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60 years of ldea of Mirror Matter

» Left-Right symmetry can be restored in nature
Lee&Yang (1956)
» Mirror fermions can not have common E-M, Weak and
Strong Interactions with OM but only common Gravity
Kobzarev, Okun, Pomeranchuk (1966)
» Two Standard Model copies: SM (matter) and SM’ (mirror)
Foot et al. (1991)
» Lepton number violation (v) in ordinary and mirror matter
Berezhiani, Mohapatra (1995)
» MM as a viable cosmological candidate for DM if T'/T <<1
Berezhiani, Comelli, Vilante (2001)

» Baryon number violation (n) in ordinary and mirror matter
Berezhiani (2006-2016)

Review: “Mirror particles and mirror matter: 50 years of speculations and search.” by L.B. Okun,
(Moscow, ITEP), 2006, http://arxiv.org/abs/hep-ph/0606202 (contains 250 references before 2006)
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Ordinary Matter Mirror Matter Unknown interaction
with Standard with all known between OM and MM
Model properties SM’ properties besides gravity

See more in Z. Berezhiani arXiv:1602.08599



ldea that neutrons can oscillate to mirror neutrons, 2006

week endin
PRL 96, 081801 (2006) PHYSICAL REVIEW LETTERS 3 MARCH 2006

Neutron—-Mirror-Neutron Oscillations: How Fast Might They Be?

Zurab Berezhiani"* and Luis Bento>'
'Dipartimento di Fisica, Universita di L'Aquila, I1-67010 Coppito, AQ, Italy
and Laboratori Nazionali del Gran Sasso, INFN, [-67010 Assergi, AQ, ltaly
2Faculdade de C iencias, Centro de Fisica Nuclear da Universidade de Lishoa, Universidade de Lishboa,

Avenida Professor Gama Pinto 2, 1649-003 Lisboa, Portugal
(Received 12 August 2005; published 27 February 2006)

We discuss the phenomenological implications of the neutron (n) oscillation into the mirror neutron
(n"), a hypothetical particle exactly degenerate in mass with the neutron but sterile to normal matter. We
show that the present experimental data allow a maximal n-n’ oscillation in vacuum with a characteristic
time 7 much shorter than the neutron lifetime, in fact as small as 1 sec. This phenomenon may manifest in
neutron disappearance and regeneration experiments perfectly accessible to present experimental capa-
bilities and may also have interesting astrophysical consequences, in particular, for the propagation of

ultra high energy cosmic rays.
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Diagram inducing neutron—mirror-neutron mixing. ; > ]_ S eC 4



Initially UCN experiments were exploring
the un-natural hypothesis that B’ must be =0

PDG LIMIT ON nn’ OSCILLATIONS

Lee and Yang (LEE 56) proposed the existence of mirror world in an
attempt to restore global parity symmetry. See BEREZHIANI 06 for a
recent discussion.

VALUE (s) CL% DOCUMENT ID TECN  COMMENT

>414 90 SEREBROV 08 CNTR UCN, B field on & off
e o o We do not use the following data for averages, fits, limits, etc. @ o @

== 12 95 1 ALTAREV 09A CNTR UCN, scan0< B <125 uT
>103 95 BAN 07 CNTR UCN, B field on & off

1L055e5 of neutrons due to oscillations to mirror neutrons would be maximal when the
magnetic fields B and B’ in the two worlds were equal. Hence the scan over B by

ALTAREV 09A: the limit applies for any B’ over the given range. At B’ = 0, the limit
is 141 s (95% CL).




Physics Letters B 663 (2008) 181-185

A.P. Serebrov et al, Experimental search for neutron—mirror neutron
oscillations using storage of ultra-cold neutrons (at ILL/Grenoble)

See also: Nuclear Instruments and Methods in Physics Research A 611 (2009) 137-140

magnetic shielding

190 L volume PN
/ UCN detector stores ~ 500,000 ucn; . Y . 3
with wall collision rate R
) @9 ~10/n/s
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o L) n lifetime in the trap is measured.
2 S B One measurement: 130 s filling;
/ B 7 300 s storage; 130 s counting n’s
solenoid N 3
" Magnetic field variation:
magnetometers -
B + 0.2 Gauss up/down

Assuming zero B’ mirror magnetic field

(2008) / 1 . .
n — n' oscillation time limit 7(90%CL) > 414 s ¢
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Serebrov’s experiment (2008) was re-analyzed with treatment of B’ + 0

n— n’ disappearance sianal ?

Eur.Phys.J. C72 (2012) 1974

Magnetic anomaly in UCN trapping: signal for neutron oscillations to parallel world?

Z. Berezhiani»? and F. Nesti!
L Dipartimento di Fisica, Universita dell’Aquila, Via Vetoio, 67100 Coppito, L’Aquila, Italy
2INFN, Laboratori Nazionali Gran Sasso, 67100 Assergi, L’Aquila, Italy
(Dated: March 7, 2012)

Present experiments do not exclude that the neutron transforms into some invisible degenerate twin,
so called mirror neutron, with an appreciable probability. These transitions are actively studied by
monitoring neutron losses in ultra-cold neutron traps, where they can be revealed by their magnetic
field dependence. In this work we reanalyze the experimental data acquired by the group of A.P.
Serebrov at Institute Laue-Langevin, and find a dependence at more than 5o away from the null
hypothesis. This anomaly can be interpreted as oscillation to mirror neutrons with a timescale of few
seconds, in the presence of a mirror magnetic field B’ ~ 0.1 G at the Earth. If confirmed by future
experiments, this will have a number of deepest consequences in particle physics and astrophysics.




Magnetic anomaly in UCN trapping:
signal for neutron oscillation to parallel
world?

Z. Berezhiani and F. Nesti
Eur. Phys. J. C72 (2012) 1974;
also http://arxiv.org/abs/1203.1035
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Upper Panel: from up to down, the monitor and detector
counts in { B} series, M and N = Ny + No normalized respectively to
470000 and 140000; and the ratios N/M (x47/14) and N1 /Nao. Lower
Panel: results for AL binned by two { B} cycles (16 measurements),

with the constant and periodic fits.
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Interpretation of observed anomaly

Anomaly effect of 5.20 needs to be explained by some new
mechanism.

It can be explained by the presence of n — n’ oscillations

suppressed by B — B’ with unknown B’, where n’ component
(small and non-interacting with trap walls) is leaking out of
trap detectable as difference due to oscillation probability

dependent on angle B - B'.

Fit with simple n — n” model suggests parameters:
T~1-10sand |B'|~0.11G.

Fit parameter might be different in more sophisticated n - n’
phenomenological model, i.g. in one taking into account non-
uniform magnetic field in the trap and the possible presence of
mirror gas matter in the trap. 10
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Another UCN Experiment by I. Altarev et. al.

PHYSICAL REVIEW D 80, 032003 (2009)

Neutron to mirror-neutron oscillations in the presence of mirror magnetic fields
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FIG. 1 (color online). Combined fit to the normalized UCN
counts as a function of applied magnetic field B for 75 s (dark
green solid squares and solid line) and 150 s (light green open
triangles and dashed line). Positive (negative) B values corre-
spond to B field up (down).
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No evidence for n—n’.
However, couple of more
additional measured points
at B~ 0.11 G could possibly
had the effect to be revealed

ambiguous evidence for a possible resonance. The rele-
vant, fitted parameters are B’ = 11.4 uT, B = 25.3°,
and 7,, =219s. The y*> per degree of freedom
(y?/d.o.f. = 17.86/17) is comparable to the one obtained
by fitting a constant to the data (y?/d.o.f. = 22.72/21).“ "



Global fit for all search data in terms of proper oscillation time T
and mirror magnetlc fleld magnltude B
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Fig. 2. Global fit in the B'-r, 75 plane. The positive result (anomaly) corresponds to the gray-shaded areas, which show the parameter
space allowed at 90% CL (darker) and 99% CL (lighter) by the global fit of non-zero Dp, eq. (6), with magnetic field marginalized over
the uncertain range B = 0.15 — 0.25 G (the zoomed inset displays the best fit points assuming a constant field B = 0.15, 0.20, 0.25, left
to right). For comparison, available constraints from earlier measurements are also shown: the yellow-shaded area in the background is
excluded at 99% CL by the measurements of Eg from refs. [18, 21]; the region of T (1) below the wavy solid (dotted) curves are disfavored
by the measurements of refs. [17, 19, 20] (not included in the fit). Interestingly, the data of ref. [19] for Eg and Ap also imply a best fit
value B' = 0.11 G, with T = 14 s and 73 = 20 s respectively. The blue-shaded area peaked at B' = 0.5 G is excluded by measurements in
the Earth magnetic field, illustrated for B’ and Bgaytn parallel (lighter blue) and antiparallel (darker blue).

Controversial experimental indications leaves a chance of the effect
presence with T~ 1-10 sec and mirror magnetic field B’ ~0.11 G

12



Why there are no new searches?

* “Magnetic Anomaly” is the 5.20 effect that is not satisfactory resolved
by the exclusion experiment: 5% non-exclusion (Altarev et al.)

 There is no alternative explanation of the UCN anomalous disappearance
that is dependent on the magnetic field;

* Suppose, there is a 5% chance that the observation is true and neutron
disappearance indeed is dependent on the magnetic field in a resonance way

That would mean:

neutron oscillates into sterile state n — n’;

invisible magnetic field B’ exist;

direction of B’ can be measured by dedicated experiment;
inverse process n” — n would be possible;

neutron lifetime with UCN can depend on mag. field B;
the n’ is a portal to more global Mirror Matter world;

MM might be the resolution of the DM nature puzzle;

it will provide guidance for direct DM search;

will make large impact on theory BSM and Cosmology.

13



With such an importance of the possible
observation of the new effect how can we
stop experimental searches here?

What should be the probability of the possible fundamental
discovery to make it inspirational for the experimentalists ?

99% ?

14



New regeneration experiment

We are advocating here that the effect can be tested by
an alternative method, not sensitive to the UCN wall-
collisions uncertainties and we are going to propose
such a measurement for SNS at Oak Ridge or elsewhere.

The importance of n > n’ — n regeneration was discussed in PRL 96,081801 (2006)
On experimental search for n — n, Y. Pokotilovski, Phys. Lett. B639 (2006) 214 — 217
At BNV-2007 A. Serebrov mentioned regeneration with UCN

U. Schmidt at BNV-2007 have shown the scheme of the beam regeneration expt.
under the assumption of B’=0 (result unpublished)

K, — K, regeneration was observed several decades ago

15



OLD TRIAL: RESEDA am FRM Il
Ulrich Schmidt at BLV-2007 Workshop at LBL

Neutron-Mirror Neutron Reappearance Experiment (Unpublished)
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Ulrich Schmidt Physikalisches Institut, Universitit Heidelberg, Germany



How natural is the assumption that B' = 0 ?

Some colleagues are arguing that there are too much assumptions here:
in addition to n — n’ oscillations, one has to assume that mirror magnetic

field should also exist ...

Well, if we consider the possibility of existence of mirror sector with the
same interactions as in the ordinary matter sector, we should accept as a
feature of model that the Dark Matter is Mirror Matter, interactions between
OM and DM exist leading to n — n’ and also to accumulation of MM inside
the Earth and Sun, with mirror gas containing mirror H, H, and He inside the
Earth, friction between OM and mirror gas with thermal motion, etc.

See more on Mirror Magnetic Field in Z. B. arXiv:1602.08599

Phenomenology of MM as DM is much more complex (and, in principle,
better known) then for any other model of DM.

If we would like to explore the possibility of MM effectinn —n” —n
the existence of mirror magnetic field should be taken seriously.

17



ldea of a New Experiment for SNS
for n=->n'—n Redeneration

In the beam of cold neutrons

/ : :
TN — N (neutron — mirror neutron transformation) — T

/
n + én’ 6(n’ + on) 5°n
R Neutron
: 1 f detector
Searchintherangeoft=1—-10s
Neutron total absorber and scan for BTl = 0 — 0.5 Gauss

Z. Berezhiani, M. Frost, Y. Kamyshkov, B. Rybolt, L. Varriano

“Neutron Regeneration from Sterile Mirror State”. Paper in preparation. .



Oscillation frequency and Probability

/ . . / .
n — n  oscillations occur because n and n’ states are mixed.

E ¢
This can be expressed by Hamiltonian | " z describing the
€ /
n . . . . . . .
system | ,| with mixing amplitude ¢ related to mixing mechanism.
n

This H will define a two-level system with eigenvalues for n and n':

E +F,
E12”+”:|:\/
’ 2

and system will oscillate between these two levels with frequency

-

If one would sufficiently adjust the lab. magnetic field B in order to guess the magnitude of
B’ and the measurement time ¢ is small then
wt € t h
P=—=—t=— |, where 7=—
h h T €

2
2

E —-F,

2
2

B : t
>~ B2 © sin® £~

En - En/ P
e? + (uB/2) h

2
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Why n — n’ can be fast if n — @ is slow (7, >2.4x10%)
(Z. Berezhiani, 2015)

AB=2
U U

dd
d e

[ x) 1

C;QR:Q —\ 7 ] A Td . .
- Mp |NMp M AB = —2 violation

small

AB=L AB'=—1
2 ul Sf
W Y j’\‘.r | L

Mg B =B+ B’ conserved!



Eur. Phys. J. C (2009) 64: 421-431 THE EUROPEAN
DOI 10.1140/epje/s10052-009-1165-1
e PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

More about neutron—-mirror neutron oscillation

Zurab Berezhiani"

Dipartimento di Fisica, Universita di L’ Aquila, 67010 Coppito, AQ, Italy
INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi, AQ, Italy

Detailed QM treatment of n — n’ transformation when B’ = B = 0

o m—il'/24+V 4+ u(B-0) 3
3 m' —il'" /2+V' —+ /(B -05)

* w:%ﬁ'éa w/:%ﬁ/-él’ :LL/::LL

—

e B’ isnotknown. Presence of V # V’= 0 suppresses n — n’.

e By varying ® ( B) one can try to guess and compensate the unknown @ ( B”)
— disappearance probability is a function of B (lab magnetic field) and its direction



Neutron disappearance in the presence of B'(Z.Berezhiani, 2009)

PB(t):pB(t)—l_dB(t)COSﬁ é

(0 sin” [(w - w’)t] sin’ [(w + w’)t] " é’

t p— —|— N\
d 27 (w — w')’ 27 (w + w')’ N > ﬁ
i) = sin” [(w — W’ ] sin” l(w + w')t] .

t —

27 (w — w')’ 27 (w + w')’ B

where w = 1‘MB‘ and w’ = ‘MB ; 7 -oscillation time

A (t) = L2 =N d (t)-cos[ < assymetry

(t)—|— N (t) collis B

N_,(t) = N,(#)
N
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Neutron Intensity at Collimator Entrance

Potentially available space for
regeneration search experiment at SNS beam 14a

.
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o
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e
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i
i

5x10°

40 cm

Av. flux 2.88E+9

ol
£70R
- \f L n/cm2/MW/s

40 cm

Intensity at the
detector .5 x .5 m?
at 47 m from the
moderator
9.1E+9 n/MW/s

Wovelength |aa|

Neutron Intensity at Detector,

£
Warelength [41] h: T assuming no absorbing media
g 2
2
12x10cm Collimator 12x10cm Tube 1 .33 a Tube 2 E
* m H : - ¥
3 I—> <
H < — ;? P = 14
E .l:\.‘ 4 Ll N
= £ E ~15m E E ~15m
—
E ,ﬂl E E Z Shielding

~ 2m transverse space downstream of Collimator
Cryogenic Hydrogen Moderator

System outside of building is more flexible. (Longer tube, more shielding, etc.)

All calculations performed at 1.0 MW accelerator power.
Typical operation at 1.4 MW, future upgrade to 2.0 MW

McStas simulation by M. Frost UT/SNS



Neutrons/MW/s

Expected regeneration rate

Example scan in Bwith 7 = 1s Example scan in B with 7 = 3s
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Effect of unknown angle (§’, B)

Example of anticipated scan in B with T = 3, step AB =5 mG

iy

n —e— cos(beta) = 1
—— cos(beta) =0
+- cos(beta) = -1

Neutrons/MW/s

8 T\B
= G
Two B field
or.lentatlon.s. 4 [L B 1
will be sufficient T (maX) - —
For not missing > I
the effect due
to unknown f8 Seseseestsseses e sobecerecel

B Field (MG)

Assumes SNS neutron beam
w/ 2 x 15 meter vacuum pipes

B. Rybolt / UT



Example of
background
from SNS

He-3 detector
@ 22 m from
the target

with area
0.2x0.2 m?:
counting 1 CPM

Regenerated Neutrons/MW:-s

Effect Counting Rate for Neutron Regeneration Appearance at
SNS due to Mirror Neutron Oscillation (and effect of AB=1+5 mG)
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B. Rybolt / UT



Run Time needed for excluding oscillation effect @ 90% CL

p— 1 ®

(%)
E ¢ Background = 1 Hz
=
? B Background=0.5 Hz
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3 Background 0.1 Hz
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&u 0.01

0 500 1000 1500 2000 2500’]‘ 3000

Run Duration at given B, (s)
45 min

Background rate can be measured separately with
closed shutter and/or with large magnetic field.
One run is measurement with given magnitude and
orientation of magnetic field B.

Region of search:
T(osc)= 1-10 sec;
B’=0-500 mG

Running time estimate:

with step AB=5 mG, 50 runs
with field up and 50 with field
down. Each runis ~1 hour.
Total ~ 4 days + installation,
background measurements
and shielding, field calibration.
Total time: ~ 10-15 days.

B. Rybolt / UT






Conclusions

e Simple, not-expensive experiment with slow neutrons is planned for SNS
but can be performed also elsewhere where similar fluxes are available.

* Unique signature of the method is that regeneration rate should depend
on external magnetic field in a resonance way

* Detection of the resonance in regeneration will reveal not only that neutrons
can transform to sterile (mirror) state, but also that mirror magnetic field exists,
direction and magnitude of which potentially can be determined in a more
detailed measurements. These observations can be a demonstration of Mirror
nature of Dark Matter with profound significance for particle physics and

cosmology.
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