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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 { |V.), |v3), -}, in which |v(t)) = ZB va(t) |vg) :

vp(t) = (vplv(t))
Z_ Vﬁ ZHBW ny Hgy = <V5‘H‘V’Y>

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



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

alin) = m (i) meo(§ g )v

The Hamiltonian in vacuum Ho is diagonalized by the PMNS matrix

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

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

Am? Am? -
— cos 20 sin 26
Hy = 2F 4E

Aél—”g sin 260 0

(*) proof: use the fact that [v,) = >, UJ; |vi) = v, (t) = >, Ui vi(t), where v;(t) = (v;|v(t))
to show that the solution of the Schrodinger equation is v, (t) = > . Uy; v;(t) with
vi(t) = e Fit 1, (0) = e *Eit U} 1v5(0), which reproduces the known oscillation formula



Neutrino propagation in matter

HO — Hm — HO +V
V induced by interactions (anti-)neutrinos / e-, p, n of the medium

Relevant interactions: forward elastic scatterings ( p,, unchanged)
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CC —only for v, NC — same for V¢ ,, + = can be subtracted from Hm
- _ __Gr GF = Fermi
Voo = \@GFne (37) VNe = V2 fn (ZE) constant

In the flavour eigenstate basis:
(Hm)ﬁ’y — (HO)B’Y + V3 557 Vg = VCBC - Vl\?C
For anti-neutrinos, V has the opposite sign: V' — —V

For a sterile (= insensitive to weak interactions) neutrino: 13 = 0



Example with electron neutrinos and another flavour:

(o) =m () {52nn.

H. ( AQ”E7’ ZOSQ@+[GFH Aﬂ; 81n29>
5 0
| ne(z) if 8=u,t
" ne(x) — %nn(m) if f=-s

For anti-neutrinos, +\@Gpn — —\@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):

(1)) = (o)) = B=vEem

vp) By = \/p?+m3
In_ matter, one defines matter eigenstates = eigenstates of Hm
va) ) _ [ lv]) «— ET" eigenvalues of H,, =
lvg) o s «— EI" energy levels in matter
Um contains the mixing angle in matter that diagonalize 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)

wen (o)) = o (U50)



Medium with constant matter density

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

Using (Z‘;Eg) = Un (Zimngg) , one can rewrite the Schrodinger equation for
the probability amplitudes v/[" (t)

(v (BP0 ()
dt \v3'(t) )\ 0 EF ) \v(t)
which is solved by v™(t) = e ~*Ei"t 1(0), giving
(B2, — EL)t

2 m
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

, .o (E? — El)t
P(vy — vg) = sin® 20, sin” (Eo, 5 m)
2
B — ET = Am” (1— T )26082 260+sin? 26 Am? cos 26
2 1 2F Nres Nreg =
o 2v2GrE
sin 260,,, = = -
n 2 :
\/(1_nres) cos 26+sin” 26 for antineutrinos,
1——2—)cos 26 n — —"n
cos 20, = ( ”;eS) . . .
\/(1— — ) cos? 20+sin? 26 (n = ne if only active neutrinos)
MSWV resonance (Mikheev-Smirnov-Wolfenstein):
sin26,, =1 for n = Nyes
(irrespective of the value of the mixing angle in vacuum 0)
L Am? cos20 > 0 for neutrinos
Resonance condition: 5 , ,
Am?~ cos 20 < 0 for antineutrinos

When neutrino oscillations are enhanced, antineutrino oscillations are suppressed,
and vice versa



- low density ( n < Nyes ) ¢ sin 26, ~ sin 260 = vacuum oscillations

- resonance ( N = Nyes ) ¢ sin26,, = 1

- high density ( n > 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 ‘UIS‘Z
V3|Ul|2:_ 4 ‘ Am221
e3

o Normal hierarchy Inverted hierarchy

< 2

= Am? AM©,3
5 vy |Ue2|2 . Am§1 > O 8 Am%l < 0
I r—————l gt -
2 |UeI|2 2
: flavor Z FLAVOR

Am?2, L

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

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

— Am2, cos 2013 Nres > 0 for normal hierarchy
res — 2/2GFrE 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]
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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
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Medium of varying density (e.g. Sun)

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

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

= U (0 i )0 O = (R )

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

(R - (50 2) (24)

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
o

Faa

&
N e TN,
P t; 2
S e < 0
S = T\\
~_
s
\ £ ~
{ 1 5 X
- G > 48

0 JU nun
This is the case for high-energy solar neutrinos (E > | MeV)
Ne(r = 0) > Npes = sin260) ~ 0 and cos26) ~ —1
= 00 ~71/2 = |v.) ~ [vF(r =0))

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

V5" (r = Rgun)) = |V2) =sinf|v.) +cosf|vg) (B =p,T1)



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

vy' (r = Rsun)) = |v2) = sinf|ve) +cosfvg) (6= p,7)
and reaches the Earth as a |v»), giving
P.. = |(veltn)]” = sin?60 ~ 0.3

For low-energy solar neutrinos, the level-crossing condition is not satisfied
(ne(r = 0) < nyes ) and matter effects are small

=> averaged vaccum oscillations: F.. ~ 1 — 2 sin” 260 ~ 0.6
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The absolute neutrino mass scale

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

Cosmology

Current upper bound > m, <0.23eV  (95%; Planck+WP-+highL+BAO)

Kinematic measurements (beta decay)

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



Tritium beta decay:

°H— *H.+e + 1, Eo = msy — msg,
The electron energy spectrum is given by:

dN

= = R(E) vV (Eo — E.)? — m2 E. = Fy— F,

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

=> distorsion of the Ee spectrum close to the endpoint
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Present bound (Troitsk/Mainz):

my,

< 2.2eV

(95% C.L.)

KATRIN will reach a sensitivity of about 0.2 eV (50 discovery potential 0.35 eV)

In pratice, there is no electron neutrino mass, but 3 (or more) strongly mixed
mass eigenstates. However the energy resolution does not allow to resolve
them, and what is measured is the effective mass
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KATRIN will test only
the degenerate case

data taking will start in 2017

Future experiments like Project 8 aim at the 50 meV level



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

dN 2 2
dEe — R Z‘U€Z| \/EO— ) — m; @(EO—Ee—mi)
If all mi are smaller than the energy resolution, this can be rewritten as:
dN 2 2 2
5 = R(E) \/(EO—E€)2—mB mﬁ_zm U]

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

1 dN
R(E.) dE.

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

= (1= [Uea?) \/ (Bo = B)? = m3

(dN/dE,)"?




The neutrino nature: neutrinoless double beta decay

(A7) = (A Z+2)+e +e _u
violates lepton number by 2 units W )
. . . €
=> possible only for Majorana neutrinos —
E 1%
09f — 2vpp
08t — OvBp (B.R. = 107 5
E o.ré:— ez
Epe W
BBV Qps = Ex+Ep & s
L ety
o] 0 2 A0 Ov |2
M . v _ v __ v 174
Half-life: [Tl /2} = T% = (|(my)|/me)® G |M*]
integrated phase-space factor / \ nuclear matrix element (NME)
Sensitive to the effective mass parameter:
_ Z 2 2 2 2ia 2 .2  2i« 2
<my> — szez — m16130126 1 _|_ m26138126 2 _|_ m3813
0

possible cancellations in the sum (Majorana phases a1, @3 in U)
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Figure 6: (Color online) We show the allowed range of values for |(m,)| as a function
of the lowest mass eigenstate mg using the three standard neutrinos for the cases of
normal (NS, mg = my) and inverted (IS, mg = mg) spectrum of neutrino masses. Also
shown are the current experimental limits and the expected future results [183] (QRPA
NMEs with CD-Bonn short-range correlations and ¢5/ = 1.25 are assumed [174, 184]).

* need to reach 10 meV to exclude IH (lower bound on (m,))
* need to reach few meV to test NH (if no mass degeneracy)
e if unlucky (ml ~ 1-10 meV), may not observe Bf0v even if

neutrinos are Majorana (cancellation in (m,,))



Sterile neutrinos

Several experimental anomalies suggest the existence of sterile neutrinos

LSND (|993'|998): DM — De OSCi”ationS c%102?-----' :

o
1S
<

Excess of U, events over background at 3.8 ¢ o}

Not observed by KARMEN
MiniBooNE (2002-2012):

V,, — Ve data: no excess in the 475-1250 MeV range, '}

but unexplained 30 excess at low energy

Am? (eV?)

V,, — Ve data: U excess in the E > 475 MeV
region consistent with LSND-like oscillations,
but not very significant (2.8 o)

A low-energy excess is also seen

— unconclusive

[MiniBooNE 2-neutrino fit using the full . L.

200-1250 MeV data, arXiv:1303.2588]
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lceCube (2016):

excludes most of the LSND + MiniBooNE allowed

disappearance

region through v,
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FIG. 4. Results from IceCube sterile neutrino searches (re-
gions to the right of the contours are excluded). The dot-
dashed blue line shows the result of the original analysis based
on shape alone, while the solid red line shows the final result
with a normalization prior included to prevent degeneracies
between the no-steriles hypothesis and sterile neutrinos with
masses outside the range of sensitivity. The dashed black line
is the exclusion range derived from an independent analysis

of data from the 59-string IceCube configuration.



Reactor antineutrino anomaly (201 1):

New computation of the reactor antineutrino spectra
[Th. Mueller et al.,,2011 - P.Huber, 201 1]

=> increase of the flux by about 3%
=> deficit of antineutrinos in SBL reactor experiments

Mean observed to predicted rate 0.943 £ 0.023 [G. Mention et al.,arXiv:1 101.2755]
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Gallex-SAGE calibration experiments:

Calibration of the Gallex and SAGE experiments with radioactive sources
=> observed deficit of /., with respect to predictions

R=0.86 +£0.05

All these anomalies suggest oscillations with a new Am? > 1eV?

However, no coherent picture of all data with an additional (or even 2) sterile
neutrinos: tension between appearance (LSND/MiniBooNE antineutrino data)
and disappearance experiments (reactors + v, disappearence experiments,
including IceCube) + tension between LSND and MiniBooNE neutrino data

Also, cosmology leaves little room for a sterile neutrino:
Neg = 3.15+£0.23 (68% C.L.) [Planck 2015 + BAO]

— need experimental clarification



Active-sterile neutrino mixing

Standard case (3 flavours):

o« = 2. Uw Ve (<=12,27]
— | < L - ="
with. maqaa m

Add a sterile neutrino:

4 Vs flavour eigenstate
Va = Zi:l Uai Vi 0= €41y T | /4 mass eigenstate (m4)

U = 4x4 unitary matrix

Only v, v,,, Vs couple to electroweak gauge boson, but all four mass
eigenstate are produced in a beta decay:

W/ €
/\M\—A/\< )
Ve — Zizl Uei Vi



We are interested in short baseline oscillations with

2 2 2 2
Ami, L <1 = sin? <Am41L> > sin” (Am31L> , sin” (AleL)

1F 1F 1F 1F

- aPPrOXimate Am§1 = Amgl = O, Am?w = Am?m == Amil — Am%BL

2

Pya —Va

1= 4([Ua1* + |Uazl® + [Uas|") [Uaa|* sin” ( AE

Am2. L
1 _ g 22%@ .9 41
sin sin ( 1

Am?, L)

where sin?20,,, = 4(1 — ‘Ua4‘2)‘Ua4‘2

. . . . o [AmZ L
Py vy ~ — 4Re [(UaUjy + Ua2Upy 4+ UasUjs) UgyUga] sin i
Am3, L
—  oin2 -2 41
S111 g Sl ( 1 )

where sin? 2003 = 4 |Ua4U54|2



Tension between appearance (LSND + MiniBooNE antineutrino data) and
disappearance experiments (reactors, I/, disappearence experiments)

Am?2. L
Reactors: Py 5 ~1-— sin” 26, sin® 11
AFE
require relatively small sin® 20, = 4 (1 — |Ues|?)|Uea|? =~ 4 |Uecs|?
(using info from solar neutrino data)

Am3, L)

CDHS, IceCube: P, ., ~ 1-— sin? 20, sin? ( iF
require relatively small sin?26,, = 4 (1 — |U|*)|Uu|? ~4|U,4/?

(using info from atm. neutrino data)

Appearance experiments (LSND + MiniBooNE antineutrino data):

Am?2, L
P, 5, sin? 20, sin? < Tél )

require relatively large sin®20., = 4|U.4U,4|* ~ = sin® 20, sin® 20,

NG



Parameter region allowed by v, /v, disappearance data
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Figure 2. Allowed regions at 95% CL (2 dof) for 341 oscillations. We show SBL reactor data
(blue shaded), Gallium radioactive source data (orange shaded), v, disappearance constraints
from v,—1?C scattering data from LSND and KARMEN (dark red dotted), long-baseline reac-
tor data from CHOQOZ, Palo Verde, DoubleChooz, Daya Bay and RENO (blue short-dashed) and
solar+KamLAND data (black long-dashed). The red shaded region is the combined region from all
these v, and 7, disappearance data sets.



Pre-lceCube tension between appearance and disappearance data
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Figure 8. Results of the global fit in the 341 scenario, shown as exclusion limits and allowed regions
for the effective mixing angle sin® 20,,. = 4|U.4|?|U,.4|? and the mass squared difference Am?2,. Left:
Comparison of the parameter region preferred by appearance data (LSND, MiniBooNE appearance
analysis, NOMAD, KARMEN, ICARUS, E776) to the exclusion limit from disappearance data
(atmospheric, solar, reactors, Gallium, CDHS, MINOS, MiniBooNE disappearance, KARMEN and
LSND v,—!2C scattering). Right: Regions preferred by experiments reporting a signal for sterile
neutrinos (LSND, MiniBooNE, SBL reactors, Gallium) versus the constraints from all other data,
shown separately for disappearance and appearance experiments, as well as their combination.



Tension between IceCube and appearance data

lceCube constraints vs appearance
[lceCube Collaboration, arXiv:1605.01990]

Global fit of SBL data + IceCube

(includes both appearance and disappearance data)

10 - - [G.H. Collin et al., arXiv:1607.0001 1]
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the appearance region (blue) assumes
Ue4)? = 0.023 (best fit from Kopp. et al.)
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Uea =Urs =0 (014 =034 =0)

SUPPL. FIG. 1: The solid (dashed) line represents the 90%
C.L. IceCube limit when calculated with 634 = 0° (634 = 15°).

The result of the SBL+IC global fit is overlaid, Red — 90%
CL; blue-99% CL.



