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What exactly is dark matter?

2 &£
https://www.motorauthority.com




What exactly is dark matter?
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What exactly is dark matter?

Can neutron
be the key?



atomic nucleus

Irene Joliot-Curie James Chadwick



Neutron decay in the Standard Model




Neutron lifetime in the Standard Model

Theoretical rediction i 49086(1 9) S Czarnecki, Marciano & Sirlin,
P " | Vual?2(1+ 3¢3%) PRL 120, 202002 (2018)

M = % GrVud gv [ﬁmm — 9AZ375%”} [ev*(1 = s)v]

A <5055 < 7, < 886.05
average for g,
Chang et al.,
Lattice result 870s < 7, < 900s MO )
ga = 1.271 £ 0.013




Bottle experiments
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Beam experiments
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If neutron decays only via beta decay

-
Bottle experiments

there should be
the equality:

Beam experiments
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Beam experiments Bottle experiments
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Beam experiments Bottle experiments
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Beam experiments Bottle experiments
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Neutron dark decay

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

Dark Matter Interpretation of the Neutron Decay Anomaly
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Br(n — p + anything) ~ 99%

_ DX
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Br(n — anything # p) ~ 1%

Tn — dark ~ 1 day

n — dark particle(s) + SM particle(s)



Nuclear physics bounds

p MEAN LIFE

A test of baryon conservation. See the “p Partial Mean Lives” section below for limits
for identified final states. The limits here are to “anything” or are for “disappearance”
modes of a bound proton (p) or (n). See also the 3v modes in the “Partial Mean

Lives” section. Table 1 of BACK 03 is a nice summary.

LIMIT
(years) PARTICLE CLY% DOCUMENT ID TECN  COMMENT

>5.8 x 1029 n 90 1 ARAKI 06 KLN
>2.1 x 1029 P 90 2 AHMED 04 SNO p — invisible

e o o We do not use the following data for averages, fits, limits, etc. e o @

>1.9 x 1029 90 2 AHMED 04 SNO

>1.8 x 102° 90 3 BACK 03 BORX

>1.1 x 1026 90 3 BACK 03 BORX

>3.5 x 1028 90 4 ZDESENKO p — invisible
>1 x 1028 90 5 AHMAD SNO p — invisible
>4 x 1023 95 TRETYAK d— n+7
>1.9 x 1024 90 6 BERNABEI DAMA

>1.6 x 102° 7,8 EVANS

>3 x 1023 8 DIX CNTR

>3 x 1023 8,9 FLEROV

https://pdg.Ibl.gov




Nuclear physics bounds

p MEAN LIFE

A test of baryon conservation. See the “p Partial Mean Lives” section below for limits
for identified final states. The limits here are to “anything” or are for “disappearance”

modes of a bound proton (p) or (n). See also the 3v modes in the “Partial Mean

Lives” section. Table 1 of BACK 03 is a nice summary.
LIMIT

(years) PARTICLE CLY% DOCUMENT ID TECN  COMMENT

>5.8 x 1029 n 90 1 ARAKI 06 KLN
>2.1 x 1029 P 90 2 AHMED 04 SNO p S visible

e o o We do not use the following data for averages, fits, limits, etc. e o @

>1.9 x 1029 n 90 2 AHMED 04__SNO

p — invisible
p — invisible
d— n+7?

https://pdg.Ibl.gov




Nuclear physics bounds

Neutron
dark decay

For dark
decay of a
neutron in 10

to happen Mooy =

M(15O) + my, — S(n)(m@) > M(lSO) + Eex + My

LGRS 7, — S (1) 60y — Fex < My

K-S 7, — 20.9 MeV < My < m,, IEERIR [ KeIN18




Nuclear physics bounds — °Be

Neutron
dark decay

‘Be would
dark decay if

Mope) =
M(SBe) +m,, — 1.664 MeV > M(SBe) —+ Mf

SN CTOETRERS EL NI 1, — 1.664 MeV < My < m,,
H- 937.900 MeV < My < 939.565 MeV




Nuclear physics bounds — °Be
(and considering the instability of éBe)

Neutron
dark decay

°Be would
dark decay if Mope) =
Msge) +my — 1.664 MeV > 2 Mape) + My

my, — 1.664 MeV + 0.093 MeV < My < m,,

i.e., 937.993 MeV < My < 939.565 MeV

'Be remains stable if

Pfutzner & Riisager, PRC 97, 042501(R) (2018)



New neutron decay channels

937.993 MeV < M < 939.565 MeV

Scenario | Scenario ll

Scenario lll



Scenario |
Neutron === dark particle + photon

Dirac
fermion

Dark particle mass Photon energy

937.993 MeV < m, < 939.565 MeV

Baryonic dark matter

0.782 MeV < E, < 1.572 MeV

DM with baryon number also in: Duerr, Fileviez Perez & Wise, PRL 110, 231801 (2013)

937.993 MeV < m, < 938.783 MeV



Scenario |
Neutron === dark particle + photon

oy

I

Z

Effective Lagrangian

L = n (id —mn +3 JWFW)
X(u?—mx)ere(nerxn)
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Neutron dark decay rate




Scenario |

Model 1

(minimal)
Lagrangian

Mixing parameter = (01€9% (uS ,drj)diIn) = B (1£22)" we

Lattice calculation gives

- 3 Aoki et al.,
8~ 0.014 GeV PRD 96, 014506 (2017)




Scenario |

Model 1

(minimal)

Lagrangian

L1 = () €7 us . dp;®r + A\ P X dpi + h.c.) — Mg|®|? — m, X X

To explain the neutron lifetime discrepancy

Mg

Al yy = 15, /100 S ~ 200 TeV

[AgAx]




Scenario |l
Neutron = two dark particles

Dirac
fermion

Constraints
on masses

937.993 MeV < m, + my < 939.565 MeV

937.993 MeV < my




Scenario ll




Theoretical and experimental developments

Experiment

Neutron star constraints

Self-interacting dark sector

Repulsive DM-baryon interactions

Dark matter capture
Neutron-dark matter annihilation

Z
Theory : Baryogenesis, meson dark decays

Connection to other anomalies

o Neutron dark decays

=mmmm) Nuclear dark decays
\ Beam and bottle measurements



Neutron star constraints

« McKeen, Nelson, Reddy & Zhou, ‘ - NN /
PRL 121, 061802 (2018), arXiv:1802.08244 o -

« Baym, Beck, Geltenbort & Shelton,
PRL 121, 061801 (2018), arXiv:1802.08282

* Motta, Guichon & Thomas,
J. Phys. G 45, 05LT01 (2018), arXiv:1802.08427

Neutron star masses < 0.8 Mg

From observation: neutron stars with masses up to 2 Mg



Neutron star constraints

»  McKeen, Nelson, Reddy & Zhou, o N
PRL 121, 061802 (2018), arXiv:1802.08244 - -

« Baym, Beck, Geltenbort & Shelton,
PRL 121, 061801 (2018), arXiv:1802.08282

* Motta, Guichon & Thomas,
J. Phys. G 45, 05LT01 (2018), arXiv:1802.08427

Observed neutron star masses
allowed if there are:

=) strong repulsive self-interactions in the dark sector
~ SIDM (Spergel & Steinhardt, PRL 84, 3760 (2000))



Model with dark sector self-interactions (1)

Neutron decay to a dark
particle and a dark photon

Cline & Cornell, JHEP 07, 081 (2018)



Model with dark sector self-interactions (2)

Karananas & Kassiteridis, JCAP 09, 036 (2018)

Highlights of the model:

==m) y Can constitute all of the dark matter in the universe;
model consistent with astrophysical constraints

=mm) solves small-scale structure problems of ACDM



Model with DM-neutron repulsive interactions

Lagrangian

L :)\q 'ik ﬁz de(I)k iF /\X(I)*i):( dri + )\qb >:(X¢

+pHYH¢ + g, XX ¢ + h.c.

Grinstein, Kouvaris & Nielsen,
PRL 123 (2019) 091601



Other theoretical follow-ups

=== Neutral hadron dark decays

Barducci, Fabbrichesi & Gabrielli, PRD 98, 035049 (2018)

PRD 98, 035049 (2018

=== Neutron-mirror neutron oscillations

Berezhiani, EPJ C 79, 484 (2019); LHEP 118, 1 (2019); Tan, PLB 797, 134921 (2019);
BF & Grinstein, arXiv:1902.08975

LHEP 118, 1 (2019)

Special case of neutron dark decay with
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Experiment: Neutron == dark matter + photon

Los Alamos UCN
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Tang et al., PRL 121, 022505 (2018)

exclusion




Experiment: Neutron == dark matter + photon

Los Alamos UCN
exclusion
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Dark matter unstable

938.0 938.2 938.4 938.6
my [MeV]

McKeen & Pospeloy,
arXiv:2003.02270 [hep-ph]



Limits from hydrogen dark decay

Berezhiani, LHEP 2 (2019) 1, 118
McKeen & Pospelov, arXiv:2003.02270
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m, [MeV]

McKeen & Pospelov, arXiv:2003.02270 [hep-ph]



Experiment: Neutron == dark particle + e*e"

Los Alamos UCN ILL, Grenoble

Sun et al., PRC 97, 052501 (2018) Klopf et al., PRL 122, 222503 (2019)



Nuclear physics bounds — reminder

Neutron
dark decay

‘Be would

dark decay if
Mope) =

M(SBe) +m,, — 1.664 MeV > M(SBe) —+ Mf

SN CTOETRERS EL NI 7, — 1.664 MeV < My < m,,




Nuclear dark decays

Dark decays possible in unstable nuclei with S(n) < 1.664 MeV

937.993 MeV < My < m,—S(n)



Nuclear dark decays

An example of an unstable nucleus with S(n) <1.572 MeV
is Li with S(n)4,; = 0.4 MeV that could decay via

MLi— YLi+ x ERRNPER 937.993 MeV < My < m, — S,

Better candidate (with a halo neutron):

S(n)(llBe) = 0.502 MeV




""Be decay channels
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Br(''Be 2= 'B) = 97.1%

Br('Be 2% "Li + *He ) = 2.9%




""Be decay channels
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Theoretical estimate for B-delayed proton emission:

Br(!'Be & B — 9Be + p) ~ 2 x 1078




Unexplained result in ""Be decays
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Unexpectedly high number of 1°Be nuclei produced
in ""Be decays was observed

Riisager et al., "'Be(Bp), a quasi-free
neutron decay?, PLB 732, 305 (2014)

Br ('Be - "Be+7) ~8x107°
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""Be decay experiments

Are there protons in the final state of 1"Be decays?
This would test ALL neutron dark decay channels with:

937.993 MeV < My < 939.064 MeV

CERN - ISOLDE TRIUMF & MSU




""Be decay experiments

Are there protons in the final state of 1"Be decays?
This would test ALL neutron dark decay channels with:

937.993 MeV < My < 939.064 MeV

CERN - ISOLDE TRIUMF & MSU

/ 1 TSERN

-
=
~

?‘\ http Jidoldd. web(bn hitps: @Cfg s~ =
Ayyad et al., PRL 123 082501 (2019)




""Be decay experiments

Are there protons in the final state of '"Be decays?
This would test ALL neutron dark decay channels with:

937.993 MeV < My < 939.064 MeV

TRIUMF & MSU

S Lapipes——r

New narrow, near-threshold
resonance in "B suggested
also by a numerical calculation

<

Okofowicz, Ploszajczak & Nazarewicz,
PRL 124, 042502 (2020)

Ayyad et al., PRL 123, 082501 (2019)



""Be decay experiments

Are there protons in the final state of '"Be decays?
This would test ALL neutron dark decay channels with:

937.993 MeV < My < 939.064 MeV

TRIUMF & MSU

Br(''Be — "Be+7) <22 x107° [

Riisager et al., EPJ A 56 (2020) 3, 100

Ayyad et al., PRL 123, 082501 (2019)



Ongoing beam and bottle experiments

NIST Center for Neutron Research




Ongoing beam and bottle experiments

preliminary result

Tn = 895.7 1151 sec

©
—h
o

o
&
4,
o
E
-+
3
=

Nagakura, N., Talk at the International Workshop on Particle
Physics at Neutron Sources, ILL, Grenoble, May 2018



Ongoing beam and bottle experiments

© S S f ¥ o R
[ i Taiad IR RN - https://www.ncn

NIST Center for Neutron Research

Add a proton
detection system in

bottle experiments !

N . e,
oAb pas Loy

" Los Alamos Neutron & § UCNProBe experiment
. Science Center =




Portal to a baryonic dark sector

(1) x is the dark matter particle RN

(2) 1y is the anti-dark matter particle




Dark matter capture By=1
BF, Grinstein & Zhao, arXiv:2005.04240 [hep-ph]

Capture of y from the DM halo by a nucleus (A,Z) leads to

X+(4,2) = (A+1,2)" - (A+1,2) + 7.

Signature: cascade of photons with total energy

Experiments:
=) DUNE, PandaX, XENON1T, ...



Neutron-dark matter annihilation

Keung, Marfatia & Tseng, JHEP 09 (2019) 053

Annihilation channels

X+tn—oy+m X+n— ¢+

in models

d

oY
@@ ,,(;’—.X

Experiments:
=) Super-K, DUNE, Hyper-K

More general scenario:
m) Davoudiasl, Morrissey, Sigurdson & Tulin, PRL 105 (2010) 211304



Connection to the XENON1T excess




Connection to the XENON1T excess

=) Boosted dark matter

[
o
o

* Kannike, Raidal, Veermae, Strumia &
Teresi, arXiv:2006.10735 [hep-ph]

Z
4
X
>
X
+~
~—
~
jf_‘:‘
=
L
>
m

 BF Sandick, Shu, Su & Zhao,
arXiv:2006.11264 [hep-ph]

Energy [keV]

m) Model 2 realization

=) Natural origin of boosted dark matter: hydrogen decay
* McKeen, Pospelov & Raj, arXiv:2006.15140 [hep-ph]



Final remarks

There are working models explaining the neutron
lifetime puzzle

Neutron can undergo dark decays with a smali
branching fraction

AFn—)x—i—...

T < 1%

Novel dark matter searches via nuclear capture
and neutron annihilation

Connection to other anomalies



Very wishful thinking
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