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A proposed mechanism of Baryon Number B violation, neutrons oscillating into their right-handed
mirror companions, is studied. We present upon updated limits of a particular type of this model,
wherein a small but non-zero mass difference exists between the neutron and its mirror state. We
do a search for this.

INTRODUCTION1

Motivation2

Much of the matter in the universe is invisible, not in-3

teracting via the electromagnetic force. This “dark mat-4

ter” has thus far evaded direct detection, which has led5

to a robust suite of experimental and theoretical propos-6

als looking for new exotic particles and interactions [1, 2].7

The traditional Cold Dark Matter (CDM) paradigm, fea-8

turing non-relativistic matter interacting only by grav-9

ity, stands in tension with the observations of the den-10

sity profiles of the dark matter halos of galaxies. One11

possible solution to this cusp/core problem introduces12

new forces acting between dark matter particles within a13

model of Self-Interacting Dark Matter [3, 4]. Theories of14

Self-Interacting Dark Matter vary in complexity from in-15

troduction of exotic forces all the way up to atomic Dark16

Matter [5].17

At the opposite end of the size spectrum from galax-18

ies, the Weak interaction in the Standard Model (SM) of19

particle physics is left-handed and maximally breaks par-20

ity. Early attempts to resolve this apparent fine-tuning21

posited a right-handed equivalent of the Weak interaction22

and subsequently right-handed copies of the SM [6, 7].23

This right-handed Mirror Model would completely du-24

plicate the SU(3) × SU(2) × U(1) form of the SM with25

a dark sector denoted SU ′(3)× SU ′(2)× U ′(1) [8? ].26

The Mirror Model would interact with normal mat-27

ter predominately through gravity, making it a candi-28

date for a type of Self-Interacting Dark Matter. Mir-29

ror Matter, having the same interactions as the standard30

model, could have similar complexity to Standard Model31

matter on cosmological scales [9]. The added particles32

and forces would have implications for element forma-33

tion in the early universe, and could even be a mecha-34

nism for a non-zero cosmological constant [10, 11]. This35

could potentially lead to the formation of Mirror Mat-36

ter based“Dark Stars,” or mixed stars with a dark mat-37

ter subcomponent [12, 13]. Such exotic objects could38

be searched for with existing astrophysical dark matter39

searches, in conjunction with laboratory searches for dark40

matter’s underlying particle nature [14].41

Leah: A little background on NNBAR
42

One of the major unsolved questions in physics is the43

universe’s matter-antimatter asymmetry, which requires44

a violation of Baryon number B or Lepton number L.45

In a universe with Mirror Matter, Standard Model neu-46

tral particles such as the neutron, n, or neutrinos, ν,47

could mix with their Mirror counterparts. Such mix-48

ing would cause B violation in the neutron sector or L49

violation in the neutrino sector. The neutron, due to50

its relatively long lifetime and relative ease of trapping,51

would be a natural candidate for studying Mirror Mat-52

ter in the laboratory. Neutrons would oscillate into their53

mirror counterpart n′, with some characteristic mixing54

mass denoted as ϵnn′ . This mixing can be contrasted55

with the more well-studied neutron-antineutron n → n̄56

oscillations, as a ∆B = 1 process, rather than the ∆B = 257

for n→ n̄ [15, 16]. Mirror neutrons could be an interme-58

diary process to n → n̄ conversion, n → n′ → n̄, which59

would have significantly reduced limits [17].60

Outside of the explicit Mirror Model, a potential sterile61

partner of the neutron n′ has been proposed as a probe62

of multiple branes [18].63

Yuri: STEREO thing about QFT vs. gravity. Also
Pospelov(?) criticism

64

Mirror Matter Phenomenology65

In this model, the neutron n is mixed with its dark66

partner from the mirror sector, a sterile “mirror” neutron67

n′.68

Yuri: More history on the phenomenology
69

The theoretical model probed in this paper was origi-70

nally proposed in [19] as a potential explanation for the71

“neutron lifetime anomaly.” The lifetime of ultracold72

neutrons (UCN) stored inside of a magnetic or material73

“bottle” has been measured as τn = 878.4± 0.5 [20–27].74

This value disagrees with the lifetime of τn = 888.0±0.7 s75
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determined by measuring neutron decay products in a76

cold neutron “beam” by > 4σ [28–30]. The paper [19]77

hypothesizes that the increase of ∼ 1% in the measured78

τn as the result of an increased n → n′ oscillation prob-79

ability due to the magnetic fields B⃗ present in the most80

precise “beam” experiment [28, 29].81

A neutron traveling through a magnetic field B⃗ and82

material with optical potential V − iW , where V > 0 is83

the real part of the potential andW is the corresponding84

imaginary part, has a Hamiltonian given by [31]:85

Hn = mn +
p2n
2mn

+ µnσ⃗ · B⃗ + V − i

(
W +

Γ

2

)
(1)

In equation 1 the intrinsic properties of the neutron,86

mn and µn, refer to the mass and magnetic moment re-87

spectively, and we work in natural units such that c = 1.88

The vector of Pauli matrices that describes the neutron’s89

spin is represented as σ⃗. The imaginary component of the90

Hamiltonian coming from the Fermi potentialW and the91

neutron decay rate Γ describe neutron loss mechanisms.92

The Z2 symmetry between ordinary and mirror sectors93

can be spontaneously broken either at a high-energy scale94

or due to limited-range new forces. Such a difference95

in the Higgs vacuum expectation value would induce a96

small mass splitting ∆m = mn ±mn′ between the n and97

n′. The variation in masses is unknown and as such the98

neutron mass, mn, can be either greater than or less than99

its mirror counterpart’s mass, mn′ . This mass difference100

works to suppress the probability of n → n′ oscillations101

for free neutrons in the absence of strong magnetic fields.102

Equation 1 can be extended to the mirror sector, with a103

mass and magnetic dipole moment that could differ due104

to a difference in the Higgs vacuum expectation value:105

Hn′ = mn′ +
p2n′

2mn′
+ µn′ σ⃗ · B⃗′ + V ′ − i

(
W ′ +

Γ′

2

)
(2)

Evolution of (n, n′) system follows the Schrödinger106

equation idΨ/dt = HΨ, where Ψ is the wavefunction of107

n and n′ components in two (±) spin polarization states108

Ψ = (ψ+
n , ψ

−
n , ψ

+
n′ , ψ

−
n′)T . The evolution of the two-state109

(n, n′) system can then be described introducing an un-110

known mixing parameter ϵnn′ in the 4 × 4 Hamiltonian111

for such a Schrödinger equation:112

d

dt
Ψ =

(
Hn ϵnn′

ϵnn′ Hn′

)
Ψ (3)

In the most general case, the transition element ϵnn′113

can contain a transition magnetic moment η⃗B or electric114

η⃗E moment, which could couple to the respective stan-115

dard and mirror fields and cause a transition magnetic or116

electric moment [32]. The search described in this paper117

assumes that such couplings η⃗B and η⃗E are zero.1118

1 In addition to the “neutron lifetime anomaly” between “beam”

Although equation 3 generically describes the (n, n′)119

system, some simplifying assumptions will be made. Due120

to conservation of momentum, the difference in the
p2
n

2mn
121

terms will be negligible. A difference in the magnitude of122

the magnetic dipole moments µn between neutrons and123

their mirror partners would appear the same as a dif-124

ference in the magnitude of the unobserved quantity B⃗′,125

and so the magnetic dipole moments can be assumed to126

be identical. The magnetic field in the laboratory B in-127

teracts only with the magnetic moment of the neutron,128

µn and not with the magnetic moment of the mirror neu-129

tron, µn′ . Although a large mirror magnetic field B⃗′ in130

free space can not be ruled out, the dark matter density131

of Earth suggests the mirror material potentials V ′ and132

W ′ to be vanishing [33]. Since the time of flight of cold133

neutrons (O(ms)) is significantly less than the neutron134

lifetime (τn ≈ 880 s), the decay rates Γ and Γ′ are taken135

to be negligible. As a result, we can use the simplified136

4× 4 matrix Hamiltonian:137

H =

(
mn + µnσ⃗ · B⃗ + V − iW ϵnn′

ϵnn′ mn ±∆m

)
(4)

This interaction Hamiltonian induces an oscillation in138

n→ n′, which can then be tuned by changes in the mag-139

netic fields, material potentials, and fundamental prop-140

erties of the n and n′. The mass difference ∆m serves141

to suppress the oscillation probability of free neutrons142

outside of strong magnetic fields or exactly compensat-143

ing material potentials. The oscillation probability must144

be less than ∼ 10−6 in order to satisfy requirements of145

neutron storage inside of material traps [20, 23, 25]. For146

a mass difference ∆m ∼ 100 neV, the oscillation length147

for neutrons inside a trap is shorter than a micron. In148

this case, the average probability during a collision with149

the wall is half the square of the maximum amplitude of150

oscillation. Such an effect would thus lead to a measur-151

able loss rate of n → n′ as a function of free flight time152

inside of the material trap.153

In vacuum, and in the absence of magnetic field B, the154

probability of n→ n′ transformation becomes [19]:155

Pnn′ = 1− Pnn =
1

2
sin2 2θ0 ≃ 2θ20 = 2

(ϵnn′

∆m

)2
(5)

Equation 5 introduces the mixing angle tan 2θ0 ≡156

2ϵnn′/∆m which we use as an alternative to ϵnn′ . This157

mixing angle serves to diagonalize the Hamiltonian of158

equation 4 when
∣∣∣B⃗∣∣∣ = 0. As above, due to the non-159

observation of anomalous loss mechanisms in material160

and “bottle” experiments, a second 3σ anomaly exists between
experiments storing UCN in material bottles (τn = 880.0 ±
0.7 s) [23, 25], and storing UCN in magnetic bottles (τn =
877.8± 0.2 s) [24, 27]. The introduction of a transition magnetic
moment ηB could potentially resolve this second discrepancy.
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traps, θ0 is limited to < 10−3. In the presence of a161

nonzero magnetic field B⃗, the angle required for diag-162

onalization of the Hamiltonian, θB , will be:163

tan 2θB =
2ϵnn′

∆m± |µnB|
=

tan 2θ0
1± |µnB| /∆m

, (6)

where the ± indicates the possible presence of two po-164

larizations of the neutron. For an unpolarized beam of165

neutrons, half of the neutrons can reach the resonant166

condition ∆m = ∓ |µnB|.167

When the transition angle approaches its maximum,168

at θB → 45◦, the transition probability will be deter-169

mined by ϵnn′ , the neutron velocity v, and the gradient170

of the magnetic field B. This is a classical case of the171

Landau-Zener (LZ) non-adiabatic level-crossing transi-172

tion, as seen in solar neutrinos [34], which enhances the173

transformation n→ n′. In the case of a beam of n pass-174

ing through a magnetic field where ∆m < |µBB|, these175

LZ transitions occur twice; one “level crossing” occurs176

at the entrance of the field and one “level crossing” oc-177

curs at the exit of the field. If the beam of neutrons is178

unpolarized, the polarity of the magnetic field does not179

matter as half of the neutrons will still undergo a LZ180

transition. The amplitude of these transitions will de-181

pend on the initial phase of the oscillating (n, n′) system182

and the velocity of the neutron as it passes through the183

“level crossing.”184

Calculation of the overall oscillation probability re-185

quires solving the Liouville von Neumann density matrix186

equation [31, 35]:187

dρ̂

dt
= −iĤρ̂+ iρ̂Ĥ† = −i [Hosc, ρ̂]− i {Hint, ρ̂} (7)

where ρ̂ = |Ψ(t)⟩ ⟨Ψ(t)| is a 4 × 4 Hermitian density188

matrix. This matrix ρ̂ can be expressed as the prod-189

uct ρi,j = ψi(t)ψ
⋆
j (t) of the wavefunctions for i, j repre-190

senting polarities of n, n′. In particular, the diagonals of191

these matrices ρ11(t) and ρ22(t) respresent the probabil-192

ity of being found in either a pure n or n′ state, respec-193

tively. The density matrix is Hermitian such that the194

off-diagonals satisfy ρ⋆12 = ρ21.195

Inside absorbing matter with a potential V − iW , os-196

cillations between the neutron and mirror neutron states197

continue. This contributes to an attenuation of ρ22(t),198

the probability of being a pure n′ across an absorber [31].199

This attenuation leads to a “void region” of reduced sen-200

sitivity when a magnetic field exactly compensates for V .201

202

Frank: Figure with impact of absorber choice.
203

Yuri: More on impact of absorber, in context of
STEREO.

204

Cary: Comment on how STEREO does their limits?
205

Experimental Landscape206

The existence of mirror matter would cause observ-207

able consequences, which would be measurable in the208

laboratory. Astrophysical constraints on (n, n′) mixing209

come from mass losses in pulsars and temperatures of210

neutron stars [36–38]. Experimental limits on the Mir-211

ror Model rely upon specific assumptions about the na-212

ture of ∆m and B⃗′. The most stringent transition limits,213

τnn′ > 448 s (90% C.L.) come from the perfectly degener-214

ate case, with identical mass splittings and no B⃗′ [39]. In215

such a ultracold neutron (UCN) storage experiment, the216

loss rate of neutrons inside of a container is measured217

as a function of the local magnetic field. The storage218

time would be measured at
∣∣∣B⃗∣∣∣ ≪ 10 nT and for the219 ∣∣∣B⃗∣∣∣ > 1µ T. In a perfectly degenerate case, ∆m = 0220

with no B⃗′, the magnetic field thus suppresses the rate221

of oscillation and limits the transition probability.222

In the case where a mirror magnetic field exists or223

there is a non-zero ∆m, the
∣∣∣B⃗∣∣∣ ≪ 10 nT state would224

not induce the maximum frequency of oscillations. The225

presence of a mirror magnetic field B⃗′ can be probed by226

utilizing an equal strength magnetic field in two direc-227

tions, B↑ and B↓, and measuring the asymmetry A↑↓ in228

stored UCN [40]:229

A↑↓ =
n(B↑)− n(B↓)

n(B↑) + n(B↓)
(8)

This asymmetry can be measured for different field230

strengths and directions to search directly for B⃗′. An231

additional asymmetry E0 can be produced with the zero232

field case:233

E0 =
2n(B = 0)

n(B↑) + n(B↓)
− 1 (9)

Re-analyses of previous experiments have reported a re-234

sult consistent with n→ n′ losses for nonzero B⃗′ [41, 42].235

Subsequent searches for n→ n′ have utilized repurposed236

experiments to search for the neutron electric dipole mo-237

ment which have excluded most of these claimed sig-238

nals [43–46]. In addition to using UCN storage, further239

n → n′ disappearance searches at higher energies have240

been proposed using beams of UCN passing through a241

guide with a tunable magnetic field [47].242

Neutron regeneration experiments search for the dou-243

ble transition n → n′ → n [48, 49]. Neutrons shot at244

an absorber would be regenerated on the other side, in245

parallel with similar experiments using photons through246

a wall to search for exotic electromagnetic couplings [50].247

In searches for a sterile neutron n′ going to a separate248

brane, experiments use the Fermi potential V of mate-249

rials to compensate the energy splitting between the n250

and n′ state. Explicit searches for this coupling have251
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been probed, placing strong limits on a completely ster-252

ile n′ [51, 52]. Further searches for this mechanism have253

been proposed [53]. In this alternate brane formulation254

of the sterile neutron, n′ has no interaction with the mat-255

ter through which it passes. This differs with the mir-256

ror model formulation described in the previous section,257

where the n′ state attenuates in normal matter, leading258

to a reduction in transmission.259

Cary: More background on STEREO and MUR-
MUR

260

Neutron-mirror neutron mixing has been invoked as261

an explanation for the neutron lifetime discrepancy [19].262

This would manifest itself in a potentially higher mass263

splitting ∆m than probed in the small B⃗′ search exper-264

iments. An experimental probe of this effect was pro-265

posed at Oak Ridge National Laboratory (ORNL), uti-266

lizing the Spallation Neutron Source (SNS) and the High267

Flux Isotope Reactor (HFIR) [54, 55]. Initial results from268

this sequence have excluded n→ n′ transitions as an ex-269

planation for the neutron lifetime discrepancy [56]2 We270

improve upon the results of our previous experiment in271

reference [56] to further limit the observed amount of272

neutron-mirror neutron mixing.273

EXPERIMENTAL APPARATUS274

The measurement reported here was performed at the275

Spallation Neutron Source (SNS) at Oak Ridge National276

Laboratory using the Magnetism Reflectometer (Ma-277

gRef) instrument [57, 58], including some improvements278

over the previous search reported in [56]. A diagram279

of the MagRef beamline configuration in this experiment280

can be seen in Figure 3. The SNS produces H- ions which281

are accelerated by the linear accelerator to 1 GeV and a282

nominal power of 1.4 MW (to be increased to 2 MW as283

part of a planned upgrade). The accelerated H- beam is284

stripped of electrons by a diamond foil, and then collected285

and intensified in the accumulator ring, then the protons286

are extracted in 700 ns long bunches with a repetition287

rate of 60 Hz which bombard a liquid mercury target to288

produce fast neutrons by spallation. The charge in each289

proton bunch is measured by an integrating current beam290

monitor with an accuracy of 3% [59].291

The neutrons viewed by the MagRef beamline are mod-292

erated by a 20 K liquid hydrogen moderator. Cold neu-293

trons are emitted with a time scale of tens of µs. The294

neutrons are transported by a curved beamguide to the295

experimental area which has a broadening effect on the296

arrival time, especially of longer wavelength neutrons.297

2 The introduction of ηB in equation 2 has not been probed by
this experimental sequence. This exclusion limit assumes that
there is not a transition magnetic moment.

FIG. 1. Fitted time of flight spectrum for neutrons hitting
the MagRef detector during attenuation runs. This includes
a 50 µs cut at 16666 µs to exclude fast neutrons.

The time of flight (TOF) of neutrons is recorded as the298

difference between the arrival time at the MagRef detec-299

tor and the 60 Hz pulse of the accelerator. A system of300

beam choppers selected a neutron wavelength interval of301

2.2 to 5.1 Å. The TOF spectrum of neutrons is shown302

in Figure 1. The TOF can be related to the neutron303

wavelength using the length of the beam path and cali-304

brated using observed dips in the TOF spectrum caused305

by Bragg scattering of neutrons from aluminum at 4.05306

and 4.68 Å.307

Matt: (Or a beamline scientist?) TOF to wave-
length/velocity calibration.

308

On exiting the beamguide inside the biological shield-309

ing surrounding the target monolith, the neutrons en-310

counter a set of vertical and horizontal B4C blades serv-311

ing as an aperture which allows a neutron beam with312

a maximum permitted extent of 30 mm×30 mm to en-313

ter the MagRef experimental area. The neutrons travel314

unimpeded through air approximately 2 m before en-315

countering a second aperture which defines the diver-316

gence of the beam. The aperture settings were op-317

timized to maximize the intensity through the beam-318

catcher (see section on intensity below) without any loss319

or scattering of neutrons through the beam-catcher walls.320

The upstream collimator permitted a beam extent of321

10×10mm2 and the downstream collimator permitted a322

beam extent of 8×6mm2 (horizontal × vertical). Al-323

though MagRef has the capability to polarize the neu-324

tron beam, the beam was not polarized in these mea-325

surements.326

Matt: Neutron Camera studies + Beam Profile?
327

The MagRef detector is read out with an array of328

304× 256 (X × Y ) pixels, each with size 0.7× 0.7 mm2.329
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FIG. 2. Transmission of a single neutron through the Cd
absorber inside the maximum magnetic field. Description in
text. (Color online)

Frank: Request by Leah to do trajectories (1)
over the magnetic field (2) right at the ”void
region” for B4C. Request by Matt to show
many different velocities with same ∆m, θ0.

For this measurement, this detector was positioned per-330

pendicular to the beam axis. The maximum counting331

rate of the detector is limited by the output electronics,332

which lead to a dead time of 4 µs. Each detected neu-333

tron is subsequently recorded into a DAQ system which334

includes a GPS-based time tag, the (X,Y ) position of the335

pixel in the detector, the time-of-flight, and the proton336

charge for the SNS pulse that produced the neutron. The337

detector was surrounded by improved shielding, further338

reducing the backgrounds.339

The MagRef beamline uses a double-solenoid magnet340

that has a characteristic double-peaked behavior [60].341

The peak field in the center of either of these two342

solenoids is 6.6 T, while the peak field at the center of343

the apparatus is 5 T. A field profile with the trajectory of344

a neutron can be seen in figure 2. The oscillation prob-345

ability of the (n, n′) state depends on the magnetic field346

and the orientation of the neutron spin. The search was347

conducted with the center of the magnetic field set to348

±4.7 T and ±2.35 T, as well as a background measure-349

ment with no magnetic field. The beam is unpolarized,350

and so the oscillation probability should be independent351

of the polarity of the magnetic field.352

Leah: Alignment? Field Mapping? I have a com-
ment that this is a different magnetic field so refer-
ence [60] is wrong.

353

Frank: Magnet stability figure(?) or calculation
354

The experiment relies upon a double transition n→ n′355

on one side of an absorber, and a subsequent transition356

n′ → n on the other side. A general diagram of the357

experimental setup can be found in figure 3, which is358

similar to that of our previous work in [56]. Inside of359

the magnet, we place an absorber to remove neutrons360

while allowing n′ transmission. We have changed the361

neutron absorber used in the beam path from 32 mm of362

B4C as used previously to 3.5 mm of Cadmium (Cd).363

The Fermi potential V of B4C is 199.2 neV, while that364

of Cd is 58.8 neV [31]. This switch moves the region of365

low sensitivity immediately around the Fermi potential366

inside the peak of the magnetic field. As a result, the367

void region present in our apparatus is suppressed by the368

magnetic field and has already been excluded by previous369

results.370

Leah: Uncertainty of positioning absorber and aper-
tures

371

In addition to data taken with the beamstopper in372

place, we used a series of runs without the beamstop-373

per and the magnet turned off to determine the inten-374

sity of the neutron beam. We used a set of commercial375

plates of polycarbonate (PC) (C16O3H14)n with thick-376

ness 1.27 mm. Beam attenuation in the PC is mostly377

due to elastic scattering on hydrogen, so together with378

attenuation of non-scattered beam and small absorption,379

a small amount of scattering background was generated.380

TOF dependence of absorption will be discussed further381

down in section on intensity. There were some studies382

using a pinhole to heavily collimate the beam. These383

studies of attenuation did not have the magnetic field384

turned on, thus had a nominal field of 0 T, with no ab-385

sorber in place.386

RESULTS387

Intensity388

The SNS produces too many neutrons to directly mea-389

sure with our detector, and so we must use indirect meth-390

ods. The beam profile can be seen in figure 4. The direct391

beam-on area is used to determine a Region of Interest392

(ROI) for the signal region. Outside of our ROI, there393

is a background due to neutron scatter in the absorbers394

or other elements of the upstream beamline. This back-395

ground was directly measured in the regions adjacent to396

the unscattered beam and then subtractred from the seen397

counts in the ROI. The shape of the subtracted back-398

ground was observed to be consistent with the shape of399

the background observed in the detector. Wavelength400

spectrum of these neutrons was reconstruced by using a401

special run with a 0.2 mm pinhole installed 2.5 m up-402

stream of the neutron detector.403

Matt: Discussion of pinhole data
404

We determine the expected intensity in our detector by405

looking at data taken with polycarbonate blocks in the406

beamline, which serves to attenuate the beam. The neu-407
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FIG. 3. Diagram of the MagRef beamline with the Cd absorber in place.

Leah: Remake this figure with Cadmium/changed slits(?)

FIG. 4. The sum of all 6 runs with PC boards in place and
no Cd beam stop in place. The neutron beam can be clearly
seen centered around pixels (X,Y ) = (170, 135). Shielding
around the detector causes a sharp falloff in the background
above Y = 200 and below Y = 70, as well as the left side
of the detector around X ∼ 75. The region of interest is
highlighted in the center, with the signal area surrounding
the beam and the background area chosen to fit inside the
less shielded region.

Frank: Do this plot with just 18 PCs

tron counts per Coulomb was measured with as few as408

18 and as many as 24 polycarbonate blocks. Fewer than409

18 blocks, and the associated higher intensity, would po-410

tentially damage the detector and activate parts of the411

beamline. Actual production data with the Cadmium ab-412

sorber in place was taken with zero polycarbonate blocks413

in the beamline. The uncertainties in this intensity come414

predominately from the method of extrapolation.415

The intensity of the unimpeded beam, I0, can be de-416

scribed by an arbitrary function:417

I0 = f(I(N);N). (10)

Here we use the measured intensity I as a function of the418

number of polycarbonate blocks inserted into the beamN419

to determine I0. As a first approximation, the intensity420

function is polynomial, such that I0 = I(N)η−N , where421

we define an attenuation factor η. We can then measure422

I(N) in our ROI, and use these measured values to fit for423

η = XXX. The function 10 can then be extrapolated424

back to N = 0 to find the number of neutrons we expect425

to see on the detector This determination gives us a value426

of I0 = Y Y Y. neutrons/C.427

Frank: Flat Intensity η and I0
428

A more accurate determination of the intensity uses429

the fact that the polycarbonate block has a velocity de-430

pendent attenuation η(v). In the case that the cross sec-431

tion of our polycarbonate depends on neutron velocity v432

as 1/v, we can expand the attenuation factor η in terms433

of the time of flight t:434

η(t) = η0 + η1t (11)

We can then use modified attenuation factor to map the435

intensity I to a function:436

I(N, t) = (η0 + η1t)
N , (12)

A linear regression can be used to fit these parameters,437

such that η0 = 0.7554(6) and η1 = −0.424(3). This can438

be extrapolated back to N = 0 to get a total intensity of439

(2.95± 0.10)×109 neutrons/C. The increase in intensity440

and reduction in uncertainty over the previous measured441

value of (1.05± 0.31) × 109 comes from improvements442

in positioning the slits so that we are not scattering as443

much of the beam. These uncertainties are dominated444

by the fitting procedure. Additional uncertainties come445

from the orientation and thickness of the PC plates.446

Matt: Discussion of uncertainties due to PC plates
447

These results have been validated through compari-448

son with a Particle and Heavy Ion Transport System449

(PHITS) simulation of the beamline [61]. This allows450

us to look for deviations from exponential behavior in451

the extrapolation method.452

Lawrence: Discussion of intensity simulations. (Co-
ordinate with Devyn?)

453

Search for Effect454

The transition probability for n→ n′ → n was probed455

with variable magnetic field with the Cd absorber in456

place. The presence of oscillations into the mirror neu-457

tron state and back depends on the energy splitting be-458

tween the two states. By adjusting the magnetic field,459

this transition probability is enhanced. An example sig-460

nal seen in the detector with an absorber in place, formed461

by combining the runs taken with 0 T, can be seen in fig-462

ure . The probability of transition can be extracted by463

looking for a signal appearing over a background. Since464

the transition probability depends on magnetic field, the465

background can be found when B = 0 T, and then466

compared to the signal seen in the same region when467

B = ±4.7 T or B = ±2.35 T.468
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FIG. 5. The sum of all 19 runs taken with the magnetic field
off and the cadmium absorber in place. The signal region
of interest is highlighted in orange in the center, while the
regions used for extraction of backgrounds are highlighted in
red on the sides of the signal region of interest.

The signal passing through the absorber was investi-469

gated by counting neutron events appearing in the de-470

tector inside of a square 70 by 70 pixel region of interest.471

This region was chosen to incorporate the beam profile472

seen with various intensity runs as seen in Figure 4. The473

SNS runs at 60 Hz, which induces a periodic background474

due to fast neutrons every 16666 µs. To avoid this back-475

ground, we place a veto with width 55 µs on events with476

a time of flight between 16661 µs and 16711 µs. Data was477

collected in a constant charge mode, such that the inte-478

grated charge on the accelerator target for a given run479

was 5.1 C. This meant that temporary outages of the ac-480

celerator took longer to run, leading to suppressed rates481

during these outages. Accelerator pulses in the analysis482

chain are associated with the charge of the proton pulse483

deposited. Accelerator pulses where less than 23 µC are484

deposited into the target are removed from the analysis.485

486

Frank: Accelerator stability figure
487

With these cuts, the signal can be measured for each488

individual run and normalized to the accumulated charge489

for that run. Counts inside the region of interest for indi-490

vidual runs can be seen in figure 6. Uncertainties on the491

counts inside the region of interest assumed a Gaussian492

distribution, and the error bars indicate one standard493

deviation. These can then be combined to provide an494

overall signal for different magnetic fields, as can be seen495

in table I.496

The probability of neutrons undergoing the transition497

n→ n′ should be dependent on the energy difference be-498

tween the two states. As a systematic check, the region499

FIG. 6. Measured neutron counts / C inside the region on
interest for each run. Runs are categorized by nominal mag-
netic field. (Color online)

around the region of interest can be used to determine the500

expected background for a given magnetic field, as in ta-501

ble II. A background region can be formed, extending 25502

pixels on each side of the square region of interest, to de-503

termine the background expected during each run. The504

backgrounds determined from all four sides of the region505

of interest overestimates the signal seen in the foreground506

region, as the detector sits in a saddle point in the verti-507

cal (Y ) direction. The effect of this saddle point can be508

mitigated by using only the background regions in the509

horizontal plane of the detector, on the left and right of510

the signal. The background rate estimated for each run511512

using this method can be seen in figure 7. The number of513

counts seen in the foreground region, where we would see514

n → n′ → n transitions, is consistently lower than the515

estimate of counts outside this region. As a result, the516

most conservative determination of the transition rate517

uses the comparison of B ̸= 0 T runs with B = 0 T runs.518

The nominal background could be sensitive to other519

effects, which could induce a time dependence or ad-520

ditional position dependence in the backgrounds. The521

sensitivities of backgrounds to various systematics was522

investigated.523

Leah: Systematics due to time-dependence in back-
grounds?

524

This served to inflate the uncertainty due to the sig-525

nal by [XXX]. Discuss more analysis on backgrounds,526

background studies and reduction, TOF spectrum, time527

dependence, position dependence, prompt backgrounds.528

Do we have a systematic uncertainty to add?529
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B Field (T ) Live Time (s) Foreground Counts Total Charge (C) Counts / C

+4.7 33147 1987± 46 45.6 43.5± 1.0

+2.35 32726 2027± 45 45.6 44.4± 1.0

0 81179 4324± 66 96.3 44.9± 0.7

−2.35 32801 2010± 45 45.6 44.1± 1.0

−4.7 39014 1999± 44.7 45.6 43.9± 1.0

TABLE I. Combined signal in foreground region for each magnetic field foreground signal for each magnetic field. Uncertainties
are statistical and represent one statistical deviation.

B Field (T ) Background Counts Flat Background / C Horizontal Background / C

+4.7 3292± 57.4 51.2± 0.9 45.7± 1.2

+2.35 3313± 57.6 51.6± 0.9 47.5± 1.3

0 7100± 84 52.3± 0.6 47.9± 0.9

−2.35 3387± 58 52.8± 0.9 47.9± 1.3

−4.7 3406± 58 53.0± 0.9 47.0± 1.3

TABLE II. Calculated background signal for each magnetic field. Raw background counts have statistical uncertainties of one
standard deviation. The Flat Background / C and Horizontal Background / C columns have been extrapolated across the
region of interest for direct comparison with foreground counts.

FIG. 7. Background counts / C expected in the foreground
region of interest, determined by using only the horizontal
(left and right) background regions. Runs are categorized by
nominal magnetic field. (color online)

Simulations of Neutrons in Matter and Magnetic530

Fields531

The probability of n → n′ transmission through the532

absorber can be calculated for varying ∆m and θ0 param-533

eters, as defined in equation 6 [19]. The time-evolution of534

the density matrix following equation 7 with the Hamilto-535

nian of equation 4 can then be solved numerically. These536

utilize a custom GPU simulation package in the Julia pro-537

gramming language. The Liouville-von Neumann equa-538

tion, equation 7, can be written using in the matrix form539

ρ̇ = Mρ, where within a small step dz the matrix M is540

constant. The solution to the differential equation can541

be found with the matrix exponential:542

ρ (t) = eMtρ0 (13)

The matrix exponential is calculated by finding the Jor-543

dan decomposition of the matrix M:544

M = SJS−1 eMt = SeJtS−1 (14)

Since the density matrix ρ̂ of the Liouville-von Neu-545

mann equation, equation 7, is Hermetian, the equation546

can be rewritten in the form:547 
ρ̇11
ȧ

ḃ

ρ̇22

 =
1

ℏ


−2W 0 −2ϵ 0

0 −W −U 0

ϵ U −W −ϵ
0 0 2ϵ 0



ρ11
a

b

ρ22

 . (15)

In equation 15, we have used the Hermiticity of ρ̂ to548

relate the off-diagonal components of the density matrix549

ρ12 = a+ib and ρ21 = a−ib. We can then solve equation550

14 numerically for individual neutron trajectories with a551

fixed ∆m, θ0, and velocity v using the matrix described552

in equation 15. We begin this calculation with a density553

matrix at t = 0 in the pure neutron state:554

ρ̂ =

(
ρ11 ρ12
ρ21 ρ22

)
=

(
1 0

0 0

)
. (16)

The potentials in equation 15 come from the presence555

of magnetic fields and material optical potentials. The556

magnetic field profile of figure 2 was provided by the man-557

ufacturer and converted into a cubic spline for interpola-558

tion. This was extended out to a constant field of 50 µT,559
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accounting for the Earth’s magnetic field, outside of the560

profile. As the magnetic field B⃗ couples to the spin of561

the neutron µ⃗n, the calculation must be run for each spin562

±µn state separately and subsequently averaged.563

Material V + iW (eV)

Cd 5.88× 10−8 + i
(
8.46× 10−9 + v · 9.91× 10−15

)
B4C 1.99× 10−7 + i

(
6.10× 10−9 + v · 2.40× 10−14

)
Air 5.67× 10−11 + i

(
5.77× 10−15 + v · 8.33× 10−18

)
TABLE III. Material optical potentials used for calculating
probability of neutron transmission through an absorber [31].

Centered inside the magnetic field is a highly absorb-564

ing Cd beamstop with thickness 3.5 mm. In the 2019565

dataset previously reported, we utilized a 32 mm thick566

B4C beamstop instead [56]. In addition to the optical po-567

tential of the absorber, the experimental apparatus was568

placed in air at room temperature, which has an addi-569

tional optical potential. We simulated these materials570

with both real and imaginary parts of the material opti-571

cal potentials, using values in table III. These were simu-572

lated with one edge of the material absorber sitting at the573

midpoint of the magnetic field. The addition of air in-574

stead of vacuum outside of the absorber provides a ∼ 1 %575

reduction in sensitivity for a given neutron trajectory.576

The imaginary part of the optical potential, W , cou-577

ples to the velocity of the neutrons passing through the578

material. Each velocity has a distinct probability of tran-579

sitioning in the Landau-Zener non-adiabatic condition.580

The velocity dependence was accounted for by averag-581

ing across 2000 trajectories with fixed velocity, sampled582

from the velocity profile of neutrons coming from the583

SNS. This is numerically integrated with steps of con-584

stant z = 10 µm. The simulated probability for a given585

neutron trajectory has a characteristic oscillation due to586

the finite steps with a fixed velocity v. To mitigate any587

uncertainties due this oscillation, the probability of trans-588

mission is averaged over the final 1 mm (100 steps). An589

alternate form of accounting for velocities utilizes an av-590

eraging of initial phases. This method is less computa-591

tionally expensive, but faces numerical precision compli-592

cations at material interfaces.593

Yuri: More about the initial phase averaging method
vs. averaging over velocities

594

The results of the simulation described above for a Cd595

absorber with the two nominal magnetic fields, 4.7 T and596

2.35 T, can be seen in figure 8. The highest sensitivity to597

n→ n′ oscillations can be found near the magnetic field598

peak. A reduced sensitivity can be seen for high θ0 values599

near the optical potential of Cd. For values of ∆m >600

µn · Bmax, the sensitivity of the experiment tends to a601

constant value. At low mass splitting, characterization of602

the magnetic field becomes more dependent on the field603

profile, and ultimately tends towards the zero-field case.604

605

Frank: Limits extrapolated to ∆m → 0? Any com-
ment on negative ∆m

606

Leah: More detail about the different studies we did
to rule out e.g. numerical precision errors, bin size
errors? Something about experimental errors like po-
sitioning of equipment inside magnet.

607

Limits608

Determination of the limit on n → n′ → n uti-609

lizes the Feldman-Cousins method for treatment of rare610

events [62]. The Feldman-Cousins band chooses a band611

of likelihoods based on finding the closest likelihood val-612

ues to the maximum likelihood. This can then be used to613

determine the 95 % confidence limit. Here we assumed614

Gaussian uncertainties for the signal and backgrounds.615

In the event of a systematic bias in the expected inten-616

sity, the reported 95 % C.L limit on transmission ptr. is617

underestimated.618

B-Field (T) Signal (×10−10 n/C) 95 % C.L. ptr. (×10−10)

±4.7 −4.26± 3.41 3.27

±2.35 −2.35± 3.42 4.52

0 −10.87± 3.98 1.86

TABLE IV. Neutron transmission through the Cd absorber
for varied magnetic fields. The ±4.7 T and ±2.35 T datasets
use both polarities with the 0 T data taken as a background.
The 0 T dataset uses the background region of interest to
estimate the background in the beam

The intensity of (2.95 ± 0.10) × 109 neutrons / C can619

be compared with the signal measured at various mag-620

netic fields in tables I and II. We use the 0 T data inside621

the ROI as a background measurement. The beam is622

unpolarized and so the +4.7 T result can be combined623

with the −4.7 T results, and the same can be done for624

the ±2.35 T datasets. The counts measured in the 0 T625

field runs are greater than any single other magnetic field626

profile, leading to a significant improvement between this627

result and the previous due to statistical fluctuation.628

The overall parameter space excluded by this experi-629

ment can be found by taking the 95 % C.L. ptr. and su-630

perimposing this on the simulated regions of exclusion for631

the respective magnetic fields. The ±4.7 T and ±2.35 T632

results can further be combined by taking a weighted av-633

erage of the two exclusion limits. The results can be seen634

in figure . As ∆m → ∞, we see the probability begin to635

level off. Our highest sensitivities are at the peak field636

strengths of our magnet, with additional sensitivity near637

the flat region between the two peaks.638
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FIG. 8. Simulated probability of transmission through 3.5 mm of Cadmium in a 2.35 T (left) peak strength magnetic field and
4.7 T (right) peak strength.

FIG. 9. Limits reported in this paper.

Frank: Remake figure to include pre-
vious paper’s limits and compare with
STEREO, nEDM, Saenz-Arevalo

CONCLUSIONS639

We have reported on an experiment that provides the640

most stringent results for n→ n′ oscillations in the region641

around 50 ≤ |∆E| < 400 neV. Unlike results presented642

in reactor experiments, the regeneration technique using643

unpolarized neutrons is relatively insensitive to the sign644

of the ∆E. This technique can also be used at higher645

intensity neutron sources, such as ORNL’s High Flux646

Isotope Reactor (HFIR), with limiting systematics due647

to knowledge of the intensity. This limit is competitive648

even with sterile neutron searches that reject any intrin-649

sic interaction between n′ and matter. This result is the650

next step in a suite of experiments planned at ORNL to651

probe B violation.652

Cary: Any reduction in limits from STEREO /
MURMUR?

653
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