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What is the problem !

How do we solve it ?

Two generation probabilities in matter
Three generation probabilities in matter

Some interesting observations



The Problem

In presence of decay the Hamiltonian is non-hermitian
A =H—1l'/2

The decay eigenstates and mass eigenstates need not be the same

=g [H,T]#0

Hence these are not simultaneously diagonalisable by Unitary
transformations [Berryman, De Gouvea, Hernandez, Oliveira Phys. Lett. B, 201 5]

Even if they are same in vacuum, matter effects make this
mismatch inevitable

We consider invisible decay



The Hamiltonian in Matter

Hyw = Hyy — T, /2.
The Hamiltonian in matter can be written in general as
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Choose matter basis such that the hermitian part is diagonal

The flavour evolution is given as (1) = e "="1(0).

Since  [H,,,T,] #0 == o—iHnt % e~ iHmtp—Tmt/2

—iH,, : :
One needs to express €™ as a chain of commutators using

Zassenhaus formula (inverse Baker-Campbell- Hausdroff formula)



Probabilities (two-flavour)
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Survival probability to O(%)

e—(bﬁ-bz)?
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Conversion Probability O(7)
o1+t

Pjo =———|B(0)|" [cosh(A,) — cos(A )]

Ab =b2—.b1,.AdE'dz—dl
- Ab
A)=——

> 1AY

{( I+ |A|?)cosh(Ay) + (1 — |A|*)cos(A 1) — 2Re(A)sinh(A ) + 2Im(A)sin(Aa1)J

| Term | Expreesion ]
Re(A) — ccs20,, + 7y sin 26, cos X
Im(A) g 8in 20, cos y

ElR €08” 20m — 27Ay 5i0 26, c08 20, COS ¥

|B|* | sin® 20,, + 25sin 20, (Ao siny + Ay cos 20, cos x)

(B 5= Pos # Ppgg, unlike oscillation

Probabilities to O(5°) and expressions expanding e~=' in terms of the

Pauli matrices were also done



AP, = P, (analytical)-P (exact)
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« L=295km,E ~ 1 GeV, A, = 2.56 X 1073 eV2/(2E). 6§, = 45°, (by, by. 7) = (3,6,8) X 1073 eV2/(2E), y = /4.

Chattopadhyay, Chakroborty, Dighe, SG, Mohan, PRL 2022

More realistic : three generation

Chattopadhyay, Chakroborty, Dighe, SG, arXiv 2111.13128



A specific example

The Hamiltonian in vacuum with mass and decay states same
1 [m? —io 0 A : .
H\'at::ﬁ( ! 0 m%—iag) &j = m] /T]

In matter of constant density

1 mf;’ 0 t ACC 0 —iQ1 0 f

Usual two flavour
mass matrix in
matter

!

2 . ) 2
gma _ 1 (Acc - émgl cos 20 Amj, sin 20 — g _ 1 /M7 0
eff — 4E Ams3, sin 26 Ams, cos 26 mT o9\ 0 ]\-fg

Decay part

Am3, sin 20 AMZ, = \/ (—Ace + Am3, cos20)? + (Am3, sin 26)2.

tan 20m = —Acc + Am3, cos 28

L. Wolfenstein, PRD 17, 1978 S.P. Mikhyev, A.Yu. Smirnov, SINP 42, 1985



The decay part

In the matter mass basis, the decay matrix

r _ 1 [cosby —sinby cosf sinf\ [—ia; 0O cosf —sinf cosly, sinfpy,
™ 9p \sinf,, cosfpn —siné cosé 0 —iay) \sinf cosé —sinf,, cosby, )’

* Off diagonal terms
generated

U — 1 (1\!" - —(Ql + s — (9 — 1) cos 20 (07 — 1) sin26,) S' matter

T —3(as — a1)sin20,) M2 — i(a: + s + (a2 — ) cos20)

Comparing with the general form

- ) 1

a,—ib, ——=iye% . by = —[a1 + as — (@2 — a1) cos 204 )]

O 2 ay = M?/2E B
"\ Live a-ib, ay = M} /2E by = a1 + a2 + (a2 — @) cos 28]
\'—0
¥ = L(cn — (1) sin 260

2E

With this mapping probabilities can be calculated using the general formula



Single decaying neutrino

If only the 2nd state decays => a3 =0

a, = 2;, by, = —[1 F cos[2(0 - 6,,)],
a
y =0, y = 2Esm[2(9 6,,)].

Interestingly even if we started with only one decaying state
in vacuum, in matter both states can decay (b1,b2,7 #0)

Conversion Probability:

I
§e_o‘2L/2E[(sin2 20, + (

o

m)Q sin 49m sin 49A)

Pag =

2
» FP.g= sin? 26,,, sin? (A'MmL)

AE

1
(cosh(ﬁosz cos 20p) — cos(AM3, L/2F))]
No decay limit



Three Generation: Decay of only /3

, 0 0 0 0 0 0 V. 0 0
7/}@— U Am321(0 a o)—iAmg1 0 0 Of[U"™+]0 o0 o
v 0 0 1 0 0 r 0 0 0,

ar~003~04%, s;=sin6,;~0.14~0(1) v, Am3y = ml; .

OMSD approximation ( Am35, = 0)

Using Cayley-

oo o 2 a S
Probabilities expanded in y 513,73 [ R

Theorem

Probabilities expanded in &, S13 and exact in"y3



OMSD probabilities

_omspy  Amd, o 0 0 . 400 _ fj(OMSD) if(OMSD)
g 0 0 1—iy 0 0 0
~(OMSD : :
HJ(C ' can be diagonalised as A2
m
A3 = A1+AFC3), Ay =0,
A2 A1 0 0 b
~(OMSD) _ Am3 m
Hf ~ 2E, Ri3| 0 Ay 0 | Ryg'. C13 = /(cos 2613 — A)? + (sin 2613)?
0 0 Aj
sin 2613
tan 2075 = .
an =13 cos2013 — A
HIPVEP) = diag[(A1, Ao, Ag)] — STPMEP) T(OMSD) _ pm t F(OMSD) pm _ Amg, [ ]
2 L(PMSD) = gt I B=—p2t| 0 00D
S\ 0
W' =y3sin®d0,  AF =q3cos”d0, A = —y3sin(260), 60 =073 — 13

In the matter mass basis 713 generated



A(vg —vg) = e

_z.,H(fOMSD)L

P., INn matter

|8 = [Ras RT3 Am Ry RY3]50

—

A, = exp[—iﬁs,?MSD)L]

P., = s33sin 2607} [sin 2073 — 27~_ cos 20'{5] [% (6_271"A - 6_275'"A)2 + e~ 27+8 gin? Am]

12 = 33°,

023 ~ 45° y
Am3, = 7.37 x 1077 eV? |

3 ~ 8.5° | ocp = 0°,
Am3, = 2.56 x 1072 eV?

1300 km. with decay |

Exactn 3, O3 in @, 513

O’ in @, 513, 13

Y3 = 0.1

i3
H=EN 1, V=E 5
Cls+72
7000 km, with decay|]

—— Exactin 93, OA%) in a, 513
=== O})in @, 513, 13




logq (L/km)

Accuracy of the approximations

The regions in (L-E) plane
where |AP. 5| < 1%

Grey region : /A > land
analytic expressions not
valid
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The general decay matrix

] 00 0 o Vee 0 0 o - )
H =U % 0 Am3, 0 —%F Ul+| 0 00|, a = 0.03 ~ 017,
VN0 0 Amdy 000 .
' s;3 =sinf; ~ 0.14 ~ O(4)
A2 o %71262')(12 %71363')(13
I'= E | Syigeix2 72 3723€°X3
v

1 —1 1 —1
5,7136 1X13 5,7236 1X23 3

Decay is a sub-leading effect => length scale associated with
decay < that of oscillation

mMAmy S O(\)Am3, 1Am3; < ON)Ams,  y3Am3; S ON)Am3, ,
NnSOW), MnION), 1IOW
The decay matrix is positive definite => ©0u) 5 0(:)00;)

Y1, 72 ~ O(A\3) 13 ~ O(A) vi2 ~ O(N?) | Y13, Y23 ~ O(\?)



Probabilities expanded in )3

Pos =P + P + P

. Am%lL

2 2 .2
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) 5 Asin 2A
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x sin 2A + O(\?) .

Decay part no matter dependence
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Effect of off-diagonal decay

terms as important as’ )3




Increase in probability due to decay ?

Puu at survival probability Minima (SPMIN)
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..... Numerical, with decay
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Octant sensitivity from p

No octant sensitivity in absence of decay

P,lfl’fding(dip) = 1 — sin? 203 — s55 (1- 6_473A) + 2533C53 (1- 6—273A)

Pyy

1 . 1 A 1 . I b | b 1
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K. Chakraborty, D. Dutta, SG, D. Pramanik. JHEPOS5 (2021)



Future Possibilites

Calculation of probabilities in varying density, relevant for
astrophysical sources of neutrinos like Sun, Supernova.

Studying the implications at a phenomenological level, extra
degeneracies ..

Decay and other new physics ..
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Back up slides



Formalism

# =H —il, /2

* Defining: d =a —ib, A =ay—a, Ay=by,—bh, A,=d,—d,
_ A _ A
y= 4 , Aj=—2—, A =—"—.
| Ayl | Ayl | Ayl

it
—iT 1 = = —(d; + d) 1 + X + Y.

iAt [_ i
X = _ L od 1 O Yz—ﬁ 0. e'x
) 0 1 2 \e ™™ 0

« The commutator of X and Yis

7 AL ol
=X, Y] = il ( O e )




Zassenhaus Expansion

The inverse Baker-Campbell-Hausdraff expansion

OXHY — X Y o~V LRIV X VD

Note that | Yl ~7IX] & Y~ 7|X]|?

o = n,...Nn

eX+V=(1+Z Y P

P=1 nl,...,npzl np(np + np—l) e (np +...+ nl)

Y, =—LLY

To obtain expression upto O(7) we need to consider p=|

. Sin(A 7 cos(A ) — 1 ,
MY =11+ (B )V— (B40) ioY | e™.
At At -




Probability calculation 0(V)

« The amplitude matrix in mass basis in matter is given by

e—id]t — reg (1)
of = e—i%’mt — Ag
‘m — _ ?
| o . .ye %g_(t) —id
gi(l) — E(e—ldzt + e—ldlt) —1 Ad e l Zt
—iH t 77t 2
(Hilap= [Un ™A U] Pr= ety



