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The "magic’ of neutrinos

m QM (Simp. 2-flavors) [B. Pontecorvo (1978)]

|ve) = |v1)cosf + |v2)sind

|v,) = —|v1)sin@ + |1) cos b

m Unitary equivalence between flavor and mass representations

A

Vo

Ha . cos) sinf . .
0 U= = (Ui =071

—sinf cosf




The "magic’ of neutrinos

m Time evolution

|ve(t)) = cosBe™Ert|uy) + sin heE2t|uy)

m Flavor oscillations:

AE
PI/e—)V,u(t) = ‘<Ve|’/u(t)>‘2 = sin? 20 sin” <2t> =1-P ()

m Flavor conservation:

[(velve(t)) P + [(velvu()]? =1
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QM vs QFT

m QFT [M.Blasone and G.Vitiello (1995)]

Ve(x) = v1(x) cosf + 1(x) sinf

vu(x) = —ri(x) sinf + vo(x) cosé
m Mass (Dirac free) fields
Z |:Oék Uk —ikex + /8 Vk +lk.x:| I: 1 2
\/> i i k, i ) 1<
{O‘E,i’ Ozgj} = {BEJ? ﬁg’f} = (Sk7q (5001(5,]
m Flavor (free-like) fields

= \F[akx ) ug; e+ L0V €], () = (e1), (12)

4‘



QM vs QFT

m Flavor ladder operators

of e =costafy + sind (A3(6) afy + & Na(t) 571,

Pontecorvo rotation Bogoliubov transformation

m Bogoliubov coefficients
Aa(t) = uh() ug (1) = VI (8) vaia(t)
k _ o, 0 o o 0 o
Aa(t) =€ Uk,g(t) via(t) = —¢ Uk,Tz(t) vZi1(t)

Pl + NP =1 = {af (0).a7L(6)} = cos 0+ (|l + NG ) sin?0 = 1

m Inequivalent Fock spaces (|0)e ,, # [0)1,2 = [0)1 ® |0)2)

Jim 1,2(0j0(6))e,. =0




QM vs QFT

e Quantum Mechanics:

- Finite # of degrees of freedom

- Unitary equivalence of the representations of the canonical
commutation relations (Stone-von Neumann theorem)

e Quantum Field Theory:

- Infinite £ of degrees of freedom

- 0o many unitarily inequivalent representations of the field algebra <
many vacua

- Examples: theories with spontaneous symmetry breaking, particle
creation (Hawking-Unruh effect), etc.
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QM vs QFT

m Algebraic structure of mixing transformations:

ve(x) = Gy (1) 17 (x) Go(t)

v (x) = Gy (1) v (x) Go(t)

m Mixing generator:

Gu(t) = exp [0 [ o (1) 2200 - i) () |

I wus



Flavor vacuum

e Flavor vacuum: Perelomov-like coherent state

0(0))e.s = Gy '[0)12

= H {(1 —sin? 0 |\5,)%) — € sin @ cos O |\X, | (ak 1B o+ ak23r k1)
k,r

+€"sin? 0 |\ 2\|p12|(a k1 ozkzﬁ )+S|n 0 |A] 2\2(1 er20sz Tkﬂ 0), .
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Flavor vacuum

e Flavor vacuum: Perelomov-like coherent state

0(0))e.s = Gy '[0)12

= H {(1 —sin? 0 |\5,)%) — € sin @ cos O |\X, | (ak 1B o+ ak23r k1)
k,r

+€"sin? 0 |\ 2\|p12|(a k1 ozkzﬁ )+S|n 0 |A] 2\2(1 er20sz Tkﬂ 0), .

e Condensation density:

e (0(0) g 10(0))e e = €. (0(0)1B5 Tk ;10

(O))esu = sin® 0 |\ ?




Condensation density

0.5

A2

Loghl
Flg.: Solid line: my = 1, ma = 100; Dashed line: my = 10, ma = 100

e Maximum at k = \/mim;
o (NP~ meem) for ks Jimrmg
e )k, =0 for my = my and/or 6 = 0 (no mixing)

e )k, — 0 for k — oo (ultrarelativistic limit = Pontecorvo limit)
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Vacuum entanglement

Sy
0.0020 e AN
/ N\ —€=0
_ -2
0.0015 S €=1x10
/S €=2x1072
/ / \
0.0010 / / \\ \ — €=3x1072
— €=4x102
0.0005 ~ e=5x102
v:/:”
e

B 3
Flg.: von Neumann entropy versus 6 for different €

e von Neumann entropy (e  /mimy/k)

2

g2 R 2 g2
Sy = {1 - —(1- cos49)} lg, [1 -3 (1- cos40)] 16 sin? 26lg, <16 sin 29>

32

e Maximum at 6 = /4

e Sy — 0 for e — 0 (Pontecorvo limit) m



In the spotlight

Physical neutrinos: flavor or mass?
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Unruh effect and accelerated proton decay




Unruh effect (UE)

[...] the behavior of particle detectors under acceleration a is
investigated, where it is shown that an accelerated detector even in
flat spacetime will detect particles in the vacuum |...]

[...] This result is exactly what one would expect of a detector in a
thermal bath of temperature [W. Unruh (1976)]




Unruh effect (UE)

® Rindler coordinates

x% =¢sinhy, x! =E&coshn

m Rindler vs Minkowski metrics
ds? = (dx®)* —(dx!)* — (dx)* —
— ds? = £2dn? — de2 — (dX)?

m Rindler worldline

n=ar, £=const=a1, X =const

a: proper acceleration.




Unruh effect (UE)

FIg.Z Pictorial representation of UE: on the left the uniformly accelerated (“burned”) observer in
Minkowski vacuum, on the right the (“frozen”) inertial observer




Decay of accelerated particles

Non-universality of decay properties [R. Muller (1997)]

Proton decay:

(obs)

Tproton > Tuniverse == inertial protons are stable (in the SM)

PROTON pf
HOTLINE

Flg Credit to Sandbox Studio, Chicago with Reidar Hahn, Fermilab
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Decay of accelerated particles

However, if we “kick” the proton..

acceleration ‘ lifetime a n
103><108 P — n+e’ + Ve
9 He Tp ™~ . yr
Apulsar Tp~ 107" s

B wus



Decay of accelerated particles

P> n+e +ue

PROTON DECHf

HOTI.IN

Flg Credit to Sandbox Studio, Chicago with Reidar Hahn, Fermilab
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Accelerated proton decay

Laboratory frame

p—>n+e++ye

Flg Proton decay (laboratory frame)

B mus



Comoving frame

p+e—n+ v p—+ Ue—n+e" p+ e+ e—n

Flg Proton decay (comoving frame)
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Accelerated proton decay

[D. Vanzella and G. Matsas (1999)]
m Massless neutrinos
m |ke| ~ |ky.| < Mp , (no-recoil approximation)

B a < mgzo, my+ (Fermi-like effective theory)
§I = /d4X\/ —& j;b (Wl/’yufl}e + Wﬂ”@u)

Jt=ar) et s(u—at), dr) =M goe

Hlny=mu|n), H|p)=mylp), Am=my—m,~17MeV, Gr =|(p|do|n)|




Laboratory frame

m (Tree-level) Transition amplitude

AP = (0] @ (€ g0 Yk 0, [5110) @ [)

m Differential transition rate

d2’PIZ?H _ 1 Ap—)n 2
dkedk, — 2 2. 2| |
exiv ge=to,==+

m Mean proper lifetime (scalar decay rate)

Po" 4G2a (> - [>® . L
r;’a;)” = T = ernAm/a/O dke/o deK2iAm/a [2 (we+w,,)]

B mus




Comoving frame

rpon_  CEMe / 0, Kiwjarja(me/a)Kiv/a—1/2(me/2)
com 372 emAm/a e cosh [ (w — Am)/a]

p—n __ rp—n
r,ab - rcom

I wuss



log[t/(1 s)]

151

10F \

05 0 05 10 15 logl(iMeV)

Flg.: Mean proper lifetime 7 of the proton versus proper acceleration a.
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UE and accelerated proton decay

[D. Ahluwalia, L. Labun and G. Torrieri (2016))

“In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are flavor eigenstates.

In the comoving frame, the proton interacts with neutrinos in Rindler
states, which display a thermal weight and are mass eigenstates |[. . .]

[-..] we conclude that the rates in the two frames disagree when
taking into account neutrino mixings”.

B wus



UE and accelerated proton decay

[D. Ahluwalia, L. Labun and G. Torrieri (2016))

“In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are flavor eigenstates.

In the comoving frame, the proton interacts with neutrinos in Rindler
states, which display a thermal weight and are mass eigenstates |[. . .]

[-..] we conclude that the rates in the two frames disagree when
taking into account neutrino mixings”.

Violation of General Covariance of QFT!
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UE and accelerated proton decay

[D. Ahluwalia, L. Labun and G. Torrieri (2016)

“In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are flavor eigenstates.

In the comoving frame, the proton interacts with neutrinos in Rindler
states, which display a thermal weight and are mass eigenstates |[. . .]

[-..] we conclude that the rates in the two frames disagree when
taking into account neutrino mixings".

I i



UE and accelerated proton decay

The “paladins” of General Covariance

B s



UE and accelerated proton decay

A1 = (o] e slo Y@p)

Flavor states: Laboratory frame [G. L. et al. 2018]

" = cos* ™" + sin* 157" + cos?fsin® 05"

r{?_”] = % Z GFz/daku/d3ke ’Iﬂuae(wumwe)}z? i:1727

Ov,0e

e = - Z Ge /d3 /d3 Toyo (Wi, we) IS . (wyz,we)Jrcc}

Ov,0e
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Flavor states: Comoving frame

MPn — cos® OTP™" 4 sin* OTE™" + cos®fsin 9T P,""
. 2 G2 +oo / 2
rpﬁn — F / dw /d2ke le Kiw s (ﬁ)’
12 2 a7 /—/VI Tl embm/a | /a+1/2 2
2 2
X/d ky, (KJV + my,m,, + lu1luz)

/V /u
x Re {K[(w—Am)/a+1/2 (f) Ki(w—nam)/a—1/2 (f) }

+ me / ok / ke (ha iy + gy
I b,
x Re {Kizw/aﬂ/z (3 Kiw—nm)/a—1/2 (f)

I, X
X Ki(u—Am)/a—l/Z (;)}}7 Ry = (kyn kljf)




UE and accelerated proton decay

Laboratory vs comoving decay rates

" = cos* 07" + sin* 057" + cos®Osin? O TF,",

p—n __ 4 nTh—n - 4 nTp—n 202 nrpP—n
[Bom =cos 07" + sin" 0I5 " + cos“Osin“ 07,

p—n __ Fp—n
s =T

. i=12

Interference terms?

p—n
r12

B s
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Comparing the decay rates

Non-trivial calculations. ..

...but for ém/m» <« 1

- 5
" =T157" uptoO <>
my 2

om
" =TP2" upto O ()
m o

B sas



General Covariance and mass eigenstates?

[G. Cozzella et al (2018)]

[-..] a physical Fock space for flavor neutrinos cannot be constructed.
Flavor states are only phenomenological since their definition depends on
the specific process.”

" We should view neutrino states with well defined mass as fundamental.
[...] The decay rates calculated in this way are perfectly in agreement”.

B wuss



Why not mass eigenstates?

m Non-phenom. definition of flavor space [M. Blasone et al. (1995)]




Why not mass eigenstates?

m Non-phenom. definition of flavor space [M. Blasone et al. (1995)]

m Violation of flavor charge in the vertex [M. Blasone et al. (2010)]

p—n+ly+v, i=12




Why not mass eigenstates?

m Non-phenom. definition of flavor space [M. Blasone et al. (1995)]

m Violation of flavor charge in the vertex [M. Blasone et al. (2010)]

p—n+ly+v, i=12
m No quantum interference

7 : 2 .
rp~>n+€a+l/, = |Ua7;| F,-, i=1,2

)

B s



Why not mass eigenstates?

m Non-phenom. definition of flavor space [M. Blasone et al. (1995)]

m Violation of flavor charge in the vertex [M. Blasone et al. (2010)]
p—n+ly+v, i=12
m No quantum interference
reomtlatvi — Uy iPF;, i=1,2

)

m Inconsistency with CP-violation in neutrino oscillations

B s



Neutrino oscillations (laboratory frame)

No oscillations Oscillations

(Ve) _ 4 prp—n 4 ~p—n 2 2 prp—n (vu) _ 2 2 (Fp—n p—n p—n
T =M1 + 55T 77 + 55T Mot =cgsg (" +157"=T5")

Total decay rate [G.L. et al. (2020))

Mo = FS;’;) + rfj;,‘" = cos?OTE7" +sin20T5"

I wus



Neutrino oscillations (comoving frame)

R v, et . N No oscillations
A A
(ve) _ 4Fp—=n_ 4Fp—=n_ 2 2Fp—n
Feom =cg My sy Ty " +cgsp M,
4 s A4 =
B p p e p °

e Oscillations

|

re) = g o5 (T + 757" =T,

Total decay rate [G.L. et al. (2020)]

tot  _ 29PN | Gin2 PN _ [tot
M = cos Ol " +sin“ 0I5 " =T[5

B wus



Three generations and CP-violation

m PMNS matrix

C12C13 512 C13 s;ze”’
_ is i
U= | —s1203 — cros3si3e’ C12 023 — 512 523 513 €' $23 €13
is is
51253 — C12 C23513 €’ —C12523 — S12 23513 €’ €23 C13

m Jarlskog invariant

Im [Us; U5, Uy Us] = 0 2sn e

Ak

5771)‘ = {e,,U/,T}, i7jak: {17273}

m Physics cannot depend on PMNS matrix parameterization —>
Observables < J

B wus



Three generations and CP-violation

[G. L. et al. (2020)]

m Mass states:

J 2 2 %12 2 .
ASD =T = T = U P42 — JUZPIAIR =0, j=1,23




Three generations and CP-violation

[G. L. et al. (2020)]

m Mass states:

e, * |2 2 .
A(CPJ) = rl’evl’j - \7j — |Uej‘ |AJ| =0, j=123




Three generations and CP-violation

[G. L. et al. (2020)]

m Mass states:

e, * |2 2 .
A(CPJ) = rl’evl’j - \7j — |Uej‘ |AJ| =0, j=123

m Flavor states:

A = T, = Tz, = 49{~Tm [ALAZ] + T [ A A3] — T [AoA5] }

B aus
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Take-home message

Hybrid Mass-mass | Flavor-flavor
Physical vs (Inertial f.) Flavor Mass Flavor
Physical vs (Comoving f.) Mass Mass Flavor
Agreement btw decay rates X v v
Lepton charge conservation X X v
Neutrino oscillations X ? v
CP-violation X X v
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Open issues

Beyond the linear approximation

Full quantum treatment

m Extension to curved spacetime

m Theoretical test of quantum equivalence principle

B sus



Fig.: Mon Repos. Corfu Painting by Danish School - Fine Art America

Thank you!
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BACKUP slides




e Structure of the annihilation operators for [0(t))e,,.:

ofeelt) = costafy +sind (p53(6) agy+ e NG(1) 87 )
0f(t) = cosBajy —sind (pha(t) af—e Ny (t) 87 )
Blye(t) = costpBly +5in9(P'f;(t)ﬁr—k,zfﬁr)\'ﬁ(t) alr(T2)

Bliu(t) = cos0Bl4z—sind (pha(t) Bi+e () o)

e Mixing transformation = Rotation + Bogoliubov transformation

e Bogoliubov coefficients:

n

k _ r r (W 2+w t
pia(t) = Ug o1 € (rztens)

(2 =)t N (t) =€ ”l:Tl vigo e

P12l + N = 1

B aws



Currents and charges for mixed fermions

— Lagrangian in the mass basis:

L=0Un(id—Mg)vm

0
where v} = (v1,12) and My = ( rgl m )

e L invariant under global U(1) with conserved charge Q = total charge.




Currents and charges for mixed fermions

— Lagrangian in the mass basis:

L= Um(i §—Mqg)Vm
0
where v} = (v1,12) and My = ( rgl m )

e L invariant under global U(1) with conserved charge Q = total charge.

— Consider now the SU(2) transformation:

vho= €%y, ; j=1223.

with 7; = 0/2 and o; being the Pauli matrices.

B wus



Associated currents :

— i [ — .9
0L = iajUp[rj, Mdlvm = —o; OuJd) ;
o = L

JmJ = UmY'TiUm

— The Charges Qnm (t) = [ d°x Jg,’j(x) satisfy the su(2) algebra:
[Qm.j(t), Qmi(t)] = i€js Qm,i(t)-

— Casimir operator proportional to the total charge: C,, = %Q.




Associated currents :

I Y- T
0L = iajUp[rj, Mdlvm = —o; OuJd) ;
o = L

Jnj = ImV TV

— The Charges Qnm (t) = [ d°x Jg,’j(x) satisfy the su(2) algebra:
[Qmj(t); Qmk(t)] = i€ Qm.i(t).
— Casimir operator proportional to the total charge: C,, = %Q.

e Qn3 is conserved = charge conserved separately for v1 and v5:

Qg = %Q + Qms = /d3x vl (x) va(x)

1

Q = EQ — Qm3 = /d3x V3 (x) va(x).

These are the flavor charges in the absence of mixing.

B aws



— Lagrangian in the flavor basis:

L = 5f(l'ﬁ—M)Vf

where v/ = (ve,v,) and M = ( Me  Mep >

Mey My,

— Consider the SU(2) transformation:

with 77 = ¢;/2 and o; being the Pauli matrices.

B s



— Lagrangian in the flavor basis:

L = 5f(l'ﬁ—M)Vf

where v/ = (ve,v,) and M = ( Me  Mep >

Mey My,

— Consider the SU(2) transformation:

/ 1o

ve = e YT yg ; j=123.

with 77 = ¢;/2 and o; being the Pauli matrices.

~ The charges Qr;(t) = [ d®x JP; satisfy the su(2) algebra:
[Qrj(t), Qri(t)] = i€jia Qri(t).

— Casimir operator proportional to the total charge G = C,, = %Q.

B s



e (3 is not conserved = exchange of charge between v, and v,,.

Define the flavor charges as:

Qu(t)

Qe(t) %Q + Qr3(t) = /d3x vl (x) ve(x)

1
EQ — Qrs(t) = .

where Qe(t) + Qu(t) = Q.




e (3 is not conserved = exchange of charge between v, and v,,.

Define the flavor charges as:

Qe(t) %Q + Qr3(t) = /d3x vl (x) ve(x)
Qut) = 30— Qalt) = [
where Qe(t) + Qu(t) = Q.

— We have:

Qe(t) = cos? 0 Q; + sin? 0 Q, + sinf cos / d>x [I/IZ/Q + ygz/l}

Qu(t)

B aaw

sin0 Qq + cos? 6 Q> — sin9cos€/d3x |:I/]TV2 + y;ul}



To summarize:
— In presence of mixing, neutrino flavor charges are defined as
Q.(t) = /d3x Vi) ve(x) ; Qu(t) = /d3x V):(X) Vu(x)

— They are not conserved charges = flavor oscillations.

— They are still (approximately) conserved in the vertex = define flavor
neutrinos as their eigenstates

e Problem: find the eigenstates of the above charges.

B sae



Charge operator, flavor state and oscillations

o Charge operator and observable (relative, e.g., to |ve)):
Qx(t):/d“”XVi(X)Vx(X), Qux(t) = (Wicel Qu(t) [Vice)
o Flavor state:
Mer) = 0 (0)10es) = Qult =0l ) = )
o Oscillation probability [P.Henning et al. (1999)]

Queu(t) = [ ¥, ]? sin?(20) sin? (“’“g“’“ t> N2 sin2(26) sin? <

B suss
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Lepton charge violation for Pontecorvo states

e Pontecorvo states:
Vel = cosf |V 1) + sinf |V} 5)

Wi up = —sind |V 1) + cosO [V ),

are not eigenstates of the flavor charges.




Lepton charge violation for Pontecorvo states

e Pontecorvo states:
Vel = cosf |V 1) + sinf |V} 5)
Wi up = —sind |V 1) + cosO [V ),

are not eigenstates of the flavor charges.

= violation of lepton charge conservation in the production/detection
vertices (at tree level)

p(Vi el Qe(0) [V o)p = cos® 6+ sin® 6 + 2|p%, | sin?f cos®§ < 1

for any 8 # 0, k # 0 and for my # ms.

e Pontecorvo states are (approximate) flavor eigenstates in the
ultrarelativistic regime (|p%,| — 1).

B mas



Setting the stage

In 2D with massless neutrino (a < Mzo, My + =~ 103°cm/s?)
J=an i s(u—at), alr) = e goe i

H|n)=mguln), H|p)=my|p), Gr=|{plGo|n)|

In this regime a Fermi current-current interaction can be
considered

S = / d*x\/~8 Jy (Ww*@e + Ww“%)

B wuss



Inertial frame calculation

Field quantization:

=3 /*""dk [Br vie) + df, w0 | w= Jme 4@
o=+ 0

(+w) e/ (Fex®+he) 0
Viy = 2 k/\/2w (w=+m)
0
per _ T [ i JEEm 2
o =

—




Inertial frame calculation

The tree-level transition amplitude...

APZT = (n] @ (e, vk, 5,15110) @ |p)

.. and the related differential transition rate...

d2”P,-‘,’7_)" 012 ppn n
dldic = Zi ZJ_APH 2, = = re—

... give the inertial decay rate

N 4G2 0 S . .
oo _ ﬁii/ / dke / dky Kainmya [2 (@e + @)
e 0 0

B wus



Comoving frame calculation

Field quantization:

V=3 / A |bus Yo + dig Vo

Kiwjat1/2(m&) + iKiyja—1/2(m§)

m cosh(7w/a) 0

ww+ _ ' e—iwn/a
2m2a —Kiwjat1/2(mE) + iKiyja—1/2(mE)
0
0
o = mcosh(nw/a) | Kiw/ar1/2(m&) + iKiya—1/2(m¢) o—iwn/a
2123 0

Kiw/ar1/2(m&) — iKiy/a—1/2(m§)




Comoving frame calculation

The tree-level transition amplitude for each process...

APD" = (n|@ (emit|Si|abs) @ |p), T =i,ii,iii

.. and the respective differential transition rates...

dztppﬁn p—>n 2 (abs (emit)
dwedew =2 Z Az (@We())[L = g™ (Wie))]s
e v et opm
1
") = T

B wus



Comoving frame calculation

.. give the total (comoving) decay rate

—n p—n p—n p—n
re = F() + F( n T F(m)

com

G? m. / oo Kivsjat1/2(Me/a)Kivja—1/2(me/a)

ar2erhm/a cosh [7 (w — Am)/a]

At tree level

p—n _ rp—n
r — I_com

B awe



The equality of the two decay rates confirms:

m the necessity of Unruh effect in QFT

m the General Covariance of QFT in curved background




Generalizing to 4D with massive neutrino [H. Suzuki et al. (2003)]

=Gy (u—a 1) 5(NS(3),  g(r) = eFrgoe

Hln)y=my|n)y, Hlp)=m,lp), Gr=|(p|doln)

§, = /d4xs/—g]; <WV’}/“\/I}6, —|—We’y“\/l}y>

B aus



Inertial frame calculation

Field quantization:

V=3 [ kb + Ll ]

( . ) m=+ w
i X k-x
(£w)/. 0 e Fox® + 1 0
x,X) =
Y ) 273 w(w £ m) S
Kk + ik?
(Fwx® +kx) 0
i(Fwx™ + k-x 1
l(iw)(xovx) - 3 T + fJJ2
2272 wwEm) |k *3’/(
—k

B sus



Inertial frame calculation

Using the integral representation of the Bessel function

K@) = 5 [ serearcs—m(3)""

L 2mi
together with the expansion formula...

(A+B)z:/cz‘j:ir(_;)(r_(zt)_z)At+th

B eus



Inertial frame calculation

...the decay rate in the inertial frame becomes

= 7r7j2i2Am/a / 2ri / 27 [(—s — ti";;))?(("i)i t+7/2)
X {|r(s —t+iAm/a+3)2T(=s)[(—=t)T(=s+2)T(—t +2)
+ Re{r(—s —t+iAm/a+2)T(=s —t—iAm/a+ 4)}
X T(—s+1/2)T(—t+1/2)T(~s+3/2)T(—t+ 3/2))}

where C(¢) picks up all poles of gamma functions in s(t) complex plane.

B wus



Comoving frame calculation

Field quantization:

~ +oo ~ ~ —w x

i1Kiwsja—1/2(§1) + mKiy sav1/2(81)
oi(—wn/a+ koxctkyy) —(K* + ik*)Kiwjar1/2(&1)
3
(2m)2 i1Kiw/a—172(§1) — MKiwav1/2(E1)

—(K* 4 ik?*)Kiyjay1/2(E1)

with | = /m? + (k¥)2 + (k¥)?
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Comoving frame calculation

Summing up the contributions of the three processes and using

x K, K, = gGﬁ‘f <x2

50, 30 + 3
srnto)s(v—p+to)z(—vtuto)z(-v—pu+o)

the total decay rate in the comoving frame becomes

rp—m_ 5G2 / / (26)2(%)2
com T 25 77/2eAm/a | 27j [ 2miT(—s —t+3)T (—s — t +7/2)
X [|F(—s —t+iAm/a+3)PT(=s)(—t)[(—s+2)T(~t+2)

+ Re{r(—s —t+iAm/a+2)T(~s —t—iAm/a+ 4)}

XT(=s+1/2)T(=t+1/2)T(—s+3/2)T(—t+3/2))




Proton decay and neutrino mixing: a paradox?

Recently, it has been argued that neutrino mixing can spoil the
agreement between the two decay rates [D. V. Ahluwalia et al. (2016)]

The leitmotiv is the violation of the KMS thermal condition for the
accelerated neutrino vacuum. In particular, this would occur when one
requires asymptotic (observed) neutrinos in the comoving frame to be in
flavor eigenstates

The authors conclude by claiming that the contradiction must be solved
experimentally
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experimentally

No experiment can be used for checking the internal consistency of
theory against a theoretical paradox.

The question must be settled at a theoretical level, in conformity with
the General Covariance of QFT in curved background.
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The source of the ambiguity

Under the “magnifying glass"

Are the asymptotic neutrinos in mass or flavor eigenstates?

An attempt to solve the ambiguity has been proposed by requiring
asymptotic neutrinos to be in mass eigenstates in both the inertial and
comoving frames (on the basis that flavor eigenstates make physical
sense only for §m ~ 0) [Cozzella et al. (2018)]

Inverse [ decay with mixed neutrinos
p—>n+Za+@, 0= {e,,pu}, i=1{1,2,3}
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...but some criticism arises with reference to such a choice:

m flavor eigenstates can be rigorously defined in any regime

m if flavor states are well-defined for 5m5- ~ 0, as those authors claim,
why would they not use them, at least in that regime?

m using asymptotic mass neutrinos washes out mixing from

calculations (and, indeed, in this case the same decay rates as in
absence of mixing are obtained, up to a factor cos?  or sin” )

It is clear that some fundamental point is missing in the treatment of
mixing by Cozzella et al.
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Inertial frame calculation (our approach)

Requiring asymptotic neutrinos to be in flavor eigenstates as in
Ahluwalia’s approach, the transition amplitude in the inertial frame
becomes [G. L. et al. (2018)]

Aﬁ,—m = GF|:COS2HIUuUe(wV17we) + Sinzazauae(wvsze)}

+oo

Lo (i) = [ dre®mu, [0 o] i=1.2

— 00
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The decay rate thus takes the form
2" = cos* 7" 4 sin* 957" + cos? Osin O T5,""
o= = Z /d3 /d3k 1Zo0u (w0 w0)|, = 1,2,

Ov,0e

reon = T Z Gr /d3 /d3 Toyoe(Wogswe) Iy 5. (Wony We) + cc}
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Violating the KMS condition?

Assuming asymptotic neutrinos to be in flavor eigenstates would violate
the KMS definition of a thermal state of a quantum system by adding
coherent, off-diagonal correlations in the density matrix. Consequently,
the accelerated neutrino vacuum state would not be thermal,

contradicting the essential characteristic of the Unruh effect [D. V.
Ahluwalia et al. (2016)]
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Non-thermal Unruh effect for mixed neutrinos

Two Bogoliubov transformations involved [G. L. et al. (2017)]

thermal Bogol. (a)
¢r — ¢m = condensate in |Opp)

mixing Bogol. (9)
d1, P — ¢e, ¢ = condensate in [0 ;)

How do they combine when flavor mixing for an accelerated observer is
considered?
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Non-thermal Unruh effect for mixed fields

Condensation density of Rindler mixed neutrinos in |0)y:

1

(Onm|N(8,w)|0n) = e/ Trou + 1

+

—_——
Unruh thermal spectrum non—thermal mixing corrections

Remark

Non-thermal corrections only appear at orders higher than O (‘S’")

m
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Comoving frame calculation (Ahluwalia’s approach)

Requiring asymptotic neutrinos to be in mass eigenstates, calculations
in the comoving frame give for the process (/)

G
AZTH - ?F {cos 0T, (wy,we) + sin (‘)jg(fg,e(wl,,we)}

+o0
Ton= [ aneB1 0,360, v 0i)

— 00

Similar calculations for the other two processes lead to

p—n p—n p—n p—n
rcom = r(,) + I_(ii) + I_(iii)

= cos?OTE7" 4+ sin?gTH7"
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Comoving frame calculation (Ahluwalia’s approach)

p—n Tp—n . 2 pTp—n
P = cos® TP + sin® 015

~ n QGE— teo 2 /”j 2
re=n = W[mdw/d ky b | Ki(w—am)/at+1/2 e ’
I\ |2
X /dzke le|Kiw/at1/2 (a)‘ + my,;me

1, I
x Re {/d ky Kl(w Am)/a— 1/2( )/d ke Klw/a+1/2( )}




Comparing the rates

Inertial vs comoving rates

M7 = cos* 7" + sin* 957" + cos? Osin® O 15;""

p—n __ 2 np—n - 2 N p—n
e =cos“0I] " + sin“ 0I5

Although:

re=" = F}H”, j=1,2

m there is no counterpart of the off-diagonal term in 22"

m Pontecorvo matrix elements appear with different powers
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Comoving frame calculation with flavor eigenstates

our approach
(

Requiring asymptotic neutrinos to be in flavor eigenstates, calculations
in the comoving frame now give for the process (i)

A" = C:; [cos 0T, (wy,we) + sin QJU?LE(WV,WE)},

—+o0

Topoe(Wy,we) = / dn eiAmn U#[ wuiyoy waeoe]

— 00

Analogous procedures for the other processes lead to
p—n p—n p—n p—n
I_com = I—(/) + I—(ii) + r(iii)

= cos40F’1’_>" + sin49F§_>" + cos295in29r’1’2_>"
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p—n __ 4 nFp—n . 4 nTp—n 2 nin2 npp—n
Mo =cos” 077" + sin" 05" + cos“Osin” 017,

e = 2 G /+Dodw /d2k I
12 o 277 /lulluz emAm/a oo e’e

K l ’2
iw/a+1/2 3
X / d’ky, (K2 + myymy, + hyl,)

I, A
x Re {Ki(w—Am)/a+1/2 (a) Ki(w—am)/a—1/2 <a>}

+ me / dzke / dzky(/mmuz + /t/zmul)

I /,,

X Re {Kizou/a+1/2 (;) Ki(w—nam)/a—1/2 (;)
L, y

X Ki(w—Am)/a—l/Z <a)}}; Ry = (kua kg)
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Comparing the rates

Inertial vs comoving rates

M0 = cos* OTP7" + sin* 057" + cos?Osin?OT5,",

p—n __ 4 nTp—n (4 pTp—n 2002 TPn
[ =cos 07 " 4+ sin" 05" + cos”Osin“ 07,

e = Fj?ﬁ”, j=1,2

...what about the "off-diagonal" terms?

? ~
p—n £ Fp—n
r12 - r12
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Small neutrino mass difference

Evaluating these terms is non-trivial.

my,., —
However, for r‘;—"’ = zmim"l < 1,
v v

dm Sm?
rP" = orP="n r @)
12 1 + m om T m2

om

~ ~ ~ Sm?
p—n p—n
My =™ + - s, + O<m2 )




s, Ts,
myl ml,l
... and its full expression

GE_ Me a 25+2 2t42
= lim P (—)
my, e—0 73 emAm/a 271'/ 271'/ a

T(=25)r(-2t) ( t—l)( 5—1)
M(=s + DN(—t + 3)r(=2s — 2t)

x{F<—s—t+1+iAm)F< s—t—l—/Am>

a a
A A

+F<—s—t+1—iam>r<—s—t—l+iam>}
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Tsallis statistics

Long-range interactions
Long-time memory
Tsallis statistics
Entanglement

Non-equilibrium
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Tsallis statistics in UE for mixed fields

e Tsallis entropy [C. Tsallis (1988)]

1-3 1p
S = qi_'l ZPI 'qu
. =11
log,z = T (logy z = log z)

e g — 1: Boltzmann-Gibbs entropy

e Generalized Planckian distribution (maximum entropy principle)

1
[1+(q—1)Ben)” "V 11
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Tsallis statistics in UE for mixed fields

e For |g — 1| <« 1 (bosons) [G.L. et al. (2021)]

2
No(R,) = Npp(Q,) + 5 93 esch® (12,) (= 1) + O (g — 1),

o UE for mixed bosons (|0m?|/k? < 1)
s

N@,&m(Qn) = NBE(Q”) - 442

2 om?|\®
sin? 0 Q, csch’(7Q,) + O( 12 )

e Mixing and Tsallis statistics
|om?|

om
NG,Jm(Qn) = Nq(Qn) g |q - 1| X k2Q)

B wus
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Samoil M. Bilenky"*
Thus, if a flavor neutrino is produced, the neutrino state at a
time t is a superposition of states with different energies, that
is, nonstationary state.
Neutrinos are detected via the observation of weak
processes

e+ N— '+ X etc, (30)

in which flavor neutrinos are participating. Expanding the
state [v), over the flavor neutrino states, we find

), = Z ) (Zur.—f‘”" U,?) s (1)

uetecwr,

‘The expression (34) became the standard expression for
the transition probability. It is commonly used in the analysis
of data of experiments on the investigation of neutrino
oscillations.

We know now that three flavor neutrinos exist in nature. If
the number of neutrinos with definite masses is also equal to
three (there are no sterile neutrino states), the neumrm tranr
smon ities depend on two
A, and Am3; and on parameters which nhamuenze 3x3
unitary mixing matrix (three angles and one phase).

It follows from analysis of the experimental data that
Am?, < |AmZ,| and one of the mixing angle (8,5) is small.
It is easy to show (see, e.g., [40]) that in the leading approxi-
mation escillations observed in atmospheric and acpelerator
neutrino experiments there are two-neutrino », =
oscillations. For the Yy survival probability from (34), we fmd
the following expression:

AL
Py — —%sinzlﬁzg(l—cos%). 36)

In the leading approximation, the disappearance of %% in
the reactor KamLAND experiment is due to %, — 7,
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Take-home message

Properties of Neutrinos

K. Gabathuler. Villigen

(Swiss Institute for Nuclear Research)

logy to the quark sector, where mixing
accurs among the different quark fla-
vours, neutrino. mixing. would appear
natural. The (physical) flavour states
V,¥,V, are not necessarily pure neu-
trino mass eigenstates, but a mixture of
the latter. This would give rise to neu-

eV/c2. With Em, = 65 eV/c? they would
close the universe (the summation ex-
tends over ll flavours of light stable
neutrinos). From the presently observed
expansion rate of the e the
neutrino masses are restricted to ¥m, <
200 eVic?.

Samoil M. Bilenky"*

now running, so the controversy will be
settled rather soon. A sensitivity to the
e mass between 5 and 10 eVjc2 may be
expected.

Present mass limits for v, and v, are
less stringent. From the deczy of the
mnnalmslﬂ LA < 0.26
MeV/c? was ubwmed at SIN and from 2 standard expression for
the decay T* — mixx-vE form, 8  tonly used in the analysis
mass greater than 70 MeVlc? was ex ayestigation of neutrino
cluded at DESY. If the neutrino masses
scale with the squared masses of the
associated charged leptons, as some ¢ «
grand unified theories predict, these ite masses is also equal to
results are roughly equally relevan states), the neutrino tran-
giving the v¢ limit. In the i quared di -
of the above data we have assumed that which characterize 3 x 3

unitary mixing matrix (three angles and one phase).
It follows from analysis of the experimental data that

eutrinos exist in nature. If

Thus, if a flavor neutrino is produced, the neutrino state at a
time  is a superposition of states with different energies, that
is, nonstationary state.

Neutrinos are detected via the observation of weak
processes

W+ N — '+ X etc, (30)

in which flavor neutrinos are participating. Expanding the
state [1), over the flavor neutrino states, we find

Y=Y ey (ZUﬁE"E’ ) . (1)
7 ;

Am?, « |Armd;| and one of the mixing angle (6;;) is small.
It is easy to show (see, e.g., [40]) that in the leading approxi-
‘mation oscillations observed in atmospheric and acneleralor
neutrino experiments there are two-neutrino v, =
oscillations. For the v, survival probability from (34), we find
the following expression:

1. AmZ,L
P = w) = 1- sin®26s (1 —cos —2 ) (36)
In the leading approximation, the disappearance of ¥,’s in

the reactor KamLAND experiment is due 10 3 = .
EPPN
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natural. The (physical) flavour states neutrinos). From the presently
V,V,v, are not necessarily pure neu-  expansion rate of the uni*  Overview Research v Team
trina mass eigenstates, buta mixture of  neutrino masses are restricted

the latter. This would give rise to neu- 200 eVic?.

Samoil M. Bilenky™ . NOVA

Thus, if a flavor neutrino is produced, the neutr
time # is a superposition of states with different ¢

is, nonstationary state. The NuMI Off-axis ve Appearance (NOvA) experiment is a long-baseline neutrino
Neutrinos are detected via the observati oscillation experiment near Ash River, Minnesota which has been recording data
PEGceses since 2014.

N—1'+X,etc,
e — NOVA has two detectors, separated by 810 km. In addition to the Far Detector in

in which flavor neutrinos are participating. Ex  Ash River, MN, there is also a Near Detector at Fermilab, IL, that measures the
state |»;), over the flavor neutrino states, we find

[#1) Z |7} (ZU;','E"E"

neutrino beam before oscillations occur.

NOVA measures the 750 kW beam of muon neutrinos produced by the NUMI
beam line, and the Far Detector measures both electron neutrinos and muon
neutrinos due to oscillations. Neutrino oscillations are a quantum

mechanical phenomenon where neutrinos created in one flavor state are observed
interacting as different flavor states after travelling a given distance.
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Since charged-current interactions of neutrinos conserve lepton flavor, the de-
tection of a 7 lepton at a neul:rmo m[e(achon vertex nnphes that a v; was incident.

separated by 810 km. In addition 1o the Far Detector in
50 a Near Detector at Fermilab, IL, that measures the
liations occur.

<W beam of muen neutrinos produced by the NUM

eI e, AU g r]:| uetector measures both electron neutrinos and muon
neutrinos due to oscillations. Neutrino oscillations are a quantum

mechanical phenomenon where neutrinos created in one flavor state are observed
interacting as different flavor states after travelling a given distance.
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Review
r:{nvo",:‘z Neutrino Mixing and Oscillations in Quantum Field Theory:
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‘The use of the Aavor vacaum allows to define the exact eigenstates of the flavor charges,
(OBSERVATION O and an exact oscillation formula can be derived by taking the expectation values of flavor
charges on flavor states. It is worth remarking that such formula can also be derived.
in a first quantized approach (cf. Appendix C), independently of the QFT construction. 1S 2 10Ng-baseline neutrino
However, the QFT approach gives us a deeper insight, even fixing phenomenological 1 has been recording data

B. Lundberg,' k bounds as the TEUR (cf. Section 7), k., a form of Mandelstam—Tamm uncertainty relation
“Particle Physics Divisi involving flavor charges, which fixes a lower bound on neutrino energy resolution. This
means that only flavor sates have a physical meaning, both in weak inferactons and
SeakinD fon.| 1 d by the fact that tion to the Far Detector in

and paradoxes arise by using standard QM flavor states and assuming the mass vacuum (b, IL, that measures the
email: paolone@fritter:phyast pitt. edu llations occur.

Since charged-current interactions of neutrinos conserve lepton flavor, the de-

tection of a  lepton at a neutrino interaction vertex implies that a v; was incident. W beam of muon neulrinos produced by the NUMI

uean e, anu wie rer ustector measures both electron neutrinos and muon
neutrinos due to oscillations. Neutrino oscillations are a quantum

mechanical phenomenon where neutrinos created in one flavor state are observed
interacting as different flavor states after travelling a given distance.
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