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Figure 49.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(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, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
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the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

R ⌘ �

�
e

+
e

� ! hadrons

�
/�

�
e

+
e

� ! µ

+
µ

��
<latexit sha1_base64="aGQUogKJMx7fB0hb8XvdfrjOdX8="></latexit><latexit sha1_base64="aGQUogKJMx7fB0hb8XvdfrjOdX8="></latexit><latexit sha1_base64="aGQUogKJMx7fB0hb8XvdfrjOdX8="></latexit><latexit sha1_base64="aGQUogKJMx7fB0hb8XvdfrjOdX8="></latexit>



9

dark photons decay A’
e ,  μ

μ,  π

0.5 1 1.5 2
3−10

2−10

1−10

1

10

p
s [ GeV ]

RF µ
⌘

�
(
e+

e�
!

F)
�
(
e+

e�
!
µ
+
µ
� ) F = hadrons

F = ⇡+⇡�⇡0

F = ⇡+⇡� F = KK

F = [KK⇡]
I=0

F = ⇡+⇡�⇡0⇡0

F = 2 (⇡+⇡�
)

Figure 1. Data used to determine the hadronic decay rates from: the PDG, for the total
rate to hadrons [73]; BaBar, for ⇡

+
⇡

� [74], high-mass ⇡

+
⇡

�
⇡

0 [75] (displayed as open triangles),
KK ⌘ K

+
K

� +KSKL [76], [KK⇡]I=0 [77] (i.e. the isoscalar component of the KK⇡ final state),
2(⇡+

⇡

�) [78], and ⇡

+
⇡

�
⇡

0
⇡

0 [79]; and from SND, the low-mass ⇡+
⇡

�
⇡

0 [80, 81] (displayed as filled
squares). See text for discussion on the solid lines.

0.5 1 1.5 2
3−10

2−10

1−10

1

10

p
s [ GeV ]

RV µ
⌘

�
(
e+

e�
!
V
!

h
a
d
r
o
n
s
)

�
(
e+

e�
!

µ
+
µ
� ) V = �-like

V = !-like

V = �-like

V = ⇢-like

Figure 2. Decomposition of e+e�! hadrons, which is of course �-like, into (⇢-like) (uū�dd̄)/
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to baryon number and to leptons via B–� kinetic mixing, and on a vector that mediates

a protophobic force. Finally, summary and discussion are provided in Sec. 4. N.b., all

information required to recast dark photon searches to any vector model, including software

to perform any such recasting, is provided at https://gitlab.com/philten/darkcast.

2 Generic Vector Boson Model

In this section, we consider a generic model that couples a vector boson X to SM fermions,

f , and to invisible dark-sector particles, �, according to

L ⇢ gX

X

f

xf f̄�
µ
fXµ +

X

�

LX��̄ , (2.1)

where gXxf is the coupling strength to fermion f , and the form of the X��̄ interaction

does not need to be specified.1 For example, in the minimal A0 scenario, where the A

0

coupling to SM fermions arises due to �–A0 kinetic mixing, gX = "e, x` = �1, x⌫ = 0, and

xq = 2/3 or �1/3. The A

0 also has a model-dependent coupling to the weak Z current

that scales as O(m2

A0/m
2

Z), see e.g. Ref. [65]. For mA0
> 10 GeV, we adopt the model of

Refs. [66, 67]. The A

0 decays visibly if mA0
< 2m� for all �, and predominantly invisibly

otherwise. The more general model has 14 parameters: the 12 fermion couplings, the X

boson mass, mX , and its decay branching fraction into invisible dark-sector final states.

Recasting a dark photon search that used the final state F involves solving the following

equation for each mX = mA0 :

�XBX!F ✏(⌧X) = �A0BA0!F ✏(⌧A0) , (2.2)

where �X,A0 denotes the production cross section, BX,A0!F is the decay branching fraction,

and ✏ is the detector e�ciency, whose lifetime dependence is made explicit. From Eq. (2.2),

one can see that what is needed are the ratios �X/�A0 , BX!F/BA0!F , and ✏(⌧X)/✏(⌧A0).

N.b., in models where the X couples to an anomalous SM current, there are additional

strong constraints from the Bu,d ! KX, Z ! �X, and K ! ⇡X processes, which arise

due to the enhanced production rates of the longitudinal X mode [68–70].

2.1 X production

The ratio of production cross sections for both electron-beam bremsstrahlung and e

+

e

�

annihilation is
�eZ!eZX

�eZ!eZA0
=

�e+e�!X�

�e+e�!A0�
=

(gXxe)2

("e)2
. (2.3)

For proton-beam bremsstrahlung the situation is more complicated, but to a good approx-

imation the ratio can be taken to be

�pZ!pZX

�pZ!pZA0
⇡ g

2

X(2xu + xd)2

("e)2
, (2.4)

1This model is flavor-conserving due to its diagonal couplings. Of course, one could also consider

flavor-violating X couplings; however, in such cases, the constraints from studies of flavor-changing neutral

currents are much stronger than those from A

0 searches. Furthermore, we only consider real xf for similar

reasons, making this a CP -conserving model as well.

– 3 –
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Table 1. Couplings to SM fermions for the models studied in Sec. 3.

Coupling A

0
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Table 2. Production rates for the models in Table 1 relative to those of the dark photon, except
for meson-decay rates which are provided in Table 3.
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• Meson decay

V
X

P

V’

since only sub-GeV masses have been probed using this production mechanism. The ratio

of DY production cross sections involves a sum over quark flavors, qi, and is given by

�

DY!X

�

DY!A0
=

X

qi


�qiq̄i!�⇤(m)

�

DY!�⇤(m)

� 
�qiq̄i!X

�qiq̄i!A0

�
, (2.5)

where the first term in the sum is the mass-dependent fraction of the SM DY production

attributed to each flavor, and the second term is the contribution from each subprocess

�qiq̄i!X

�qiq̄i!A0
=

9(gXxqi)
2

("e)2
⇥
(

1

4

for qi = u, c,

1 for qi = d, s, b.

(2.6)

For mX & 10 GeV, the model-dependent mixing with the Z must be accounted for in

Eq. (2.6). Furthermore, the value of e should be evaluated at the proper mass scale,

though this is a small e↵ect below mZ . Determining the fraction of SM DY production

attributed to each flavor requires knowledge of the parton distribution functions of the

proton, though the uncertainties that arise due to limitations in this knowledge largely

cancel in the ratios.

Following Ref. [71], we calculate meson-decay ratios using the hidden local symmetries

framework of vector meson dominance (VMD) [72], which is successful at predicting low-

energy SM observables. In this e↵ective theory, external gauge fields—including the SM

photon—couple to quarks via mixing with the QCD vector mesons. The ratio of the widths

for producing the X and A

0 in decays of the form V ! XP , where V and P denote vector

and pseudoscalar mesons, respectively, is given by

�V!XP

�V!A0P
=

g

2

X

("e)2
|PV 0 Tr[TV TPTV 0 ]Tr[TV 0

QX ]BWV 0(mX)|2
|PV 0 Tr[TV TPTV 0 ]Tr[TV 0

Q]BWV 0(mX)|2 , (2.7)

where the sum runs over all possible V PV

0 vertices. The quark U(3)-charge matrices are

Q =
1

3
diag{2,�1,�1} ,

QX = diag{xu, xd, xs} , (2.8)

and the relevant meson generators, TV,P , and the VMD Breit-Wigner form factors, BWV (m),

are detailed in Appendix A. When considering V and P from the lowest-lying nonets, where

VMD is valid, this reduces to

�V!XP

�V!A0P
=

⇣
gX

"e

⌘
2 {Tr[TV 0

QX ]}2
{Tr[TV 0

Q]}2 , (2.9)

where V

0 is chosen such that the process V ! V

0
P is SU(3) allowed, e.g. ! ! !⌘ and

! ! ⇢⇡

0 are allowed, whereas ! ! ⇢⌘ and ! ! !⇡

0 are not. The ratio of widths for

P ! X� and P ! A

0
� decays satisfies a similar expression:

�P!X�

�P!A0�
=

⇣
gX

"e

⌘
2 |PV Tr[TPQTV ]Tr[TV QX ]BWV (m)|2

|PV Tr[TPQTV ]Tr[TV Q]BWV (m)|2 , (2.10)

– 4 –
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A Additional VMD Details

In this appendix, we provide additional details about the VMD calculations. The most

relevant U(3) meson generators are

T⇡0

= T⇢ =
1

2
diag{1,�1, 0} ,

T! =
1

2
diag{1, 1, 0} ,

T� =
1p
2
diag{0, 0, 1} , (A.1)

T⌘ ⇡ 1p
6
diag{1, 1,�1} ,

T⌘0 ⇡ 1

2
p
3
diag{1, 1, 2} ,

using sin ✓⌘,⌘
0

mix

⇡ �1/3 and cos ✓⌘,⌘
0

mix

⇡ 2
p
2/3 [104]. The VMD form factors are Breit-Wigner

functions taken here to be

BWV (m) =
m

2

V

m

2

V �m

2 � im�V (m)
, (A.2)

where the mass-dependent widths, which account for changes in the kinematic factors in

both the decay amplitudes and phase space collectively denoted by KF (m) for the decay

V ! F (see, e.g., Refs. [76, 80, 81] for these kinematic factors), are

�V (m) =
X

F
BV!F�V (mV )

KF (m)

KF (mV )
. (A.3)

The following final states are considered for �V (m): ⇡

+

⇡

� for the ⇢ ; ⇡+

⇡

�
⇡

0, ⇡0

�, and

⇡

+

⇡

� for the ! ; and K

+

K

�, KSKL, ⇡+

⇡

�
⇡

0, and ⌘� for the � . Finally, for both gauged

B�L and B, the quark couplings are universal and given by

QB�L = QB =
1

3
diag{1, 1, 1}, (A.4)

while for the protophobic force the quark-coupling matrix is

Qp =
1

3
diag{�1, 2, 2}. (A.5)

The most relevant decay rates for producing these bosons are listed in Table 3.
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since only sub-GeV masses have been probed using this production mechanism. The ratio

of DY production cross sections involves a sum over quark flavors, qi, and is given by

�

DY!X

�

DY!A0
=

X

qi


�qiq̄i!�⇤(m)

�

DY!�⇤(m)

� 
�qiq̄i!X

�qiq̄i!A0

�
, (2.5)

where the first term in the sum is the mass-dependent fraction of the SM DY production

attributed to each flavor, and the second term is the contribution from each subprocess

�qiq̄i!X

�qiq̄i!A0
=

9(gXxqi)
2

("e)2
⇥
(

1

4

for qi = u, c,

1 for qi = d, s, b.

(2.6)

For mX & 10 GeV, the model-dependent mixing with the Z must be accounted for in

Eq. (2.6). Furthermore, the value of e should be evaluated at the proper mass scale,

though this is a small e↵ect below mZ . Determining the fraction of SM DY production

attributed to each flavor requires knowledge of the parton distribution functions of the

proton, though the uncertainties that arise due to limitations in this knowledge largely

cancel in the ratios.
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framework of vector meson dominance (VMD) [72], which is successful at predicting low-
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2

X

("e)2
|PV 0 Tr[TV TPTV 0 ]Tr[TV 0

QX ]BWV 0(mX)|2
|PV 0 Tr[TV TPTV 0 ]Tr[TV 0

Q]BWV 0(mX)|2 , (2.7)

where the sum runs over all possible V PV

0 vertices. The quark U(3)-charge matrices are

Q =
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3
diag{2,�1,�1} ,

QX = diag{xu, xd, xs} , (2.8)
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VMD is valid, this reduces to

�V!XP

�V!A0P
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⇣
gX

"e

⌘
2 {Tr[TV 0
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{Tr[TV 0

Q]}2 , (2.9)
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decay

A’
e ,  μ

e, μ  

Perturbative Computation

hadronic decays  
2π, 3π, 4π, KK, KKπ, πγ

R value

      σ (A’) BR(A’→F) Efficiency(τA’)  
=   σ (X)  BR(X→F)  Efficiency(τx) 
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dark photons decay
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Figure 1. Data used to determine the hadronic decay rates from: the PDG, for the total
rate to hadrons [73]; BaBar, for ⇡

+
⇡

� [74], high-mass ⇡

+
⇡

�
⇡

0 [75] (displayed as open triangles),
KK ⌘ K

+
K

� +KSKL [76], [KK⇡]I=0 [77] (i.e. the isoscalar component of the KK⇡ final state),
2(⇡+

⇡

�) [78], and ⇡

+
⇡

�
⇡

0
⇡

0 [79]; and from SND, the low-mass ⇡+
⇡

�
⇡

0 [80, 81] (displayed as filled
squares). See text for discussion on the solid lines.
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Figure 2. Decomposition of e+e�! hadrons, which is of course �-like, into (⇢-like) (uū�dd̄)/
p
2,

(!-like) (uū+dd̄)/
p
2, and (�-like) ss̄ contributions. See Appendix B for detailed discussion on the

derivation of these curves and on the meaning of the dashed lines.
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decay
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Figure 9. Hadronic decay width for: a dark photon, where gX = "e; a gauged B�L or B boson,
where gX = gB or gB�L; and a protophobic boson, where gX = gp.

(solid) !-like and �-like curves subtracted for m > 1.1 GeV. The resulting ⇢-like

curve is within 10% of its perturbative value of 3/2 for m & 1.8 GeV.5

We can further justify the use of the perturbative values at higher masses by the fact that

Rµ itself is within 20% of its perturbative value of 2 for m & 1.5 GeV.

Using these ⇢-like, !-like, and �-like models, we can estimate �X!hadrons

for any X

model using Eq. (2.17). Figure 9 shows �X!hadrons

for a dark photon, along with for the

B�L, B, and protophobic models. By construction, our approach gives the canonical

�A0!hadrons

result for the dark photon model.6 Since B�L and B do not mix with the ⇢,

their hadronic decay rates are substantially lower, especially at lower masses. Note that the

�–! interference dip is below the � peak for these models, since the relative sign between

the ! and � amplitudes is positive here versus negative for the A0 model. The protophobic

model has a similar hadronic decay width to the A0 below the �; however, at larger masses

its width is larger due to its larger s-quark coupling. Finally, we also provide the BB!F
values for all important decay modes of the B, including specific hadronic final states, in

Fig. 10 as there are plans to use some of these final states in future searches [83].

5This approach attributes all of the ⇢–! mixing in the ⇡

+

⇡

� final state to the ⇢-like current. While

one could certainly question the validity of this choice, the level at which isospin violation occurs in vector

mesons is small compared to the overall precision of the VMD calculations for production rates; therefore,

it is acceptable to neglect this complication when recasting the dark photon results.
6With the caveat of using an updated Rµ for m . 1.6 GeV.

– 19 –
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Efficiency
      σ (A’) BR(A’→F) Efficiency(τA’)  
=   σ (X)  BR(X→F)  Efficiency(τx) 

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 A

0 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

�˜t/⌧X
, (2.20)

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

the prompt A

0 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 A

0 exclusion regions, but also the

ratio, rul
ex

, of the upper limit on the observed A

0 yield relative to the expected number of

observed A

0 decays at each [mA0
, "

2]. For the A

0, regions with r

ul

ex

< 1 are excluded. This

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

unity. Regions with 
r

ul

ex

(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, rul
ex

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 r

ul

ex

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 [t̃
0

, t̃

1

] for

each experiment, where t̃
1

can be written in terms of the lengths of the decay volume, L
dec

,

and shielding, L
sh

, as

t̃

1

= t̃

0

(1 + L

dec

/L

sh

) . (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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The upper limit on observed A’ relative to  
the expected number of observed A’ decay  
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DM
A’U(1)D

Dark Photon

[P. Ilten, Y. Soreq, M. Williams, WX  (2018)]
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Figure 4. Constraints on visible A

0 decays considered in this study from (red) electron beam
dumps, (cyan) proton beam dumps, (green) e

+
e

� colliders, (blue) pp collisions, (magenta) meson
decays, and (yellow) electron on fixed target experiments. The constraint derived from (g � 2)e is
shown in grey [84, 85].
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Figure 5. Constraints derived on B�L decays to SM final states using the same experimental
color scheme as in Fig. 4. The (orange) invisible constraints also apply to B�L due to its coupling
to neutrinos. The grey constraints are from Borexino [89, 90], and from SPEAR, DORIS, and
PETRA [91, 92].
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Invisible decay
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Figure 8. Constraints on all models assuming B(X ! ��̄) ⇡ 1. The grey constraints show the
longitudinally enhanced results of Refs. [68, 69] for B, also recast here for the protophobic model.

3.2 Decays to invisible dark-sector final states

For the case where B(X ! ��̄) ⇡ 1, only the NA64 [101] and the BaBar [44] searches

for dark photon decays to invisible final states are used in the recasting. The results are

shown in Fig. 8. Additional constraints on the B model, which couples to an anomalous

SM current, arise from Bu,d ! KX, K ! ⇡X, and Z ! X� processes, as studied in

Refs. [68, 69]. Recasting these results for the protophobic model, which also couples to an

anomalous SM current, simply involves the scale factor of 4/9 discussed in the previous

subsection.

4 Summary

In summary, we have developed a framework for recasting dark photon searches to obtain

constraints on more generic models that contain a massive boson with vector couplings

to the Standard Model fermions, which includes a data-driven method for determining

hadronic decay rates. We demonstrated our approach by deriving constraints on 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. This framework can easily be generalized to any massive boson with vector couplings

to the Standard Model fermions. Of course, searches for dark photons can also provide

sensitivity to non-vector particles (see, e.g., Refs. [102, 103]); however, recasting A0 searches

for scalars, etc., does not lend itself to such a simple approach. Finally, all information

required to recast dark photon searches to any vector model, including software to perform

any such recasting, is provided at https://gitlab.com/philten/darkcast.
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