifetimes, and the lower edge
of the X exclusion region occurs where


�XBX!F

⌧X

�

gmin
X

⇡


�A0BA0!F

⌧A0

�

"min

(2.26)

is satisÞed. We do not use these heuristics to obtain the results presented in Sec.3, though
they do give nearly identical results except near the high-mass edges of the beam-dump
exclusion regions, where the large-lifetime approximation is no longer valid at the lower
edges of theA0 exclusion regions.

3 Example Models

We now use the framework developed in the previous section to recast existing dark photon
searches to obtain constraints on the following models: a vector that couples to theB�L

current, a leptophobic B boson that couples directly to baryon number and to leptons via
BÐ� kinetic mixing, and on a vector that mediates a protophobic force [82]. The fermionic
couplings of each of these models are provided in Table1. Using these couplings and the
results of Sec.2.1Ñincluding the work in Appendix AÑit is straightforward to obtain all
of the necessary�X/�A0 ratios, which are summarized in Tables2 and 3. First, we will
recast the A0 searches assumingB(X ! �ø�) = 0 for each of these three models, followed
by recasting each of them under the assumptionB(X ! �ø�) ⇡ 1. N.b., we do not consider
astrophysical constraints in either case.
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though a proper treatment amounts to an O(1) correction to limits that cover several

orders of magnitude for the existing beam-dump results. The probability that a particle

with lifetime ⌧ decays within this fiducial region is given by
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which arises from the fact that the upper limit on observed signal decays is independent

of decay time, i.e. the experimental upper limits placed on observed signal decays do not

depend on the decay time.

We provide here some simple heuristics that give nearly identical results to the more

involved approach described above, provided that the beam-dump experiment is sensitive

to the X model being considered at a given mass. For the upper edge of a long-lived A0

exclusion region, the A0 lifetime is much smaller than the minimum proper decay time

required to enter the beam-dump fiducial region. This means that the e�ciency is expo-

nentially suppressed (enhanced) for ⌧X < ⌧A0 (⌧X > ⌧A0), resulting in the upper edge of the

exclusion region for the X occurring at the gX value where

⌧X(gmax
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The lower eddge of the A0 exclusion region is typically where the A0 lifetime is much larger

than the maximum proper decay time required to decay before exiting the fiducial region.

In this regime, the ratio of e�ciencies is just the ratio of the lifetimes, and the lower edge

of the X exclusion region occurs where
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⇡


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is satisfied. We do not use these heuristics to obtain the results presented in Sec. 3, though

they do give nearly identical results except near the high-mass edges of the beam-dump

exclusion regions, where the large-lifetime approximation is no longer valid at the lower

edges of the A0 exclusion regions.

3 Example Models

We now use the framework developed in the previous section to recast existing dark photon

searches to obtain constraints on the following models: a vector that couples to the B�L

current, a leptophobic B boson that couples directly to baryon number and to leptons via

B–� kinetic mixing, and on a vector that mediates a protophobic force [82]. The fermionic

couplings of each of these models are provided in Table 1. Using these couplings and the

results of Sec. 2.1—including the work in Appendix A—it is straightforward to obtain all

of the necessary �X/�A0 ratios, which are summarized in Tables 2 and 3. First, we will

recast the A0 searches assuming B(X ! ��̄) = 0 for each of these three models, followed

by recasting each of them under the assumption B(X ! ��̄) ⇡ 1. N.b., we do not consider

astrophysical constraints in either case.
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We reiterate that the approach developed here, specifically Eq. (2.17), can be used to

obtain �X!hadrons for any vector model at low mass, where all that is needed as input are

the couplings of the X to the u, d, and s quarks. Our approach reproduces �A0!hadrons by

construction when the model parameters are chosen to be those of the dark photon. While

our method invokes a few mild assumptions, this is unavoidable and we believe that the

approach developed here is the most robust method for determining the hadronic decay

rate of a low-mass vector boson.

2.3 E�ciency ratios

The ratio of detector e�ciencies for the X relative to the A0 is taken to be unity for invisible

searches. Searches for visible prompt A0 decays also have the same e�ciency for the X,

provided that ⌧X is smaller than the detector decay-time resolution. This is not the case

for all models; therefore, lifetime-dependent e�ciency e↵ects must be considered even in

prompt searches. All existing prompt A0 searches had ✏(⌧A0) ⇡ 1 which gives

✏(⌧X)

✏(⌧A0)
⇡ 1� e�t̃/⌧X , (2.20)

where t̃ denotes the largest proper decay time that an X boson could have and still satisfy

the prompt A0 search selection criteria. The experiment-dependent t̃ values are provided

in Appendix C.

The e�ciency ratios are more complicated in searches for long-lived bosons. The recent

LHCb search [30] for A0
! µ+µ� published not only the A0 exclusion regions, but also the

ratio, rulex, of the upper limit on the observed A0 yield relative to the expected number of

observed A0 decays at each [mA0 , "2]. For the A0, regions with rulex < 1 are excluded. This

facilitates recasting the results for each ⌧X = ⌧A0 , where the ratio of e�ciencies is again

unity. Regions with 
rulex(mA0 , "2)

�A0BA0!F
�XBX!F

�

⌧X=⌧A0

< 1 , (2.21)

are excluded for the X. We encourage future beam dump and displaced-vertex searches to

also publish results in this way (or similarly, rulex at each [mA0 , ⌧A0 ]), as it makes recasting

the results trivial. N.b., the LHCb sensitivity for some models extends to ⌧X values for

which LHCb does not report results, though these regions are easily handled as discussed

in Appendix C.5.

The published information for constraints placed on dark photons from beam-dump

experiments is not su�cient to rigorously recast the results for other models. In principle,

the Monte Carlo studies need to be redone, and the rulex values extracted for each [mA0 , "2]

as was done at LHCb [30]. That is beyond the scope of this project. Instead, we set

approximate limits by defining an e↵ective proper-time fiducial decay region of [t̃0, t̃1] for

each experiment, where t̃1 can be written in terms of the lengths of the decay volume, Ldec,

and shielding, Lsh, as

t̃1 = t̃0(1 + Ldec/Lsh) . (2.22)

This approach ignores the kinematical spread of the production momentum spectra and

the dependence of the e�ciency on the location of the decay within the decay volume,
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decay volume
shielding 

approximate upper edge

though a proper treatment amounts to an O(1) correction to limits that cover several

orders of magnitude for the existing beam-dump results. The probability that a particle
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✏(⌧) = e�t̃0/⌧ � e�t̃1/⌧ . (2.23)

The values for t̃0 and t̃1 are obtained at each mass from the A0 limits ["min, "max] by solving

"2max✏[⌧A0("2max)] = "2min✏[⌧A0("2min)] , (2.24)

which arises from the fact that the upper limit on observed signal decays is independent

of decay time, i.e. the experimental upper limits placed on observed signal decays do not

depend on the decay time.

We provide here some simple heuristics that give nearly identical results to the more

involved approach described above, provided that the beam-dump experiment is sensitive

to the X model being considered at a given mass. For the upper edge of a long-lived A0

exclusion region, the A0 lifetime is much smaller than the minimum proper decay time

required to enter the beam-dump fiducial region. This means that the e�ciency is expo-

nentially suppressed (enhanced) for ⌧X < ⌧A0 (⌧X > ⌧A0), resulting in the upper edge of the

exclusion region for the X occurring at the gX value where

⌧X(gmax
X ) ⇡ ⌧A0("max) . (2.25)

The lower eddge of the A0 exclusion region is typically where the A0 lifetime is much larger

than the maximum proper decay time required to decay before exiting the fiducial region.

In this regime, the ratio of e�ciencies is just the ratio of the lifetimes, and the lower edge

of the X exclusion region occurs where

�XBX!F

⌧X

�

gmin
X

⇡


�A0BA0!F

⌧A0

�

"min

(2.26)

is satisfied. We do not use these heuristics to obtain the results presented in Sec. 3, though

they do give nearly identical results except near the high-mass edges of the beam-dump

exclusion regions, where the large-lifetime approximation is no longer valid at the lower

edges of the A0 exclusion regions.

3 Example Models

We now use the framework developed in the previous section to recast existing dark photon

searches to obtain constraints on the following models: a vector that couples to the B�L

current, a leptophobic B boson that couples directly to baryon number and to leptons via

B–� kinetic mixing, and on a vector that mediates a protophobic force [82]. The fermionic

couplings of each of these models are provided in Table 1. Using these couplings and the

results of Sec. 2.1—including the work in Appendix A—it is straightforward to obtain all

of the necessary �X/�A0 ratios, which are summarized in Tables 2 and 3. First, we will

recast the A0 searches assuming B(X ! ��̄) = 0 for each of these three models, followed

by recasting each of them under the assumption B(X ! ��̄) ⇡ 1. N.b., we do not consider

astrophysical constraints in either case.
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approximate lower edge

though a proper treatment amounts to an O(1) correction to limits that cover several

orders of magnitude for the existing beam-dump results. The probability that a particle

with lifetime ⌧ decays within this fiducial region is given by

✏(⌧) = e�t̃0/⌧ � e�t̃1/⌧ . (2.23)

The values for t̃0 and t̃1 are obtained at each mass from the A0 limits ["min, "max] by solving

"2max✏[⌧A0("2max)] = "2min✏[⌧A0("2min)] , (2.24)

which arises from the fact that the upper limit on observed signal decays is independent

of decay time, i.e. the experimental upper limits placed on observed signal decays do not

depend on the decay time.

We provide here some simple heuristics that give nearly identical results to the more

involved approach described above, provided that the beam-dump experiment is sensitive

to the X model being considered at a given mass. For the upper edge of a long-lived A0

exclusion region, the A0 lifetime is much smaller than the minimum proper decay time

required to enter the beam-dump fiducial region. This means that the e�ciency is expo-

nentially suppressed (enhanced) for ⌧X < ⌧A0 (⌧X > ⌧A0), resulting in the upper edge of the

exclusion region for the X occurring at the gX value where

⌧X(gmax
X ) ⇡ ⌧A0("max) . (2.25)

The lower eddge of the A0 exclusion region is typically where the A0 lifetime is much larger

than the maximum proper decay time required to decay before exiting the fiducial region.

In this regime, the ratio of e�ciencies is just the ratio of the lifetimes, and the lower edge

of the X exclusion region occurs where
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is satisfied. We do not use these heuristics to obtain the results presented in Sec. 3, though

they do give nearly identical results except near the high-mass edges of the beam-dump

exclusion regions, where the large-lifetime approximation is no longer valid at the lower

edges of the A0 exclusion regions.

3 Example Models

We now use the framework developed in the previous section to recast existing dark photon

searches to obtain constraints on the following models: a vector that couples to the B�L

current, a leptophobic B boson that couples directly to baryon number and to leptons via

B–� kinetic mixing, and on a vector that mediates a protophobic force [82]. The fermionic

couplings of each of these models are provided in Table 1. Using these couplings and the

results of Sec. 2.1—including the work in Appendix A—it is straightforward to obtain all

of the necessary �X/�A0 ratios, which are summarized in Tables 2 and 3. First, we will

recast the A0 searches assuming B(X ! ��̄) = 0 for each of these three models, followed

by recasting each of them under the assumption B(X ! ��̄) ⇡ 1. N.b., we do not consider

astrophysical constraints in either case.
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