
Searching for Physics Beyond the Standard 
Model Using Antiprotons at         _

The cyclotron frequency acquires a redshift in the 
gravitational potential [11]:

𝑈 =
𝐺𝑀

𝑟
It could be that antimatter feels a different gravitational
coupling and sees a slightly different potential α𝑈. This
would imply a cyclotron frequency difference:

ഥ𝜔𝑐 −𝜔𝑐

𝜔𝑐
= 3 𝛼𝑔 − 1 Τ𝑈 𝑐2

Value for 𝑈 at the Earth’s surface ( Τ𝑈 𝑐2 = 3 × 10−5) still
critically debated in the scientific community
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Baryon asymmetry of the Universe:
where has all the antimatter gone?

Sakharov conditions [1]:
• Baryon number violation
• C and CP violation
• Interactions out of thermal 

equilibrium or CPT violation

Other more exotic models assume a
difference in the interaction of antimatter
with
• Gravity
• Dark matter

BASE compares fundamental properties
of the antiproton and the proton:
• Mass 𝑚
• Charge 𝑞
• Magnetic moment 𝜇
• Lifetime 𝜏

Adjustable Self-Shielding Coil System

BASE Experiment
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Weak Equivalence Principle

Motivation

Axions & Dark Matter

Principle

Closed superconducting coil shields
changes of B along its axis [9]

Shielding factor depends on its
length-to-diameter ratio l/d

Shielding factor S:

𝑆−1 =
∆𝐵𝑒 + 𝐵Coil

∆𝐵𝑒

ResultsImplementation

Motion in a Penning Trap
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Cyclotron frequency is given by

𝝂𝒄 = 𝝂+
𝟐 + 𝝂−

𝟐 + 𝝂𝒛
𝟐 =
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𝑅exp =
νcഥ,p

νc,H−
=

(𝑞/𝑚)ഥp

(𝑞/𝑚)H−

(𝑞/𝑚)ഥp

(𝑞/𝑚)p
+1 = 1 69 × 10−12 69ppt [2] 

Charge-to-mass ratio

𝑔𝑝

2
= +2.792 847 344 62 82 0.3ppb [5]

𝑔ഥ𝑝

2
= −2.792 847 344 1(42) 1.5ppb [6]
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𝑞 ҧ𝑝/𝑚 ҧ𝑝

𝑞𝑝/𝑚𝑝
=
𝜈𝐿
𝜈𝑐

Magnetic moment

Lifetime

𝜏 ҧ𝑝 > 10.2𝑎 [4] 

Antiprotons stored in the reservoir 
trap [3] for longer than a year

Larmor frequency is determined
using the continuous Stern-
Gerlach effect and single spin-flip
spectroscopy

BASE apparatus

CPT theorem
Any quantum theory, formulated on flat spacetime is symmetric under the
combined action of CPT transformations, provided the theory respects:
• Locality
• Unitarity (conservation of probability)
• Lorentz invariance

(𝑞/𝑚)ഥp

(𝑞/𝑚)p
< 0.72ppb/day

Analysis for improved 

limits ongoing!

Standard Model Extension [7]:
• Spontaneous breaking of Lorentz symmetry
• Effective field theory at low energy
• Add all terms to SM Lagrangian that 

preserve U(1) gauge invariance, e.g.:

ℒ(3) = −𝑎𝜇 ത𝜓𝛾𝜇𝜓 − 𝑏𝜇 ത𝜓𝛾5𝛾𝜇𝜓 − 1
2
𝐻𝜇𝜈 ത𝜓𝜎𝜇𝜈𝜓

• The terms modify the particle’s energy levels 
in the Penning trap (𝜈𝑐 and 𝜈𝐿)

• The coefficients are constant in an inertial 
frame

• BASE lab frame is not an inertial frame…
=> modulations at sidereal frequency 

and its harmonics!

This would be the first  

laboratory search for dark 

matter with antiparticles! 

Differential measurement

∆𝑈

𝑐2
= 3 × 10−10 during orbit

Axion-like particles (ALP) are a candidate
for dark matter
• They would form a coherently oscillating

classical field
• We pass through a cloud of dark matter

as we move through the Milky Way
generating an “axion wind” [8]

• Assume an interaction between the
ALPs 𝑎 and the antiprotons 𝜓

ℒint =
𝐶 ҧ𝑝

2𝑓𝑎
𝜕𝜇𝑎 ത𝜓𝛾

𝜇𝛾5𝜓

• Results in anomalous spin precession

ℋint =
𝐶 ҧ𝑝𝑎0

2𝑓𝑎
sin(𝑚𝑎𝑡) 𝝈ഥ𝒑 ∙ 𝒑𝒂

which implies an oscillating 𝒈-factor

at the Compton frequency of the ALP
and sidebands due to the Earth’s
rotation

• Coupling could be different for 𝑝 and ҧ𝑝

Dataset of 85 days would allow us 
to constrain:
• ALP masses between 10−22 and 

10−17eV/c2

• We expect to improve dark 
matter-antimatter astrophysical 
limits by several orders of 
magnitude

Scatter improved by factor 4, not limited 

by magnetic field noise anymore!

External sensor

Antiproton

Assuming we can
constrain the yearly
amplitude to the 69ppt-
level, this would set a
limit of 6% on 𝜶𝒈 ,

which is comparable to
goals of antihydrogen
gravity experiments

Adjustable three-coil system [10]


