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# Weyl, Dirac and Majorana fermions

# Neutrino masses in simplest extensions of the Standard Model.
The seesaw mechanism(s).

# Neutrino oscillations in vacuum
o Same E or same p?
» QM uncertainties and coherence issues
» Wave packet approach to neutrino oscillations
» Lorentz invariance of oscillation probabilities
» 2f and 3f neutrino mixing schemes and oscillations

s Implications of CP, T and CPT

# Coherent elastic neutrino nucleus scattering (CEVNS)
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Dirac equation:
(i7" 8y — m)ip(w) = 0

The chiral (Weyl) representation of the Dirac v-matrices:

LH and RH chirality projector operators:

1 —
PL: 2757 PR:

They have the following properties:

P; =P;,, P;=Pp, P,Pp=PrP,=0, P,+Pr=1

LH and RH spinor fields: ¥ = 16T, U = U, +Up.




Why LH and RH chirality? For relativistic particles chirality almost coincides
with helicity (projection of the spin of the particle on its momentum).

1
Py == (1 + ”—p) .
2 p|
At E > m positive-energy solutions satisfy
\IJR =~ \I/_|_ , \IJL ~W_

N.B.: Helicity of a free particle is conserved; chirality is not (unless m = 0).

A

Particle - antiparticle conjugation operation C:

AN

C: -y~ =Cy’
where ¢ = ¢+ and C satisfies
Cl'yC=—v,, C=C'=-C (=" =-0).

In the Weyl representation: C = iv*7V.
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Some useful relations:
O (W) =9, Ye=—yTCT", Pry§ =hotf, APy = p§(CATCT Y] .

(A —an arbitrary 4 x 4 matrix).




Some useful relations:
O (W) =1, Pe=—9TCT, Pr§ =orhf, APy = YS(CATCT Y.
(A —an arbitrary 4 x 4 matrix).

O W) =W)r,  (Wr) =)L,

l.e. the antiparticle of a left-handed fermion is right-handed.

¢ Problem: Prove these relations.
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Some useful relations:
O (W) =1, Pe=—9TCT, Pr§ =orhf, APy = YS(CATCT Y.
(A —an arbitrary 4 x 4 matrix).

O W) =W)r,  (Wr) =)L,

l.e. the antiparticle of a left-handed fermion is right-handed.

¢ Problem: Prove these relations.

= Chiral fields are 2-component rather than 4-component objects.
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Dirac equation in terms of 2-spinors ¢ and &:
(iao —ia-V)gb—m{f:O,
(10g + 10 - V)E —meop =0.

Fermion mass couples LH and RH components of ). For m = 0 egs. for ¢
and ¢ decouple (Weyl equations; Weyl fermions).




Dirac equation in terms of 2-spinors ¢ and &:
(iao —ia-V)gb—m{f:O,
(10g + 10 - V)E —meop =0.

Fermion mass couples LH and RH components of ). For m = 0 egs. for ¢
and ¢ decouple (Weyl equations; Weyl fermions).

Dirac Lagrangian:
L =p(iy"d, — m)p.

The fermion mass Lagrangian:

—Ly, = mYp = m (Y +Yr) (WL +Yr) = m(Wrpr + YLvR),




Dirac equation in terms of 2-spinors ¢ and &:
(7:80 —ia-V)gb—msz,
(10g + 10 - V)E —meop =0.

Fermion mass couples LH and RH components of ). For m = 0 egs. for ¢
and ¢ decouple (Weyl equations; Weyl fermions).

Dirac Lagrangian:
L =p(iy"d, — m)p.

The fermion mass Lagrangian:

—Ly, = mYp = m (Y +Yr) (WL +Yr) = m(Wrpr + YLvR),

LH and RH fields are necessary to make up a fermion mass.
Dirac fermions: ; and g are completely independent fields

For Majorana fermions: ¢z = ()¢, where (¢)¢ = Cy7T.
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Acting on a chiral field, particle-antiparticle conjugation flips its chirality:

(¥r) = (V)R (Yr) = (V)L

(the antiparticle of a left handed fermion is right handed) =
one can construct a massive fermion field out of vy and (v )°:

X = YL + (Yr)°
= Majorana field:
X" = X
Majorana mass term:
. m m m
—L® = o ()L + heo = = S ULCT L + he = XX

Breaks all charges (electric, lepton, baryon) — can only be written for entirely
neutral fermions =-  Neutrinos are the only known candidates!




Plane-wave decomposition of a Dirac field:

60 = [ o T 2 BB+ (e




Plane-wave decomposition of a Dirac field:

Y(@) = / o) \/ﬁ Z (P)us(p)e™"P* + dT(_Dvs(ﬁ)e’p“’]

For Majorana fields:

W)= [ i X DD+ ]




Plane-wave decomposition of a Dirac field:

Y(z) = / o) \/ﬁ Z s(P)us(P)e™ " + di(p)vs (p)e?”]

For Majorana fields:

W)= [ i X DD+ ]

The spinors u,(p) and v,(p) satisfy

Cul =w, Col =u =




Plane-wave decomposition of a Dirac field:

60 = [ o T 2 BB+ (e

For Majorana fields:

W)= [ i X DD+ ]

The spinors u,(p) and v,(p) satisfy

Cul =w, Col =u =

» Majorana particles are genuinely neutral (coincide with their antiparticles).




Come from Yukawa interactions of fermions with the Higgs field:

—Ly = h;‘-@LiuRj]fI + hg'@LideH + ,f-ZLieRjH + h.c.
J J J

i i HT ~ . .
Qri = (Z;), lLi = (Z;)’ H = (HO)’ H = iH

URG, dRz‘, €R; — SU(Q)L -Singlets.

EWSB: (H°) =v~174GeV = fermion mass matrices are generated:

<> (mu)zj — h%’l}, (md)ij = hgj’l}, (me)z'j — z'jv .

No RH neutrinos were introduced in the SM!




» No RH neutrinos Npg; — Dirac mass terms cannot be introduced

» Operators of the kind [IH H, which could could produce Majorana
neutrino mass after H — (H), are dimension 5 and so cannot be
present at the Lagrangian level in a renormalizable theory

# These operators cannot be induced in higher orders either (even
nonperturbatively) because they would break not only lepton number
L butalso B — L, which is exactly conserved in the SM

In the Standard Model:

B and L are accidental symmetries at the Lagrangian level. Get broken at
1-loop level due the axial (triangle) anomaly. But: their difference B — L is
still conserved and is an exact symmetry of the model




|. Dirac fermions (e.g. charged leptons):

Ny
Ly =Y mly UL U+ he. = U m/ W 4+ Whm/ T
a,b=1

Rotate ¥, and ¥, by unitary transformations:
L=Vi¥y, VUp=VrVUp; m=Vm'Vy = diag.

Diagonalized mass term:

Ny
L = U (VIm'VR)Up+he = > miWipUp; + hec.
1=1
Mass eigenstate fields: N,
v, = WV, + ¥Y;R; —Ly = Zmi 0,0,
1=1

Invariant w.r.t. U(1) transfs. ¥; — e** ¥, — conservs individual ferm. numbers
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ll. Majorana fermions:

Ny
1 1
L, = — 5 Z muy (U )Wy, + he = 5\I!’LTC’_l m' U’ + h.c.
a,b=1
Matrix m’ is symmetric: m’" =m’. o Problem: prove this.
Unitary transformation of ¥’ :
L =Ur¥p, m=U;m' U, = diag.
Diagonalized mass term:
Ny
1 1
L = 5[\Iﬂgc—l(ULTm’ UL)¥p +he. = 5 > mUT, CT U + he.
1=1
Mass eigenstate fields: N,
1
xi = Vi + (Y1) Ly, = —3 Zmz’ XiXi
1=1

Not invariant w.r.t. U(1) transfs. ¥y, — "W,
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For Dirac neutrinos the relevant terms in the Lagrangian are

9

_£w+m — ﬁ

Diagonalization of mass matrices:

(_,Lafy'u V}/a) W,u_ + (mg)ab 6_3,Ra6,Lb + (mll/)ab D}%al/}/b + h.c.

/ / / /
€r = VLGL, €r = VReR, Vi = ULVL, Vp = URVR
ngng = my, U}im’,/U n = m, (my,, — diagonal mass matrices)

—Loprm = %(éL’y“ VJUL VL) Wu_ + diag. mass terms + h.c.
For m!, = 0: without loss of generality one can consider both CC term and
my; term diagonal = the Lagrangian is invariant w.r.t. three separate U(1)
transformations:

1Pq 1hq _
<> €La,Ra — € ¢ €La,Ra ; VLa,Ra — € ¢ VLa,Ra (CL — €, W, 7-)
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= For massles neutrinos three individual lepton numbers (lepton flavours)
L., L,, L; conserved.

For massive Dirac neutrinos L., L,,, L, areviolated = v oscillations and
uw— ey, u— 3e, etc. allowed.

But: the total lepton number L = L. + L, + L. is conserved.

For massive Majorana neutrinos: individual lepton flavours L., L,, L, and
the total lepton number L are violated.

In addition to neutrino oscillations and LFV decays 280v decay (AL =2
process) is allowed.




In the minimal SM: m, = 0. Add 3 RH v’s Ng;:
_ Vi
—Ly DY, g Np H + h.c., lr; = ( )

(HY)Y =v =174 GeV = m, =mp =Y,v
m, <1leV = Y, <10~ — Not natural !

Is it a problem? Y. ~ 3 x 107%. But: with m, # 0, huge disparity between the
masses within each fermion generation !

A simple and elegant mechanism — seesaw
(Minkowski, 1977; Gell-Mann, Ramond & Slansky, 1979; Yanagida, 1979;
Glashow, 1979; Mohapatra & Senjanovic¢, 1980)




| - ~ 1
N —Ey+m =Y, I, Np H+ iMRNRNR_i_h'C-;

In the n; = (VL, (NR)C)T basis: —L,, = %n:LFC’./\/l,,nL + h.c.,

M. 0 mh
mp MR

Ng; are EW singlets = Mpg canbe ~ Mqguyr(Mp) > mp ~ v.

Block diagonalization: My ~ Mg,

For m, <0.05eV = Mg > 10 GeV~ Mgyt ~ 1010 GeV !




Consider the case of n LH and k£ RH neutrino fields:

1 — 1
L., = §V}JTC_1 mp vy, — Npmp vy + iNl’%TC_l M}, N + h.c.

mr and Mr — nxn and k x k symmetric matrices, mp — an k x n matrix.




Consider the case of n LH and k£ RH neutrino fields:

1 — 1
L., = §V}JTC_1 mp vy, — Npmp vy + iNl’%TC_l M}, N + h.c.

mr and Mr — nxn and k x k symmetric matrices, mp — an k x n matrix.
Introduce an n + k - component LH field

/
vy vy

(NR)* N




Consider the case of n LH and k£ RH neutrino fields:

1 — 1
L., = §V}JTC_1 mp vy, — Npmp vy + iNl’%TC_l M}, N + h.c.
mr and Mr — nxn and k x k symmetric matrices, mp — an k x n matrix.

Introduce an n + k - component LH field

/ /
nL — VL — VL p—
(NR)° N'g
| A
L =50 CT' Mng + hec..
where
mry, mg
M = (M: matrix (n + k) x (n+k))
mp MR

Problem: prove these formulas.
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my, mg my, 0

mp MR 0 MR

T
np,=Vxy,, VMV =V




my, mg my, 0

nL=Vxy, VMV =V
mp MR 0 MR

Look for the unitary matrix V' in the form

V1= ppt p
V = (p: matrix n X k)
_pT 1/1_p1L10




my, mg my, 0

nL=Vxy, VMV =V
mp MR 0 MR

Look for the unitary matrix V' in the form

V1= ppt p
_pT 1/1_p1L10

Assume that characteristic scales of neutrino masses satisfy

(p: matrix n X k)

mr,mp < Mg = pK 1l




my, mg my, 0

nL=Vxy, VMV =V
mp MR 0 MR

Look for the unitary matrix V' in the form

V1= ppt p
_pT 1/1—pTIO

Assume that characteristic scales of neutrino masses satisfy

(p: matrix n X k)

mr,mp < Mg = pK 1l

Treat p as perturbation =

* T —1 -
pT=mpMp-, Mp ~ Mp,

mr >~ my, — m%MglmD




A simple 1-flavour case (n = k£ = 1). Notation change: Mgr — mgr, Nr — vg.

myp Mp -
M = (mp, mp, mr — real positive numbers)
mp MR




A simple 1-flavour case (n = k£ = 1). Notation change: Mgr — mgr, Nr — vg.

myp Mp -
M = (mp, mp, mr — real positive numbers)
mp MR

Can be diagonalized as OT MO = M, where O is real orthogonal 2 x 2
matrix and M, = diag(my, mo). Introduce the fields yr through np = Oxy:




A simple 1-flavour case (n = k£ = 1). Notation change: Mgr — mgr, Nr — vg.

myp Mp -
M = (mp, mp, mr — real positive numbers)
mp MR

Can be diagonalized as OT MO = M, where O is real orthogonal 2 x 2
matrix and M, = diag(my, mo). Introduce the fields yr through np = Oxy:

129 cosf sinf X1L
ng = = . (X1L, X2r — LH comp. of x1.2)
24 —sinf cosf X2L




A simple 1-flavour case (n = k£ = 1). Notation change: Mgr — mgr, Nr — vg.

myp Mp -
M = (mp, mp, mr — real positive numbers)
mp MR

Can be diagonalized as OT MO = M, where O is real orthogonal 2 x 2
matrix and M, = diag(my, mo). Introduce the fields yr through np = Oxy:

128 cosf sinf X1L

ng = (X1L, X2r — LH comp. of x1.2)

v —sinf cosf X2L

Rotation angle and mass eigenvalues:

2
tan 20 = o

mR—mL’

mpr + mp, mpr — M[, : 5
mi2 = 2 + 2 +mp .

m1, ma real but can be of either sign




1 1
Lo = 5 nt C 'Mmnyp + h.c. = 5 X1 C ' Maxr + h.c.
1

_ _ 1 _ _
(m1 xT; CMxar + maxar C xar) + hec. = 5 UmalXaxa + [ma| Xoxe )

2




1 1
L = 3 nt C*Mny + h.c. = 5 Xr C ' Mgxr + h.c.
1

_ _ 1 _ _
5 (ma X1t C 1L +maxar C xar) + he. = 5 UmalXaxa + [ma| Xoxe )

Here
X1 = X1iL t 771(X1L)C, X2 = XaoL + 772(X2L)C-

with n;, =1 or —1 for m; > 0 or < 0 respectively.




1 1
L = 3 nt C*Mny + h.c. = 5 Xr C ' Mgxr + h.c.
1

_ _ 1 _ _
5 (ma X1t C 1L +maxar C xar) + he. = 5 UmalXaxa + [ma| Xoxe )

Here
X1 = X1iL t 771(X1L)C, X2 = XaoL + 772(X2L)C-

with n;, =1 or —1 for m; > 0 or < 0 respectively.

¢ Mass eigenstates xi1, x2 are Majorana states!




1 1
L, = 5nLc "Mnp + h.c. = 5L e "Myxr + hec
1

_ _ 1 _ _
5 (ma X1t C 1L +maxar C xar) + he. = 5 UmalXaxa + [ma| Xoxe )

Here
X1 = X1iL t 771(X1L)C, X2 = XaoL + 772(X2L)C-

with n;, =1 or —1 for m; > 0 or < 0 respectively.

¢ Mass eigenstates xi1, x2 are Majorana states!

Interesting limiting cases:
(@) mr > myp, mp (seesaw limit)

E
.
3
|
\
1
|
\
5]
&
I




(b) m;, = mr = 0 (Dirac case)

0 m —-m 0
m 0 0 m




(b) mr = mr = 0 (Dirac case)

0 m —-m 0
m 0 0 m

Diagonalized by rotation with angle 6 = 45°. We have 7, = —n; = 1;

X1+x2 = V2L +vr), x1—x2=-V205 + vg) = —(x1 + x2)°.
J




(b) mr = mr = 0 (Dirac case)

0 m —-m 0
m 0 0 m

Diagonalized by rotation with angle 6 = 45°. We have 7, = —n; = 1;

X1+x2 = V2L +vr), x1—x2=-V205 + vg) = —(x1 + x2)°.
J

1 1

5 M (X1x1+Xax2) = M [(x1 + x2) (O +xz2) +1(xa = x2)(x1 —x2)] = mvpro,

where

Vp =V, + VR.




(b) mr = mr = 0 (Dirac case)

0 m —-m 0
M = — ./\/ldz

m 0 0 m
Diagonalized by rotation with angle 6 = 45°. We have 7, = —n; = 1;

X1+ x2 = V2(vp +vR), x1—x2= V2 +v%) = —(x1+ x2)°
J

1 1

5 M (X1x1+Xax2) = M [(x1 + x2) (O +xz2) +1(xa = x2)(x1 —x2)] = mvpro,

where

Vp =V, + VR.

(€) mr, mp < mp (pseudo-Dirac neutrino):  |mqo| ~ mp &+ ZLEME,




The 3 basic seesaw models

A

L> i.e. tree level ways to generate the dim 5 —LLHH operator

Right-handed singlet:
(type-l seesaw)

m,, small if My large
(or if Y, small)

Evgeny Akhmedov

Scalar triplet:
(type-ll seesaw)

m, small if M large
(or if Ya, psmall)

ISAPP 2019 Summer School

M

Fermion triplet:
(type-lll seesaw)

m,, small if My, large
(or if Yy small)

MPIK Heidelberg, May 28 —June 4,2019 —p.22



Access to the seesaw parameters from I/ mass matrix data

® Type Il seesaw: H- FH |
e | I/ mass matrix data
¥

A :
Va A T Muyij = Yay WUQ —> gives full access to
A

//)\ type Il flavour structure
L L

® Type | or lll seesaw model:

. . I/ mass matrix data: gives
1

/ T 2
Vv D> Mwij = Y M—NkYNk:j’U —> access to 9 parameter

) T " combinations of Yy and My

3 masses of the N

__» 9 real parameters |8 parameters
T 6 phases

|5 parameters in Yukawa matrix
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Neutrino oscillations




A periodic change of neutrino flavour (identity):
Ve = Vy —> Ve — Vy — Ve ...

Happens without any external influence!
Dr. Jekyll / Mr. Hyde kind of story
Neutrinos have two-sided (or even 3-sided) personality !

P(v. — v,; L) = sin” 20 - sin” <A4—"Z2L)

Hints of oscillations of solar neutrinos seen since the 1960s
First unambiguous evidence — oscillations of atmospheric
neutrinos (The Super-Kamiokande Collaboration, 1998)




ldea of neutrino oscillations: First put forward by Pontecorvo
in 1957. Suggested possibility of v «++ v oscillations by
analogy with KYK" oscillations.




ldea of neutrino oscillations: First put forward by Pontecorvo
in 1957. Suggested possibility of v «++ v oscillations by
analogy with KYK" oscillations.

Flavour transitions (“virtual transmutations”) first considered
by Maki, Nakagawa and Sakata in 1962.




A bit of history...

ldea of neutrino oscillations: First put forward by Pontecorvo
in 1957. Suggested possibility of v <+ v oscillations by
analogy with KYK° oscillations.

Flavour transitions (“virtual transmutations”) first considered
by Maki, Nakagawa and Sakata in 1962.

g}v%o Tl o nwies opdo—

B. Pontecorvo S. Sakata Z. Maki M. Nakagawa
1913 - 1993 1911 - 1970 1929 — 2005 1932 — 2001
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Neutrino mass had been unsuccessfully looked for for almost 40
years (several wrong discovery claims)

Since 1998 — an avalanche of discoveries :

Oscillations of atmospheric, solar, reactor and accelerator
neutrinos

Neutrino oscillations imply that neutrinos are massive

In the standard model neutrinos are massless = we have
now the first compelling evidence of physics beyond the standard
model !
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Uy (t) =e 210w (0)

Us(t) = e " P21 Wy (0)

U(0) =a¥i(0)+bTs(0) (la]*+[p]* =1); =
U(t) =ae P10 (0) + be t E21 Wy (0)

Probability to remain in the same state |¥(0)) after time ¢:
<> Psurv — <\D(O)‘\Ij(t)>|2 = ||a‘2 e_iElt _I_ ‘b|2 e—iEzt 2

=1— 4|a|2|b|281n2[(E2 — E1)t/2]




Neutrino oscillations: theory




For m, # 0 weak eigenstate neutrinos v, v/, v, do not
coincide with mass eigenstate neutrinos vy, 19, /3

Diagonalization of leptonic mass matrices:

€,L—>VL€L, V}/—)ULVL... -
—Lowim = %(éyy“ VLTUL vp) W, + diag. mass terms + h.c.

Leptonic mixing matrix: U = VU,

<> Val, = ZUai Vir, — |VozL Z ‘V’LL
7

(v = e, u, T, i =1,2,3)




The standard formula for the oscillation probability of relativistic or
quasi-degenerate in mass neutrinos in vacuum:

A 2

2
m=.
YT,
lr*
%p al

O P(vy — vg; L) = ‘ZZ Us, e’

(h=c=1)
Problem: prove that the RHS does not depend on the index ;.

Oscillation disappear when either
s U=1, ie. U, =9, (NOmMixing) or

r) Amfj = 0 (massless or mass-degenerate neutrinos).




Assume at time ¢ = 0 and coordinate x = 0 a flavour eigenstate
lv,) IS produced:

lv(0,0)) = |V Z Za

After time t at the position z, for plane—wave particles:

E —ip;T

Mass eigenstates pick up the phase factors e~ with

mass>

¢i = pixv = Bt — p¥

P(vg = vg) = |(Aw(t, )]




Consider || = pf=px (p = [pl, x = |7

Phase differences between different mass eigenstates:
Ap = AE-t — Ap-x

Shortcuts to the standard formula

1. Assume the emitted neutrino state has a well defined
momentum (same momentum prescription) = Ap = 0.

m;
2p

For ultra-relativistic neutrinos E; = /p2+m? ~p+ =

2 2 2
AR o~ M2—mi Am*

~ p— :1
3o Yo t~ux (h=c )

= The standard formula is obtained
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2. Assume the emitted neutrino state has a well defined
energy (same energy prescription) = AFE = 0.

Ap = AE-t — Ap-x = — Ap-x

For ultra-relativistic neutrinos p;, = /E? —m; ~E - 55 =

Am? .
2F

—Ap = p1 —p2 &

= The standard formula is obtained

Stand. phase = | (losc)it = 73 =~ 2.5m AE(l;de\\f/>2
ik miy ©
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Very simple and transparent
Allow one to quickly arrive at the desired result

Trouble: they are both wrong




Same momentum and same energy assumptions: contradict kinematics!
Pion decay atrest (7" — u* +v,, 7 = u= +0,):
For decay with emission of a massive neutrino of mass m;:

2
CT U me) T U w2 ) T ame
m2 m2 ’ m2 ’ITL2 m4
p; = = |1-—=5] - |{1+% )+
4 m2 2 m2 4m?2

For massless neutrinos:
To first order in m?:

/i/ .

2

m; m,% 1 m?
B~ B+¢t,  pi~ BE-(1-9 £=—< ;




Same momentum or same energy would require
£ =1 or & = 0 — notthe case!

Also: would violate Lorentz invariance of the oscillation
probability

How can wrong assumptions lead to the correct oscillation
formula ?




Problems with the plane-wave approach

» Same momentum = oscillation probabilities depend only
on time. Leads to a paradoxical result — no need for a far
detector! “Time-to-space conversion”(??) — assumes
neutrinos to be point-like particles (notion opposite to plane
waves).

s Same energy — oscillation probabilities depend only on
coordinate. Does not explain how neutrinos are produced
and detected at certain times. Correspponds to a stationary
situation.

Plane wave approach < exact energy-momentum conservation.
Neutrino energy and momentum are fully determined by those of
external particles = only one mass eigenstate can be emitted!
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¢ Consistent approaches:

» QM wave packet approach — neutrinos described by wave packets rather
than by plane waves

# QFT approach: neutrino production and detection explicitly taken into
account. Neutrinos are intermediate particles described by propagators

Py (k) Dy (k")

P;i(q) D;(q")




In QM propagating particles are described by wave packets!
— Finite extensions in space and time.

Plane waves: the wave function attime t =0 ¥ (Z) = eo®

1.5+

O

-15-

Wave packets: superpositions of plane waves with momenta in an interval of
width o, around mom. py, = constructive interference in a spatial interval
of width o, around some point zy and destructive interference outside it.

0.0, > 1/2 — QM uncertainty relation




W. packet centered at ©p =0 attime ¢ = 0:
e d3p — — DT
W (Z; po, o) Z/(Qﬁ)g f(7— Do) e”

Rectangular mom. space w. packet:

" ﬂf(\h\
AN AT Mo

:F _J

—_—

20,

Gaussian mom. space w. packet:

oll
0/2 5
049 > _E'VV_VV | 1 Vz\/v 3 4
1 p
03 2
021
-4
0.11 u
.6
LA R D - - A
p

oy0, = 1/2 — minimum uncertainty packet




Include time dependence:

Wi, t) = [P - i) T
9 _ (27_‘_)3 p pO

Example: Gaussian wave packets

Momentum-space distribution:

Momentum dispersion: (p*) — (7)* = o7.

Coordinate-space wave packet (neglecting spreading):

1 T — Uyt)?
)3/4exp{—( 4029 }, oy =1/(40)

U(7 1) — eiboi—iE(po)t
(Z,t) = e (302




The evolved produced state:
7t > _ Z U;z |V;nass Z U* \IJS mass>

The coordinate-space wave function of the ith mass eigenstate (w. packet):

- _ d3 S ipr—iE; (p)t
W) = [t 15 e

Momentum distribution function f°(5): sharp maximum at 7= P (width of the
peak o,p < P).

8Ez P - — 1 82Ez P - —
) = )+ 28 gop) 22 opy g
P Po
- _ 0B _ 7 o PEip) _ m
’ op E;’ - Op? E?




US (T, 1) ~ e FPIHPT gS(7 _G) | (o — 0)

9i ( f(27r)3

—

+ P) e¥@=¥t)  proplem: derive this result

Center of the wave packet: 7 — v;t = 0. Spatial length: o,p ~ 1/0,p
(g7 decreases quickly for |7 — @;t| > o,.p).

Detected state (centered at # = L):

V5 (@))

> Uk U (@) |p)
k

The coordinate-space wave function of the ith mass eigenstate (w. packet):

v~ [

d>p
(2m)?

1P ()P0




Transition amplitude:

«Aaﬁ(Tal——:) — <VB|V T L Z UB’L )

, Y d3 S Dx iE; (p)T+ipL
ATE) = [ S5 15w 1w

Strongly suppressed unless |E —u;T| < o,. E.Q., for Gaussian wave packets:

—

(L — v;T)?
4o

—

Ai(T,L) x exp |— 2 = g2

2
= Ogp + OrD

, o

Oscillation probability:

O Pa = vsT,L) = |Aus|” Z iUsiUnn Ul (T, L) A (T, L)




Oscillations are due to phase differences of different mass eigenstates:

Ap =AE-T — Ap-L (B = \/p? +m)
Consider the case AFEF < E (relativistic or quasi-degenerate neutrinos) =

OF OF 1
= —Ap+ —Am? = v, A — Am?
AFE I D 972 m vy Ap + 5 m

1
Ap = (v, Ap + ﬁAfnﬂ)T — Ap- L

Am?
2F

T

— (L — v,T)Ap +

In the center of wave packet (L — v,T) =0! Ingeneral, |L — v,T| S 04;
if 0 <lose, |L — v,T|Ap<1l =




Am?
2F
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1 Am? Am?

= — —(L — v,T)AE L
< A vy (L vy T) + % = 2
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Am?
2F
— the result of the “same momentum” approach recovered!

AP = T, L ~ v, T ~T

Now instead of expressing AE through Ap and Am? express Ap through
AE and Am?:

1 Am? Am?
6 Ap = ——(L —v,T)AE + ——L = Ly
Vg 2p 2p

— the result of the “same energy” approach recovered!

The reasons why wrong assumptions give the correct result:

# Neutrinos are relativistic or quasi-degenerate with AF < E

# The size of the neutrino wave packet is small compared to the oscillation
length: o, < l,sc (More precisely: energy uncertainty op > AFE)




P(vo — Vﬂ3TaL \Aaﬂ\ = Z i{UpiUar U Ai(T, E)AZ(T7 E)

p * —iFE; ipL
3 [ (0) [P () e B THPE

Ai(T, L) = /




Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T':

Amzk

P(v, = vg; L) = /dTP(Va—>V5;T,L Z UsiUaUpr €™ i=p LT

~ d
Iz’k = N/%ff(?“kq — AEik/QU + P@')fiD*(qu — AErL’k/QU + P@)

X F* (riq + A 20 4+ Po) fP (riqg + AE, /20 + Py) et 54k

Here: v=%E"%  Av=wv,—v;, rigp=-=%, N=1/[2E;(P)2Ey(P)v],

Problem: derive this result. Hint: use AFE;, ~ vAp;r + Am?k/zE and go to the shifted
integration variable ¢ = p — P where P = (P; + Pi)/2.




Keyword: Coherence

Neutrino flavour eigenstates 1., v, and v, are coherent superpositions of
mass eigenstates v, 15 and U3 = oscillations are only observable if

# neutrino production and detection are coherent

# coherence is not (irreversibly) lost during neutrino propagation.

Possible decoherence at production (detection): If by accurate £ and p
measurements one can tell (through E = \/p2? + m?2) which mass eigenstate
Is emitted, the coherence is lost and oscillations disappear!

Full analogy with electron interference in double slit experiments: if one can
establish which slit the detected electron has passed through, the interference
fringes are washed out.




Another source of decoherence: wave packet separation due to the difference
of group velocities Av of different mass eigenstates.

If coherence is lost: Flavour transition can still occur, but in a non-oscillatory
way. E.g. for m — uy; decay with a subsequent detection of v; with the
emission of e:

P « ZPprod(:UJVi)Pdet(eyi) X ZlUMi|2|Uei|2

— the same result as for averaged oscillations.

How are the oscillations destroyed? Suppose by measuring momenta and
energies of particles at neutrino production (or detection) we can determine its
energy £ and momentum p with uncertainties o and o,. From

E; = \/p; +m;:

om2 = [(2Eog)® + (2poy)’]




If 0,2 <Am? = |m? —m3%| — one can tell which mass eigenstate is emitted.

omz < Am? implies 2po, < Am?, or o, < Am?/2p ~ I}

osc*

But: To measure p with the accuracy o, one needs to measure the momenta
of particles at production with (at least) the same accuracy =- uncertainty
of their coordinates (and the coordinate of v production point) will be

—1
Ox, prod Z Oy > losc

=  Oscillations washed out. Similarly for neutrino detection.

Natural necessary condition for coherence (observability of oscillations):

Lsource < lOSC) Ldet < losc

No averaging of oscillations in the source and detector
Satisfied with very large margins in most cases of practical interest




Wave packets representing different mass eigenstate components have
different group velocities v,; = aftertime .., (coherence time) they
separate = Neutrinos stop oscillating! (Only averaged effect observable).

Coherence time and length:

A'U'tc:oh =~ Og; lcoh >~ Ulcoh

The standard formula for P... is obtained when the decoherence effects
are negligible.




Even non-observation of neutrino oscillations at distances L < [ IS a
consequence of and an evidence for coherence of neutrino emission and
detection! Two-flavour example (e.g. for v, emission and detection):

Aprod/det(Vl) ~ cost, Aprod/det(VQ) ~ sin f =

A(ve = ve) = Y Aproa(ti)Aget (V) ~ cos® 6 + e~ "2 sin” 0

i=1,2

Phase difference A¢ vanishes at short L =
P(ve = v.) = (cos* 0 +sin® 0)? = 1

If v1 and v, were emitted and absorbed incoherently) = one would have
to sum probabilities rather than amplitudes:

P(Ve = ve) ~ Y |Aproa(vs) Adet (vi)]* ~ cos® 6 +sin* 6 < 1
i=1,2




Observability conditions for v oscillations:

» Coherence of v production and detection

» Coherence of v propagation

Both conditions put upper limits on neutrino mass squared differences Am?:

Am?k
2F

(1) AEj, ~ <K OE; (2)




Observability conditions for v oscillations:

» Coherence of v production and detection

» Coherence of v propagation

Both conditions put upper limits on neutrino mass squared differences Am?:

2 2
1) AE.; ~ Ay : 9 Am-““L ~
(1) ABj ~ 7= < og; (2) Sz L<ow>vy/op

But: The constraints on oz work in opposite directions:

Am? 2?2
(1) AEj, ~ —2* v




Observability conditions for v oscillations:

» Coherence of v production and detection

» Coherence of v propagation

Both conditions put upper limits on neutrino mass squared differences Am?:

But: The constraints on oz work in opposite directions:

Am3, 2F% v
Logp <K

S~ J g
(1) ABj~ = A

Are they compatible? — Yes, if LHS <« RHS =

L S o
27 l < Av— (>1) — fulfilled in all cases of practical interest
0oscC Ug
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The coherence propagation condition: satisfied very well for all but
astrophysical and cosmological neutrinos (solar, SN, relic v’s ...)

Coherent production/detection: usually satisfied extremely well due to the
tininess of neutrino mass

But: Is not automatically guaranteed in the case of “light” sterile neutrinos!

Msterile ~ €V — keV — MeV scale = heavy compared to the “usual’
(active) neutrinos

Sterile neutrinos: hints from SBL accelerator experiments (LSND, MiniBooNE),
reactor neutrino anomaly, keV sterile neutrinos, pulsar kicks, leptogenesis via
v oscillations, SN r-process nucleosynthesis, unconventional contributions to
260v decay ...

Production/detection coherence has to be re-checked — important
implications for some neutrino experiments!




Neutrino oscillations: Coherence at macroscopic distances —
L > 10,000 km In atmospheric neutrino experiments !




Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T':
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Amzk
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I =N /%f{g(mq — AEik/Q”U + Pz')f,b-D*(’I“k,q — AEik/Q”U -+ Pz)

<[5 (rig + A /20 + Po) P (riq + AEi, /20 + Py) ' 9

Here: v=%E% Av=wv,—v;, rip=-=t, N=1/[2E;(P)2Ey(P)v]




Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T':

Amzk

Plvg = vg L) = /dTP(Va—>V5;T,L Z UsiUguUspe” 20 1

~ d
I =N /%f{g(mq — AEik/QU + Pz')f,b-D*(?“kq — AEik/Q”U -+ Pz)

<[5 (rig + A /20 + Po) P (riq + AEi, /20 + Py) ' 9

Here: v=%E% Av=wv,—v;, rip=-=t, N=1/[2E;(P)2Ey(P)v]

» For (Av/v)o,L <1 (i.e. L < leon = (v/Av)o,) I, is approximately
independent of L; in the opposite case I;;; is strongly suppressed




Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T':

Amzk:

Plvg = vg L) = /dTP(Va—>V5;T,L Z UsiUguUspe” 20 1

~ d
I =N /%f{g(mq — AEik/QU + Pz')fl-D*(’l“kq — AEik/QU -+ Pz)

<[5 (rig + A /20 + Po) P (riq + AEi, /20 + Py) ' 9

Here: v=%E% Av=wv,—v;, rip=-=t, N=1/[2E;(P)2Ey(P)v]

» For (Av/v)o,L <1 (i.e. L < leon = (v/Av)o,) I, is approximately
independent of L; in the opposite case I;;; is strongly suppressed

» I, is also strongly suppressed unless AE; /v < 0,, i.6. AEy < op
— coherent production/detection condition




~

The standard formula for the oscillation probability corresponds to I, = 1.

If the two above conditions are satisfied, I, is not suppressed and is L-, E-
and i, k-independent (i.e. a constant).

The standard probability is obtained when this constant is 1 (normalization
necessary!)

Normaliz. condition:

/ <§7£3 ORI ER =1




Oscillation probability calculated in QM w. packet approach is not
automatically normalized ! Can be normalized “by hand” by imposing the
unitarity condition:

> Pag(L) = 1.
B
This gives

~

dp
[araw =1 = Li=w [JEEeR PR =
— Important for proving Lorentz invariance of the oscillation probability.

Depends on the overlap of f(p) and f°(p) = no independent
normalization of the produced and detected neutrino wave function would do!

In QFT approach the correctly normalized P,s(L) is automatically obtained
and the meaning of the normalization procedure adopted in the w. packet
approach clarified




Neutrino oscillations — a QM interference phenomenon, owe their existence
to QM uncertainty relations

Neutrino energy and momentum are characterized by uncertainties g and
o, related to the spatial localization and time scale of the production and
detection processes. These uncertainties

» allow the emitted/absorbed neutrino state to be a coherent superposition
of different mass eigenstates

# determine the size of the neutrino wave packets = govern
decoherence due to wave packet separation

o — the effective energy uncertainty, dominated by the smaller one between
the energy uncertainties at production and detection. Similarly for o,,.




The complete process: production — propagation — detection: factorization
Fab(Lv E) — Ja(E) Pcflfop(L7 E) Ub(E)

with a universal P>°"(L, E) is only possible when all 3 processes are
independent

In general not true, and production — propagation — detection should be
considered as a single inseparable process!

To get the standard formula one assumes for the emitted and absorbed states
ve) = > Us (™)

The weights of the mass eigenstaes are just U}, — do not depend on the
masses of v, = only true when the phase space volumes at production

and detection do not depend on the mass of v;.
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This is only true if the charact. energy FE at production (and detection) is large
compared to all m; (relativistic neutrinos), or compared to all |m; — my|
(quasi-degenerate neutrinos).

= Neutrino oscillations can be described by a universal probability only
when neutrinos are relativistic or quasi-degenerate

Also: loss of coherence of propagating neutrino state depends on the
coherence of the production and detection processes

= The standard formula for the oscillation probability is only valid when
all decoherence effects are negligible !




1. “Paradox” of neutrino w. packet length

For neutrino production in decays of unstable particles at rest (e.g. ™ — pv,):

v v
= ~ % (= v,T)

op ~ 17 = = 1., Op ~
OF PW
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On the other hand, if the decaying pion is boosted in the direction of the
neutrino momentum, the neutrino w. packet should be Lorentz-contracted !




1. “Paradox” of neutrino w. packet length

For neutrino production in decays of unstable particles at rest (e.g. ™ — pv,):

Y9 o Yo
OF PW

—1

Op >~ T = F’ﬂ') O, = (: UgT)

For decay in flight: T7. = (m,/FE:)'x. One might expect
/ E7T

o :m—0x>ax.
7T

On the other hand, if the decaying pion is boosted in the direction of the
neutrino momentum, the neutrino w. packet should be Lorentz-contracted !

The solution: pion decay takes finite time. During the decay time the pion
moves over distance [ = ur’ (“chases” the neutrino if u > 0).

VgT
Yu(l + vgu)
[the relativ. law of addition of velocities: v, = (vy +u)/(1 + vyu)].
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o, v, [T =l =v) 7" —ur’ = (v, —u)y,7 =

g Y




That is

r_ Ox
T (1 vgu)

o

For relativistic neutrinos v, ~ v, ~1 =

, /1 —u
0, = Oy
14+ u

= when the pion is boosted in the direction of neutrino emission (u > 0)
the neutrino wave packet gets contracted; when it is boosted in the opposite
direction (u < 0) — the wave packet gets dilated.
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The oscillation probability must be Lorentz invariant! But: L. invariance is not
obvious in QM w. packet approach which (unlike QFT) is not manifestly
Lorentz covariant.

How can we see Lorentz invariance of the standard formula for the oscillation
probability ? P,; depends on L/p (contains factors exp[—i=futL]). Is L/p
Lorentz invariant? Lorentz transformations:

L' =~ (L + ut), t' =~,(t+ul),
E' =~(E+up), p =vp+uE).

The stand. osc. formula results when (i) production and detection and

(ii) propagation are coherent; for neutrinos from conventional sources (i)
implies o, < lo,sc = one can consider neutrinos pointlike and set L = v,t.
= L' =~,L(1+u/vy). Onthe other hand: v, =p/E

= P = vup(l + u/vy).

= L'/p" = L/p




A more general argument (applies also to Mossbauer neutrinos which are not
pointlike): Consider the phase difference

1 Am?
= — — — E
O A¢ o (L — vyt)AE + 2

L

— a Lorentz invariant quantity, though the two terms are in not in general
separately Lorentz invariant.

But: If the 1st term is negligible in all Lorentz frames, the second term is
Lorentz invariant by itself =- L/p is Lorentz invariant.

The 1st term can be neglected when the production/detection coherence
conditions are satisfied. In particular, it vanishes in the limit of pointlike
neutrinos L =v,t. N.B.:

L —wv4t
Ug T U (t+ul)| = Y :
1+ vyu Yu (1 + vou)

L' —vjt" =, |(L+ut) —

l.e. the condition L = v,¢ is Lorentz invariant. MB neutrinos: AE ~ 0.
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The oscillation probability must be Lorentz invariant even when the coherence
conditions are not satisfied !

Lorentz invariance is enforced by the normalization condition.
Puy(L) = > UaiUsUs Uk Li(L),  where
i,k

Lin(L) = /dTAz(L,T)AZ(L,T)e_"'A¢ik

From the norm. cond. [dT|A;(L,T)* =1 =

A [2dT = inv. = |Al|AgldT = inv. = A;ALdT = inv.

The phase difference A¢;. = AFE;,T — Ap; L is also Lorentz invariant =
sois I;;(L), and consequently P,,(L).
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The standard formula for osc. probability is stubbornly robust.
Validity conditions:
» Neutrinos are ultra-relativistic or quasi-degenerate in mass

» Coherence conditions for neutrino production, propagation
and detection are satisfied.

Gives also the correct result in the case of strong coherence
violation (complete averaging regime).

Gives only order of magnitude estimate when decoherence
parameters are of order one.

But: Conditions for partial decoherence are difficult to realize

They may still be realized if relatively heavy sterile neutrinos exist
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Phenomenology of neutrino oscillations




|. Dirac case

(epy" VIJEUL VL)WM_ + Zmlaéaea + Zmiﬂiui + h.c.
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(epy" VJUL VL)WM_ + Zmlaéaea + Zmiﬂiui + h.c.
a=1 i=1

Sl

_£w+m —

<> V[JEUL = U; VaL :ZUaiViL — |VaL Z |V2L

(x = e, p, T, i =1,2,3




|. Dirac case
—Loyim = i(éLq/“ VJUL VL)WM_ + Zmlaéaea + Zmiﬂiui + h.c.
V2 a=1 i=1
<> V[JEUL = U; VaL :ZUaiViL =4 |VaL Z |V2L
=1
(x = e, p, T, i =1,2,3
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|. Dirac case

(epy" VJUL VL)WM_ + Zmlaéaea + Zmiﬂiui + h.c.

g
—»Cw—|—m — 7§
<> V[JEUL = U; VaL :ZUaiViL — |VaL Z |V2L
1=1
(x = e, p, T, i =1,2,3
n Am2 2
ij
o P(va = vg; L) = |, v UL
1=
ll. Majorana neutrinos
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|. Dirac case

(epy" VgUL VL)WM_ + Zmlaéaea + Zmiﬂiw + h.c.

g
—»Cw—|—m — 7§
<> V[JEUL = U; VaL :ZUaiViL — |VaL Z |VzL
i=
(ax = e, p, i =1,2,3
n Am2 2
ij
o P(va = vg; L) = |, v UL
1=
ll. Majorana neutrinos
g n n
—Louw+m = ﬁ(éyy“ VIJ[UL I/L)WM_ + Zmlaéaea — Zmiuﬂc_luu; + h.c.
a=1 =1

n
var =Y Usivie = |var) =Y Uk |viL)
i=1

Osc. probability: the same expression
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lll. Dirac + Majorana mass term (n LH and k£ RH neutrinos)

n n+k
_ _ 1 _
_['w-|—m — %(ELVM VI],LUL VL) W,u + Zmlaeaea + 5 ZszzXz + h.c.
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n n+k
_ _ 1 _
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lll. Dirac + Majorana mass term (n LH and k£ RH neutrinos)

n n+k
g : _ _ 1 _
—Loytm = \ﬁ(eLW” ViUpv) W, + O;mlaeaea + 2 ; miXix: + h.c.
N A
(NR)© N'g
n+k
Nap = ¥ UaiXiL U MU = My,
i=1
Xi:XiL—'_(XiL)C) 7::17"'7”+k7




lll. Dirac + Majorana mass term (n LH and k£ RH neutrinos)

n+k

_£w+m — %(eLfY'u VTUL VL)W + Zmlaeaea + ZszzXz + h.c.
a=1 =1

1

VT, vy,
’)’LL — —
(NR)* N’}
n—+k
Nap = ¥ UaiXiL U MU = My,
=1
XZ:XZL—'_(XZL)C? 'I::].,...,n—i_k',
1 n+k n—|—k:
_ 1 — —
£m — 5 nr C M nL+h cC. = Z MdezLC X'LL‘|‘h C. = Z Md’LX’LX’L




lll. Dirac + Majorana mass term (n LH and k£ RH neutrinos)

n—|—k:

9
_£w+m — T(GLV'IL VTUL VL)W + Zmlaeaea + ZszzXz + h.c.
a=1 =1

vy vy
’)’LL — —
(NR)* N’}
n—+k
Nap = ¥ UaiXiL U MU = My,
=1
XZ:X’LL—i_(X’LL)C? ’I::].,...,n—i_k',
1 n+k n—|—k:
_ 1 — - _
Em — 9 nr C M nL+h cC. = Z MdezLC X'LL‘|‘h C. = Z Md'LX'LXz

Index a cantake n + k values; denote collectively the first n of them with «
and the last k£ with ¢ =
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Active and sterile LH neutrino fields in terms of LH components of mass
eigenstates:

n-+k n-+k
Vol = E UniXiL (Vor)S = E UyiXiL -
i—1 i—1




Active and sterile LH neutrino fields in terms of LH components of mass
eigenstates:

n-+k n-+k
Vol = E UniXiL (Vor)S = E UyiXiL -
i—1 i—1

The usual oscillations described by the standard f-la with U — &/ and
summation over ¢ up to n + k. In addition: new types of oscillations possible.




Active and sterile LH neutrino fields in terms of LH components of mass
eigenstates:

n-+k n-+k
Vol = E UniXiL (Vor)S = E UyiXiL -
i—1 i—1

The usual oscillations described by the standard f-la with U — &/ and
summation over ¢ up to n + k. In addition: new types of oscillations possible.

Active - sterile neutrino oscillations:




Active and sterile LH neutrino fields in terms of LH components of mass
eigenstates:

n-+k n-+k
VaL = § uaz'XiL, VJR § Z/{azXzL
1=1

The usual oscillations described by the standard f-la with U — &/ and
summation over ¢ up to n + k. In addition: new types of oscillations possible.

Active - sterile neutrino oscillations:

Sterile - sterile neutrino oscillations:

P(vo, — VCpL§L) =




lv.) = cos@|vy) +sinf |vy)
lv,) = —sinf|vy) + cos O |vy)
—
cosf) sinb c S
U = =
—sinf cos6 —s c

2
& P = sin? 20 sin? (A—mL>

¢ Problem: Derive this formula from the general expression for P, 3.

¢ Problem: Write this formula in the usual units, reinstating all factors of A
and c. Find its classical and non-relativistic limits.




Oscillation amplitude: sin® 26. Oscillation phase:

2
am=, L o= A g g P OMEV)

1p losc T Am? Am? (eV?)

For large oscillation phase = averaging regime (due to finite E-resolution of

detectors and/or finite size of v source/detector):

Am? 1
P,, = sin® 26 sin® m L —  Zsin?26
4p 2

=P \M
a=m E/(1.27 Am® L el S
CP >
a2} /2
P T A ut20)

p L {distance)
T — L (dighance) opmmm. WPIK Heidelberg, May 26 - TSI




3f neutrino mixing and oscillations




~

(n x n) unitary mixing matrix U = n? real parameters:

n(n+1)
2

n n(n—1) .
= 5 mixing angles,

phases

(N

For leptonic mixing matrix n phases can be absorbed into re-defenition of the
phases of LH charged fields: e,; — ei®=e,;. (e.g., 1stline of U can be made
real). This can be compensated in the mass term of charged leptons by
rephasing e, — e'?e,r, SO that e,reqar = inv.

Similarly, for Dirac neutrinos phases of one column can be fixed by absorbing
n — 1 phases into a redefinition of v;;, (RH neutrino fields can be rephased
analogously, so that 7, v;r =inv.) = In Dirac v case
n—+(n—1)=2n—1 phases are unphysical — can be rotated away by
redefining charged lepton and neutrino fields.

N.B.: Kinetic terms of ey, egr and vy, vg are also invariant w.r.t. rephasing.!




Number of physical phases:

n(n+1) (n—l)(n—2).
2 2

Phys. phases responsible for CP violation! = No Dirac-type CPV for n < 3.

—2n—-1) =

In Majorana case:

L, X u{CuL + h.c.

Rephasing of v, is not possible (cannot be compensated in L,,)

Only n phases can be removed from U (by redefinition of e, fields) =
In addition to Dirac-type phases there are (n — 1) physical Majorana-type
CP-violating phases.




Majorana-type phases can be factored out in the mixing matrix:

U=UK

U contains Dirac-type phases, K — Majorana-type phases o;:
K = diag(1,e"",...,e"7n"1)

Neutrino evolution equation: i v = Heg v

[ B ) [ B )

E
Hyg = UK : Kyt = U

Does not depend on the matrix of Majorana &# phases K =
v oscillations are insensitive to Majorana phases. Also true for osc. in matter.




Three neutrino species (v., v,, v-) — linear superpositions of three mass
eigenstates (v, v, v3). Mixing matrix U — 3 x 3 unitary matrix. Depends on

3 mixing angles and one Dirac-type ¢ phase dcp.

Experiment: 2 mixing angles large (in the standard parameterization —
612 and 6,3), one (#3) is relatively small.

Three neutrinos species — 2 independent mass squared differences,
e.g. Am3;, and Am3;.

Am3, < Amj,




From atmsopheric and LBL accelerator neutrino experiments:

O Am3, ~ 25x107% eV, O3 ~ 45°

From solar neutrino experiments and KamLAND:
O Ama, ~ 7.5 x107° eV?2, 010 ~ 33°
From T2K + Double Chooz, Daya Bay and Reno reactor neutrino experiments:

{013 ~9°  (previosly from Chooz < 12°)

CP-violating phase dcp practically unconstrained at the moment.




Relation between flavour and mass eigenstates:

3
Vo = § Uai Vi
1=1

v, — fields of flavour eigenstates, v; — of mass eigenstates.

3f mixing matrix:

Uel UeQ Ue3
U= U,ul UMQ U,u3
U’T]_ U7'2 U7'3




Relation btween flavour and mass eigenstates:

o) Z i)

Oscillation probability in vacuum:

3

P(vg = vg; L) =

- |l o

Ba

3f mixing matrix in the standard parameterization (c;; = cos0;;, s;; = sin6;,):

1 0 0 C13 0 8136_i5cp C192 S12 0
U=1 0 co3 593 0 1 0 —S12 c12 0
0 —S8923 (23 —Slgeiécp 0 C13 0 0 1

— 023 (F(s 013 F:g) 012 , F5 = diag(l , 1 . ez’écp)




'y
C12C13 $12C13 size °CF

_ Xo) X0)
U= | —s12¢23 — €12513523€"°°P  ¢12C23 — $12513523€"°CF C13523
i i
$12823 — €12813C23€° Y —(C128923 — S12513C23€ °CF C13C23
m?2 mg
A _— v A
s VvV
[ ] VT
2 2
MG 1 — M,
0 ‘ solar—7x105eVv?2 5
atmospheric T ™
~2x10 3eVv?2 )
atmospheric
~2%103eVv?2
A 4 2
__m3
2

(@)




ve) = cosO|vy) +sinf |vy)

lv,) = —sinf |vy) + cos 0 |vy)

In general, 6 € |0, 2~7|. But: there are transformations that leave » mixing
formulas unchanged:

] 0—=0+m, |v)——|v), |r) ——|rn) = 0c[-F, 7]
o 0 — —0, |V2> — _|V2>7 Vu> — = Vu> = ¢ [07 %]
s 0% -0, |nn) <), v,) = —|v,) = Am? — —Am?

One can always choose Am? > 0 by choosing appropriately 6 within [0, 5.

For vacuum oscillations: P;,, P.wv depend only on sin?26 = one can

choose ¢ to be in [0, 7]. Not true for oscillations in matter!

Similar considerations in the 3f case: all 0;; € [0, %], dcp € [0, 27].




v, — 1 o0scillation probability:

) 2
Amiy

Y Ui e i) g,

O P(Va,to = vait) =

e CP: vop < Uap = Uy —UX ({0cpr} = —{dcpr})

o I: t 2 to & Vo < V3
= Uai = U, ({ocp} — —{dcp})

T-reversed oscillations (“backwards in time”) < oscillations between
interchanged initial and final flavours

o CP and ¥ - absentin 2f case, pure N > 3f effects!

o No ¢P and 7 for survival probabilities (8 = «).




e CPT: Va,B < Va,pB & t2tg (I/a N4 VB)
o P(vg — Vﬁ) — P(Dﬁ — Ug)

The standard formula for P,z in vacuum is CPT invariant!

cP < ¥ - consequence of CPT

Measures of ¢ and Z° — probability differences:

APCﬁP = P(l/a — VB) — P(Da — ﬂg)

APTﬂ = P(vo = 1vg) — P(vg — vy)

From CPT:
o APSY =AP); APSY =0




One ¢ Dirac-type phase dcp (Majorana phases do not affect v

oscillations!) = one ¢ and 7° observable:

o AP;S = APJY = APS = AP

2 .
AP = — 4812 C12 $13 C13 S23 C23 Sl 5(}13

Vanishes when

» Atleastone Am;; =0

At least one 60,; = 0 or 90° Very difficult to
dcp = 0 or 180° observe!

In the averaging regime

In the limit L — 0 (as L?)

o o o ©




Approximate formulas for probabilities can be obtained using
expansions in small parameters:

1) Am?, _ Ams,
Amgfcm Am%l

~ 1/30

(2) |U63| — |SiIl(913| ~ 0.16

In the limits Am3, =0 or Us=0 — probabilities take an
effective 2f form.

(N.B.: P(vy — v5) = P(vg — va))




Coherent elastic neutrino-nucleus scattering




NC — mediated neutrino-nucleus scattering:
v+ A—v+ A
Incoherent scattering — Probabilities of scattering on individual nucleons add:
{ o x (# of scatterers)

Coherent scattering on nucleus as a whole — Amplitudes of scattering on
individual nucleons add

O o o (# of scatterers)?

Significant increase of the cross sections (but requires small momentum
transfer, ¢ < R™1)

(D.Z. Freedman, 1974)




Coherent neutrino nucleus scattering:
Predictions & Implications

Coherent effects of a weak neutral current

Daniel Z. Freedman?
National Accelevator Laboratory, Batavia, [llinois 60510
and Institute for Theoreticak Physics, State University of New York, Stomy Brook, New York 11790

(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —» + A should
have a sharp coherent forward peak just as ¢ + A —¢ + A does, Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10°* ¢m? on
carbon) are favorable, The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes + + A —» + A* provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhihiting cooling by neutrino
emission in stellar collapse and neutron stars.

- Implications for neutrino THE WEAK NEUTRAL
transport in supernovae CURRENT AND ITS EFFECTS IN
STELLAR COLLAPSE
- Large cross section important Daniel 7. Freedman o
. . Institute for Theoretical Physics, State University of New York at Stony Brook,
for understanding how neutrinos Stony Brook, New York 11750
e m e rg e fro m S U pe r n Ovae fi)rit::)i FAc,mi iﬁ:g:::: (L‘;Z‘;)?S::\irﬁ;y:?g)i?cago, Chicago, Illinois 60637
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NC-induced neutrino-nucleus scattering: flavour blind.

doya Gt o . 2 2 2112
& [ = ]Coh_ L B2 Z(4sin® u — 1) + NJ? (1 + cos 6) | F(32)]
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’7pN(Z) (Z)e' §=k-F.
N(Z) ’




NC-induced neutrino-nucleus scattering: flavour blind.

doya Gt o . 2 2 2112
& [ - ]Coh_ L B2 Z(4sin® u — 1) + NJ? (1 + cos 6) | F(32)]
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’7pN(Z) (Z)e' §=k-F.
N(Z) ’

For g« R™1 = F(7%) =1, [daVA/dQ] x N2.
For ¢ > R F(¢?) < 1.




NC-induced neutrino-nucleus scattering: flavour blind.

2
o [d(’”‘] ~ SF B2 7452 0 — 1) + NI2 (1 + cos 0)[F(32) 2
dS) lcoh ].67'('2 v

F(q?) is nuclear formfactor:

a1 U
Fniz)(q7?) = —/dgx,ON(Z)(CU)@q 7 q=k—K.

N(Z)
For g« R™1 = F(7%) =1, [daVA/dQ] N2,
For ¢ > R F(¢?) < 1.
By Heisenberg uncertainty relation: for ¢ < R~! the uncertainty of the
coordinate of the sctatterer dz 2 R =- itis in principle impossible to find

out on which nucleon the neutrino has scattered. Also: neutrino waves
scattered off different nucleons of the nucleus are in phase with each other.




NC-induced neutrino-nucleus scattering: flavour blind.

doy 4 Gt o .2 2 2112
~ ESZ — 7
O ||~ LB Z(4sin® i — 1)+ NI (14 cos6)| ()
F(q?) is nuclear formfactor:
Fniz)(7?) = L /d35’3,0N(Z) (Z)e' §=k-F.
N(Z) ’

For g« R™1 = F(7%) =1, [daVA/dQ] N2,
For ¢ > R F(¢?) < 1.

By Heisenberg uncertainty relation: for ¢ < R~! the uncertainty of the
coordinate of the sctatterer dz 2 R =- itis in principle impossible to find
out on which nucleon the neutrino has scattered. Also: neutrino waves
scattered off different nucleons of the nucleus are in phase with each other.

The necessary conditions for coherent scattering!
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R~12fmAY3: A~130 = R !~30MeV.

Recoil energy of the nucleus:

q—’2 max 2E3 QEB
Efrec ~ 3 E?“ec — ~ .
2M 4 Ma + 2F, M 4

Forg ~ 30 MeV: FE,..~ 5keV.

Need to detect very low recoil energies = requires

» \Very low detection thresholds
» Low backgrounds

# Intense neutrino fluxes




15 25 35 45
Number of Photoelectrons

v, Emy, mmy, Beam ON
prompt n 1

T R
i Arrival Time us

OAK RIDGE

Science:
|

e

SPOTTINGA

GHOST | |-

1 Akimov et al. Science

Vol 357, Issue 6356
15 September 2017

—
o
w

Cross section (10™*° cm?)
2

10k

1 IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII

0 10 20 30 40 50 60 70 80 90
Neutron number

First light detectors deployed to measure neutron-
squared dependence. (Na, Ge in 2019)

High precision measurements enable the full potential
of CEVNS scientific impact.

Jason Newby, Magnificent CEVNS Workshop 2018

National Laboratory
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Neutrino energies: E, ~ 16 — 53 MeV. Nuclear recoil energy: keV - scale.
# of events expected (SM): 173 4+ 48

# of events detected: 134 4 22

“We report a 6.7 sigma significance for an excess of events, that agrees with
the standard model prediction to within 1 sigma”
~ 2 x 10?3 POT; o ~ 1073% cm?.

D. Akimov et al., Science 10.1126/science.aao0990 (2017).




Coherent Neutrino-Nucleus
Scattering

, recoiling nucleus

Neutrino cross sections

1072
ol i St I h d
conerent scattering rongly e.ﬂ ance
— 107 Cross-section
Q
2 10754
e}
10764 .
inverse beta decay
No energy 10—7_<:|
threshold 18
0 2 4 6 8 10
E, [MeV]
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A hand-held neutrino detector

14.6 kg low-background Csl[Na] detector
deployed to a basement location of the
SNS in the summer of 2015

~ 2x10%3 POT delivered and recorded
since Csl began taking data

—— Beam Delivered

Neutron Scatter Camera (BG Neutrons)
—— LS in Csl Shield (NINs)
= Cs| (CEVNS)
—— SciBath (BG Neutrons)
—— Pb Nube (NINs)
== NalvE (CC)

IS

w

N

CENNS-10 (CEVNS)
Fe Nube (NINs)

Protons on Target [10%°]

=

o |

Evgeny Akhmedof@ 2014 Jul 2014 Jan 203Rep 2019 Jslnpldlsnoe  Jan 2016 Jul 2016 ypakiddbdd, Mayzsl%L%Q,]zg’:g ~p.99
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e o o o @

Large cross sections — small detectors

Very clean SM predictions for cross sections — sensitivity to NSl
Sensitivity to ,, and (r?)

Possibility to measure sin” 8y at low energies

Masurements of neutron formfactors (nuclear structure)

Nuclear reactor monitoring (non-proliferation)

Precision flavor-independent neutrino flux measurements for oscillation
experiments

Sterile neutrino searches

Energy transport in SNe

SN neutrino detection

Input for DM direct detection (neutrino floor)

Detection of solar neutrinos




Many experiments planned or under way — CONUS, TEXONO,
Ricochet, Connie, v-cleus, RED100, MINER, »GEN, ...

Many theoretical studies

A very active field!







NSI| parameterization

P. Coloma. P.B. Denton, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,
”Curtailing the Dark Side in Non-Standard Neutrino Interactions”, arXiv:1701.04828

Lnst = —2V2Gr ) Eiiéj(ﬂa’}’“PLVﬁ)(f’rupf)
flﬂp‘.'&*,.ﬁ

Assuming heavy NSI mediators

Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 4
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do B

'

Ga =

« Modification =

CEVNS cross section and NSI

J. Barranco, O.G. Miranda, T.I. Rashba,
"Probing new physics with coherent neutrino scattering off nuclei”, arXiv:hep-ph/0508299

G2 M f , /o 5 MT
F_F2@Q) |(Gv +Ga)’ + (Gv —Ga)? (1- — ) — (G} — GA)—;
27 E, L

Gv = (g}, +|2¢%Y + V) Z + (g% +[e%Y +2¢%Y)N NSl terms

(g + 2624 + 4 (2, —Z_) + (g% + %2 + 2694 (N, —N_) = 0

S —_— Cs —

—_— lpNe
1382yea
128y e

e | SM diff o

134yea

= | Weighted by
— "x |\ niDAR spectra

128y e

10374

1039

<

/N
N——
— {cm?/MeV)

17 4 124ya

126yea

1043

0.0 0.1 0.2 0.3 0.4 0.5

Er (MeVTr)
Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 10
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D. Akimov, J.B. Albert, P. An, et al.,
"Observation of Coherent Elastic Neutrino-Nucleus Scattering”, arXiv:1708.01294

COHERENT NSI constraint '

e August 2017 result T
. 14.6 kg Csl[Na] |

e ~2 years running “
- 308.1 live-days 38 of
» Events -

_ 134 + 22 observed = %
_ 173 + 48 predicted | —commrion

-1 -0.5 0 0.5 1

0.5

Magnificent CEVNS 2018/11/02 Gleb Sinev, Duke Constraining NSI with Multiple Targets 24
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Why straight lines for SM rate?

J. Barranco, O.G. Miranda, T.I. Rashba,
"Probing new physics with coherent neutrino scattering off nuclel arXiv: hep ph/0508299

do GiM _, . " j o Y s o MT
o = 2N Q) (G +Gal + Gy - Ga? (1- 1) - (GF -G

L

Gy = (V_{_Qee _}_VFE)Z_I_(E’_{_;LLV_I_QGEV)N (’A

=~ ()
SM rate: Gv = gvZ+ gy N
SM
do do sy’ 2
ﬁ dT(GV ) — Gy = Gy
(gv +2e0 +eee )Z + (gy +eie +2ec )N = £ (0 Z + gy N)
Generating two straight lines in NSl-coupling space with SM rate
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Including magnetic moment scattering

dG_GﬁMZ 2T
dT 8w

Ta? ”e [

] Qy [F-(@H)]* + ~[E, @]

Tm ax

Heff = Zi ‘Z} Ut or )y e/ i

Note that this is a different combination at CEVNS than what is
measured at reactors or solar neutrino experiments!
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Weinberg Angle

“Running” of Weinberg Angle
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Magpificent CEYNS Raimund Strauss

(

do GiM _, ME
E)VQA = - F (ZME) [1 — W] X

{[2(gy + 2e5q +e2a) + N(gp + ete +2624)]°

With g7, = (%—2sin2 Hﬁf).and g =—3

First determination of the
Weinberg angle at g = 1MeV/c
after 2-3 weeks of measurement

with 10g!
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The so-called “neutrino floor” for DM experiments

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).

L. Strigari
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Think of a SN burst as “the v floor coming up to meet you”

Cross section [cm?] (normalised to nucleon)
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J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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¢ Suggested by W. Pauli in 1930 to explain the continuous electron spectra
In 3-decay and nuclear spin/statistics

> Discovered by F. Reines and C. Cowan in 1956 in experiments with
reactor v, (Nobel prize to F. Reines in 1995)

& 1957 —the idea of neutrino oscillations put forward by B. Pontecorvo
(v < D)

& 1957 — Chiral nature of v, established by Goldhaber, Grodzins & Sunyar

¢ 1962 — Discovery of the second neutrino type — v, (Nobel prize to
Lederman, Schwartz & Steinberger in 1988)

¢ 1962 —the idea of neutrino flavour oscillations put forward by Maki,
Nakagawa & Sakata




¢ 1968 — First observation of solar neutrinos by R. Davis and collaborators

¢ 1975 — Discovery of the third lepton flavour — 7 lepton
(Nobel prize to M. Perl in 1995)

¢ 1985 — Theoretical discovery of resonant v oscillations in matter by
Mikheyev and Smirnov based on an earlier work of Wolfenstein
(the MSW effect)

& 1987 — First observation of neutrinos from supernova explosion (SN 1987A)

¢ 1998 — “Evidence for oscillations of atmospheric neutrinos” by the
Super-Kamiokande Collaboration

& 2000 — Discovery of the third neutrino species — v, by the DONUT
Collaboration (Fermilab)




> 2002 — “Direct evidence for neutrino flavor transformation from
neutral-current interactions in the Sudbury Neutrino Observatory”
— flavor transformations of solar neutrinos confirmed

¢ 2002 — Discovery of oscillations of reactor neutrinos by KamLAND
Collaboration; identification of the solution of the solar neutrino problem

& 2002 — Confirmation of oscillations of atmospheric neutrinos by K2K
accelerator neutrino experiment

¢ 2002 — Nobel prize to R. Davis and M. Koshiba for “detection of cosmic
neutrinos”

(2002 — “Annus Mirabilis” of neutrino physics)

¢ 2004 — Evidence for oscillatory nature of v disappearance by
Super-Kamiokande (atmospheric v’s) and KamLAND.




¢ 2006 — Independent confirmation of oscillations of atmospheric neutrinos
by MINOS accelerator neutrino experiment

& 2007 — First real-time detection of solar “Be neutrinos by Borexino

¢ 2011/12 — Measurement of the last leptonic mixing angle 6,3 by T2K,
Double Chooz, Daya Bay and Reno

& 2012/14 — Detection of solar pep and pp neutrinos by Borexino

¢ 2015 — Nobel prize to Takaaki Kajita and Arthur McDonald "for the
discovery of neutrino oscillations, which shows that neutrinos
have mass"”

¢ 2017 — First observation of coherent neutrino scattering on nuclei
by the COHERENT Collaboration

More to come !
~ EvgenyAkhmedov  ISAPP2019 SummerSchool  MPIK Heidelberg, May28-June4,2019 —p.115
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