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Towards neutrino mass spectroscopy and relic detection

using atomic targets: theoretical aspects

 Introduction:
merits and demerits using atoms
« SPAN (Spectroscopy of atomic neutrino)

new systematic experimental method for resolving remaining
Important questions

-Macro-coherence; N”2 enhancement in macro region

- Photon spectrum, angular asymmetry, circular polarization in
RNPE

e Future towards relic detection
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Radiative neutrino pair emission (RNPE)

2"d order electroweak process, 15t orders in

weak and QED. No question about existence of
process, but yet to be discovered.

Neutrino interaction with atomic electron
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Merits and demerits of atomic process
 Infinitely many small energies are available

A T 19 _ N4 1
nms

: 2. 7
e Small rate of neutrino pair emlssmn
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~3.3x 10 s (—)
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e How to verity neutrino palr emission: 1 photon
energy spectrum having 6 thresholds

\
)

m|*

wij = AJ2 — (m; +m;)*/(2A)

e How to enhance the rate iIs crucial .
target coherence: O[1074] N2 expected xe
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Significance of discovering Majorana neutrino

* Neutral fermions follow economic Majorana eq or the
same Dirac eg as charged fermions ?

e |Leading to lepton number violation and lepto- geneS|s

particle = anti-particle
missing partner for leptogenesis
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Figure 10: L eptogenesis bound on neutrino masses. Tf plot F s the measured
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e Contributing to better understandlng of seesaw

mechanism and GUT 2
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M vs D In 2-component equations

In terms of 2-spinor of Lorentz group

[0 ,::*.\ﬁ . n (Zat—’lf?v)wzmx
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Majorana vs Dirac equations:
chirally projected solutions

(i — id - V) = imoosp*

[t 1 1.
/ \ [/ — 7 \ —f'l:'n.x / — 7 \ +/—) 7 \ ");'nw /‘Dp-r’l/_[)/ \ */—) \
g n(x) = (@, h)e” P Pu(, h) + ' (7, —h)e®, | (—ioo)u*(F,h)
)
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Unique signature of Majorana
= Interference of identical fermions

< V. .€|2 . < 1 . '8'2 ' I m",mj /.e/ .e\ _.’D
> lim 392 =3 lip 5P + a2 (36T — 7
= 21> N
n1n2 4 pd

h1ho

Effective only for pair emission

Appear only (ii) threshold; proportional to m_ "2
(vivj) i # j pair
Can be positive or negative

Direct test of Majorana nature cf LV in (Ov)j3p5
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Dependence and sensitivity on Majorana phases

Matrix element for two neutrino emission of definite mass species v;17;, momentum p,, p, and

helicity hy, ha,

_‘il:l

((iprhy , dp2ha)lie|0) = & &e t{PHFE}IL'crug Likse "i“"ﬂ:"bfcrul

= etk (186 (vlous + viow) + REE (vfou, — vou,))

* = [l (o) — — i _ i
& ‘E_‘il UaU =Gy » Uep = 12013, Upz = s120136™, Uz = 513¢

using the standard mass matrix parametrnization.

The nentrino current product becomes

((ip1hz , jp2ha)|52|0)(0155 | (ip1 Rz, jpzhz]:'
T o T 1 a

—2|Ei‘c :'| {blﬂ'&uz—l-t'gﬂ' up Jub oo —I—?|EH'1-: | {Llcr Uz — Vg ul}ugﬂ- )
% 0] 0 .
— S ?H‘r:,:.:j}ﬂ ({bfcr“u + vio®uy JulePu, — (1 = 2}) + (c.c)
(symmetry property under 1 + 2 is used)
Dropping CP-odd terms, 1st term 1s common in Dirac and Majorana cases, while 2nd 1a Majorana
interference term;

| I:u}'| {L a uguzr:rﬂm +(1+2})), (common)

{|3r:':u}| |§Ft‘r:[ﬂ]| 2 (vie®wmuley, + (1= 2)), (Majorana interference)
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Cancellation of leading CP-odd terms

The most important term for CP-odd quantities comes from GT terms squared, the last term.
When multiphied by the conpling factor Eifﬂéc‘[-?] fli’-:[f which contains odd terms of Majorana phases,

e (0 (0) _
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C1813012 810 Feos 3, for (if) = (13)

83589019 sin(a — B) cos(a — ) , for (ij) = (23)

r T . T " » 3 . {I
at three thresholds, it gives rise to T-reversal non-invariant pieces. Other terms such as |‘;_'rc‘1[ J,.]|E are
even in Majorana phases.
With neutrino helicity summation,
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Enhanced RNPE by macro-coherence

« Single photon SR: coherence region limited by
wavelength”2 x linear size of excited region

 \When many photons or photon+neutrino pair
are involved, coherence region may become

N o
> epli{-+ho i
i=l )

macroscopic, due to SN+ =0

1. Xe etc implanted in nano-space
such as solid matrix

2. N encapsulated in fullerene

3. Pair annihilation in p-n junction

Energy, momentum both conserved,
giving 6 pair threshold of photon energy

Rate ~ volume
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Superradiance:
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(PRL30(1973)309)

2 level and 1 photon case
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Figure 2.2, Oscillascope Irace of the super-radiance pulse chserved by Skribanowliz e!
al [SAMPI3] in HF gas at 84 um (f = 3 — 2), pamped by the R;(2) laser ling, and
the theoretical fit. The parameters are: pump intensity 1 = 1 kW em™, p = 1.3 mTorr,
£ = 100 em. The small peak on the oscilloscope trace 8t # = 0 i3 the 3 zim pump pulse,
highly altenvated.
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Theoretical understanding

Maximally symmetric state: M = ‘%“(Nl_ N2) Maxwell-Bloch equation
M=J
Treeeeeeee e dpee  wd
— = TE(Pge — Peg)
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Numerical solution of MB equations: 1+1 dim.

Field intensity at each location
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State occupancy and coherence
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Our observation of SR in Rb gas

v

1420nm ”exmtatlon pulse

| Super-radiance pulse
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Target atom for RNPE of large rate

Xe
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Rates and energy spectrum

With soliton formation,

_ 13aGE(z)?Al
I= 5472

10eV’" "10-%fcm " "10%2em—2" em?

nN x O[10%] ~ 6 x 107 Hz

Xe implanted with a fraction 10~ in 100 gr para-H; (lattice constant 3.8 x

10~% em) gives nN = 1.1 x 10%%em 3, which then implies rate of 0.15Hz .

107-4- 1 Hz for Xe including CG'’s
Fe-doped Si

i 10°
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The closer of level energy to the neutrino mass sum, the better
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Normal vs inverted hierarchy

15

10

—— Mormaly hierarchy

— Inverted hierarchy

Figure 1: Assumed neutrino masses are 50, 10, 1 meV for the normal hierarchy, and 51, 50, 10 meV for the

inverted hierarchy, with mixing angles, sin® 8,5 = 0.3, sin® 6,3 = 0.039, and n = 7/4.
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We can equally well investigate both.

normal hierarchy
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Angle dependence

i | 1 1 | | 1 1 | | 1 1 | | 1 1 1
91-.1992 41994 41996  4.1998 4.2
w(eV)

Figure 2: Xe spectral rate; ¢z dependence. Figure 1 expanded. Assumed neutrino masses are lmeV, 10

r , - . . .
meV, 50meV, with mixing angles, sin” ;2 = 0.3.

e (33) threshold insensitive to ¥theta 13
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M/D distinction

o Gu_"'0.|05""0;)1(;\!']"0.'15""0'.2' 00.-..1.-..2@[;\;)..3-...4
Si-Fe Xe
5% effect for atomic energy difference <1 eV
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Parity non-conservation: evidence for weak process

observables:
1. photon energy (with good resolution)
2.photon circular polarization

E-direction to be tilted from perpendicular direction
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Angular asymmetry and circular polarization for Xe

0

/

0.2

-0.05}-

— 6=r/10
— B=m/6
B=mn/4
— G=mf3
— 0=2m/5

| | | I | | | | | | | | I | | | | | | ﬂ | | | | | | | | L | | | | | | | | I | |
1 2 3 4 1 2 3 4

w(eV) w(eV)
Angular asymmetry Circular polarization

1meV, 10 meV, 50meV. with mixing angles, sin?#;5 = 0.3, sin#;3 = 0.039 in the normal hierarchy case

PV > 0.1 effect

2009.07.17@ICTP 21
M. Yoshimura



Further enhancement and background rejection,;
Photonic soliton formation

« Topological objects classified by winding number, condensed
field + atomic polarization

 Macro-coherence by 10" x N/2

e Suppress 2 gamma mode, but may lead to RNPE

| 1
] = [} = [En] Lt =3 in

Mo N

50 100150200

25

—

=3

P

50 75 100 125 150 175 200
I

FIG. 1: Soliton profile. Stokes and pump fields (black) (as-
sumed real) and the potential (dashed red) both in arbitrary
units vs £ = Mp are shown for the refractive index v = /2,
the field ratio at the origin r(0) = —0.25 (essentially fixed at
all £), and & = 12.43---. The barrier region of the potential
is expanded by 10* in the inset.
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Summary: small scale particle physics experiments
using atoms; new principles involved

« Decay from metastable atoms emitting neutrino pair

 Measurable quantities \E> — \ g) + v + Vil/j A s
1. Photon energy spectrum
6 threholds; mass and angle dependent L . S
0 wyy = 2 it my)” ™ e
13 LY 9 2A
2. Parity violation: ::: :Z : ; :r»;v

angular asymmetry from oriented atoms
circular polarization

15

10

—6=r/10
— 6=n1/6
— B=n/4
—_ =3
— 0=2n/5

P NI S R S RS S S S N
0 1 2 3 4

w(eV) w(eV)

w;(‘g Angular asymmetry Circular polarization
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Observability of relic neutrino w. T. Takahashi

hep-ph/0703019

« Pauli blocking effect
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Distribution function near p=0

¢ Relic neutrino distribution

After the freeze-out at = 1 Mel, neutrinos obey shifted thermal distri-

bution with fimte masses:

S
(i - i;.;.f—) f(7) =0

ot a dp
1 T,
[(F) = —p————, z+l=m
eV P +(mf(z+1))2 /To 11 To
11, AP
kpT, = "TJ T, = 1.9K = 0.1TmeV
1 1  my+m;
(11— f)1-f.)= —~ —  —— .
G I =0 (1 +em/Ta)(1 4 e~™/Ta) 4 N 874
Here
M ooy 2MeV
— =5x10"1° ' .
T, ’ lmelV Ty

p=+vFE—-m* to be used

Essentially m/T_0 is sensitivity on mass
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Threshold reduction 1/2x1/2 = 1/4
Temperature measurement possible ?
Case of laser irradiated pair emission

— 1.0K
— 1.9K

—— 3.0K

Rtk

my = 0.1, 1, bmeV

a1el anne|ay

IRFIRILF—

Photon energy

For m_1 < 1meV, temperature measurement is not difficult
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Experimental strategy

 Verification of superradiance enhancement in 2
gamma EM transition

 Discovery of neutrino pair emission far away from
threshold region, with large rates

« Approach to threshold region for neutrino
spectroscopy

« Detection of relic neutrino at lightest threshold

.........

otom|

: ser |l Atomic
hemist achnelo Physics

SPAN collaboration
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Present status of experiments

» Detection of SR
* @okayama Ar-matrix 3 U
@ kinki Ne/ Ar-matrix Xe implanted ‘

Para-H, converter | |Cryostat | == ~#»77s
n-H, FT-IR

Pum\p \

Para-H_ 2 matrix @UBC
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Evidence for Xe implantation in para-H_2

In literature our result
P. L. Raston and D. T. Anderson, Journal of Molecular 0.06
Spectroscopy 244, 138 (2007). L ' |
. . | - [— 300 ppm it 1
0.8 4 m ’ | 0.05:_ 150 ppm .‘ I|
W o )
0.6 1 |\ M I 1\ - - | — Other (No Xe)| | ||
= e N 004 Bl
2 041 P L} _ : o
g K g k\&__ . =, 0.03— | [ \
i ~o B | | | |
0.2 &1 - g'/ \:““ ————— e > I —_—
Ne . S 0.2 | .
e i’ | x
0.0 PH, /Jl \\__ [ L !
N o | "\
4480 4482 4484 4486 4488 449 0.01— . |
wavenumber / cm’' - I W, A APV
Fig. 2. Infrared absorption spectra in the 4480-4490c¢m ' region U'-U'O-_'{-.-' N eV, v
recorded at 2.0 K for as-deposited samples. Trace (pH>) is for a 2.8(1) - a R
mm thick neat pH, solid containing 100 ppm of oH,. The other spectra are

Rg atom doped samples with thicknesses and Rg atom concentrations as
follows (Ne) 2.8(1) mm, 1000 ppm, (Ar) 1.8(1) mm, 1300 ppm, (Kr) 1.6(1)
mm, 440 ppm, and (Xe) 2.5(1) mm, 260 ppm.

00t | | | |
450 4482 4484 4486 4488 4490

Wavenumber (/cm)

Different impurity can be detected by different satelite sturucture
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Summary

* Discussed a new possibility of using macro-coherent
atomic targets of large density

o Excellent for neutrino mass spectroscopy giving 3
masses and 3 angles, along with M/D distinction

e Soliton formation gives extra enhancement
e PV quantity measurable
 |If works ideally, a long path towards relic detection

E 50 ppm
004}—Olher(No Xe) Iw ! 1

Our result
S W
— 19K
3.0K

W
\

log 10“

o+ |
09%s0  4as2

Wavenumben (lom)
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Backgrounds
(in case of Xe in p-H2)

e Spontaneous emission (1)

— The excited level would emit 8.4eV
photons.

— Then they might be converted to 4.2eV
photons via inelastic scattering with
detector materials.

> Detector’s angular acceptance (103),
and spectrometer band pass (AA=0.1nm)

taneous emission (2)

sion of 4.2eV photons due to Breit-
er tail.

etector’s angular acceptance (10-3)

»=BG rate would be similar to signal rate
for 300cc p-H2 target.

Severe
Physics BG
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Concrete 7131 Xe calculation

Xe:F=7/2,M =-1/2

cos | F, M) |F—1, M —1) |F—2, M —1)
. F—1, M) . F —2, M)
Se:do | IF=1L,M+1) [ d-E | |[F-2,M+1)

+sing|F —1, M + 1) |F — 1, M 4 2) |F" —2, M + 2)

131Xe 5p6(2P3/2)6s 2[3/2]2

=00
70000 - ]

T P a3y, 12! med 185 q
E M SR s :;,I'-.,. 2
B5000 - % n
g \ 47 0ixm 4 8.0 =
z o ]
= g A m
2 ‘f "'J =
@ Wlam >
c 5000 £ ] ; € ‘\ - <
w Lt ) \ 5 =

I

I: Xe energy level for radiative neutrino pair emission
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Odd Xe for PV

131X e 5p°®(?P5,,)6s ?[3/2], level hyperfine structure
In an external magnetic field

8
~ 6
N E
T
© 4FF m
= 712
5 21 7/2 <€
S '1/2
= .
o OF Level crossing=
= gf% < \
2 e \
S .4}
s | N
-6
-8 1

0 500 1000 1500 2000
Magnetic filed (Gauss)

State mixture at 1.5 kG
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Angular distribution of specific circular polarization

d*T (o h) *}f{mn
dwdcos@' " 3m3(A —w)?

+h7,{e;_.~,r:’3—clc+a[\‘)‘"-3€ —f(]),‘l) .

Polt+  Pol- Polt+  Pol-

Front Front

Back Back

(D

Polt+ . Pol- Pol+ . Pol-

Front Front

Back Back

Angular asymmetry 0 <8 < 7/2

A(f) =

s(azc® + a;e)

Circular polarization

2009.07.17@IC P(8) =

Ib_lf"l + bgl’_’? T E?[].

s(fac® + fo)

M. Yoshimura

b_jC’4 + bQCQ + b[;

E Z |eii]? (5404 + bac? + by + s(aac® + a,c)

.l

E-direction tilted from pependicular
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Numbers to memorize

G2(10eV)!  dnN

~ 6.45 x 10 *sec!

33 108em—11022

Xe atomic states
i) = 5p°(Pyy2)652[3/2]2.
In) = SPE(EP;L@]GSE[S;’Q]l :

metastable with lifetime O[40] sec

% ~ 2.8 x 10%ec™, |f) =5p° 'S,

[

Api ~ 012V,  Anp~84eV, lonization energy ~ 13.4eV
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