Oscillation of Dirac or Majorana
heutrinos produced in muon decay

Marek Zralek

University of Silesia,
Katowice, Poland

Work in Preparation with F. del Aguila and R. Szafron

PHENO 2009 Symposium, May 11-13,
University of Wisconsin, Madison



Outline
1. Introduction

2. Could we distinguish Dirac from
Majorana neutrinos in a near detector ?

3. Dirac and Majorana neutrinos after
oscillation in a far detector

4. Conclusions



~ l.Introduction
U decay

For Dirac neutrinos

po (AM) — e (Ae) + vn()‘Tn) + Vm()‘fan)

In the SM (+1) (-1)

Beyond the SM Y\(+1,-1/Y

For Majorana neutrinos

Qo ()‘u) — e (Ae) + Vn(An) + Vm(Am)



>N

—

Muon polarization vector P

Number od electron neutrino and muon neutrino in the solid angle
depends on d€2 direction ..
Generally both types of neutrino are observed




For Dirac neutrinos

—

—_— 3
v,=v(A=+1) |v)=3U, V) Pure
In the SM distingishable ’? QM
v, =V(A==1) |v,)=>U,|lv) | STATES
=1
V, —2V(A=+1) |
Beyond the SM # Mixed QM STATES
V,=2>V(A=-1) 3
Density
matrix
_ required
In the SM V,—=2>Vv(A=+1)
or | # QM mixed STATE
beyond Vi—sVv(A=-1)




In the Standard Model
whether in a near detector or, after
oscillation, in the far detector, it is
impossible to distinguish Dirac
from Majorana neutrinos.

— Near detector
V

s it
possible
to distinguish Dirac
and Majorana neutrinos
Beyond the Standard Model???

Far detector



Vim(Am) + € (Xe) = ,U_()‘u> + Vn(An)

Un(An) + e (Ae) = N_()‘u) + Um(Am)

In the near detector we look for mions produced by
inverse muon decay processes, assuming that neutrino
are Dirac or Majorana particles




We assume that neutrino interactions are described  W.Fetscher, H.-J.Gerber and K.J.Johnson,
Phys. Lett. B173(1986)102;

by the most general 4-fermion interaction

4G
H = F S‘ S‘ (935) k(la I vi)(Tklsler 1)
+ (922)ik (DL Iz.o) Iz, Usvn) ]

o,e,e’ 1, k=1

e,/ = L,R(Pr,r = 5(1 £75))

for V., = —c for S and T and the same for #’

E = ¢

Standard Model is recovered for

_— MNSP matrix
(gLL)z k — QLLU U ko All other couplings equal zaro

\=1



In the same way we paremeterize

(gg,e’)’i,k — gg,s” (U§>e,z‘(U§f>Z,k

————— =V)
(Scr,SLr,SrL,SrRR) (U;.U,)

(VLLv VLR7 VRL7 VRR) (U‘L/aUZ)

P— »(= U nsp =U)
(TLR7 TRL) (UL, Ug)
Neutrino masses are not measured, 3
- sumed uncoherently over final neutrino Ftota,l = Z Fﬁ,m
mass states, —

- averaged over initial neutrino states.



For the process: (A) — e (Ae) +Tn(An) + Um(An)

Z

Denotation: K, =(4,,p,.0,,0,)

,ngo) I ——

P Ar_zD,m(Kn’Km)

AD/\‘
An, n_’t(Kn ’Km)

y

— Ar_zD,m(Kn ’Km)_ Anl_)fz,n(Km ’Kn)

If neutrino masses
are neglected,

crucial term mep (2Re[A? (K, .K,) AL (K, .K)])



In the SM only one neutrino helicity amplitudes does not vanish:

AP (A, =+1,2, =-1)

And because of that:

Aﬁ/{m(—'_? _|_) — Afr];,/.,[m(_7 _) 0
A%m<+7_) nmaAM <_ ): —m

m,n

Only one neutrino helicity configuration contribute to the spin amplitudes,
interference terms do not appear,

there is no difference between Dirac and Majorana

Beyond the SM P. Langacker and D. London, Phys. Rev. D 39(1989)266,

They conclude:

“It is not possible, even in principle, to test lepton number
nonconservation in muon decay if final neutrino are masless”



Dirac and Majorana amplitudes are equal after substitution:

S \D
(gLR)i,,k

(92L>iD,k

(glgR)iD,k
S \D
(gRL)i,k

(ggR)z:D,k

(ggL)'z{)k
vV \D
(gLR)i,,k

(gXL>ll)k

T \D
(gLR)i,k

T \D
(gRL)i,k

=

r 9

r ¢+ 9

)

<~

The reason — Fierz identities

S \M
(QLR)Z'J; —

(97.0)i%

(92r) % +2 (9RR) N

S \M
(gRL ik

. 1 ,.
V M S \M
(GrR)ik T+ §(QRR)A:,Z‘:

(ggL)M + (ggL)]\j

(QLR e+ (QLR)
(90.0)04 kT35 (QLL)
(9Lr f\i + 5 (gLR)

T \M
(9RrL)ik T+

L s \wm

§(gLR)k.;i,+
V \M

+ 2 (90,0) k.

3

T \M
§(gLR)k,z‘,:

5 (stzL)ﬁ{i + 5 (ggL)i\:{z‘,:

5 (g}%L ) ilbuz +

1

1
(R

If the couplings are
unknown -> always
we can find such
couplings that these
relations are satisfied

SM coupling V||
mixes with the scalar
S, one.

For Majorana
neutrinos, but not for
Dirac, there are
observables linearly
proportional to

If NP scalar coupling S, is known from other suorce, Dirac and Majorana

neutrinos are in principle distinguishable




Using general interaction we calculate for neutrinos from muon decay

1. Density matrix for final Dirac neutrinos

Qz)\kzn E 9790)

27r max —
o J.i I Jik T
ol A / AT EBOGTE Do AT - (B.0.5ET)

Au A' AesAy,J

2. In the same way final density matric for Dirac antineutrinos

3. Density matrix for final Majorana neutrinos

Then we calclate cross sections for muon production processes with Dirac neutrinos

Vin(Am) + €7 (Xe) = N_(/\M) + v (An)

1% p Uk

o = 264—.]; E /‘dﬁd¢f>\ 7’),)\ )\M,Z,A (E 19 QS)QZA]C AeanaAn;)\MakaAk (E,197¢)
=8P,

Ne s A A 0, R A g




And similarly for Dirac antineutrin =2 G‘_’

1%
and for Majorana neutring = O "

We have to know the number of Dirac neutrinos and Dirac
antineutrinos flying in direction (8,9)
—> Wwe caculate angular distribution:

d3rv B d31—\\7
NV(E’9’¢): NV(E,Q,QD)I
dEdOdo dEdOd
So number of neutrino and antineutrino in the beam is proportional respectively to:
N" N B
OC(E,Q,QD): NV—I—NV ﬁ(EaQ’QD)_ NV+NV OC-I-,B—I

For Majorana neutrinos such weight factor are automaticaly included
In the density matrix.



y 128 . .
G — T 7TGr Pi Px (3 &, (8 ammvvl (Vip) 12 (Vin)sa ((Von) )12 ((Von)sa) ') +

Pk (24 ammvvl (Vi) o (Vin)sa ((Vin) *) 12 ((Vin)sa)*)) + O (NP*2);

512 ammvvl 7 G Pf Py (Vir) 12 (Vir)za (Vo) *) 12 ((Swp)as) ™ +

512 ammvvl 7 G Pf Px €4 (Vin) 12 (Ver)sa ((Von) *) 12 ((S1p)as) * +
1024 ammIlvsl 7w GZ Pf Py (Vin) 12 (Vin)sa ((Sew) *) 21 ((Vin)sa) * +

M 1024 ammIlvsl 7w G?- Pi Px €4 (Vin) 12 (Von) za ((Swn) )21 ((Vin)za) ™ +
1024 ammI2sv2 7 G P Pi (Str) 21 (Voin)sa ((Vin) *) 12 ((Vin)sa) ™ +
1024 ammI2sv2 G12=- pi Px €x (Swn) 21 (Von)sa ((Vin) ™) 12 ((Vin)sa) ™ +

—

S
I

For Majorana neutrinos, because the interference between
particle and antiparticle, there are terms linear in NP
parameters. For Dirac neutrinos there are only qudratic term
in NP.



We compare ¢”=q 6"+ 6" with

o™ [107° m?*] for L=0 (

M
—) 100%

. Dirac Dirac
Parameters | Polarisation| particle |antyparticle Majorana | Procentage
difference
o o'+
1)SM parallel 1,7372 2,2751 4,0123 4,0123 0,00%
1)SM orthogonal 2,7141 1,8605 4,5746 4,5746 0,00%
1)SM antiparallel 7,0983 0,0000 7,0983 7,0983 0,00%
2)SM+(S,,=0.5)  parallel 1,6434 2,1476 3,7910 3,4916 7,90%
2)SM+(S,=0.5) orthogonal  2,5613 1,7610 4,3223 3,9810 7,90%
2)SM+(S,, =0. antiparallel 6,6807 0,0261 6,7068 6,1772 7,90%
3)SM+(Vx=0.03) parallel 1,7369 2,2747 4,0115 4,0128 -0,03%
3)SM+(Vzz=0.03) orthogonal 2,7117 1,8588 4,5705 4,5726 -0,05%
3)SM+(VR;=0.03) antiparallel 7,0674 0,0001 7,0674 7,0739 -0,09%
4)NP parallel 1,7330 2,2697 4,0027 3,9194 2,08%
4)NP orthogonal 2,7070 1,8553 4,5623 4,4680 2,07%
4)NP antiparallel 7,0725 0,0008 7,0733 6,9265 2,08%

With NP cross cections for Dirac and Majorana neutrino differ, with present boud on NP

parameters, this difference can be large (>7%) for E= 20 GeV.
(NP={V =1, 5,,=0.1, and all others = 0.01})




Neutrino oscillation is described by density matrix:

p = p@,A;k,n)

Density matrix is calculated in muon rest frame — Lorentz boost

wmmm)  integration over detector solid angle

For very small neutrino masses Lorentz boost does not change density matrix

p Lorent bOOSt > p M.Ochman,R. Szafron,MZ,
J.Phys.G35:065003,2008

. 5mi2,kL
Oscillation: p(0)= p(L)=¢ iHLp o HL [p(L;i,).;k,n)= e 2E p(i,/l;k,n)}




a’r’
dEdOdp

NY(E.L)= j dQ

AQ(L)

65 m




We calculate neutrino detection cross section in the detector rest frame:

(R T= S / ADAS]"S, 1 i ire (Bs 0 D)0(L3 i XK m) 5 ik (B0 )
264 SPq Mo i i i KAk

g4 Itis difficult to define oscillation probability,

J. Syska,S.Zajac,M.Z.,
Acta Phys.Pol.,B38:3365,2007

E3 Generally there is no factorization for oscillation _
. . . F.Del Aguila,J. Syska, M.Z.
probability and detection cross section, J.Phys.Conf.Ser.136:042027,2008

€% Coherent or not coherent oscillation,

There is important difference between elements of density matrix for Dirac and
Majorana neutrinos.

roneutr([l, 1] = appsl (Sin) 12 ((Sin)¥) 12 +

appt (Tru) 1z ((Tru) ™) 12 + @PPVL (Vir) 12 ((Vir)*) 12 +@PPV2 (Vgrr) 1z ((Vrr)¥) 12 +
apps2 (Sgu)12 ((Sru)*) 12 + appstl (Tre)z ((Sru) ™) 12 + @aPPsSt2 (Sgru) s ((Tru) ™) 127

roneutr[-1, -1] = ammssl (Sgr)i2 ((Srr) )12 +
ammss2 (Sir) 1, ((SLR)*)lz + ammtt (Tpr) ;5 ((TLR)*)lz + ammtsl (Tyr),, ((SLR)*)lz +
ammst2 (Spr) 15 ((Trr) ") 12 +| @ammvvl (Vip) o ((Vin) ) 15| + ammvv2 (Vry) 15 ((Vre) *) 127




roMajorana[l, 1] = appsl (Stn) 1z ((Swyn) ) 1o +
appI2vsl (Viy)z; ((Sipn)”) 12 + @aPPS2 (Sgru)i12 ((Sru) )12 + @PPI2sS1 (Sge)z; ((Sru) ™) 12 +
appstl (Tru) 1z ((Sru) ™) 12 + @aPPI2tS2 (Try),; ((Sru) ™) 12 + @PPILlssl (Sgu) iz ((Sru) ™) a2 +
anppss2 (Sry)z; ((Sru) ™) 21 + @pPIlts2 (Tre); ((Sgru) ) a; + @anppts2 (Tru)z; ((Sku) )2y +
anppssl (Sgr)21 ((Srr)*)21 + apPIlvsl (Vrr) 12 ((Srr) )21 + apPst2 (Sgru)i2 ((Tre) *) 12 +
appI2stl (Sgrn)p; ((Tru) )12 + @PPt (Tru) 12 ((Tru) ™) 12 + @PPI2tt1 (Tre); ((Tre) *) 12 +
appIlstl (Sgu);z ((Tru) *) 21 + @anppstl (Sgu),; ((Tru) *) 21 + @PPILlEEl (Tr) 1z ((Tre) )21 +
anppttl (Tgrp)z; ((Tre) )21 + @aPPI1SV2 (Sin) 1 ((Vin) *) 21 + @anppvvl (Vi) ay ((Vin) ®)ag +
appvl (Vir) 1z ((Vir) ™) 12 + @PPI2vV1 (Vig) gy ((Vir) *) 12 + @PPILIVVL (Vir)gp ((Vir) ¥) 21 +
anppvv2 (Vpg)a1 ((Vir) *)21 + apPI2sVv2 (Sgr)21 ((Vrr) )12 + @PPV2 (Vgrr) 12 ((VRrr) *) 127

roMajorana[-1, -1] = anmmssl (Spp),; ((Swn) *) o +
ammIlvsl (V)i ((Sin)”)21 + ammss2 (Spr) 1z ((Spr)*) 12 + ammI2ssl (Spr)a; ((Swr) ™) 12 +
ammtsl (Tpr) g, ((Spr) ™)1z + ammI2ts2 (Trr),; ((Spr) *) 12 + ammIlssl (Spr)gp ((Swr) ™) 21 +
anmmss2 (Spr)z; ((Spr)*)a; + @ammIlts2 (Tpg) g, ((Swr)*) 2 + @anmmtsl (Tpr)o; ((Swr) ™) 2y +
ammss1l (Sgr) i, ((Sgrr) ") 12 + ammI2vsl (Vgg)z; ((Sgrr) ") 1o + ammst2 (Spr) ;1 ((Trr) *) 12 +
ammI2stl (Spr)a; ((Trr) ") 12 + @ammtt (Tpr) ;5 ((Ter) *) 1 + @ammI2ttl (Trr) oy ((Ter) )12 +
ammIlstl (Spr)i, ((Ter)*)a; + @anmmst2 (Spg)y; ((Trr) *)o; + @ammIlttl (Trr);; ((Ter) ¥) 21 +
anmmttl (Tpg),; ((Ter) ") a; + @MMI2sSv2 (Spp)a; ((Ven) ™) 12 + @mmvvl (Vip) 3o ((Ven) *) a2 +
ammvv2 (Vgy)1; ((Vae) ™)1z + @ammI2vvl (Vgy) oy ((Vee) *) 12 + @ammIlvvl (Vep)gp ((Ve) ™) 21 +
anmmvvl (Vgy)zy ((Vee) ™) 21 + ammIlsv2 (Sgg) iz ((Vrr) ") 21 + @anmmvv2 (Vgr) oy ((Vrr) ™) 217

For Majorana neutinos there are linear terms in NP parameters




For Majorana neutrino dominant term — pure states
MNSP matrix
3

v, )= (aU, ,+bV, )|v,)

i=1 |_=>r Mixing for S,

M = ‘v(x><v(x ‘ 4+ hasinterference terms U x V

Coherent oscillations

P2y, =lal U, U, +[b| V. .V, +....

No interfernce terms

}Incoherent oscillations ‘



Viajorana neu

a=0.89, b=0.45

Dirac neutrino

= J [km]

5000 10000 15000 2000




O —O

oo’

1)SM

1)SM

1)SM
2)SM+0.5SLL
2)SM+0.5SLL

2)SM+0.5SLL

)

)

)

)

)

)

; 3)SM+0.03VRR
) 3)SM+0.03VRR
; 3)SM+0.03VRR
) 4)NP

; 4)NP

|

4)NP

parallel
|orthogonal
lantiparaIIeI
| parallel
lorthogonal
Iantiparallel
l parallel
Iorthogonal
lantiparaIIeI
I parallel

lorthogonal

|antiparallel

1,7746
2,7064
6,4092
1,6785
2,5540
6,0332
1,7742
2,7040
6,3847
1,7703
2,6994

6,3870

2,2586
1,8631
0,2913
2,1323
1,7634
0,2978
2,2581
1,8614
0,2902
2,2532
1,8584

0,2910

| 4,0332
| 4,5694
| 6,7005
| 3,8107
| 4,3175
| 6,3310
| 4,0323
| 4,5653
| 6,6749
| 4,0235
| 4,5577

I 6,6779

4,0332
4,5694
6,7005
3,5098
3,9765
5,8310
4,0336
4,5674
6,6808
3,9398
4,4630

6,5393

l 0,00%
) 0,00%
; 0,00%
) 7,90%
) 7,90%
I 7,90%
l -0,03%
I -0,05%
l -0,09%
) 2,08%
; 2,08%

I 2,08%

(NP={V,, =1, S,=0.1, and all others = 0.01})




1)SM
2)SM+0.5SLL
2)SM+0.5SLL

2)SM+0.5SLL

3)SM+0.03VRR
3)SM+0.03VRR

4)NP

)
)
)
)
)
l
)
)
l
)
)

parallel
lorthogonal
lantiparallel
l parallel
lorthogonal
lantiparaIIeI
' parallel
lorthogonal
lantiparallel
l parallel
lorthogonal

lantiparallel

1,7175
2,6802
6,9855
1,6248
2,5293
6,5747
1,7172
2,6778
6,9553
1,7133
2,6732
6,9602

2,2642
1,8524
0,0108
2,1374
1,7534
0,0361
2,2638
1,8507
0,0107
2,2588
1,8477
0,0115

; 3,9817
) 4,5326
; 6,9963
; 3,7622
; 4,2828
; 6,6108
; 3,9809
) 4,5285
; 6,9660
) 3,9721
) 4,5209
| 6,9717

3,9817
4,5326
6,9963
3,4643
3,9435
6,0865
3,9822
4,5306
6,9726
3,8892
4,4265
6,8260

0,00%
0,00%
0,00%
7,92%
7,92%
7,93%
-0,03%
-0,05%
-0,09%
2,09%
2,09%
2,09%

(NP={V, =1, S,=0.1, and all others = 0.01})



1)SM l parallel

0,2126 1,5561 1,7687 1,7687 0,00%
1)SM lorthogonal 0,3322 1,2725 1,6047 1,6047 0,00%
1)SM lantiparallel 0,8687 0,0000 0,8688 0,8688 0,00%

0,2082 1,4829 11,68%
1,3189 13,60%

0,5833 30,78%

2)SM+0.5SLL l parallel

2)SM+0.5SLL |orthogonal 0,3193

3)SM+0.03VRR I parallel

0,2126 1,5558 1,7684 1,7695 -0,06%

3)SM+0.03VRR lorthogonal 0,3319 1,2714 1,6033 1,6058 -0,16%
3)SM+0.03VRR lantiparallel 0,8649 0,0001 0,8650 0,8743 -1,07%
4)NP l parallel 0,2121 1,5524 1,7645 1,7034 3,47%
4)NP lorthogonal 0,3314 1,2694 1,6007 1,5329 4,24%

) l ) l
l ) l )
) l ) l
) l ) )
) l ) l
l2)SM+0.5S|_|_ lantiparaIIeI l 0,8176 l 0,0251 l 0,8427
) l ) l
) ) l )
) l ) l
l l l )
) l ) l
l ) l )

4)NP lantiparallel 0,8659 0,7689 11,26%

\/

(NP={V, =1, S,,=0.1, and all others = 0.01})



For (NP={V,, =1, S,,=0.1, and all others = 0.01})

L=0 ortogonal 2,7070 1,8553 4,5623 4,4680 2,07%
L=130 km ortogonal 2,6994 1,8584 4,5577 4,4630 2,08%
L=732 km ortogonal 2,6732 1,8477 4,5209 4,4265 2,09%
L= 9000 km ortogonal 0,3314 1,2694 1,6007 1,5329 4,24%
For (NP={V,, =1, S, =0.5, and all others = 0.0})
L=0 antyparallel 6,6807 0,0261 6,7068 6,1772 7,.90%
L=130 km antyparallel 6,0332 0,2978 6,3310 5,8310 7,90%
L=732km  antyparallel 6,5747 0,0361 6,6108 6,0865 7,93%
L=9000km antyparallel 0,8176 0,0251 0,8427 0,5833 30,78%




4. Conclusions

Neutrino production states is not pure QM
states — density matrix,

Final detection rates do not factorize,

It is possible to distinguish Dirac from
Majorana neutrinos,

Coherent and incoherent oscillation,

Density matrix is useful even for the nSM
neutrino oscillation.



