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What’s this talk about?

• Theory behind accessing neutron-related observables without 
using a free neutron target (here: using the deuteron)

• Why? Interest in
• Values electric and magnetic neutron polarizabilities
• Constraints coupling neutron to light new physics

• For both need to measure processes on the neutron
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Motivation: neutron polarizabilities

• Electric/magnetic polarizabilities are numbers that quantify E/M 
moments induced in object in response to external E/M field

• Fundamental quantity nucleon structure, need value in many 
calculations, defined using nucleon Compton scattering

• Example: Lamb shift muonic atoms
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Motivation: neutron polarizabilities

• Consider LS µ4He+ Krauth et al. Nature 589 (2021) 7843, 527-531
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Motivation: neutron polarizabilities

• Consider LS µ4He+ Krauth et al. Nature 589 (2021) 7843, 527-531

• LSexp  = 1378.521 ± 0.048 meV 

• LStheo = 1668.489(14) meV     Bound-state QED 
        − 106.220(8) meV fm-2 × rα

2 + 0.0112 meV Finite-size effects

        + 9.340(250) meV     2PE

        − 0.150(150) meV     3PE

• 𝛅exp = 0.048 meV 

• 𝛅th(2PE) = 0.250 meV = 520% of 𝛅exp → Theory improvements needed!
• 𝛅th(2PE, polarizabilities) = 41% of 𝛅th(2PE) → Better extraction needed!

Diepold et al. Annals Phys. 396 (2018) 220-244       → Similar for other µ atoms
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Motivation: new physics searches

• Parameter spaces electron & proton coupling reasonably well 
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Motivation: new physics searches

• Parameter spaces electron & proton coupling reasonably well 
explored 

• In 10-100 MeV mass range neutron coupling ill-constrained
• Separate nucleon constraints can be translated to constraints 

on couplings of u and d quarks
• Together with lepton constraints severely restrict permissible 

new-physics models
• Improved constraints for neutron-X coupling with 

mX ~ 10-100 MeV possible?
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Consider 𝛄n → e+e−n 

• Consider 𝛄n → e+e−n at low virtualities
• Nucleon Compton scattering + Bethe-Heitler
• Enhanced sensitivity polarizabilities via Bethe-Heitler 

interference! (c.f. 𝛄n → 𝛄n)
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• Consider 𝛄n → e+e−n at low virtualities
• Possible sensitivity to new physics Phys. Rev. Lett. 128 (2022) 9, 091802

9

e-

e+

n

𝛄

→

n

Born + non-Born terms
(Nucleon Compton)

Bethe-Heitler
(crossed not shown)

𝛄/X
e−



Consider 𝛄n → e+e−n 

• Consider 𝛄n → e+e−n at low virtualities
• Possible sensitivity to new physics Phys. Rev. Lett. 128 (2022) 9, 091802
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Consider 𝛄n → e+e−n 

• Consider 𝛄n → e+e−n at low virtualities
• Possible sensitivity to new physics Phys. Rev. Lett. 128 (2022) 9, 091802

• Bump hunt via scan mee 
• In single bin strong enhancement signal due to X propagator
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• Need theoretical approach matching what can be measured
• A solution: use 𝛄d → e+e−pn (similar approaches previously successful)
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Some complications

• Can also strike proton
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Some complications
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Some complications
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Scope of talk

• How to manage these ‘complications’
• Results 
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Deuteron disintegration

• For pilot calculation start with photodisintegration
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Deuteron disintegration

• For pilot calculation start with photodisintegration
• Consider possible experiment at MAGIX@MESA (see prev. talk) 
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Deuteron disintegration

• For pilot calculation start with photodisintegration
• Consider possible experiment at MAGIX@MESA (see prev. talk) 
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Dominant topologies
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Impulse approximation Final state interaction
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• IA dominant contribution, FSI ~ 20-30% correction
see e.g., Few Body Syst. 16 (1994) 101-125

• Higher energies require different models, 
see e.g., Phys. Rev. C 78, 014007 (2008)
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𝛄N → e+e−N  (nucleon Compton)

19

• Born term defined as nucleon pole,
see e.g., Guichon, Liu & Thomas, Nucl. Phys. A 591 (1995) 
606-638

 

e+
e−

d N
N

𝛄

Born term
(crossed not shown)

𝛄

N
N



𝛄N → e+e−N (non-Born nucleon Compton)
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• Expand in 18 independent amplitudes
• Reduces to 12 for virtual Compton scattering 

(q2 = 0, q’2 < 0)
• Reduces to 4 in forward limit, (q’-q)2 ⟶ 0

• 2 spin flip
• 2 spin independent

• Leading term spin-independent terms 
proportional to generalized polarizabilities

• Since close to real Compton scattering 
(q’2 ≈ 0) use static polarizabilities
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• dNN vertex with one nucleon on shell
• Calculated and parametrized by Gross et al.

see e.g., Phys. Rev. C 82 (2010) 034004 
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    = deuteron wave function (S-, D-, 2x P-waves)



Neutron quasi-free peak
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Neutron quasi-free peak

26

e+

e−

d p

n

𝛄

• Cut on outgoing proton momentum (pp ≲ 45.7 MeV) ensures that in 
remaining processes proton is spectator (NQFP)

• Still compute spectator neutron processes, but magnitude < 1% 
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Neutron quasi-free peak
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• So, at neutron quasi-free peak 
• 𝛄d → e+e−pn ‘proportional to’
𝛄n → e+e−n (proton spectator)

• Restrictions kinematics
• 105 MeV beam energies
• O(10 MeV) mee

• pp ≲ 45.7 MeV
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• NQFP kinematics beneficial for FSI as well
• For off-shell momenta × need half-off shell NN T-matrix
• For NQFP kinematics × off shell by at most 1-2%
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• Dominant contribution FSI from on-shell NN T-matrix
• Fixed by data (NN phase shifts)
• Model independent
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• Given model for NN T-matrix, off-shell effects can be estimated
• Currently WIP, also error from NN phase shifts
• Result: theory error (“bands”), expected to be small for NQFP kin. 
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Example: 𝛄d → 𝛄pn at GeV energies

34

Phys.Rev.C 78 (2008) 014007

• Similar process
• Much higher energies 

(3.1 GeV beam)
• Off-shell effects more 

important at higher 
beam energies

• Off-shell 
contributions for our 
kinematics expected 
to be even smaller!
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• Model for 𝛄d → e+e−pn valid for 
• Beam energies ~ 105 MeV
• O(10 MeV) mee

• pp ≲ 45.7 MeV
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• How to…
• Extract neutron polarizabilities?
• Detect new physics?
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• Likely no signal
• Use absence of signal 

to constrain neutron 
coupling
• 𝓛S = gSN̄NX

• 𝓛P = gPN̄i𝛄5NX

• 𝓛V = gVN̄𝛄μNXμ

• 𝓛A = gAN̄𝛄μ𝛄5NXμ



Results

• Projected
exclusion limits 
from IA diagrams

• L = 7.2 ⨉ 108 nb-1

• 𝛅mee = 0.1 MeV
• Reminder:

typical NQFP 
kinematics

41
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Neutron polarizability extraction

• Neutron polarizabilities appear in 𝛄n → 𝛄n blob
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Neutron polarizability extraction

• Neutron polarizabilities appear in 𝛄n → 𝛄n blob
• Bethe-Heitler amplifier sensitivity due to interference
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Neutron polarizability extraction

• IA calculation indicates sensitivity to neutron polarizabilities in 
same kinematic region where sensitive to new physics
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same kinematic region where sensitive to new physics

• Dual experiment!
• Neutron polarizabilities small effect, must take FSI into account
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Neutron polarizability extraction

• IA calculation indicates sensitivity to neutron polarizabilities in 
same kinematic region where sensitive to new physics

• Dual experiment!
• Neutron polarizabilities small effect, must take FSI into account
• Still sensitive? Calculation WIP
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• Extensions for JLab energies possible (similar works already exist)
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Questions?

Neutron polarizabilities and new physics searches
with 𝛄d → e+e−pn

Cornelis Mommers, JGU Mainz, 2026-03-26
Phys. Rev. D 109, 095010
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