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Neutrino propagation in matter

The interaction of neutrinos with matter (e-, p, n) affect their propagation
= modified oscillation parameters + a new phenomenon: matter-induced
flavour conversion in a medium with varying density

Appropriate description: Schrodinger-like equation
d
i () = Hv(t))

The Hamiltonian H contains a potential term describing the interactions of
the neutrinos with the medium and can depend on t

It is convenient to write the Schrodinger equation in the flavour eigenstate
basis { |va) , |[vg), -}, inwhich |v(t)) = > 5 vs(t) |vg) :

vg(t) = (vgl|v(t))
z— V@ ZHBW V’Y Hg, = (vg| H |vy)

vg(t) is the probability amplltude to find the neutrino in the state |vg) at t
if |v(t=0))=|va),then P(vy, — vg) = |vg(t)|?



Vacuum oscillations in the Schrodinger formalism (2-flavour case)

4 (va(t) Vo (t) E; 0
- « — H « — T
Zdt (V@(?ﬁ)) 0 (V@(t) Ho U 0 FEs U
The Hamiltonian in vacuum Ho is diagonalized by the PMNS matrix

One can check that this reproduces the standard oscillation formula (*)

It is convenient to subtract from Ho a piece proportional to the unit matrix
(which only affects the overall phase of the neutrino state vector |v(t)),
leaving oscillations unchanged) to bring it to the form:

_Am? cos 20 Am? sin 20 E = neutrino energy (negligible
Hy = Kﬁ AE difference between Ei and E2
“AE sin 20 0 for ultra-relativistic neutrinos)

;Ui vi(t) ,where v;(t) = (v;|v(t))
)\ it is enough to solve the

7,(O) = e ity UZv,(0), hence
(Uy|Va) = 04a, Which reproduces

(*) proof: first note that [vg) = >, Uz, |vi) = vs(t) = >, U
to compute the oscillation probability P(v, — vg) = |vg(t
Schrodinger equation for v;(t), which gives v;(t) = e~ *Eit
v(t) = Zz’,’y UsiUg; e~ 1,(0), where vy(0) = (v, |v(0)) =

the known oscillation formula



Neutrino Hamiltonian in matter

Hy — H,,=Hy+V
V induced by interactions (anti-)neutrinos / e-, p, n of the medium

Relevant interactions: forward elastic scatterings ( p,, unchanged)

\;{ \\\ﬂ/ L '\Ea’ /ﬂ,v Ve (AT

| bl
WV s B
e ' \e € P,’h/?_/ = YT
CC —only for 1/, NC — same for . ;, + = can be subtracted from Hm
_ _ __Gr GF = Fermi
Voo = \[2 Grmne (37) VN = V2 n (:C) constant

In the flavour eigenstate basis:
<Hm)5’7 — (Ho)ﬁ’y + Vﬁ 55W Vg = Vcﬁc - V1\?C
For anti-neutrinos, V has the opposite sign: |V — —V/

For a sterile (= insensitive to weak interactions) neutrino: V3 = (



Example with electron neutrinos and another flavour:

() = (a) {82

H. ( AQ”E7’ ZOSQ@+[GFH Aﬂ; 81n29>
iE 0
| ne(z) if 8=u,t
" ne(x) — %nn(m) if 0=-s

For antineutrinos, +v/2 Grn — —V?2 Gpn



Energy levels in matter and matter eigenstates

In vacuum, the PMNS matrix U relates the flavour eigenstates to the mass
eigenstates (= eigenstates of Ho):

(l)) o (o)) = B=vrem

vs) By =/p? +mj
In_matter, one defines matter eigenstates = eigenstates of Hm
va) ) _ [ ) «— ET? eigenvalues of H,, =
lvg) o g «— EI energy levels in matter
Um contains the mixing angle in matter that diagonalizes Hm :

B ET 0 ; [ cosl,, sinb,,
Hm_Um<O E?>Um Um_< )

—siné,, cosb,,

By analogy with v3(t) = (v3|v(t)),one defines v (t) = (v["|v(t))

(2

(amplitude of probability to find the neutrino in the ith matter eigenstate at t)

then (Z;g;) = Um (Zggg)



Medium with constant matter density

n(x) = n = Hm, hence the matter eigenstates |/]"), energy levels £ and
mixing matrix Um, do not depend on t

Using (Z;Eg) = Un, (238) , one can rewrite the Schrodinger equation for

the probability amplitudes v/" (t)

() (BP0 ()
dt \vy'(t)) —\ 0 EF ) \v"(t)
which is solved by v™(t) = e £t y™(0), giving

(B — En)t
2

Plvg = vg) = lvg(®)] = |5, (Un) gs v (£)|° = sin® 26,,, sin’

— oscillations in matter with constant density are governed by the same
formula as in vacuum, with the replacements
Am?*  (E; — E)

v 00, :
~ 1L >




Oscillation parameters in matter

, (B2 — B

P(vq — vg) = sin® 20,, sin

2
EF — EM™ = &7 /(1—-1)? cos? 20+sin? 20

2E Nres
sin 20, = S0 20
\/(1— %es) cos? 20-+sin? 260
1—-=2 cos 260
cos 260, = ()

1— -2 )% cos? 20-+sin? 26
V(-7)

Nres

MSWV resonance (Mikheev-Smirnov-Wolfenstein):

sin26,, =1 for n = Nyes

(irrespective of the value of the mixing angle in vacuum 0)

Am? cos 20 > 0

Resonance condition: { Am2 cos 20 < 0

Am? cos 20
22 GpFE

nres

for antineutrinos,
n — —n

(n = ne if only active neutrinos)

for neutrinos
for antineutrinos

When neutrino oscillations are enhanced, antineutrino oscillations are suppressed,

and vice versa



Different regimes for oscillations in matter :

Nres > 0

[ HSW Aneng

- low density ( n < Nyes ) ¢ sin 20, ~ sin 260 = vacuum oscillations
- resonance ( N = Nyes ) ¢ sin26,, = 1

- high density ( 7 > n,es ) : sin 26, < (K)sin 20 = oscillations are
suppressed by matter effects



Application: determination of the mass hierarchy in long-baseline experiments

Two mass orderings allowed by experiments:

|Uu3|2 ’U13|2
V3 Am221
|Ue3|2

@ Normal hierarchy Inverted hierarchy

< 2

g Am? Ame,3
X Ul T AmE >0 . Am3; <0
o A% - - o
N r— e -
2 [Ue? 2
: flavor Z FLAVOR

Am3, L

In vacuum:  P(v, — v,) =~ sin? @,3 sin® 26013 sin” ( 4;1

For long baselines (> several 100 km), matter effects cannot be neglected

nres _

Am?, cos 2013 Nres > 0 for normal hierarchy
2V2GrE Nres < 0 for inverted hierarchy

If nres is close to the Earth crust density, neutrino (antineutrino) oscillations
are enhanced for NH (IH), while antineutrino (neutrino) oscillations are
suppressed

[may have to disentangle CP violation from matter effect]



an outdated but p_ TV
. . Ve = V)
informative plot

Wrong—-Sign Muon Measurements
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Figure 2: Predicted ratios of 7, — #, to v, — v, rates at a 20 GeV neutrino factory. The statistical
error shown corresponds to 10 muon decays of each sign and a 50 kt detector.

» Un baseline de L = O (3000 km) est nécessaire/optimale

[3ueUSIYAA ‘Bley U930 Yadieg]



Medium of varying density (e.g. the Sun)

Now the matter eigenstates, energy levels and mixing angle depend on t

— “instantaneous” matter eigenstates: |v]"(t)) <+ E!"(t)

o= (4 g )b e = (SR 22A)

The Schrodinger equation now depends on the time variation of Om:

(R - (50 2) (2)

In most physical environments (including the Sun), the evolution is adiabatic
(the neutrino state has the time to adjust to the variation of density) and one
can neglect 0,, in the Schrodinger equation. A neutrino produced in a given
matter eigenstate will stay in the same matter eigenstate during its
propagation, but its flavour composition will change

— adiabatic flavour conversion



“Level crossing” in the Sun (case ne (r=0) >> nres)

A
7’

/_’/’/' Ve

=

O JU nun

This is the case for high-energy solar neutrinos (E > | MeV)
Ne(r = 0) > npes = sin260° ~ 0 and cos 200 ~ —1 = 0 ~ 1/2
= |n.) =cos B |nT(r =0)) +sind> |n3(r =0)) ~ |n5(r = 0))

=> a neutrino produced at the center of the Sun is a quasi pure matter
eigenstate and, as it evolves adiabatically, exits the Sun in the same eigenstate

V5" (r = Rgun)) = |v2) =sinf|v.) +cosf|vg) (B =p,T)



=> a high-energy neutrino produced at the center of the Sun is a quasi pure
matter eigenstate and exits the Sun in the eigenstate

V3" (r = Rsun)) = |v2) = sinf |ve) +cosblvg) (B =p,7)
=> reaches the Earth as a |1»), giving (using the observed value of 4,5 for g)
P.. = |[(veln)|* = sin®6 ~ 0.3

For low-energy solar neutrinos, the level-crossing condition is not satisfied

(ne(r = 0) < Nyes ) and matter effects are small

1
=> averaged vacuum oscillations: P =1-— 3 sin? 20 ~ 0.58
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3-flavour interpretation

(aka « 3-flavour global fit »)

|. Esteban et al., JHEP 09 (2020) 178
NuFIT 5.3 (2024), www.nu-fit.org

(based on data available in March 2024)

All experimental data (leaving aside

a few anomalies) is very well
described in the 3-flavour framework,
and the determination of oscillation
parameters is becoming more and
more precise

Other fits by F Capozzi et al. (2021)
and P. F de Salas et al. (2020)
find similar results

of experimental results

| NUFIT 5.3 (2024) |
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The different contours correspond to 1o, 90%, 20, 99%, 30 CL (2 dof).


http://www.nu-fit.org

Allowed ranges for the oscillation parameters (March 2024)

[I. Esteban et al., NuFIT 5.3 (2024) , JHEP 09 (2020) 178]

Normal Ordering (best fit) Inverted Ordering (Ax? = 9.1)
bfp £1o 30 range bfp £1lo 30 range
sin? 612 0.30779513 0.275 — 0.344 0.307190-012 0.275 — 0.344
g | 02/ 33.6710° 7% 31.61 — 35.94 33.670° 7% 31.61 — 35.94
o
2 | sin® Oag 0.45410-019 0.411 — 0.606 0.56870 055 0.412 — 0.611
O
< | O23/° 42.3%05 39.9 — 51.1 48.9199 39.9 — 51.4
N
o
% sin? 013 0.0222410-90956  0.02047 — 0.02397 | 0.0222275-590%9  .02049 — 0.02420
x 013/° 8.58T0 11 8.23 — 8.91 8.5710 13 8.23 — 8.95
= | dep/° 232139 139 — 350 273124 195 — 342
=
Am%l +0.21 +0.21
TR 7.41+0:21 6.81 — 8.03 7.4170-21 6.81 — 8.03
Am%e +0.024 +0.027
m +2.505" 5 936 +2.426 — +2.586 —2.487" 024 —2.566 — —2.407

30 uncertainty around 5% for 0,5, and Am3, , less than 10% for 6, and Ams3,



The best known parameters are ;3 and Am3, (Ams3, in the case of inverted
ordering), with 30 uncertainties below 10%,and 6,5 and Ams3,,with 30
uncertainties around 5%

By contrast, 0,5 (first [ 53 < /4] or second [ A3 > 7 /4] octant ?),
the mass ordering (or mass hierarchy), and the CP-violating phase ¢ depend
on subleading 3-flavour effects and are poorly known

=> not yet statistically significant

Inverted mass ordering is disfavoured at 3o when including atmospheric
neutrino data (|.50 otherwise, due to the interplay between LBL accelerator

and SBL reactor experiments, which are sensitive to different combinations
of Am3, and Am3,)

CP violation: CP conservation is excluded at about 90% C.L.and the best fit
for the CP-violating phase is around 230°. Assuming the true ordering is
inverted (which is disfavoured), CP conservation is excluded at 30

023 octant: no significant statistical preference for either of the two octants




The absolute neutrino mass scale

Oscillation experiments measure only mass squared differences
— information on the neutrino mass scale from beta decay or cosmology

Cosmology

Upper bound on sum of neutrino masses from CMB and large structure data
[eV-scale SM neutrinos would be hot dark matter and affect structure formation, leading
to fewer small structures than observed = must be a subdominant DM component]

(95 %, Planck TT,TE,EE+lowE

> m, <012V +lensing+ BAO). [Planck 2018]

[adding Lyman-a, Palanque-Delabrouille et al. obtain < 0.09 eV, 95% CL (JCAP04 (2020) 038)]

Kinematic measurements (beta decay)

The non-vanishing neutrino mass leads to a distortion of the Ee spectrum
close to the endpoint

Best bound (KATRIN) : m, < 0.8eV (90%C.L.)
[Nature Phys. 18 (2022) 160]



Tritium beta decay

H— "H,.+e +0, Eo =msy —map_
The electron energy spectrum is given by:

dN

dE, R(E.) \/(Eo — Ec)? —m? Le = bo — By

Effect of the non-vanishing neutrino mass: E"“" = FEy — Ey—m,

=> distorsion of the Ee spectrum close to the endpoint
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Present bound (KATRIN) : m, < 0.8eV (90% C.L.)

KATRIN will reach a final sensitivity of about 0.3 eV (95% CL)
(50 discovery potential 0.35 eV)

In pratice, there is no electron neutrino mass, but 3 strongly mixed mass
eigenstates. However the energy resolution does not allow to resolve them,

and what is measured is the effective mass 9 9
mB p— Z m ’Uez‘
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Future experiments like Project 8 aim at the 40 meV level (just below 10)



In practice, there is no electron neutrino mass, but 3 (or more) strongly
mixed mass eigenstates, and

dN 2 2
T = BE) Y |U V(Eo — B2 = m? ©(Ey — B, —m))
If all mi’s are smaller than the energy resolution, this can be rewritten as:
dN
_ 2 2 2
5 = R(E) V(B — Eo)? —m3 m? = Zm Ui

If there is an eV-scale sterile neutrino (comparable to the energy resolution of
KATRIN), its mass may be resolved:

1 dN
R(E.) dE.

+ |U€4|2 \/(Eo — Ee)Q — m4 @(EO — Ee — m4)

= (1= [Uea?) \/ (Bo = E)? = m?

(dN/dE,)"?




The neutrino nature: neutrinoless double beta decay

(A, Z) — (A, Z+2)+e +e A u

violates lepton number by 2 units W
=> possible only for Majorana neutrinos
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integrated phase-space factor nuclear matrix element (NME)
(large theoretical uncertainty)

Sensitive to the effective mass parameter:

- 772 2 2 2iaq 2 2 2iag 2
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i

possible cancellations in the sum (Majorana phases oy, ag in U)



[Dell’Oro et al., arXiv:1404.26 1 6]

cosmological
upper bound on

mi (NH) / m3 (IH)

(Planck 2018)
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* need to reach |0 meV to exclude IH (lower bound on mgg)
* need to reach few meV to test NH (if no mass degeneracy)
e if unlucky (m1 ~ 1-10 meV), may not observe 3p0v even if

neutrinos are Majorana (cancellation in mggdue to ai, az)



A. Giuliani, Neutrino 2018

~ Even the most ambitious of the current-generation
experiments can arrive at best here
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currently here, around 100 meV
(experimental upper bounds
depend on NME calculations
=> 2 - 4 uncertainty factor)

around 40 meV

Current best limit (90% C.L.) :
KamLAND-Zen (2022)
136X e-loaded liquid scintillator

TV, > 2.3 x10% yr
mpgp < (36—156) meV

(uncertainty from NMEs)

\ around 10 meV



