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Excited state hypothesis (1)

® Neutrons in the bottle:

n
lfﬁ ~ 879

p

® What could make neutrons in the beam live longer?

Discussion
[e]e]
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Excited state hypothesis (2)

® Hypothesis: 3 excited state(s) n_. with greater (-lifetime

Ty n
Tﬁl 2.78 3 lTB ~ 879s
Ty,pE

® Neutrons in the beam: mixture of n and n_ states

Discussion
[e]e]

EM decay into ground state n during cooling with 7, .+ < 75
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Constituent quark model (1)

® Quarks and gluons averaged to 3 constituent (dressed) quarks
[Greiner, Mueller. (2009)]
"o"

0

e Quark-gluon field quantized for each constituent quark

e Constituent quark is colorless
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Constituent quark model (2)

\I/(Cl,fl, S1, X1,...,03, I3, S3,X3) with C), € {7‘,.(], b},
I, € {u,d}, S, € {1,1}, and field DOF X,, for each quark

Color part separable and anti-symmetric

e Effective quark-gluon field is |000) for ground state
Remainder is fully symmetric, and

* cigenvector of 12 with I = 1. L=-1(a)

® eigenvector of $% with S =1, 5. =+ (1,])

Model wave function for the neutron in ground state:

n) = A{lrgb)}
x §{ (2lddu) — |dud) — Judd)) x (21114) = [141) = [411)) }
% 000)

with symmetrization/antisymmetrization S/ A{. ..} of states
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Excited states in the constituent quark model (1)

® Hypothesis: 3 excited field states below Roper resonance
"y
to“

"l

e Constituent quarks in field states, e.g. |310)

Are low-energy excitations possible in free neutron?
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Excited states in the constituent quark model (2)

Model wave function for the neutron in excited states:
i) = A{Jrb)}
x ${ (2lddu) — |dud) — Judd)) x (21T14) = [141) = [411))
x S{Jijk)} |
) = A{Jrgb)}
x S{(2lddu) — |dud) — Judd)) x (21T14) = [141) = [411))
x Afijk)}}

for 4, 7, k all distinct
Model has 2 more states but not nice to write down in 1728 dims.
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[-lifetime of excited states

® Model decay Hamiltonian:
acts on constituent quark, conserves spin & quark-gluon field

s = gs @1 (/2L +Dw 1] - 1L DD )

1
Aot - L0 b))
® 1
® (-decay rate in this model:

rop = Lo sl 9
) [(plHpln)[* 25

A{|ijk)} more selective than |000) — restricted decay channel
[Koch, Hummel. PRD 110, 07300 (2024)]
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Electromagnetic decay n, — n

® Could be whole decay cascade involving several excited states

T, —
,n

_ . — . — — -
310 Na210 000

E A N

o o o e Pooo
Ps10 P210 P110 Pioo__ .

Ty,p~

® Each EM decay event emits photon

® Whole EM cascade must reach GS before bottle measurements

Can the emissions really happen unnoticed? What about the recoil?
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Small Heating (1)

After cooling/slowing,
neutrons regain energy

Possibly due to

® Scattering on
surface-adsorbed
nanoparticles
[Lychagin et al. IJNNAJ 6, 6
(2007)]

® Multiple scattering
[Barabanov et al. EPJ B 15, 59
(2000)]

I Surfaces waves on oil
[Nesvizhevsky et al. Rev. Sci.
Instrum. 89, 023501 (2018)]

? q-recoil from n, —n
idea from Oliver Zimmer @ ILL

Fig. 3. Layout of the setup: (/) sample, (2) gravitational
barrier, (3) inlet valve, (4) monitor, (5) absorber, (6) de-
tector, and (7) outlet valve.

[Lychagin et al. Phys. Atom. Nuclei 65, 1995 (2002)]
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Small Heating (2)

® Absorber (5) shut during cleaning
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[Nesvizhevsky et al. Rev. Sci. Instrum. 89, 023501 (2018)]

® Neutrons reheat after opening at tg ~ 100s
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Surface waves on Fomblin oil

1.2 T T T T T T T T T

= 24°C, before cooling
@ cooling down

e Gaining hit probability P 7 warming up
temperature dependent '
e Qil freezes at ~ —20°C

® Residual probability P? could
be 7-recoil from n_; — n

° P{~06x10°
we call it Tiny Heating

25 20 15 10 5 0 5 10 15 20 25 30

[Nesvizhevsky et al. Rev. Sci. Instrum. 89, 023501 (2018)]

Is it really nonzero? It does put an upper bound on recoil events
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Tiny Heating constraints on EM neutron decay
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recent experimental constraints: [Gonzalez et al. arxiv:2508.16045]
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Excited state hypothesis

Facts
® Excitations Alijk) on constituent quark level make state |n.)
sensitive to permutations, lowering overlap (p_ |Hg|n.)
e (Caveat: constituent quark model not ab-initio, ignored orbital
momentum, assumed charge distributions, ...

Queries
® Measure lifetime between 1), ~ 5ms and tot106 =~ 300's
® Search for multi-exponent signatures: low signal-to-noise ratio

® Try to re-excite free neutrons with EM radiation: what energy?

What are state-of-the-art ab-initio theories for Lattice QCD?
Does Monte-Carlo need to project out the ground state?
Are there reasonably accurate deterministic theories?
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Tiny Heatlng

Facts

e Currently, evidence for Tiny Heating at tg ~ 100s is small
but ~-cascade could be already done.

® |f Tiny Heating related to v-cascade it must depend neutron age
Queries

® Can frozen-oil probability P?(ty) be measured for different ¢,?
Best at ages tg =~ theam =~ 5ms (very hard, of coursel)

e \What are statistical moments of Tiny Heating as function of
energy? Needs height-resolved AND frozen-extrapolated data.
From moments we could infer y-energy and count-rate

® What about Small Heating with magneto gravitational bottles?

® Are there other Small Heating processes that can be studied at
earlier ages ty?
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