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Tabletop Experiments for HEP

MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

Wide variety of experiments covering physics spanning large energy range:

This area has exploded in the past decade, now a large community.


I could not possibly cover it all, will pick a few examples, but many more 
great possibilities!


In each case will focus on physics reach, not specific experiments.
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1. Standard Model (SM) measurements

- EDMs, e- g-2, α…


2. Dark Matter Direct Detection

- QCD axion, light DM, axions, dark photons …


3. 5th Forces and New Light Particle Production

Outline
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Precision Measurement 
of the Standard Model
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• Arises from CP violation, but observable CP effects suppressed in SM


• So SM prediction for EDM’s (of e- or nucleon for example) very small

Electric Dipole Moments (EDMs)
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• Arises from CP violation, but observable CP effects suppressed in SM


• So SM prediction for EDM’s (of e- or nucleon for example) very small

Electric Dipole Moments (EDMs)
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Figure 1: Two loop contributions to the light SM fermion EDMs. The third diagram is for a
down-type fermion f .

gives an uncertainty on ηQCD of about 2%, while we expect an uncertainty of about 5% from
next-to-leading order effects. Notice that the value of ηQCD obtained here is different than what
computed in ref. [22] and generally used in the literature. Indeed, ref. [22] incorrectly uses the
opposite sign for γ. Our result gives a QCD renormalization coefficient about a factor of 2 smaller
than usually considered, and it agrees with the recent findings of ref. [23].

To express the neutron EDM in terms of the quark EDMs, we use the results of QCD sum-rule
techniques [24, 25]:

dn = (1± 0.5)

[
f2
πm

2
π
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](
4

3
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1

3
du

)
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where fπ ≈ 92MeV and we have neglected the contribution of the quark chromoelectric dipoles,
which does not arise at the two-loop level in the heavy-squark mass limit. Note that dn depends
on the light quark masses only through the ratio mu/md, for which we take the value mu/md =
0.553 ± 0.043.

3 Expansions in the heavy-chargino limit

We now discuss the result in the limit in which the R-symmetry breaking scale, determining
gaugino and Higgsino masses, is larger than MZ and mH . A leading-order perturbative expansion
of eq. (6) in powers of |M1,2µ|/M2

Z and |M1,2µ|/m2
H (keeping all orders in |M1,2/µ| and inMZ/mH)
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• Beyond SM physics can naturally give much larger 
contributions even from heavy particles, e.g. SUSY:
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computed in ref. [22] and generally used in the literature. Indeed, ref. [22] incorrectly uses the
opposite sign for γ. Our result gives a QCD renormalization coefficient about a factor of 2 smaller
than usually considered, and it agrees with the recent findings of ref. [23].

To express the neutron EDM in terms of the quark EDMs, we use the results of QCD sum-rule
techniques [24, 25]:
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where fπ ≈ 92MeV and we have neglected the contribution of the quark chromoelectric dipoles,
which does not arise at the two-loop level in the heavy-squark mass limit. Note that dn depends
on the light quark masses only through the ratio mu/md, for which we take the value mu/md =
0.553 ± 0.043.

3 Expansions in the heavy-chargino limit

We now discuss the result in the limit in which the R-symmetry breaking scale, determining
gaugino and Higgsino masses, is larger than MZ and mH . A leading-order perturbative expansion
of eq. (6) in powers of |M1,2µ|/M2

Z and |M1,2µ|/m2
H (keeping all orders in |M1,2/µ| and inMZ/mH)

5

hep-ph/0510197

e, n e, n

• Beyond SM physics can naturally give much larger 
contributions even from heavy particles, e.g. SUSY:

• Can be searched for in a variety of nuclei, atoms, and molecules using high 
precision techniques e.g. from AMO


• So is an excellent channel to search for new particles
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EDMs for BSM Physics

• Many theories give EDM’s
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EDMs for BSM Physics

• Many theories give EDM’s

• Observation of an EDM of e- or n would be unambiguous signal of BSM 
physics and a strong motivation for future HEP experiments
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EDMs for BSM Physics

• Many theories give EDM’s

• Observation of an EDM of e- or n would be unambiguous signal of BSM 
physics and a strong motivation for future HEP experiments

• Even non-observation is important, limits many theories and 
e.g. nEDM bound → Strong CP problem (axion etc)
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EDM Experiments
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de < 4.1⇥ 10�30 e cm

From HfF+ 2212.11841

Experiments made fantastic progress, set 
strong limits on e and n EDMs
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dn < 1.8⇥ 10�26 e cm

From UCN 2001.11966
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EDM Experiments
2 Aggarwal et al.: Measuring the electric dipole moment of the electron in BaF
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Figure 1. The experimental upper limits on the value of the electron EDM translated into a limit on the probed energy scale
through de = e↵n sin� (me/⇤

2). Here ↵ is the fine-structure constant, n is the number of loops needed to generate the eEDM.
� is a typical CP-violating phase, which is set to the maximum value of ⇡/2, and ⇤ is the energy scale that is being probed. The
regions above the dotted lines are the energy ranges that are excluded for the indicated classes of models. The models di↵er in
the number of loops required to generate an eEDM. The eEDM value predicted by the Standard Model, in which the eEDM
only appears at 4-loop level, is of the order of 10�38 e·cm.

sions. Improved eEDM experiments will probe energies
approaching the PeV scale and will thereby contribute to
the roadmap of particle physics beyond the LHC.

In this article, we outline our plans to construct and
perform an experiment to search for an eEDM with an in-
tense cold beam of barium monofluoride (BaF) molecules.
Our program exploits novel techniques to manipulate and
control the quantum states of molecules with electric, mag-
netic and light fields. Such methods have in recent years
promoted diatomic molecules to ultrasensitive probes of
particle physics [9, 10]. We show that this experiment will
be sensitive to an eEDM value of de = 5⇥(10�30) e·cm,
which is an improvement by more than one order of mag-
nitude compared to the current upper limit.

2 The eEDM in atoms and molecules

Searches for permanent dipole moments of fundamen-
tal particles started already before the discovery of P and
CP violation, with the investigation of the neutron [11].
Ref. [12] contains an early proposal to measure the EDM
of the proton. In later years, atomic species such as mer-
cury [13], thallium [14], and xenon [15] were employed in
dedicated searches for a permanent EDM and the accom-
panying CP violation, and the neutron also remained at
the focus of attention [16]. For a historical overview of this
field of research we refer to Ref. [17].

The EDM of composite systems, such as atoms or
molecules, can originate in nuclear or electronic contri-
butions (or both), depending on the electronic structure.
In addition, in such systems, large enhancement factors
can occur for the particle EDMs due to the strong inter-
nal electric field near a heavy nucleus. This enhancement
is denoted the e↵ective electric field (Ee↵). In some atoms
these enhancements can reach values of 103-104, while in
molecules they can go up to 106 [18]. Such systems there-
fore form sensitive testing grounds for probing new sources
of CP violation. In paramagnetic systems, CP violation
gives rise not only to an eEDM, which is usually the focus
of the investigations, but also to semileptonic CP-violating
interactions between the electrons and the quarks in the
atomic nuclei. Theoretical tools are needed to disentan-
gle the di↵erent contributions and to relate these to CP-
violating observables measured at colliders [19, 20].

In recent years, experiments with neutral diatomics
have set new stringent experimental eEDM limits. The
Hinds group at Imperial College, London, uses a super-
sonic beam of YbF molecules [7]; YbF is predicted to
have Ee↵ of 23 GV/cm [21]. The ACME collaboration at
Yale/Harvard uses a bu↵er-gas beam of metastable ThO
molecules [8], exploiting the large predicted Ee↵ in the
range of 75-84 GV/cm [22, 23, 24, 25, 26, 27]. The lat-
ter experiment was sensitive to frequency shifts of < 6
mHz or an energy shift of < 3⇥ 10�18 eV (3 aeV), which
can be translated, knowing the Ee↵ , to a limit on the
electron-EDM of |de| < 8.7 ⇥ 10�29 e·cm. This is cur-

from 1804.10012
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sions. Improved eEDM experiments will probe energies
approaching the PeV scale and will thereby contribute to
the roadmap of particle physics beyond the LHC.

In this article, we outline our plans to construct and
perform an experiment to search for an eEDM with an in-
tense cold beam of barium monofluoride (BaF) molecules.
Our program exploits novel techniques to manipulate and
control the quantum states of molecules with electric, mag-
netic and light fields. Such methods have in recent years
promoted diatomic molecules to ultrasensitive probes of
particle physics [9, 10]. We show that this experiment will
be sensitive to an eEDM value of de = 5⇥(10�30) e·cm,
which is an improvement by more than one order of mag-
nitude compared to the current upper limit.

2 The eEDM in atoms and molecules

Searches for permanent dipole moments of fundamen-
tal particles started already before the discovery of P and
CP violation, with the investigation of the neutron [11].
Ref. [12] contains an early proposal to measure the EDM
of the proton. In later years, atomic species such as mer-
cury [13], thallium [14], and xenon [15] were employed in
dedicated searches for a permanent EDM and the accom-
panying CP violation, and the neutron also remained at
the focus of attention [16]. For a historical overview of this
field of research we refer to Ref. [17].

The EDM of composite systems, such as atoms or
molecules, can originate in nuclear or electronic contri-
butions (or both), depending on the electronic structure.
In addition, in such systems, large enhancement factors
can occur for the particle EDMs due to the strong inter-
nal electric field near a heavy nucleus. This enhancement
is denoted the e↵ective electric field (Ee↵). In some atoms
these enhancements can reach values of 103-104, while in
molecules they can go up to 106 [18]. Such systems there-
fore form sensitive testing grounds for probing new sources
of CP violation. In paramagnetic systems, CP violation
gives rise not only to an eEDM, which is usually the focus
of the investigations, but also to semileptonic CP-violating
interactions between the electrons and the quarks in the
atomic nuclei. Theoretical tools are needed to disentan-
gle the di↵erent contributions and to relate these to CP-
violating observables measured at colliders [19, 20].

In recent years, experiments with neutral diatomics
have set new stringent experimental eEDM limits. The
Hinds group at Imperial College, London, uses a super-
sonic beam of YbF molecules [7]; YbF is predicted to
have Ee↵ of 23 GV/cm [21]. The ACME collaboration at
Yale/Harvard uses a bu↵er-gas beam of metastable ThO
molecules [8], exploiting the large predicted Ee↵ in the
range of 75-84 GV/cm [22, 23, 24, 25, 26, 27]. The lat-
ter experiment was sensitive to frequency shifts of < 6
mHz or an energy shift of < 3⇥ 10�18 eV (3 aeV), which
can be translated, knowing the Ee↵ , to a limit on the
electron-EDM of |de| < 8.7 ⇥ 10�29 e·cm. This is cur-
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Probes energy scales far above LHC reach

Many new proposed experiments poised to improve bounds significantly
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sions. Improved eEDM experiments will probe energies
approaching the PeV scale and will thereby contribute to
the roadmap of particle physics beyond the LHC.

In this article, we outline our plans to construct and
perform an experiment to search for an eEDM with an in-
tense cold beam of barium monofluoride (BaF) molecules.
Our program exploits novel techniques to manipulate and
control the quantum states of molecules with electric, mag-
netic and light fields. Such methods have in recent years
promoted diatomic molecules to ultrasensitive probes of
particle physics [9, 10]. We show that this experiment will
be sensitive to an eEDM value of de = 5⇥(10�30) e·cm,
which is an improvement by more than one order of mag-
nitude compared to the current upper limit.

2 The eEDM in atoms and molecules

Searches for permanent dipole moments of fundamen-
tal particles started already before the discovery of P and
CP violation, with the investigation of the neutron [11].
Ref. [12] contains an early proposal to measure the EDM
of the proton. In later years, atomic species such as mer-
cury [13], thallium [14], and xenon [15] were employed in
dedicated searches for a permanent EDM and the accom-
panying CP violation, and the neutron also remained at
the focus of attention [16]. For a historical overview of this
field of research we refer to Ref. [17].

The EDM of composite systems, such as atoms or
molecules, can originate in nuclear or electronic contri-
butions (or both), depending on the electronic structure.
In addition, in such systems, large enhancement factors
can occur for the particle EDMs due to the strong inter-
nal electric field near a heavy nucleus. This enhancement
is denoted the e↵ective electric field (Ee↵). In some atoms
these enhancements can reach values of 103-104, while in
molecules they can go up to 106 [18]. Such systems there-
fore form sensitive testing grounds for probing new sources
of CP violation. In paramagnetic systems, CP violation
gives rise not only to an eEDM, which is usually the focus
of the investigations, but also to semileptonic CP-violating
interactions between the electrons and the quarks in the
atomic nuclei. Theoretical tools are needed to disentan-
gle the di↵erent contributions and to relate these to CP-
violating observables measured at colliders [19, 20].

In recent years, experiments with neutral diatomics
have set new stringent experimental eEDM limits. The
Hinds group at Imperial College, London, uses a super-
sonic beam of YbF molecules [7]; YbF is predicted to
have Ee↵ of 23 GV/cm [21]. The ACME collaboration at
Yale/Harvard uses a bu↵er-gas beam of metastable ThO
molecules [8], exploiting the large predicted Ee↵ in the
range of 75-84 GV/cm [22, 23, 24, 25, 26, 27]. The lat-
ter experiment was sensitive to frequency shifts of < 6
mHz or an energy shift of < 3⇥ 10�18 eV (3 aeV), which
can be translated, knowing the Ee↵ , to a limit on the
electron-EDM of |de| < 8.7 ⇥ 10�29 e·cm. This is cur-

from 1804.10012

<latexit sha1_base64="co4gPHnzvdfdOrUBIOANrE4Pxa8=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIatjVGC0sAjaWEcwDsjHMTm6SIbMPZu6KYclH2PgrNhaK2FrY+TdOHoVGD8xwOOde7r3Hi6TQaNtfVmpufmFxKb2cWVldW9/Ibm5VdRgrDhUeylDVPaZBigAqKFBCPVLAfE9CzetfjvzaHSgtwuAGBxE0fdYNREdwhkZqZQ/aLaAXtJB3qIvCB00d+zY5OrGH1D2kMPpchHtMuD9sZXN23h6D/iXOlOTIFOVW9tNthzz2IUAumdYNx46wmTCFgksYZtxYQ8R4n3WhYWjAzPxmMj5qSPeM0qadUJkXIB2rPzsS5ms98D1T6TPs6VlvJP7nNWLsnDcTEUQxQsAngzqxpBjSUUK0LRRwlANDGFfC7Ep5jynG0eSYMSE4syf/JdXjvFPMn14XcqXiNI402SG7ZJ845IyUyBUpkwrh5IE8kRfyaj1az9ab9T4pTVnTnm3yC9bHN5wLm3E=</latexit>

de < 4.1⇥ 10�30 e cm

From HfF+ 2212.11841

Experiments made fantastic progress, set 
strong limits on e and n EDMs

MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

<latexit sha1_base64="YTq4etHMxtHiB3khvkWKNv+CvxM=">AAACFHicbVC7SgNBFJ2N7/iKWtoMBkFQw27QaGERsLGMYBIhG8Ps5CYZMju7zNwVw5KPsPFXbCwUsbWw82+cPApfB2Y4nHMv994TxFIYdN1PJzMzOze/sLiUXV5ZXVvPbWzWTJRoDlUeyUhfB8yAFAqqKFDCdayBhYGEetA/H/n1W9BGROoKBzE0Q9ZVoiM4Qyu1cvvtlqJn1CucUh9FCIZ67k16WCwNqX9AYfT5CHeY8nDYyuXdgjsG/Uu8KcmTKSqt3IffjngSgkIumTENz42xmTKNgksYZv3EQMx4n3WhYalidn4zHR81pLtWadNOpO1TSMfq946UhcYMwsBWhgx75rc3Ev/zGgl2TpupUHGCoPhkUCeRFCM6Soi2hQaOcmAJ41rYXSnvMc042hyzNgTv98l/Sa1Y8EqF48ujfLk0jWORbJMdskc8ckLK5IJUSJVwck8eyTN5cR6cJ+fVeZuUZpxpzxb5Aef9C7mbm4M=</latexit>

dn < 1.8⇥ 10�26 e cm

From UCN 2001.11966

Probes energy scales far above LHC reach

Many new proposed experiments poised to improve bounds significantly

Many other precision SM measurements probe BSM physics, e.g. e- g-2, α…
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QCD Axion

QCD axion is strongly theoretically motivated

• solution to Strong CP problem


• naturally makes dark matter


• generic in UV (e.g. string) theories
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Arises from ultra-high energy physics:
GUT Mpl
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QCD Axion

QCD axion is strongly theoretically motivated

• solution to Strong CP problem


• naturally makes dark matter


• generic in UV (e.g. string) theories

MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV
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Closed caption

A detection and measurement of couplings (e.g. to EM, QCD, e-, n, p) 
probes physics at these scales, far beyond what colliders can reach

Arises from ultra-high energy physics:
GUT Mpl

<latexit sha1_base64="SQG9F4IUVMGXz2lXQy95KXdzqOY=">AAAB/nicbVDJSgNBEO1xjXEbFU9eGoPgQcJMcDsGPOgxglkgiaGnU5M06VnorhHDMOCvePGgiFe/w5t/Y2c5aOKDgsd7VVTV82IpNDrOt7WwuLS8sppby69vbG5t2zu7NR0likOVRzJSDY9pkCKEKgqU0IgVsMCTUPcGVyO//gBKiyi8w2EM7YD1QuELztBIHXvfde5Tt5TR1gltITxieg21rGMXnKIzBp0n7pQUyBSVjv3V6kY8CSBELpnWTdeJsZ0yhYJLyPKtREPM+ID1oGloyALQ7XR8fkaPjNKlfqRMhUjH6u+JlAVaDwPPdAYM+3rWG4n/ec0E/ct2KsI4QQj5ZJGfSIoRHWVBu0IBRzk0hHElzK2U95liHE1ieROCO/vyPKmViu558ez2tFAuTePIkQNySI6JSy5ImdyQCqkSTlLyTF7Jm/VkvVjv1sekdcGazuyRP7A+fwBhcZR0</latexit>

1012 GeV
<latexit sha1_base64="vsg3kTb4FwV/zCq8KCSu0yBYbpU=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJrreABz1GMAtkYujpVJImPQvdNWIcgr/ixYMiXv0Pb/6NnWQOmvig4PFeFVX1vEgKjbb9bc3NLywuLWdWsqtr6xubua3tqg5jxaHCQxmqusc0SBFABQVKqEcKmO9JqHn9y5FfuwelRRjc4iCCps+6gegIztBIrdyuY98lF0PqHlEX4QGTK6gOW7m8XbDHoLPESUmepCi3cl9uO+SxDwFyybRuOHaEzYQpFFzCMOvGGiLG+6wLDUMD5oNuJuPrh/TAKG3aCZWpAOlY/T2RMF/rge+ZTp9hT097I/E/rxFj57yZiCCKEQI+WdSJJcWQjqKgbaGAoxwYwrgS5lbKe0wxjiawrAnBmX55llSLBee0cHJznC8V0zgyZI/sk0PikDNSItekTCqEk0fyTF7Jm/VkvVjv1sekdc5KZ3bIH1ifP/iwlEA=</latexit>

109 GeV



Experiments for QCD Axion DM
MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

QCD axion

Closed caption

cu
rr

en
t b

ou
nd

s
mass (eV)

10�2
<latexit sha1_base64="RvanS0nxxhm8vPzjALwPISWKxWQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRV1GPBi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzU8tzH7Lw66ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwhs/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdKsVryLSvX+sly7yuMowDGcwBl4cA01uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz86oI7O</latexit>

10�12
<latexit sha1_base64="Z2O6WVc5Fgpluw6dpkzcEC33vj4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRT0GvHiMYB6QxDA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSTvzTjGbkgHkgecUWOlluc+pGdeZdIrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10du+EnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcd1Mu48SgZPNFQSKIicj0edLnCpkRY0soU9zeStiQKsqMjahgQ/AWX14mjUrZOy9X7i5K1cssjjwcwTGcggdXUIVbqEEdGAh4hld4cx6dF+fd+Zi35pxs5hD+wPn8Aaudjwk=</latexit>

10�22
<latexit sha1_base64="VoCWc5/4TUQixAUmcxJ4cORwfbU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2V3FfVY8OKxgv2Adi3ZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4upn6rSeqNJPi3owTGsR4IFjECDZWanvuQ3bm+5NeueJW3RnQMvFyUoEc9V75q9uXJI2pMIRjrTuem5ggw8owwumk1E01TTAZ4QHtWCpwTHWQze6doBOr9FEklS1h0Ez9PZHhWOtxHNrOGJuhXvSm4n9eJzXRdZAxkaSGCjJfFKUcGYmmz6M+U5QYPrYEE8XsrYgMscLE2IhKNgRv8eVl0vSr3nnVv7uo1C7zOIpwBMdwCh5cQQ1uoQ4NIMDhGV7hzXl0Xpx352PeWnDymUP4A+fzB60jjwo=</latexit>

10�9 GeV�1
<latexit sha1_base64="rBycA9O4Srmm+3bRusSeDSH6gl0=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcNMFJdbwIMeI5gFkhh6OpWkSc9Cd40YhgEv/ooXD4p49Se8+Td2loMmPih4vFdFVT03lEKjbX9bqbn5hcWl9HJmZXVtfSO7uVXRQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt3859Kv3oLQI/FschND0WNcXHcEZGqmV3XHsu/joIqGNQ9pAeMD4CiqJkZyklc3ZeXsEOkucCcmRCUqt7FejHfDIAx+5ZFrXHTvEZswUCi4hyTQiDSHjfdaFuqE+80A349EPCd03Spt2AmXKRzpSf0/EzNN64Lmm02PY09PeUPzPq0fYOW/Gwg8jBJ+PF3UiSTGgw0BoWyjgKAeGMK6EuZXyHlOMo4ktY0Jwpl+eJZVC3jnOF25OcsXTSRxpskv2yAFxyBkpkmtSImXCySN5Jq/kzXqyXqx362PcmrImM9vkD6zPH9rElls=</latexit>

M�1
pl

<latexit sha1_base64="zWUE9QN0BS7tIyS2tAS+9XIhNsQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWpoh4LXrwIFewHtDFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAWXIPjfFuFldW19Y3iZmlre2d3z94/aOooUZQ1aCQi1Q6IZoJL1gAOgrVjxUgYCNYKRjdTvzVmSvNIPsAkZl5IBpL3OSVgJN+27/wusCdIY5E9pmdu5ttlp+LMgJeJm5MyylH37a9uL6JJyCRQQbTuuE4MXkoUcCpYVuommsWEjsiAdQyVJGTaS2eXZ/jEKD3cj5QpCXim/p5ISaj1JAxMZ0hgqBe9qfif10mgf+2lXMYJMEnni/qJwBDhaQy4xxWjICaGEKq4uRXTIVGEggmrZEJwF19eJs1qxT2vVO8vyrXLPI4iOkLH6BS56ArV0C2qowaiaIye0St6s1LrxXq3PuatBSufOUR/YH3+AJnWk5g=</latexit>

coupling

current bounds

QCD ax
ion



Experiments for QCD Axion DM
MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

QCD axion

Closed caption

cu
rr

en
t b

ou
nd

s
mass (eV)

10�2
<latexit sha1_base64="RvanS0nxxhm8vPzjALwPISWKxWQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRV1GPBi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzU8tzH7Lw66ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwhs/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdKsVryLSvX+sly7yuMowDGcwBl4cA01uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz86oI7O</latexit>

10�12
<latexit sha1_base64="Z2O6WVc5Fgpluw6dpkzcEC33vj4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRT0GvHiMYB6QxDA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSTvzTjGbkgHkgecUWOlluc+pGdeZdIrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10du+EnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcd1Mu48SgZPNFQSKIicj0edLnCpkRY0soU9zeStiQKsqMjahgQ/AWX14mjUrZOy9X7i5K1cssjjwcwTGcggdXUIVbqEEdGAh4hld4cx6dF+fd+Zi35pxs5hD+wPn8Aaudjwk=</latexit>

10�22
<latexit sha1_base64="VoCWc5/4TUQixAUmcxJ4cORwfbU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2V3FfVY8OKxgv2Adi3ZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4upn6rSeqNJPi3owTGsR4IFjECDZWanvuQ3bm+5NeueJW3RnQMvFyUoEc9V75q9uXJI2pMIRjrTuem5ggw8owwumk1E01TTAZ4QHtWCpwTHWQze6doBOr9FEklS1h0Ez9PZHhWOtxHNrOGJuhXvSm4n9eJzXRdZAxkaSGCjJfFKUcGYmmz6M+U5QYPrYEE8XsrYgMscLE2IhKNgRv8eVl0vSr3nnVv7uo1C7zOIpwBMdwCh5cQQ1uoQ4NIMDhGV7hzXl0Xpx352PeWnDymUP4A+fzB60jjwo=</latexit>

10�9 GeV�1
<latexit sha1_base64="rBycA9O4Srmm+3bRusSeDSH6gl0=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcNMFJdbwIMeI5gFkhh6OpWkSc9Cd40YhgEv/ooXD4p49Se8+Td2loMmPih4vFdFVT03lEKjbX9bqbn5hcWl9HJmZXVtfSO7uVXRQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt3859Kv3oLQI/FschND0WNcXHcEZGqmV3XHsu/joIqGNQ9pAeMD4CiqJkZyklc3ZeXsEOkucCcmRCUqt7FejHfDIAx+5ZFrXHTvEZswUCi4hyTQiDSHjfdaFuqE+80A349EPCd03Spt2AmXKRzpSf0/EzNN64Lmm02PY09PeUPzPq0fYOW/Gwg8jBJ+PF3UiSTGgw0BoWyjgKAeGMK6EuZXyHlOMo4ktY0Jwpl+eJZVC3jnOF25OcsXTSRxpskv2yAFxyBkpkmtSImXCySN5Jq/kzXqyXqx362PcmrImM9vkD6zPH9rElls=</latexit>

M�1
pl

<latexit sha1_base64="zWUE9QN0BS7tIyS2tAS+9XIhNsQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWpoh4LXrwIFewHtDFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAWXIPjfFuFldW19Y3iZmlre2d3z94/aOooUZQ1aCQi1Q6IZoJL1gAOgrVjxUgYCNYKRjdTvzVmSvNIPsAkZl5IBpL3OSVgJN+27/wusCdIY5E9pmdu5ttlp+LMgJeJm5MyylH37a9uL6JJyCRQQbTuuE4MXkoUcCpYVuommsWEjsiAdQyVJGTaS2eXZ/jEKD3cj5QpCXim/p5ISaj1JAxMZ0hgqBe9qfif10mgf+2lXMYJMEnni/qJwBDhaQy4xxWjICaGEKq4uRXTIVGEggmrZEJwF19eJs1qxT2vVO8vyrXLPI4iOkLH6BS56ArV0C2qowaiaIye0St6s1LrxXq3PuatBSufOUR/YH3+AJnWk5g=</latexit>

coupling

current bounds

QCD ax
ion

Several experiments in different frequency bands can cover entire QCD axion DM

NMR

EM resonators

Lumped element


Cavity upconversion

Microwave cavities

Stacked dielectrics

Dish experiments


Helioscopes

New force


Light-through-walls…

see Dark Matter New Initiatives report
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Closed caption
Demonstrates strength of theory-experiment collaborations

Quantum sensing technology is key for many detectors

cu
rr

en
t b

ou
nd

s
mass (eV)

10�2
<latexit sha1_base64="RvanS0nxxhm8vPzjALwPISWKxWQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRV1GPBi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzU8tzH7Lw66ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwhs/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdKsVryLSvX+sly7yuMowDGcwBl4cA01uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz86oI7O</latexit>

10�12
<latexit sha1_base64="Z2O6WVc5Fgpluw6dpkzcEC33vj4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRT0GvHiMYB6QxDA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSTvzTjGbkgHkgecUWOlluc+pGdeZdIrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10du+EnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcd1Mu48SgZPNFQSKIicj0edLnCpkRY0soU9zeStiQKsqMjahgQ/AWX14mjUrZOy9X7i5K1cssjjwcwTGcggdXUIVbqEEdGAh4hld4cx6dF+fd+Zi35pxs5hD+wPn8Aaudjwk=</latexit>

10�22
<latexit sha1_base64="VoCWc5/4TUQixAUmcxJ4cORwfbU=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2V3FfVY8OKxgv2Adi3ZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4upn6rSeqNJPi3owTGsR4IFjECDZWanvuQ3bm+5NeueJW3RnQMvFyUoEc9V75q9uXJI2pMIRjrTuem5ggw8owwumk1E01TTAZ4QHtWCpwTHWQze6doBOr9FEklS1h0Ez9PZHhWOtxHNrOGJuhXvSm4n9eJzXRdZAxkaSGCjJfFKUcGYmmz6M+U5QYPrYEE8XsrYgMscLE2IhKNgRv8eVl0vSr3nnVv7uo1C7zOIpwBMdwCh5cQQ1uoQ4NIMDhGV7hzXl0Xpx352PeWnDymUP4A+fzB60jjwo=</latexit>

10�9 GeV�1
<latexit sha1_base64="rBycA9O4Srmm+3bRusSeDSH6gl0=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgQcNMFJdbwIMeI5gFkhh6OpWkSc9Cd40YhgEv/ooXD4p49Se8+Td2loMmPih4vFdFVT03lEKjbX9bqbn5hcWl9HJmZXVtfSO7uVXRQaQ4lHkgA1VzmQYpfCijQAm1UAHzXAlVt3859Kv3oLQI/FschND0WNcXHcEZGqmV3XHsu/joIqGNQ9pAeMD4CiqJkZyklc3ZeXsEOkucCcmRCUqt7FejHfDIAx+5ZFrXHTvEZswUCi4hyTQiDSHjfdaFuqE+80A349EPCd03Spt2AmXKRzpSf0/EzNN64Lmm02PY09PeUPzPq0fYOW/Gwg8jBJ+PF3UiSTGgw0BoWyjgKAeGMK6EuZXyHlOMo4ktY0Jwpl+eJZVC3jnOF25OcsXTSRxpskv2yAFxyBkpkmtSImXCySN5Jq/kzXqyXqx362PcmrImM9vkD6zPH9rElls=</latexit>

M�1
pl

<latexit sha1_base64="zWUE9QN0BS7tIyS2tAS+9XIhNsQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWpoh4LXrwIFewHtDFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAWXIPjfFuFldW19Y3iZmlre2d3z94/aOooUZQ1aCQi1Q6IZoJL1gAOgrVjxUgYCNYKRjdTvzVmSvNIPsAkZl5IBpL3OSVgJN+27/wusCdIY5E9pmdu5ttlp+LMgJeJm5MyylH37a9uL6JJyCRQQbTuuE4MXkoUcCpYVuommsWEjsiAdQyVJGTaS2eXZ/jEKD3cj5QpCXim/p5ISaj1JAxMZ0hgqBe9qfif10mgf+2lXMYJMEnni/qJwBDhaQy4xxWjICaGEKq4uRXTIVGEggmrZEJwF19eJs1qxT2vVO8vyrXLPI4iOkLH6BS56ArV0C2qowaiaIye0St6s1LrxXq3PuatBSufOUR/YH3+AJnWk5g=</latexit>

coupling

current bounds

QCD ax
ion

Several experiments in different frequency bands can cover entire QCD axion DM

NMR

EM resonators

Lumped element


Cavity upconversion

Microwave cavities

Stacked dielectrics

Dish experiments


Helioscopes

New force


Light-through-walls…

see Dark Matter New Initiatives report



Light DM

Closed caption

MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

Light DM (“particle-like”)

Detecting Light DM scattering requires materials with lower thresholds than WIMP detectors

SM SM

DM DM



Light DM

Closed caption

MeV TeV PeVGeVkeVeVmeVμeVneVpeVfeVaeV

Light DM (“particle-like”)

Detecting Light DM scattering requires materials with lower thresholds than WIMP detectorsThe landscape of low-threshold dark matter direct detection in the next decade

Figure 3: Illustration of regions of DM mass kinematically accessible with different detection concepts, detec-
tor target materials, and technologies. Elastic nuclear recoils will have an energy that lies in the “Elastic NR”
band (the width of the band is set by scattering off hydrogen and xenon, respectively). In contrast, inelastic
scattering allow for the extraction of an O(1) amount of the DM kinetic energy, that lies along the lines
labelled “Maximum Energy” and “Mean Energy” corresponding to DM moving at the galactic escape velocity
vesc ⇠ 544 km/s or the mean velocity vmean ⇠ 220 km/s, respectively. Recently developed technologies can
probe DM masses as low as ⇠1 MeV, while novel detectors are needed to achieve sensitivity to DM down to
near the fermionic DM bound at 10 keV.

collective excitation. For these processes to occur, the DM’s kinetic energy must be larger
than the energy needed to create the desired excitation, which depends on the properties
of the target material. For example, the binding energy of the least-bound electron in
atoms (e.g. Xe) is of O(10 eV), in insulators (e.g. diamond, NaI) of O(5 eV), in semicon-
ductors (e.g., Si, Ge, GaAs) of O(1 eV), and in low-gap materials (Dirac materials, doped
semiconductors, and superconductors) of O(few meV). This allows DM as light as 6 MeV
(O(keV)) to excite an electron in an atom (low-gap material) (see Eq. (3)). In addition,
solid-state targets (e.g., Si, Ge, GaAs) and superfluid He have phonon modes of O(meV)
that could be excited by the scattering of DM as light as O(keV). Fig. 3 shows several target
materials, their excitation energy thresholds, and the DM kinetic energy.

It is important to note that the “kinematic matching” for the inelastic processes is ex-
cellent in several materials, allowing DM to produce the excitation with a large rate. As an
example, we consider DM with masses in the MeV-to-GeV range that scatters off an elec-
tron in a semiconductor. While the electron momentum is not fixed, its typical momentum
is of O(↵me) ⇠ few keV. Since the electron is lighter and moving much faster than the
DM (ve ⇠ O(↵) versus v� ⇠ 10

�3), the momentum transfer from the DM to the electron is
also ⇠ ↵me, and hence the recoil energy of the electron is ⇠ ↵mev� ⇠ few eV. This recoil
energy is above the semiconductor band gap O(eV), and hence there is no suppression in
the rate from, e.g., requiring the initial electron momentum to be different from its typical
momentum. The same argument is often applicable also to lower-gap materials and also
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Many possible materials/experiments 
currently under exploration:

Snowmass 2203.08297

Exciting potential to cover large range of keV - GeV mass DM
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New force mediated by light particles:

Radiate new light particles e.g.:

• light-through-walls (microwave cavity or laser) experiments 

for axions + dark photons

• Radioactive source experiments for ~MeV scale new particles 

2

the receiver cavity. As pointed out in Ref. [11], when
the cavities are oriented to produce and detect the lon-
gitudinal polarization of the dark photon field, the right-
hand-side of Eq. (2) is suppressed by the fourth power
of mass over frequency rather than the eighth power, as
was the case in the dark photon search in the CROWS
experiment [8, 9], which was optimized for the transverse
mode.1 Assuming that the noise in the receiver is ther-
mal, the signal-to-noise ratio (SNR) is given by the ra-
diometer formula [13]

SNR =
Prec

Pth

p
�⌫ tint =

Prec

kBTe↵

r
tint
�⌫

, (3)

where �⌫ is the bandwidth of the analysis, tint is the
integration time, Te↵ is the e↵ective noise, and Pth =
kB Te↵ �⌫ is the noise power. The factor of

p
�⌫ tint in

the first equality is the square root of the number of in-
dependent measurements.

EXPERIMENTAL SETUP

The experimental setup, shown on the left of Fig. 1,
has been assembled using two 1.3 GHz high-quality factor
Q0 SRF cavities. Both cavities are made out of bulk high
residual resistivity ratio (RRR) > 200 niobium and have
been prepared by bulk electropolishing, 800�C anneal-
ing for 3 hours, light electropolishing, and a final 120�C
48 hours baking. The cavities have been selected to have
resonant frequencies of the fundamental TM010 modes as
close to each other as possible. The mechanical holding
structure has been designed in such a way as to mini-
mize the frequency shifts of the receiver (bottom) cavity
in response to liquid helium pressure fluctuations and
mechanical vibrations, while allowing the emitter (top)
cavity to be frequency-tunable by tiny mechanical defor-
mations. The cavity centers were mounted 60 cm apart
(center-to-center), and the cavities were oriented along a
common axis. An accelerator-style frequency tuner [14]
assembly has been attached to the emitter cavity, allow-
ing both “coarse” tuning by a stepper motor in a range
of about 5 MHz with ⇠ 12 Hz resolution, as well as
“fine” tuning using the piezoelectric element in a range of
about 8 kHz with ⇠ 0.1 Hz resolution [15]. Shielded mi-
crowave coaxial cables independently connect each cavity
to room temperature signal generation and measurement
electronics.

Initially, both of the cavities were tested at 2 K and
1.5 K in a liquid helium bath, using standard SRF tech-
niques [16] to determine the fundamental mode frequen-

1
As was also pointed out in Ref. [11], the axion search conducted

by CROWS was arranged longitudinally and may be reinter-

preted to give a stronger dark photon limit at low masses.

DEWAR
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receiver
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50Ω

ROOM T

Tuner

top, 
emitter

VTS           
RF system 
with PLL

Q0=4.5×1010

Q0=3.0×1010

FIG. 1. Left: The experimental setup for the Dark SRF ex-
periment consisting of two 1.3 GHz cavities. Right: A sketch
of the Dark SRF electronic system.

cies and intrinsic quality factors Q0, as well as the in-
put (Qin) and transmitted (Qt) antenna external quality
factors. The emitter cavity RF ports were connected
directly to incident power and transmitted power ca-
bles of the RF system in Fermilab’s Vertical Test Stand
(VTS) and the corresponding phase lock loop (PLL) sys-
tem. In frequency stability runs, the receiver cavity input
RF port was connected to 30 dB attenuator to suppress
room temperature thermal noise leaking into the cav-
ity. The receiver cavity output RF port was connected
to a high electron mobility transistor (HEMT) amplifier
(LNF-LNC0.3 14A) to amplify the dark photon signal.
The HEMT amplifier had a nominal gain of 38 dB at
5 K. The HEMT nominal noise temperature at 5 K was
4 K. From thermal noise measurements at 1.3 K (no RF
power delivered to cavities) we estimated an e↵ective gain
of the HEMT, including attenuation of the connecting ca-
bles, to be 37 dB, corresponding to a noise temperature
of 6.2 K.

Frequency Stability

Frequency instability of the cavities may be separated
into a slow drift on the time scale of minutes or more
rapid variations known as microphonics. The frequency
drift of the Dark SRF cavities was characterized by fre-
quency stability runs during which the emitter cavity was
driven on resonance with a PLL, and the resonant fre-
quency was measured using a frequency counter. In a

2301.11512
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Exciting probe of e.g. black holes, neutron stars (QCD EOS), 
cosmology, dark energy EOS…

Current detectors not tabletop

Need future detectors for other frequency bands.  Will start on the tabletop

e.g. MAGIS at Fermilab

atomic interferometer

Proposal: 100 meter detector at Fermilab

• MINOS, MINERνA and NOνA experiments 
use the NuMI beam

• 100 meter access shaft

• Atom DM detector (small scale project)
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Ultralight DM (“wave-like”) Light DM (“particle-like”)QCD axion EDM

5th forces and light particle production

Rapid recent growth, many new ideas (e.g. using quantum sensors)

Now a large field: many 100’s of people, >40 experiments, wide range of BSM physics.

Complementary to other HEP experiments

These experiments are the only way to detect this physics (e.g. QCD axion)

CνB

Valuable to do R&D on many directions ~$1M initial exploration, ~$10M for full experiments

Entire suite of these experiments ~$300M total (not per year)


