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Neutrons — long known particles making 50% of
B atomic mass in our bodies ...

Preliminaries

They are stable in nuclei but decay in free state
as n — per, and in unstable nuclei (3-decay)

Fermi Theory of V-A form conserving baryon number — Standard Model

Dl (1 — gar*)7"n Te(l = 2°) e

Yet, we do not know well enough its decay
features and lifetime
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Geoffrey L. Greeneis 2 profescor o physics . the Uriversty
ofTenessee, withajcint appointment at the Ok Ridge National |

LaboratorysSpalation Neutron Source: He has been sudying.
the propertes fthe et 40 years J
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Laue-Longeinin Grencbe,
oneaf the mosttense neuton sauresinthevorkl €y
torescarch the fundamental rature o ispartce. ¥

scientistat he Instut

Two precision experiments disagree on how long
neutrons live before decaying. Does the discrepancy reflect
measurement errors or point to some deeper mystery?

By Geoffrey L. Greene and Peter Geltenbort

bow ious nterals, and for the part

par
Two main types of experiments are under way: bote  Resolving thediscrepancy s vial o answering  number

Htaton by it My April 2016, ScentificAmerican com (37
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The Bottle Method

One way to measure how long neutrons live is to fill a container with
neutrons and empty it after various time intervals under the same con-
ditions to see how many remain. These tests fill in points along a curve that
represents neutron decay over time. From this curve, scientists use a simple
formula to calculate the average neutron lifetime. Because neutrons occa-
sionally escape through the walls of the bottle, scientists vary the size of
the bottle as well as the energy of the neutrons—both of which affect how
many particles will escape from the bottle—to extrapolate to a hypothetical
bottle that contains neutrons perfectly with no losses.

The Beam Method

In contrast to the bottle method, the beam technique looks not for neutrons
but for one of their decay products, protons. Scientists direct a stream

of neutrons through an electromagnetic “trap” made of a magnetic field
and ring-shaped high-voltage electrodes. The neutral neutrons pass right
through, but if one decays inside the trap, the resulting positively charged
protons will get stuck. The researchers know how many neutrons were in
the beam, and they know how long they spent passing through the trap,
so by counting the protons in the trap they can measure the number of
neutrons that decayed in that span of time. This measurement is the decay
rate, which is the slope of the decay Gl atagiven point in time and
which allows the scienti lifetime.

Neutron beam Electrodes Proton
(known intensity)
passes through

T Measured slope

Number of
neutrons going
through trap

Time —
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A D A few theorists have taken this notion seriously. Zurab Berezhi-

Story in two Neutron Lifetime Measurements ani of the University of L’Aquila in Italy and his colleagues have
parts 9907 Beam method average® (bl zone) Obeommethod 1such a s d: ss: afi T S
.| 980 £21seconds oBemetod  SUEZEsted such a secondary process: a free neutron, they propose,
irab Berezhiani 2 might sometimes transform into a hypothesized “mirror neutron”
g 80 . .
% ? & ¢ that no longer interacts with normal matter and would thus seem
% 3 Uncertainty — ® to disappear. Such mirror matter could contribute to the total
EreffiEes Fhe { : ° e amount of dark matter in the universe. Although this idea is quite
EX Je method average (green zone): i stimulating, it remains highly speculative. More definitive con-
gy | oseconds firmation of the divergence between the bottle and beam meth-
1990 1995 2000 2005 2010 2015 . . . .
Year of Experiment ods of measuring the neutron lifetime is necessary before most

physicists would accept a concept as radical as mirror matter.

Why the neutron lifetime measured in UCN traps is smaller than that
measured in beam method ? n — n’ conversion can be plausible

explanation:  -decay in invisible channel n — n’ — p’e’v’



Two methods to measure the neutron lifetime
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i Beam method measures neutron 3-decay (n — pe.) width g = Tﬂ_l

Neutron: A

Window to New . _
Physics? Trap method measures neutron total decay width [, = 7,,?
A Detective . .
Story in two Standard Model (and common wisdom of baryon conservation) tell
parts
that both should be the same, ', =T But ...
900 — T¥=879.4 + 0.4
iy ¥?/dof=17.1/10= 1.7
Preliminaries -
i l ot 5
890— l |
885— ‘ ‘ \ J ] I
880 } * b
B ' bt
875
870;
865i
19;5‘ — ‘19‘90‘ — ‘19‘95‘ — ‘20‘00‘ — ‘20‘05‘ — ‘20‘10‘ — ‘20115‘ !

year

Tirap = 879.4 0.5 s Theam = 888.0 2.0 s

AT = Theam — Tirap = (8.6 £2.1) s more than 4o discrepancy



Chapter |

2

Puzzling
Neutron: A
Window to New
Physics?

A Detective
Story in two

Chapter |

Chapter Into the Darkness

the Darkness



The Neutron Dark Decay
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A Detective If this discrepancy is real (not due to some yet unknown systematics)
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then New Physics should be invoked which could consistently explain
the relations between the neutron decay width I',, S-decay rate I,
and the measured values T¢ap and Theam

Zurab Berezhiani

Chapter I:  Into

the Darkness Some time ago | proposed a way out assuming that the neutron has a
new decay channel n — n’X into a ‘dark neutron’ n’ and light bosons
X among which a photon, due to a mass gap m, — m, >~ 1 MeV.

Then Ts = 7k and To = T+ Taew = Tardys

Terap/ Theam discrepancy could be explained by a branching ratio
Br(n — n'X) = Tyew/Tn 2= 0.01.
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Status of the Neutron Dark Decay

Cosmic y 4
m'y > m,
Tang 2018
Hydrogen unstable n' unstable
girs 560 w65 560 @S sa0o
m', [MeV]

Br(n — xv) =0.01 Br(n— n'y) = Br(n— n'y’) = 0.004
Br(n — n'y) = 0.001, Br(n — n’+") = 0.009

my > m, + me, DM decays n’ — pe. (r = 10*,10",10%, 10" yr)

my < m,+ me, Hydrogen atom decays pe — n've (7 = 10%°,10%*,10% yr)
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Cov

- A Other measurement —{1970

T [u} m  Schumann et al’ ]

|~ O Boppetal < Mostovoi et al. i

I R PRI T n

1.255 1.26 1.265 127 1960 | )\| =ga

I
Theam = T3 Seems incompatible with Standard Model
May indicate towards BSM physics? E.g. new contribution to

decay n — peb, ? E.g. scalar form factor — mediated by exchange of
charged Higgs (from extra Higgs doublet) — Does not help!
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Tn VS. [B-asymmetry

PDG 2018
895 -
890
~

885 - I

880

875

I I I L L
1.260 1.265 1.270 1.275 1.280

9gA
75(1+3g2) = (5172.0 £ 1.1) s

ga = 1.2755 + 0.0011 — TEM =8795+13s
Theam = 888.0 +2.0 s Tirap = 879.4 £ 0.5 s
So experimentally we have  Tirap = Th = 78 < Theam

while dark decay predicts  Tirap = Th < T8 = Theam  Not Good!
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SU@B) x SU(2) x U(1) + SU(3) x SU(2) x U(1)
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Chapter Il In

) e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical field
contents and Lagrangians:  Liot = £+ L' + Limix

Darkness

e Exact parity G — G’: no new parameters in dark Lagrangian £’
e MM is dark (for us) and has the same gravity

e MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions: T'/T < 1.

e New interactions between O & M particles  Lmix



SU@) x SU(2) x U(1) vs. SU(3) x SU(2)" x U(1)

/’;/ Two parities
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Story in two

parts _ ER - IjR ) _ J _ -
e =\ 5. ) R=\ g )0 Oud, & R|gh’ril
B=-1/3 L=-1 B=-1/3 L=-1
, , Left
Chapter Il:  In qi = ( Z& )7 /li = ( Zf >; U;?a dfl?a e;? L

and out of L
Darkness B/:1/3 L/: B,:1/3 L/:
ik 5 7R
— 7 _ . g/ :
w=(%) *-(%) @ a R'ghiﬂ
B'=-1/3 L'=1 B'=1/3 L'=1

(@Y QL¢_5 +diYaquo 4+ & Yelid) + (ur Yy Gro + dr Yfﬁqu; + erYS /_Rd_))
(G Yaqid' +dYiqid' +e Y ¢') + (ur Y. Gred’ + dr Vi  Grd’ +er Y Ird)
Doubling symmetry (L,R — L, R parity): Y'=Y B-B' — —(B-B')
Mirror symmetry (L. R — R.L parity): Y =Y* B—-B —B- B8



B violating operators between O and M particles in £«
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Story in two o Neutron -mirror neutron mixing — (Active - sterile neutrons)

parts

5 (udd)(udd) and g (udd)(v'd’d’)  (+ h.c.)

AB=2 AB=1, AB'=—1

Chapter Il:  In u u u
and out of

Darkness d d A

d T~y d

Oscillations n(udd) <+ A(add) (AB =2)
n(udd) — @' (a'd'd"), n'(udd) — A(add) (AB =1, AB' = —1)

ISH

\d’

Can co-generate Baryon asymmetries in both worlds
of the same sign, B,B" >0, with Q5 ~5Qp



Neutron— antineutron oscillation

4

Puzzling

Neutron: & Majorana mass of neutron e(n” Cn+ AT Ci) violating B by two units

Window to New

Fvses? comes from six-fermions effective operator s (udd)(udd)
A Detective
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AB=2
v u
sy
d T~
Cha 1 [/ . - =77 - . . . _
andotof It causes transition n(udd) — A(idd), with oscillation time 7 = ¢!

Darkness

6
e = (n|(udd)(udd)|A) ~ 2950 ~ (100 TeV)® » 10-25 gy
Key moment: n — i oscillation destabilizes nuclei:

(A Z) > (A-1,32) > (A-2,Z/Z—-1)+71's

Present bounds on € from nuclear stability
e<12x107% eV — 7>13x10%s Fe, Soudan 2002
£<25x107%* eV — 7>27x108s 0, SK 2015
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Free neutron— antineutron oscillation

Two states, n and 7@

( m, + u,Bo € >
H =
€ m, — u,Bo

Oscillation probability Pys(t) = < sin® (wg t), ws = pnB
B

If wgt > 1, then Pps(t) = i(c/wp)? = (S;Z;

If wgt < 1, then Pps(t) = (t/7)? = (et)?

"Quasi-free” regime: for a given free flight time t, magnetic field
should be properly suppressed to achieve wgt < 1.
More suppression makes no sense !

Exp. Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ~0.1s, B <100 nT
T>27x100 — e<7.7x107%eV

At ESS 2 orders of magnitude better sensitivity can be achieved,
down to £ ~ 1072 eV



Neutron — mirror neutron mixing
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Effective operator 745 (udd)(u'd’d’) — mass mixing enCn’ + h.c.
wineutron: & violating B and B’ — but conserving B — B’

Physics?

A Detective
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parts AB=1, AB'=-1
U u'
irab Berezhiani
d/
P~ d’

e = (n|(udd)(u'd'd")| ) ~ 952 L (LTV)  10-10 oy

Chapter Il:  In

e Key observation: n — " oscillation cannot destabilise nuclei:

(A, Z) = (A=1,2)+ n'(p’'e'V') forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

Even if m, = m,, n — i’ oscillation can be as fast as e 1 = 7,5 ~ 1

s, without contradicting experimental and astrophysical limits.
(c.f. Thw > 2.5 x 10% s for neutron — antineutron oscillation)

Neutron disappearance n — @’ and regeneration n — i’ — n
can be searched at small scale ‘Table Top' experiments



n — n’ mixing and transitional moments
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transitional magn. moment/EDM jiny (Fuy + F, )R0" 0’ + h.c.

Hamiltonian of n and n’ system becomes

Chspte; ||f In o m, + p,Bo €+ ﬂnn/(B + B/)U = Henn’
Darkness - € —|— Mnn/(B + B/)U mpy: + /,LnBIO- ’ o Hn
If B, B’ < Am, oscillation probability is P,y ~ (¢/Am)? ~ 107°
... Allowed by evaluation of UCN losses in traps

Interplay of €, pny and d,, can take place .... the latter is also
interesting since in beam experiments also large electric fields are used



Beam Experiments
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n — n’ conversion probability depends on magn. field in proton trap
and

Ny = Po/L [, da[dvi(v)/v

tr
Ny = Pl [, da [dvi(v)/v
A Detective
Story in two 1 .
s p fap
irab Berezhiani 0.100f
0.010F
& 0001F

101
Chapter Il In
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105k

Darkness

10° -1‘00 -éo ~—,--.—6--.-r— 5‘0 1(‘30
z [cm]
Ny = el Pl [y da [dv!D, N, = e, 7Pt [, da [ dv!)
L : Pdct
Theam — (::7‘7) (%7':) = Ptr B




Adiabatic or non-adiabatic (Landau-Zener)
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. .
-100 100

z [cm]

T ™ - m/s Pgn’ res res
Prtm’ ~ Zg ~ 10 2 (#) <10*6) (%) (lgcm)

R(z) = (dIn B/dz)™* — characterises the magnetic field gradient at
the resonance
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Tn VS. [-asymmetry: 75(1 +3g3) = (5172.0 + 1.1) s

PDG 2018
—_—— T,
[ 7(ga) Brown ]
————t
Mund
———

\ beam -
.

885 - l
880 [

{ I énaterial trap!

i { magnetic traps
875
1260 1265 1270 1275 1260
9a
ga = 1.2755 £ 0.0011 — 75M=8795+135s

Theam = 888.0 £2.0 s
Tmat = 880.2 £ 0.5 s,

Tirap = 879.4 £0.5 s
Tmagn = 877.8 £0.7 s (2.60 discrepancy)
So experimentally we have  Tiagn < Tmat = Th = 78 < Theam

what s exactly predicted by my scenario  So far so Good!
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the resonance
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e Tesla can be very effective machines that transform neutrons into
. dark matter.

Some groups in LANL, ORNL and NIST already think how to prepare
simple experiments that could test this

Chapter Il In
and out of

s Adiabatic conditions can be improved and 50 % transformation can
be achieved

0
Pir, ~ g€ 21072 (22002 (o) (Bg) (sBs)

R(z) = (dInB/dz)~! — characterises the magnetic field gradient at
the resonance




&

Puzzling
Neutron: A
Window to New
Physics?

A Detective
Story in two

parts

irab Berezhiani

Chapter Il In

and out of
Darkness

Neutron Stars

By n — n’ conversion ordinary neutron star slowly transforms into
mixed (50% - 50%) ordinary-mirror neutron star ....

O and M "neutrons” have same equation of state p(n) = F[p(n)])
\@ rule: Rmix(M) — iRord(M)' Mmix — iMord

\/E max \/5 max’
20
15
EO
= 10
=
0.5
0.0t ‘ ‘ ‘ i
0 5 10 15 20

R [km]

. solving "mixed" OV equations
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