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- Neutrino physics using quantum coherence -
M. Yoshimura
Okayama University, Japan

Outline of this talk

Introduction:
remaining important questions in neutrino physics
guantum coherence: an example of adiabatic Raman

excitation

De-excitation from quantum ion beam in circular motion

Expected physics outputs in neutrino physics
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Present status of neutrino physics

e Oscillation experiments U=vp, (A8)
— Finite mass where
—_ iXI €12C13 5192013 slg,e_i‘i
Flavor mMiXing ) V= —siac03 — 012523513§f5 ciaces — 3123235136“‘:‘5 soscis | . (A9)
— On |y Mass-squa FEd d Iffe rence 12893 — c1ac23813€”  c1ac93 — 12593513 cascrs
can be measu red . with ¢;; = cos 65 and s;; = sin@;;. The diagonal unitary matrix P may be expressed by
P =diag.(1,, "), (A10)
(Mass)
4 ! Sin2913
V3 [T V, CZA
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v, 22221 } AMZy,

AM?=(50meV)5,

22 VU]

2
A[n atm
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Wmmu AM%eo=(10 muuuuuu u[l wl ]
Sin%0,, 1y |U |2]
T Tl
Normal (NH) Inverted (IH) ’
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Important questions left in neutrino physics

e Absolute mass scale and the smallest mass (oscillation experiments
are sensitive to mass squared differences alone)

e Majorana vs Dirac distinction
* CPVphase (Majorana case has 2 extra phases) , 3 (KM — type)
e Detection of relic 1.9K neutrino

These are relevant to explanation of matter-antimatter imbalance of
universe and physics beyond the standard theory.

CP asymmetry in leptogeneis

Y7 M3 2 5 . . . 1 . e
= 21 (—2{, ,13.5-;3 sin2(d +a— 3) + sin( 2a )
47 Mo " " Mo T

1

+ (high energy phases inaccessible in low energy experiments)
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Significance of Majorana neutrinos

e Theoretical prejudice: Neutral leptons consist of 4 components like
all other quarks and leptons, the ordinary massless neutrino and the
other 2-component partner having a much larger mass of Majorana-
type than the Fermi scale

e ->Seesaw mechanism with a Dirac-type coupling via Higges m*
M

e Plausible scenario of lepto-genesis

Heavy Majorana decay responsible for generation of lepton asymmetry, being

converted to baryon asymmetry via strong electroweak B, L violation keeping B-L
conserved.

Prerequisite: ordinary neutrinos are massive, but very light Majorana.
New CPV sources related to heavy partners of mass >> Fermi scale

m.yoshimura 09/16/2015 @ZEHt



Majorana vs Dirac equations chirally projected solutions

Dirac eq.: degenerate 2 Majorana

(1 — 17 - "f’};r. =my., (idh +i7 - f’]\; = TP

wp = [1 — g2

o+ hp

by = B h)e P u(p, h) + d'(F, h)e™ 4"., f'.;.— Feps

(—dorg)u* (7, h)
Particle annihilation Anti-particle creation

2-component in weak process involved
Majorana eq. : particle=antiparticle
(i8, — iF - Vo = imoag®

En + hp
E, — hp

by = L |_Eo—hp Pt hs
uip,n)=— |
P, 2N pEplp+ hpa) \ hip, +ip;)

2 neutrino wave functions are anti-symmetrized
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Detection principles

1. Majorana/Dirac distinction: identical
fermion effects, different effects from SPAN
because energy-momentum conservation do
not hold and mass threshold regions exist in all
photon energy regions

Xe RENP spectrum: NH vs IH

P —— SPAN case




Pair emission probability after helicities summation: MD cases

e ] P1°P2\ e ; P1° P2
P =<1+ =)&)t +(1— -
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P1 X p2
- h +2
) I E\E,

X (T +29

Common terms 5 P] P‘r
EI E"}

~ .o p e 2 b .-:E.
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Majorana term

m.yoshimura 09/16/2015 @£ &f 7



2. Lepton number vio ation

can occur either in propagator or as a vertex

(2m)4 p2 —m?2 + i€’

O (plw)¢! (@) ) ==c -0 [

dij} Eép-(y—.r]

(2m)4 p? — m? +ie

OT (¢(v)(x)) [0) = ima, /

forv — v _EUEE*’:T”E{HIZ]—T{]:II'IIEE:J

2F

Responsible in neutrino-less double beta decay,
but see our examples below
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Neutrino pair and gamma beams from circulating excited ions
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Determination of CP violation parameter using neutrino pair beam
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Majorana/Dirac distinction and neutrino mass determination using
circulating heavy ions
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Conventional neutrino sources: pi-, mu-, beta-decay

We shall use de-excitation of circulating excited heavy
ions, producing pairs of neutrino and anti-neutrino.
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Quantum heavy ion beam

Synchrotron Radiation Quantum heavy ion beam

O

10N
pcg=exp(—1meg t)

EfRE7 TL—F —ZxtmBRS L ThiE
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Schwinger’s formula for synchrotron radiation

(IVP Luq . — — (! (7Y s
— R (/ AQdt' (7(7. 1) - (7(F' ) — p(F t)p(7. t)))e @t —t=k0 ”»““'7)

dw 4

g
i

H-inf - \/(p — € *'_L:f.rf) +m= + € (I)c;rt‘.

* Main results

Exponential cutoff, both in energy and angular directions, only to
keV region available. But flux is much, much larger than decay product.

 Phase integral: same sign phase adds up

EFHEF LRI —
IS e

neV x ¥gamma”3




Neutrino pair emission occurs similarly to synchrotron
radiation,

But, producing neutrino pairs in the keV energy region with
extremely small rates, hence completely negligible for both
electron synchrotron and heavy ion in the ground state

circulating

New feature for excited ions

Input of excitation energy, leading to a kind of non-linear resonance
given by stationary points (positive and negative phases cancellation)
in a phase integral over times
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Preparation of initial coherence — Adiabatic Raman -

29 B \\—lﬂlﬁ \
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Two useful processes: pair emission and RENP
(radiative neutrino pair emission) from circulating
excited ions

Without and with a photon emission

+ + _
e™) = [g7) + vip; Neutrino-pair beam

e™) — |Qi> + 7+ viy; Beam RENP

1st giving useful and unusual neutrino pair beam for oscillation experiments
and 2nd giving opportunities to resolve the Majorana/Dirac distinction and
determining the smallest neutrino mass.
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How to calculate RENP emission rate

 Semi-classical approximation: classical ion CM motion and quantum
internal state

e Spin current dominance from valence electron transition

hamiltonian
H.pp = /d3 /dt,oc t SN ay; vl r)oavi(T d., - E(x)éW(z— zA(t))
ff— \/—& Q( )\/— Z J J( ) g )
- o 1 .
CP even (i = {’;[e_; — _—O.(;_j
Mixture of well-defined phase 2
|
coherence Peg(t) — }()E’g(o) EXP[ (“:tg + —)_] ;
2 7
Spin factor o 2 B B . o 4 .
(Sa) =(B-Sc. 8 +—(F- bf) B ~~(f 5 (5-5.)5).
v+ 1
S? 1p1-Pa  mymy
> 22 (1, 1P 172 o
'3 ( T3 B 2B M
_ . . vt vt
lon trajectory 74 (t) = p (5111 — .1 —cos—.0
16

P P

I — 1 —m — = —— e



Some details of calculation

-i@tAij(Ee;{,p1/1.1,pghg; t) = (O|[ard;(p2ha;t)b;(prhi:t) . Hepf]|0) |
— 1 t ! I o
Aij(/i-’-f?kzplh1=p2h2?f) = —f\ﬁGFTQ:;‘/ dt’ e EHED! JT (k.p1 + Pa:

j (k (P1 + Po):t) = PeJ( )S%e” (R ralt) C T = "U-Jr(_P-lh.l)g’l-’(PQhQ) ;

Pt paha) A, pabas ) —
4(;% |p€g(0) |2_ |(sz |2 / At SR (MYIB (pl }1_1 \ pghg) e'l(ﬁ(,o)—i\(f) )) b‘r:.':}

1 d?
= 4G} peg (0) P~ Ci5 - ] /O dtS® S:E(Naa(}?lhl pahg)e BO=A= f))) S
A(t) = (w+ Ey + B —"—'J)f— (k+ 7 + ) - Ta(t).

NP (pihy, pahs) = j¢ (Plhl paha) (517 (prhy, paha)
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In the large radius (¥rho) limit

HUHEERFOES TEEREUZITS

/ | dt cos®(t), P(t) =
J0 20y ,-}

2eeg +7°(mi/ By + mj /Ey)
w+ Ey + Eo

w—l—El—l—EQ\/_ )2

D=1-

— (quadratic function of angles),

oL _ P
resonance in time domain : ., = =1 = 10ps.

)i

2
width; At = > 1
- pwa+&)
0o o0 1‘.—1‘. 2n T -
Itcos ®(t) ~ [ dt — /(=) 2D
/Or:cm() cho«a ‘3E1+Eg

for GeV neutrinos
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Difference from usual synchrotron radiation

Ground state ion X = rescaled time

o [ f
o 14 3 [m _eh(0)
1rh(r SE(—1" 4+ —1) —= ) —F s
ﬁ Hi-{r}cmﬂgr 2:] ‘IJ f

. ( ) i J[ i El EEQ’ _;_,]
£ ) E —+ E A ooa Iunction o . YL angles

e Always the same sign phase added, leading to exponential dampling

Excited ion with coherence

|"__.|'ﬂ—

o J. 9 3 | =il
drh(z)cos§(s2" — Sz) = [ — cos(§ —
Jo 2 V'3

Cancellation of positive and negative phases

Energy input leads to resonance-like behavior
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Intuitive understanding

* A kind of non-linear resonance: orbital energy
balanced against internal ion energy, giving non-linear
resonance oscillation. Its width around the stationary

point gives a sharp resonance-like behavior in time
domain.

e Key concept for its success: quantum coherence
typically realized by ionic system under laser
irradiation, but may persist without phase relaxation.

Simple example of quantum coherence: adiabatic Raman process



dl’;. W 3 m;m;
J o RFEJ(J'c—) (lﬂ |2 — (Sﬂ,f—

dw 8..4.:2 , L2

a1
M

R(a j)) a;; = UgUe; —

N :
Fg(?%ﬂig YEN [ peq (0)? M/_Elgfg

- Qﬁ(ZW}E‘
OF % [
19 | pe
4.6 % 10°Hz—— 0= Tovr Jiom 104) (101{@*«;

1
-1:5:/dt@(l—r?)—lf’%g.l % 1076, ﬂj(y):f dmlf dzoHij (y, 71, 22)
0 0

)15;2

- 2€., At .
Hii(y,z1,22) =y %(1 + - L) 2rrzo(xy + 20 + ) VAG (21, 12, 9)*O(Gij (21, 72, 1) ) |
pe
1 m? m?
Giilxy,20.y) =1 —21 — 29 — Y — ! Ly
j(x1,22,9) T — Ty —Y 4E§g(i‘1 + :Eg).

Candidate ion: Pb”72+ (Ne-like)
LHCCERIZPbA82+% 7TeV [ZHNEF H
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Hzfw m
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1x10° |

BENP rates: massive MD. massless

\ BEEZICRHHRITIKREL

\ MD @)

XAlTEELED

w/w_m
1.0

Figure 3: Single photon spectral rates: the massive (NH of zero smallest mass) Majorana case in solid black,

the massive Dirac (NH of zero smallest mass) case in dashed-red, and the massless case in dash-dotted blue.
N|pgg[0)|2 = 10%, v =5x 1047’?;;3 = 100MHz, p = 4km, vanishing CPV parameters and €., = 1, €. = 0.1keV

are assumed. The maximum photon energy w,, = 100MeV.
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Neutrino mass determination

Double e rates: massive M

Hz/w_m
250000 |- PR
J N
200 000 / %\:
’ / \ 0,10,20 meV
W
K
150000 - \
2
N
A
100000 F N
N
N
N
50000 A
N
s
1 1 1 1 1 1 1 1 | 1 1 1
0.02 0.04 0.06 0.08 0.10

wiw_1

1.0

0.8
0.6

0.4

Sensitivity to smallest 1 meV

Normalized double rate difference: massive M

Fipure 5: Double spectral rates of photon with a detected 1 of fixed energy 0.9w,, = 90MeV: the smallest

neutrino mass 20 meV in solid black, 10 meV in dashed red, and 0 meV in dashed-dotted blue, all for the

Majorana NH cases. _-""u"|,r3,f_;5.{[}]|'3 — 1[]3,7}”, = 100MHz, p = 4km and vy = 5 x 10, feg = 1keV, €y = 0.1keV

are assumed.

KFEZa—F/RIFFAEDLTEDS
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Majorana/Dirac distinction in RENP

e Difficult in the usual ways
e Best is to discover doubly charged nu-nu events
: Lepton Number Violating (LNV) process

(2m)4 p2 — m?2 + i€’

OT (et (@) 0) =~ - ]

d‘ip E'é}:ﬂ-(y—:c]
(2m)4 p? — m? +ie

O[T (¢(y)(x)) [0) = imos /

forv — v —EUEE*‘:”?E{HU—T{]N(?E}

2F
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Triple ee rates

6105 |'

4x10°

2% 108

TR [T TR TR T WA NN S S 1 Ef“‘_ﬂl
0.6 0.7

Figure 6: Neutrino energy spectrum in triple detection of doubly charged LNV process v, v, .. The photon
energy is fixed at w/w,, = 0.1 in solid black, 0.2 dashed red, with («,3,4) = (0,0,0), and w/w,, = 0.1
in dash-dotted blue, 0.2 dotted black, with (o, 3,4) = (0,7/2,0). The smallest neutrino mass is taken

vanishing in NH. v = 5 x 10%, €eg = 1keV. e,. = 0.1keV are assumed.

rate computations at LHC to be done
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RENP using pair beam: F&&

e Absolute mass determination and MD distinction
expected

* Kinematics different from SPAN: energy and
momentum conservation not obeyed, and only

the energy sum of photon and two neutrinos
limited

e Rate scales with gamma”6

Xe RENP spectrum: NH vs IH

photon energy/eV
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Comparisons

Comparison of radiative and non-radiative neutrino pair emission

oscillation | absolute » mass | CPV | parameter dependence
beam RENP n v ? 1.--66;;5”’ N
non-radiative NP 4 y y viel ;f °N

S P‘AL N 1l }" }— i."\l.-r 2
Choice of 1on and atom targets not to be forgotten.
Comparison of neutrino-pair beams
process rough flux/Hz m™2 reference
neutrino factory | p* — evr,p, ~ 10* S.Geer, PRD
quantum ion beam | |¢) — |g)valy | ~ 10Y°(N/10%)* YS

* Effect of collimated beam size considered by 1/m?.
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Another application of coherent quantum beam

When coherence exists between two levels related by E1 transition, exponential

cutoff of synchrotron radiation 31

(emw/we 03 )

) ':"L’C — E; /
does not exist, and gamma ray energy is only limited by the same boosted
level spacing

Coherence among many ions (macro-coherence) may lead to coherent gamma ray
beam (gamma ray “laser”)



Energy spectrum: comparison

Umiversal photon spectum
141 Synchrotron radiation

5 T -
12 F "““»H_H Synchrotron radiation spectrum
- rfpower
[/
1

Lo

u.a}'

31 3 00m v .
we= =7 w L3V —(= )
0.6 2 Lofe ) lU4

o4l

.,II P . Eeg 1/2, Y )2 N .I'?l'q[{]:' 2
10°

[~ 1.6 x 102 Hz — %2
g 100MHz \ 200m '50keV’ ‘107

2 .3
x deg g\ Pleg
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Summary of this talk

 We should maximally exploit quantum coherence
towards the ultimate clarification of mysteries of
neutrino.

e Coherent quantum heavy ion synchrotron is
excellent for the smallest mass measurement,
NH/IH hierarchy distinction, MD distinction, and
CPV parameter determination .

e Accelerator R & D works crucial to obtain a high
coherence beam.




Backup



Neutrino pair beam and
Neutrino oscillation experiments



Differential and total production rates

69(0)\2( i 4 €eg J11/2

o
= S"TI ~ 3.1 x 102 Hz (L) 1/22e
2{: . Sy 07 (F0kev

4km | 108

~

vith E,, = 26,97 = 1GeV—4—__L_
W Em = e = O S 0ke V 107

Dimensionless spectrum

Only upper bound of total energy
Extending to GeV region

1.0
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Detection of neutrino pair away from synchrotron

Gp .. _ N -
D (5 Para(l = 25)la “Teya(1 = 95)ve(7°) (ale HE DY ele By Pyg(1,2)

b
2
5= 0 0 1 0 0
2
H=U| o 22 o |U'Fv2Grn.[ 0 0 0
o o0 m 000

¢ Single neutrino detection eliminates oscillation pattern

C|E tHL|b} mep E—t}.L {_I —?HL|b ZLH?L E—EJ\L

> (ale™ ™ E ) (cle™ ™ [b)ey me ai€ii€( A, Ai) () =

(1,-1,-1).
h

bo| =

§ij = VeiVei = Vi Vi = VoV, e(N,\i) = exp[—iL(\; + \j)].
Z\Zk VisGiieO )P =Y 0 VAV Vg idheOg, A e (A M)

ikl ¢
= Zhghdt”\ Ai) Zgu Sil = ZLM #;f(mj m;)er(my.m;)oj =
7l

35
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Short baseline experiments

Te L
1.4 x 6 x 10%3em— 1860km

V2Grn.L ~ 1 x

o _ . T d?o d*o
VAV Eie(N, A P
|Z et *”‘353'?{ i M)l dE1dEsdS1dS)s dE dsiny, dE_dsin_

i]
Plotted quantities

Fac = |Z UsiUajéis e~ t(m; /[ Er+mi/Ea) |‘2

i
A(5) = dI'(6 : Gp) —dI'(=0 : —GF)
B dI'(0 : Gp)+dI'(=0 : —=GFp)
Doublerates 10 ~ 100 mHz for a 100 kt class

onnl ~ 1071 ~ 10719 for a single detection
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Oscillation and CPV asymimetry

distance/km

Figure 1: Oscillation pattern given by Py of eq.(13) (in solid black) and asymmetry (in dashed red) at
various distances for 7,v. CC double events. § = /4, E;, =500MeV, E,, = 5MeV.
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How short baseline exp. became effective

 Two factors of L/E, one 10km/10MeV instead
of 500km/500 MeV giving the same oscillation
pattern



CPV asymmetry at 10km

T ————

e—energy/GeV

Figure 3: Asymmetry vs electron neutrino energy for 7,1 CC double events. Ej, = 500MeV and § = 7 /6
in solid black, 7/4 in dashed red, and 7/2 in dash-dotted blue. NH of smallest mass zero is assumed.

Oscillation at 10km:NH/IH

0020

————i

e—energy/GeV

Figure 5: NH vs IH distinction at 10 km away from the synchrotron, given by asvimmetric energy combina-
tions: P is plotted for Ej, = 500, 200MeV, fixed and variable E, . NH in blacks, 500 MeV in solid and 200

MeV in dotted lines, and TH in colored, 500MeV, in dashed red and 200 MeV in dash-dotted blue. § = 0.
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Features of pair beam

 Double detection required for oscillation
experiments

e Short baseline experiments recommended to
avoid the earth matter effect

e Excellent opportunity for ¥delta and NH/IH



Competition with QED photon emission

an example of He-like ion , Ph™'+

|€} — ((93 (13]}?} , (a spin trlplet state described in jj coupling scheme)

L | 1

level spacing €gq ~ 70keV
MI photon emission  I'y = a1 N pee(0)

YM1- ~ 3.4x10Hz

> 1peg(0)F > 0(0.1)pec (0)(757) ™
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Pair emission build-up time should be shorter than 2nu production time.

At < 1,/1_‘21;

_,/ﬁu - _ —\7 F sy
&f— ; _ b \/E_ '\/!5' E1+E2}((E]+Ej)2}

r
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~11c:mJ (1{]4J (50]{eV)

Equi—rate, equi—energy curves
— 7T

[s, ~ 3.1 X 1013Hz( 11/2
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