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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late

time

Recall Natalia Toro’s talk Berlin, Blinov GK, Schuster, Toro arXiv: 1807.01730
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several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
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where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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Thermal Equilibrium
Advantage #2: Narrows Mass Range
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FIP Physics Center Continues PBC Discussion 

PBC report 1901.09966

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PBC-REPORT-2018-007

Physics Beyond Colliders at CERN

Beyond the Standard Model Working Group Report

J. Beacham1, C. Burrage2,ú, D. Curtin3, A. De Roeck4, J. Evans5, J. L. Feng6, C. Gatto7,
S. Gninenko8, A. Hartin9, I. Irastorza10, J. Jaeckel11, K. Jungmann12,ú, K. Kirch13,ú,

F. Kling6, S. Knapen14, M. Lamont4, G. Lanfranchi4,15,ú,úú, C. Lazzeroni16, A. Lindner17,
F. Martinez-Vidal18, M. Moulson15, N. Neri19, M. Papucci4,20, I. Pedraza21, K. Petridis22,

M. Pospelov23,ú, A. Rozanov24,ú, G. Ruoso25,ú, P. Schuster26, Y. Semertzidis27,
T. Spadaro15, C. Vallée24, and G. Wilkinson28.

Abstract: The Physics Beyond Colliders initiative is an exploratory study aimed at
exploiting the full scientific potential of the CERN’s accelerator complex and scientific
infrastructures through projects complementary to the LHC and other possible future
colliders. These projects will target fundamental physics questions in modern particle
physics. This document presents the status of the proposals presented in the framework of
the Beyond Standard Model physics working group, and explore their physics reach and
the impact that CERN could have in the next 10-20 years on the international landscape.

ú PBC-BSM Coordinators and Editors of this Report
úú Corresponding Author: Gaia.Lanfranchi@lnf.infn.it
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Review of PBC Benchmarks

Categories organized around portal couplings for DM Mediators

�H
†
HScalar portal 
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Axion portal 

Motivated as mediators to DM or as minimal extensions to SM 
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BC1 Benchmark: visibly decaying dark photon

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].
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).
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µ
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f
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µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.



FPC Generalize BC1 : visibly decaying  anomaly free U(1) gauge bosons
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Charge SM directly under new 5th force 
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Finite set of consistent anomaly-free options
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FPC Generalize BC1 : visibly decaying  anomaly free U(1) mediators 
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Figure 13: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)B�L

gauge boson with gauge coupling gB�L ⌘ ✏ e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).

4.1 U(1)B�L

The beam dump, fixed target and collider limits are very similar to the case of a secluded hidden photon.
We note that the limit from CHARM and the LHCb displaced searches are absent because we lacked
sufficient information to adequately reproduce these limits, not because there is a physics reason that
makes these searches insensitive. However, the CHARM region is mostly covered by other experiments
as one can also see from the rescaling done in [10].
The most notable difference arises from the coupling to neutrinos. This makes the B-L gauge group
testable in a variety of neutrino experiments strongly constraining the (10-200) MeV region. It also leads
to constraints from the cooling of white dwarfs. The most promising future probes are the beam dumps
SHiP and SeaQuest, Belle-II, and at LHC, LHCb and FASER (similarly CodexB and MATHUSLA).
The projected SHiP reach shows similar features as in the case of a secluded U(1)X couplings due to
the tree-level coupling to hadrons.
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Figure 16: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)Lµ�L⌧

gauge boson with gauge coupling gµ�⌧ = ✏ e. Additional constraints from supernova cooling are not
shown (see Section 3.6).

4.4 U(1)Lµ�L⌧

This group exhibits the biggest changes compared to the case of pure kinetic mixing, due to suppressed
couplings to hadrons and electrons. The best current limits arise from experiments and observations that
only require one kinetic mixing factor. In addition, there is the BBN limit from [14].11 Importantly, we
note that there is still room for an explanation of the (g � 2)µ anomaly [13]12. This makes it particularly
attractive for future experimental probes. While SHiP will cover a large region of parameter space it
will not reach the area suggested by (g � 2)µ. This area will be probed by COHERENT [113] but
most decisively by the proposed muon run of NA64µ [18, 52]. The additional region of projected SHiP
sensitivity for MA0 > 2mµ is a consequence of high statistics and the unsuppressed Br(A0

! µ
+
µ
�
).

11For this limit we show the coupling range displayed in [14] as solid. For weaker couplings the region is hatched. A
determination of the decoupling of the gauge boson in the early universe would require a more sophisticated analysis.

12For similar discussions around flavor-changing couplings we refer to [128, 129].
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Generically coupled to neutrinos 
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BC2 Benchmark: invisibly decaying dark photon
Figure 21: Current limits (filled areas) and experimental landscape for projects not PBC
related (solid or dashed lines) for Dark Photon in invisible decays in the plane mixing
strength ‘ versus dark photon mass mAÕ .

Figure 22: Dark Photon decaying to invisible final states. Prospects for PBC projects
on a timescale of 5 years (NA64++(e), green line) and 10-15 years (LDMX, red line and
KLEVER, cyan line) compared to the current bounds (solid areas) and future experimental
landscape (other solid and dashed lines) as explained in Figure 21.

On the contrary, results from accelerator-based experiments, are largely independent
of the assumptions on a specific DM nature as DM in this case is produced in relativistic
regime and the strength of the interactions with light mediators and SM particles is only
fixed by thermal freeze-out.

Future initiatives that could explore a still uncovered parameter space in the plane

– 85 –
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains
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4
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+
m

2
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2
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0
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µ
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D
), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains
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where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.

Mediates direct DM annihilation to SM particles 

Predictive thermal target for DM freeze-out in the early universe
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Interpreted as mediator to dark matter

Physics reach of PBC projects on 5 and 10-15 years timescales
PBC projects able to put bounds on the y versus m‰ plane are NA64++(e) on a 5-year

timescale and LDMX and SHiP on a 10-15 year timescale, as shown in Figure 24. NA64++(e)
and LDMX will use the missing energy/missing momentum techniques, respectively. SHiP,
instead, will exploit the elastic scattering of DM candidates with the electrons in the medium
of the emulsion-based neutrino detector. As such, SHiP is fully complementary to the other
two.

Figure 24: Dark Photon decaying to DM Elastic Scalar (top) or Pseudo-Dirac fermion
(bottom) particle. Prospects for PBC projects on a timescale of 5 years (NA64++, green
line) and 10-15 years (LDMX, red line and SHiP, blue line) are compared to the current
bounds (solid areas) and future experimental landscape (other solid and dashed lines). In
the limit computation we assume a dark coupling constant value –D = 0.1 and a ratio
between the dark photon AÕ and LDM ‰ masses mAÕ/m‰ = 3.

– 89 –
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FIG. 2. A schematic of the characteristic sensitivity scaling of electron fixed-target (blue), proton fixed-target (orange), and
high-energy collider (gray) experiments in the y �R plane for a fixed DM mass m�. See the text for further details.

of mA0 , so that yreach / R
�4, while the yield at fixed-target experiments typically scales as m�2

A0 , in which case
the sensitivity to y scales as yreach / R

�2. In electron fixed-target experiments, the finite size of the nucleus
suppresses high-mA0 production leading to a gradual flattening of the yield as mA0 approaches Ecm. For proton
beams, there is additional structure in the R-dependence that emerges from thresholds in production from
hadronic decays, and also resonant enhancements. This will be reviewed in Sec. 5.

• For mA0 & Ecm, collisions of electron or proton beams are unable to produce on-shell dark photons and DM
production again occurs through an o↵-shell dark photon. In this regime, the rate of DM production decouples
as m�4

A0 . In this case, the dark photon can be integrated out from the low-energy theory and the sensitivity in
the y �R plane asymptotes to an R-independent value, yreach / constant.

4. SUMMARY OF EXPERIMENTAL SIGNALS AT FIXED-TARGET EXPERIMENTS

In this section, we summarize the existing and proposed electron and proton fixed-target experiments whose ca-
pabilities for light DM detection will be analyzed in subsequent sections. Here, we provide a brief introduction and
summary of detection signatures and provide further details of production modeling in the next section.

• LDMX is a proposed experiment designed to search for signals of missing momentum in electron-nuclear fixed-
target collisions of a high repetition rate (& 50 MHz) and energetic (& GeV) electron beam [69]. The momentum
of every beam electron is measured by silicon trackers before and after it scatters in a thin ⇠ 10% radiation-
length tungsten target. This allows for a direct measurement of the momentum transfer that occurs in each
electron-nuclear collision. Electromagnetic and hadronic calorimeters are placed downstream of this target
region, in order to detect visible activity, such as energy deposition from the recoiling beam electron and any
other charged or neutral SM particles. DM that is produced in the electron-nuclear collision is characterized
by a large energy loss and momentum exchange of the beam electron and the absence of measured activity in
the downstream calorimeters, aside from the soft recoiling electron. The projected reach will be shown as blue
lines/regions (see Figs. 3-6 in Sec. 6).

• NA64 is an existing experiment that searches for missing energy signals in electron-nuclear fixed-target collisions,
utilizing the 100 GeV secondary electron beam at the CERN SPS on a thick lead target. Its setup is akin to
that of the proposed LDMX configuration, without the downstream tracking su�cient to accurately measure
missing momentum. Instead, DM that is produced in beam-target collisions registers as missing energy, which
is inferred from the electromagnetic shower of the recoil electron in a downstream electromagnetic calorimeter.
In this work, we recast the recently published limits from the NA64 collaboration, corresponding to a total of

Thermal targets insensitive to ratio except at resonance

Berlin, deNiverville, Ritz, Schuster, Toro, 2003.03379
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains
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where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.

VµJ
µ
SM

Again gauge a combination of global SM quantum numbers

U(1)B�L U(1)Li�Lj
U(1)B�3Li

Larger coupling to light DM yields mainly invisible decays
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FIG. 8: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [96], and beam
dump searches at LSND [85], E137 [16, 86], and MiniBooNE [95]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [87]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [112, 113], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [61, 62]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

theoretical footing is a new SM neutral scalar that directly couples to the SM Higgs through the
trilinear or quartic interactions '|H|

2 and '2
|H|

2. Below the scale of electroweak symmetry
breaking, ' mass-mixes with H , inheriting couplings analogous to the SM Higgs-fermion cou-
plings, i.e., ⇠ sin ✓ (mf/v), where v ' 246 GeV is the SM Higgs vev and sin ✓ describes the
strength of ' � H mixing. Hence, for a given mixing angle, ' couples to SM fermions propor-
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).
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where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
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µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
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where Yi ⌘ ni/s is the comoving number density of each
species, a (0) superscript denotes an equilibrium quan-
tity, s(T ) = 2⇡2

gs,⇤T
3
/45 is the entropy density, and

�A, �S , and �D are dimensionless annihilation, scatter-
ing, and decay rates respectively. gs,⇤(T ) is the number
of entropic degrees of freedom. The first line of the right-
hand side characterizes the change in DM density due to
co-annihilation, the second line gives the change due to
self-annihilation, and the third and fourth lines charac-
terize scattering and decay processes that keep �1 and �2

in chemical equilibrium with one another and in kinetic
equilibrium with the SM. Using the Hubble rate during
radiation domination H(T ) = 1.66

p
g⇤T

2
/mP ` (g⇤ is the

number of relativistic degrees of freedom), the dimen-
sionless rates are defined to be

�
ij
A =

s(m2)

H(m2)
h�v(�i�j ! SM)i (21)

�S =
s(m2)

H(m2)
h�v(�2f ! �1f)i (22)

�D = H(m2)
�1

h�(�2 ! �1 + SM)i, (23)

for �1�2 co-annihilation, �2f ! �1f inelastic scattering,
and �2 ! �1 + SM decays respectively. The diagonal
rate �

ii
A is non-zero if there exist processes that allow

�i�i ! SM + SM annihilation.
For the dark photon model, the scalar dark matter

scenario is purely inelastic and so �
ii
A = 0. For fermion

DM, there exists a self-annihilation channel whose rate
is proportional to the di↵erence of Majorana masses in
Eq. (10), and is also p-wave (helicity) suppressed for the
SM vector (SM axial) current. For the pure dipole sce-
nario, the �i�i ! ��, �Z, and ZZ channels are always
open if kinematically accessible, but the self-annihilation
rate is suppressed by additional powers of the dipole mo-
ment.

As in most co-annihilation scenarios, the scatter-
ing/decay processes preserve kinetic and chemical equi-
librium between �2 and �1 throughout freeze-out, and
so the system of Boltzmann equations for Y1,2 can be re-
placed by a single Boltzmann equation for Ytot = Y1+Y2,

dYtot

dx
= �


Y

2
tot

(Y (0)
1 + Y

(0)
2 )2

� 1

�X

i,j

�
ij
A

x2
Y

(0)
i Y

(0)
j . (24)
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FIG. 12: Freeze-out for fermion iDM (including co-
annihilation and sub-dominant self-annihilation) mediated by
an s-channel A0 with m1 = 10 GeV, � = 0.2 m1, and
mA0 = 3 m1 with h�vi ⇠ 10�24cm3 s�1, for which ⌦�1 ⇠ ⌦DM

at late times. The solid (dashed) curves represent the actual
(equilibrium) number densities for the �1,2 species and we de-
fine the dimensionless evolution parameter x ⌘ m2/T . Note
that the excited state continues to steadily decay and down-
scatter into �1 o↵ SM particles even after �1 has frozen out.

This approximation is valid over our parameter space.
Considering an example point in the dark photon

model, we show in Fig. 12 the �1 and �2 yields as a
function of m2/T . For each model, we determine the pa-
rameters of the theory that give the observed DM relic
abundance as a function of m1, and we show these curves
in Figs. 2-5. We provide more comprehensive information
on the rates that appear in the Boltzmann equations in
Appendix A.

V. CONSTRAINTS

In this section, we consider other constraints on the
parameter space of the dark photon and dipole mod-
els, reviewing those which are complementary to collider
searches and those which are ine↵ective in iDM models.
These probes include direct detection experiments, preci-
sion measurements of SM parameters, indirect detection,
and LEP.

A. Precision Electroweak and QED Measurements

For models with new neutral gauge interactions,
mixing between the massive gauge bosons can lead to
shifts in observed SM electroweak couplings that are
excluded by electroweak precision and other observables.
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FIG. 8. As in Fig. 5, existing constraints (shaded gray) and projected sensitivities (color) to models of fermionic inelastic dark
matter in the ✏ �m1 plane for mA0/m1 = 3, ↵D = 0.1, and various choices of the �1 � �2 fractional mass-splitting (� = 0.1,
0.03), but now including variations of the minimum energy/momentum thresholds for the decay products of �2. The default
thresholds are identical to those shown in Fig. 5 and detailed in Sec. VI. Darker/lighter shades correspond to larger/smaller
minimum energy thresholds for the decay products of �2. For CODEX-b and MATHUSLA, we demand a minimum energy of
1200, 600, or 300 MeV per track. For FASER, the total visible energy deposition is restricted to be greater than 200, 100, or
50 GeV. For a displaced muon-jet search at ATLAS/CMS and a timing analysis at CMS with a conventional monojet trigger,
we implement cuts on the minimum transverse lepton momentum of 10, 5, or 2.5 GeV and 6, 3, or 1.5 GeV, respectively.

collider experiments. However, many of these searches
lack sensitivity if light hidden sectors couple to the Stan-
dard Model through mediators heavier than ⇠ 10 GeV,
as is often appreciated within the context of hidden val-
leys [28].

In this work, we have focused on models in which a
GeV-scale pseudo-Dirac dark matter multiplet couples
to the Standard Model through dark photons of mass
O(10) GeV. In this case, cosmological considerations
motivate dark matter fractional mass-splittings smaller
than ⇠ 10%. Furthermore, for mass-splittings larger
than O(MeV), the excited dark matter state is often un-
stable on collider timescales, and future searches for its
displaced decay products at existing and proposed LHC
experiments can leverage the large center of mass energy
to test the majority of remaining motivated parameter
space below ⇠ 100 GeV.

In this study, we have focused on dedicated searches
at ATLAS, CMS, and LHCb, as well as the proposed
CODEX-b, FASER, and MATHUSLA experiments. For
dark photons heavier than ⇠ 10 GeV, such experiments
constitute the best avenue towards detection. It is entic-
ing to note that even for sub-GeV hidden sector masses,
the projected reach of FASER and MATHUSLA are often
competitive with higher-intensity and lower-energy beam
dump and fixed-target experiments. This warrants more
detailed studies of other qualitatively similar scenarios,
such as models in which dark matter is the lightest state
of a strongly interacting hidden sector [71, 72].

The visible energy deposition in models of inelastic

dark matter depends crucially on the dark matter mass-
splitting, and is typically suppressed for splittings below
O(100) MeV. Hence, unlike, e.g., minimal models of visi-
bly decaying dark photons or dark scalars, enhancing the
sensitivity of future LHC searches to models of inelastic
dark matter requires optimizing the energy threshold of
the analysis to guarantee su�cient signal e�ciency while
still maintaining adequate background discrimination.
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Figure 37: BC9: ALPs with photon coupling. Current bounds (filled areas) and prospects
for PBC projects on 5 years timescale (solid lines) in the plane coupling ga““ versus mass
mALP. The results from a phenomenological study for Belle-II [304] is also shown.

Figure 38: BC9: ALPs with photon coupling. Current bounds (filled areas) and prospects
for PBC projects on 10-15 years timescale (solid lines) in the plane coupling ga““ versus
mass mALP. The results from a phenomenological study for Belle-II [304] is also shown.
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PBC Benchmark BC10: ALP w/ fermion couplings, visible decays

PBC report 1901.09966Figure 40: BC10: ALPs with fermion coupling. Current bounds (filled areas) and medium-
far (≥ 10-15 years) prospects for PBC projects (solid lines) for ALPs with fermion coupling.
CHARM and LHCb filled areas have been adapted to PBC prescriptions by F. Kahlhoefer,
following Ref. [319]. E949 area has been computed by the KLEVER collaboration and
M. Papucci based on E949 data. All other exclusion regions have been properly re-computed
by M. Papucci, following Ref. [318].
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of the SM by two right-handed Majorana neutrinos with interactions 2.8. In this minimal

scneario the ratios U2
e : U2

µ : U2
⌧ are determined by light neutrino properties alone [40, 41].

The following criteria were applied to motivate the new benchmarks 1) Consistency with

neutrino oscillation data: The primary requirement is that the ratios U2
e : U2

µ : U2
⌧ are

consistent with current neutrino oscillation data and are likely to remain to be consistent

after DUNE and HyperK took data. This was ensured by choosing ratios U2
e : U2

µ : U2
⌧ that

are consistent with current global fits to neutrino oscillation data as well as projections

provided by DUNE, cf. figure 5. 2) Added value. The phenomenology of direct searches

for HNLs in the new benchmarks should be qualitatively di↵erent from the existing ones.

This was ensured by giving preference to ratios U2
e : U2

µ : U2
⌧ that are substantially di↵erent

from the existing benchmarks and from each other. 3) Symmetry considerations. If these

criteria 1) and 2) do not conclusively prefer one amongst several possible choices, maximal

CP-violation in the direction of the current experimental hints is considered appealing. 4)

Simplicity. Between benchmarks that are similarly strongly motivated preference is given

to ratios U2
e : U2

µ : U2
⌧ that are simple and can be easily communicated to the community.

This implies choosing integer ratios of single-digit numbers whenever these lead to similar

phenomenology in accelerator-based searches (compared to numerically more complicated

ratios). 5) Leptogenesis. Scenarios that are favourable for low scale leptogenesis [42–44]

are preferred. This was ensured by choosing ratios U2
e : U2

µ : U2
⌧ that lie close to the

regions preferred in leptogenesis studies [40, 41, 45–50]. A detailed description of the

implementation of these selection criteria is given in [39], The selected ratios are

U2
e : U2

µ : U2
⌧ = 1 : 1 : 1 (2.9)

U2
e : U2

µ : U2
⌧ = 0 : 1 : 1 (2.10)

The new and old benchmarks are compared in figure 5.

2.5 Axion portal models

J. Jaeckel⇤, F. Kahlhoefer⇤, M. Bauer⇤, I. Irastorza⇤, M. Papucci⇤, M. Giannotti⇤,...

QCD axions are an important idea in particle physics [53–55] that allows for a natural

solution to the strong CP problem, or apparent lack of CP violation in strong interactions.

Current QCD axion models are restricted to the sub-eV range of axions. However, a

generalization of the minimal model to axion-like particles (ALPs) can be made [20]. Taking

a single pseudo-scalar field a one can write a set of its couplings to photons, quarks, leptons

and other fields of the SM. In principle, the set of possible couplings is very large and we

take only the flavour-diagonal subset,

Laxion = LSM +LDS +
a

4f�
Fµ⌫F̃µ⌫ +

a

4fG
TrGµ⌫G̃µ⌫ +

@µa

fl

X

↵

l̄↵�µ�5l↵ +
@µa

fq

X

�

q̄��µ�5q�

(2.11)

The DS Lagrangian may contain new states that provide UV completion to this model (for

the case of the QCD axion they are called the PQ sector). All of these interactions do not

lead to large additive renormalization of ma, making this model technically natural. Note,

however, that the coupling to gluons does lead to the non-perturbative contribution to ma.

– 13 –

Mass weighted couplings per flavor
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9.4.3 Axion portal with gluon-coupling (BC11)

This benchmark case considers a scenario in which the ALP a only couples to the gluon
field at a scale � = 1 TeV. One can write down the corresponding low-energy Lagrangian
at the tree level as

L = LSM + LDS + a
g2

s

8fG

Gb

µ‹
˜Gb µ‹ . (9.2)

Because the ALP mixes with the neutral pseudoscalar mesons, it is produced in any
process that produces such mesons. Moreover it can be produced also in B mesons decays,
as explained in Section 2.1.4. Details about approximations and assumptions assumed in
computing sensitivities for this benchmark case are reported in Appendices A and B.

Figure 41 shows the current bounds (as coloured filled areas) and the prospects for PBC
projects (solid lines) both on 5- (FASER) and 10-15 years (CODEX-b, MATHUSLA200,
FASER2) timescale. Below the three pion threshold, the CODEX-b and MATHUSLA200
reach for this benchmark is conditional upon the eventual detectors being sensitive to the
di-photon final state. Production from K and B decays depend on UV completion and the
results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1. The CODEX-b curve has been obtained

considering B-decays only, hence it is conservative. NA62++ and SHiP are also expected to
be sensitive to this benchmark case but they did not provide the sensitivity curves on the
timescale of this paper.

Current bounds arise from flavor physics, old beam-dump experiments and LEP data.
A comprehensive reinterpretation of these data has been performed in Ref. [325] in the
mfi < ma < 3 GeV mass region, namely:

1. data from LEP [326, 327] and old beam dump experiments, E137[187] and NuCal [197],
have been used to recast limit on the a““ vertex and translated into a limit in the
BR(a æ ““);

2. the limits on the branching fractions of the decays „ æ fifi““ and ÷Õ
æ fi+fi≠fi+fi≠fi0 [328]

are used to set a limit on the rate of the processes „ æ “a(fifi“) and ÷Õ
æ

fi+fi≠a(fi+fi≠fi0), assuming that all the rate is due to ALPs;

3. decays driven by the b æ sa penguin diagram are considered and a recast of results is
performed while analyzing:

- the m÷fifi spectrum of the decay B±
æ K±÷fi+fi≠, interpreted as B±

æ

K±a(÷fi+fi≠), from Ref. [329];

- the mKúK spectrum of the decay B±
æ K±K±KSfiû, interpreted as B± =

K±a(K±KSfiû), from Ref. [329];

- the measurement of the two decay rates, BR(B0
æ K0„„) [330] and BR(B±

æ

K±Ê(3fi)) [331], to put a constraints on the processes B0
æ K0a(„„) and

B±
æ K±a(fi+fi≠fi0), respectively.

– 113 –

4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1.

The CODEX-b curve has been obtained considering B-decays only, hence it is conservative.
Both NA62++ and SHiP are sensitive to this benchmark case too, the curves are currently
being compiled.
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2

di dju/c/t

a

W

FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .

bosons,

L = (@µa)2 � 1

2
M2

aa2 � gaW

4
a W a

µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results (see Appendix A). After electroweak
symmetry breaking, the coupling gaW generates interac-
tions between a and W+W�, as well as ZZ, Z�, and ��
in ratios given by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)

gadidj ⌘ �3
p

2GFM2
W gaW

16⇡2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M2
W ),

f(x) ⌘ x [1 + x(log x � 1)]

(1 � x)2
,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is in contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B

64⇡
|gabs|2

✓
1 � M2

K

M2
B

◆2

f2
0 (M2

A) �1/2
Ka ,

�(B ! K⇤a) =
M3

B

64⇡
|gabs|2 A2

0(M
2
a ) �3/2

K⇤a,

�(K+ ! ⇡+a) =
M3

K+

64⇡

✓
1 �

M2
⇡+

M2
K+

◆2

|gasd|2 �1/2
⇡+a,

�(KL ! ⇡0a) =
M3

KL

64⇡

✓
1 �

M2
⇡0

M2
KL

◆2

Im(gasd)
2 �1/2

⇡0a,

where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).
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FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .
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where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results (see Appendix A). After electroweak
symmetry breaking, the coupling gaW generates interac-
tions between a and W+W�, as well as ZZ, Z�, and ��
in ratios given by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):
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where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is in contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B
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where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

EWSB induces diphoton decays 

Can also consider invisible decays

Enhanced ALP production in loops
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FIG. 2. Sensitivity of proposed searches in the ALP param-
eter space assuming the ALP decays primarily to two pho-
tons. We show the reach of our proposed B ! Ka (dashed
lines) and B ! K⇤a searches (dot-dashed lines), for sensitiv-
ity to branching ratios of 10�6 and 10�8. We also derive new
constraints from rare K decays from K+ ! ⇡+a (red) and
KL ! ⇡0a (purple). The dotted red lines indicate the reach
we find from dedicated searches for e+e� ! a� at current
and upcoming B-factories. Existing projections are shown
with dotted lines for a proposed dedicated search in beam-
dump mode at NA62 (gray), and for a recently-proposed
beam-dump experiment, SHiP (gray). Shaded regions indi-
cate current bounds from beam-dump experiments (gray) and
LEP (light blue).

We therefore show in Fig. 2 our projections for ALP

searches in B± ! K±(⇤)
a, a ! �� for two branching

fraction benchmark sensitivities (10�6 and 10�8). We do
not consider ALP masses around the ⇡0, ⌘, and ⌘0 masses,
and we conservatively require that the ALP decay within
L < 30 cm of the collision point to be observable. Cur-
rent BaBar and Belle data, as well as the upcoming Belle
II experiment [61], have the potential to improve sensi-
tivity to the ALP coupling gaW by up to three orders
of magnitude over current constraints, providing a clear
motivation for new ALP searches in rare meson decays.

The ALP can also be produced in decays K ! ⇡a, a !
��, and we derive bounds that are indicated by the
shaded red and purple regions in Fig. 2. We extract
the bounds from existing measurements of the processes
K± ! ⇡±�� and KL ! ⇡0�� that have been carried
out by E949 [62], NA48/2, NA62 [63], and KTeV [64].
For K± ! ⇡±��, we obtain limits for Ma > 100 MeV
using measurements by NA48/2+NA62 of the branching
fraction in bins of M�� [63], requiring that the signal can-
not exceed the central value + 2� in each bin. Taking
into account the kaon beam energy, we further require
that a decay within 10 m of the K± decay vertex so that
its photons are registered in the detector. We use the

E949 search for K± ! ⇡±�� [62] for Ma . 100 MeV,
taking their bound on the partial branching fraction of
2.3⇥10�8 for p⇡ > 213 MeV and requiring that a decays
within 80 cm of the stopped kaon. For the KTeV search
in KL ! ⇡0�� [64], we require that a decay within 1 m
of the primary KL decay (given a detector resolution of
⇡ 0.3 m [65]), apply the provided signal acceptance and
require that the ALP signal not exceed the observed num-
ber of events (+2�) in each M�� bin. We emphasize that
a dedicated sideband resonance search for ALPs in either
channel could improve the sensitivity to K ! ⇡a produc-
tion. Neither search constrains ALP masses around M⇡0 ;
while measurements of KL ! ⇡0⇡0 at KTeV are, in prin-
ciple, sensitive to ALPs around the ⇡0 mass [66], they
are subdominant to existing limits.

In addition to ALP production in meson decays, di-
rect production of ALPs through their couplings to pho-
tons, at either lepton colliders or proton beam-dump fa-
cilities, is a promising possibility. At low-energy lepton
colliders, the reaction e+e� ! �a, a ! �� [33] can give
a diphoton resonance in 3-photon final states. To our
knowledge, such a search has not been carried out at B-
factories. We compute the estimated sensitivity of dedi-
cated searches at BaBar and Belle II to gaW in this final
state (shown in Fig. 2), accounting for the leading-order
3� background. The signal region consists of events with
three photons (E� > 200 MeV, �0.8 < cos ✓� < 0.97,
and �R�� > 0.1) and one photon pair with M�� within
�Ma of ma. The mass resolution �Ma varies from 7 � 70
MeV at BaBar [67] and comparable resolution at Belle
II across the 100 MeV < Ma < 10 GeV range; these val-
ues are consistent with the BaBar M�� resolution at the
⇡0 mass rescaled to higher/lower masses [68]. In addi-
tion to the 3� search mode, we also considered exclusive
e+e� ! e+e�a, a ! �� production [38] and found it
to be subdominant to other channels. At proton fixed-
target experiments, Ref. [36] proposed a dedicated run
in beam-dump mode at NA62, as well as estimated the
prospects for the recently proposed SHiP experiment [69],
and we show their projections for comparison in Fig. 2.

At high-energy lepton colliders, the ALP is highly
boosted and photons from a decay are merged, such
that the signature Z ! �a, a ! �� is constrained by
diphoton searches at LEP [35]. LEP currently gives the
strongest constraints on a over much of the parameter
space we consider, although it can easily be superseded
by searches for a in rare meson decays.

The Invisible ALP: Up to this point, we have assumed
that the ALP is produced and decays through the mini-
mal interaction given in Eq. (2). However, since ALPs are
relatively weakly coupled to SM particles, they are also
excellent candidates for mediators between the SM and
hidden sectors. If the hidden-sector particles are lighter
than a, the ALP can have a large branching fraction to
invisible states. Our results for invisibly decaying ALPs
are summarized in Fig. 3.

Invisible ALP production in rare meson decays can be
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FIG. 3. Sensitivity of existing and planned searches to the
ALP parameter space assuming the ALP decays invisibly. We
apply a BaBar search for B ! K⌫⌫̄ to constrain the decay
B ! Ka (shaded blue); this bound can be further improved
with Belle II (dashed blue). Similarly, data from E787 and
E949 is used to constrain K ! ⇡a in two mass ranges (shaded
red), with expected improvements from NA62 (dot-dashed
red). We show bounds on e+e� ! a� from a BaBar mono��
search (shaded orange) and the estimated reach for the same
search at Belle II (dotted).

detected via missing mass and/or momentum. A promis-
ing mode is the B ! K + invisible reaction [70, 71]. A
recent BaBar search for B ! K⌫⌫̄ reported sensitivity to
this final state at the level of 10�5 in branching fraction
[72], and provided limits in bins of M2

inv/M
2
B with a max-

imum value of M2
inv/M

2
B  0.8. We applied the results of

the seach for the B+ ! K+⌫⌫̄ final state to B+ ! K+a,
taking the 2� upper limit from the appropriate bin for a
given Ma. This result is shown in Fig. 3, along with a
projection for Belle II, where we assume that the statis-
tical uncertainty dominates in the measurement.

We also derive a 90% CL limit on ALP production in
K ! ⇡a, a ! invisible (shown in Fig. 3) using the re-
sults of E787 and E949 [73], which searched for the SM
process K± ! ⇡±⌫̄⌫ in two separate momentum bins
[74, 75]. We include a projection for the results of the up-
coming NA62 experiment, the goal of which is to observe
80 signal events for K± ! ⇡±⌫̄⌫ with very high signal
purity [76]. In our projection, we scale the E787/E949
results by the ratio of the uncertainty on the SM process,
assuming only statistical uncertanties for NA62.

Direct production of invisibly-decaying ALPs
at lepton colliders arises from processes such as
e+e� ! �a, a ! invisible via the ALP couplings to
�� and �Z. An existing monophoton and missing
momentum search at BaBar constrains invisible ALPs
within kinematic reach. We re-interpret the results of a

search for untagged ⌥(3S) ! �A0, A0 ! invisibles from
Ref. [77] (for more details, see Refs. [78, 79]). We find a
limit from BaBar of gaW ⇠ (500 GeV)�1, as shown in
Fig. 3. Moreover, we estimate that Belle II will extend
coverage to gaW ⇠ (2 TeV)�1 for Ma > 1 GeV, where
the search is statistics-limited. For Ma < 1 GeV, there is
a large systematic error and the improvement in sensitiv-
ity for Belle II is less pronounced, although this could be
ameliorated by improvements in background estimation
methods. We find that production of ALPs in meson
decays provide superior sensitivity for Ma < Mb, while
monophoton searches provide complementary sensitivity
above the B mass. Analogously, LEP monophoton and
missing momentum searches provide complementary
coverage at still larger masses [80], although we find
these searches are subdominant to B-factories for ALP
masses below ⇠ 10 GeV.

Conclusions and Discussion: In this Letter, we have
studied the overlooked coupling of axion-like particles to
W± bosons. We find that ALPs in the 10 MeV < Ma ⇠<
10 GeV mass range can be exquisitely probed with cur-
rent and upcoming low-energy, high-intensity accelerator
experiments. In particular, rare FCNC meson decays,
along with dedicated direct searches for ALP production
at B-factories, have the potential to improve sensitivity
to ALP-SM couplings by almost three orders of magni-
tude.

We have restricted our study to the e↵ective interac-
tion shown in Eq. (3), which is independent of the spe-
cific UV completion of the EFT in Eq. (2). However, we
note that additional direct couplings of the ALP to SM
fermions can be generated by renormalization-group evo-
lution from the UV cuto↵, resulting in cuto↵-dependent
contributions to gadidj [44, 45]. The cuto↵ ⇤ satisfies ⇤ ⇠
↵W g�1

aW , and we find that the UV-dependent contribu-
tions to ALP production are always subdominant to the
UV-independent coupling in Eq. (3) for our parameter
space. These UV-dependent couplings could, however,
induce very rare ALP decays such as a ! µ+µ�, which
could be discovered in future B ! K⇤a, a ! µ+µ�

searches and allow for a determination of the UV scale in
combination with measurements in the diphoton channel.

Finally, the portal studied in this Letter is ripe for ex-
ploration at high-energy hadron colliders due to the en-
hanced coupling of the ALP to electroweak gauge bosons
and rates that grow with energy in the EFT. Since high-
energy probes can depend on the UV completion of the
theory, it is beyond the scope of the low-energy probes
proposed here and we leave them for future study [81].
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