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A Are the neutrinos massive ?

A

Direct measurement of Search for neutrino
neutrino mass oscillation

‘ l

Ongoing effort I Decades of measurements I
(4th lecture) 1

* Neutrino masses are < eV Intriguing puzzles in.
solar and atmospheric

* Typical neutrino energies are neutrino

MeV (solar)-GeV(atmospheric) measurements
* How can a “HEP” experiment be
sensitive to kinematic effects
o(m/p)*~10**to 108 ?

A 4

Discovery of neutrino
masses and mixing

EIPS Lyon 2014 Marco Zito 2



- Principle of neutrino oscillations

Detector
'I-[+

We would like to investigate if this reaction, a neutrino flavor
transformation during the propagation, is possible, both theoretically and
experimentally.
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E. Lisi Large NI 2014

Neutrino oscillations: well established !
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Data from various types of neutrine experiments: (a) aolar, (b) long-baszeline reactor,
() atmospheric, (d) long-baseline accelerator, (e) short-baseline reactor, (f,g) long

bazeline accelerstor (and, in part, atmospheric).

{a) KamLAND [plot]; (b} Borexino [plot], Homestake, Super-K, SAGE, GALLEX/GNO,
SNO; (c) Super-K atmosph. [plot], MACRO, MINOS etc._; (d) T2K (plot), MINDS, K2K;
(e) Daya Bay [plot], RENO, Double Chooz; (f) T2K [plot], MINOS; (g) OPERA [plot],

Super-K atmospheric.

See alzo other talks at thiz Mesting.
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NB: u->v; d->I
- Flavor and the Standard Model

tandard Model is based on the gauge group SU(3).xSU(2),xU(1),, with

two interaction terms for fermions :

1 : _
Lo _‘u'"% gl 1,d W+ hie. Interaction q,-W (charged current)

L "~

= e
f j

Lo _V.- 13 BT V.' é aB L+ T, Interactions g-Higgs, mass terms

If we consider the mass eigenstates, the charged current is not diagonal in the flavor

space "
Lw gru.rv, @vﬂ H"I F h.e.. CKM

1Massc

Lf:'l L ﬂ'.:lrd L{'Li’ : ﬂ.-f:: = 1 .i"’:.f.ﬂ-"llffu. IJ:JTH 1 I"’!-:J ag 5
saveur

With M OvG, M O0vF and V=V VT

The unitary matrix V (CKM for quarks, PMNS for leptons) depends on 3 angles et one
(or more) phase
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- Principle of neutrino oscillations

cosd sinf
U= _
% sin@ cosd E

Vl-l 4 V2

0 v,

Notice that the flavor eigenstates differ from the mass eigenstates.
Therefore the source produces a linear superposition of the mass

eigenstates .
J Greek indices for flavor

N
. Latin for mass eigenstates
v, = > U_,V.
a ai” 1
I
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- Principle of neutrino oscillations

N
=5 Ualv,) At t=0 a flavor eigenstate
. N y
V(x,l‘)> = ZUme Py, ) At time t it has evolved
2

px=Et—pL :p(t_L)'l'A;i L
2 Assume our v are relativistic M<<

E = /7]9 = 1;4 P
p

N _iM,?L
v(L))= Z 2

Using U+U=1, we write the mass eigenstate in
B terms of the flavor eigenstates

.MEL

L]
V(L)) = Z?U e PU p %v[;} Now all the neutrino flavors are present !
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Neutrino oscillation is neutrino interferometry

Two-slits (masses) quantum interference experiments !

1th|ase(—ipqx\j J

________________ v,

> L
Phase shift (p,-p,)x~Am? L/4p=> Interference

“Neutrino oscillation” is due to the phase shift between the lighter states (in
advance with respect to phase) versus the heavier. Out of phase linear
superposition means the other flavor eigenstates (not present at t=0)

appear during the propagation.
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Two neutrinos oscillation

- cosd sind
_%sinﬁ cosﬁ%

‘V(L)} =e % cos@‘vl>+e 2P sin@‘vz>
A, - v,)=—e 7 cosfOsinf+e °’ sinBcosf
. . (Am* L0
P(v, - v,)=2cos" @sin’ 8 —2cos’ Osin” HcosBm—D
02p O
L0 . . L0
=4cos’ Bsin” Gsin’ é‘ﬂgz sin” 26sin’ EI‘LD
04p O 04p O
2
PV, -v,)=1-P(v, - v,)=1-sin’ 20sin’ M
4p
LOSC :277- 2p2
Am
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Two neutrinos oscillation

\L ) - f"i"-e
Disapbearance
Am?2 _ APPARITION
1 sin20 Vi
Losc L.
. 9 . AmzL]
P(v, - V,)=sin"20sin
4p

[amL

Py, -v,)=1-PV, - VM):I—sin2 20sin A
p
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Typical Lengths-Am?

L osc ~ 2.5 km E (GeV)/ Am? (eV?)
Source Energy Distance Am?
Reactor 4 MeV 100m 0.1 eV?
Accelerator 1 GeV 1 km 2.5 eV?
Atmospheric 400 MeV 10 km 0.1 eV?

10 000 km 104 eV?

Sun 1 MeV 500s 1011 eV?2
1 GeV 1000 km 2.5 103 eV?
1 MeV 25 km 8 10> eV?
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Principle of neutrino oscillations

|V(L>>:Z ZUaie » Uﬁi"|"ﬁ>

B
ML

—i

A(a-)ﬂ):<vﬂ|v(L)>= YU e ™ U

i

Prob (aéﬂ):|<vﬂ|v |—ZJ i (1-2sin q§U+zs1n2(|) )

ij

Léaﬁ—z 4Re(J ’J )sin qby Y 2Im(J ” Jsin @,

i<j i<j

e?®=1—-2sin? Pp+isin 20

qﬁg__ _ __Z1A[U
J TEUGUU Uy ¢,~,~=¢i—¢j—2p
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A Principle of neutrino oscillations

Prob(a —» B) =6, 4Re(J"y)sin’ ¢, — > 2Im(J%y)sin g,
i<j i<j

JPy=U,U, U, U _p, -0, =M oy g

i =UU Uy Uy 9,50, -9, = 2p i j

* If all the masses are equal, Prob=l

* Oscillation are sensitive only to difference of mass squared (NOT
absolute mass)

* Total flux is conserved

2
AmL =1.270m"(eV?) Llkm)
4p p(Gel)
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A CP violation

e want to study if P(a->B) is equal to P(a->P)

— — CPT «
P(Va _)V:B):P(V,B _’Va):P(Va —>V'3,U — U)

- . h .
Prob(a — f)=35,, -4 RE(J;ﬁ)SmE o, @(J;ﬁ )S@ranges sign
" N antineutrinos

ﬂ 23" * *
’: T Amy=mti—m?, JE=UU U
P

ﬂjz@z_@j:

If U is complex, CP violation effect can be observed in oscillation

For the N=3, case, Im(J) is proportional to the Jarlskog invariant (area of
the unitarity triangle, cf CKM matrix for the quark mixing)
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Pontecorvo, Maki, Nakagawa, Sakata

A The PMNS matrix

“Atmospheric” “Solar”
EUel Uo U, H Hl 0 0 ﬁ Cl3 0 5136_16 % ¢, S, 0 H
U=V, U, UjizF0 cy3 8550 1 0 Fs, ¢, 00O

S UT3H B) T3 (223%-3‘136 0 ¢ %O 0 15

NxN unitary matrix, N(N-1)/2 angles, N(N+1)/2 phases

(2N**2 real parameters, Unitarity: N conditions on the
diagonal+

¥2N(N-1) Im(V1k V2k*=0) + ¥2N(N-1) Re(V1k V2k*=0) =>N**2
real parameters)

N phases can be rotated away by redefining the charged lepton
fields

N-1 phases can be rotated away by redefining the neutrino
fields

However this is not possible if Majorana (not invariant under

U(1))

How many physical phases? [%
(N-1)(N-2)/2 phases in general U=U"

(N-1) additional phases if Majorana
EIPS Lyon 2014 Marco Zito ﬁ
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A Quantum effects-1

b / / o
X v RE

Detector

'I-[+

What happens if we measure VERY precisely the momenta of mand u so
that we are selecting (by energy momentum conservation) the neutrino

mass eigenstate that is propagating to the detector ? Then oscillation
should be destroyed but why and how ?
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A Quantum effects-1

= This is because precise momentum measurement implies that
the information about position is lost according to the

uncertainty principle
M2=E>-p’ Where E and p comes from measurement of pi and mu

o(M])=2E,Y 0’ (E,)+(2p,)’ 0 (p,)
(2p,)o(p,) <‘M12 —Mzz‘ To select one mass eigenstate
2pV — LOSC

MP-M;| 2m

Ax >

The uncertainty on the position of the source is much larger the
oscillation length, this uncertainty smears out the oscillations

NB in practice for p=100 MeV, to distinguish Am?=1 eV?, we need
o(p)/p=107"°!
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kiﬂ Oscillation in matter

= Up to know we have derived oscillations in vacuum

= Matter effect are relevant for solar neutrino,
atmospheric neutrino and also long baseline
experiments

= To do this we need to:
= 1 Write the Hamiltonian in the flavor basis
= 2 Find the interaction potential

= 3 Solve the equation: eigenvalues, effective
mixing angle

EIPS Lyon 2014 Marco Zito 18



1 Hamiltonian in the flavor base

cos@ sin6 [V,
U
%/E %sm@ cos@%zé
cos@ sin@[QFE, O [Jtosfd -sinb
H=U
0 E, %J %sm@ cosH%ﬁ Ezﬁine cos@%
cos’ GE, +sin” 6E, —sin @ cos BF, +sin 8 cos O,
sin @ cos G, +sin @ cos OF, cos’ GE, +sin’ 6F,

1 0o 1 cos28 sin26
- E1+E2) _(Ez_El) .
1 2 sin28 cos26
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2 Oscillation in matter (diagrams and
- potential)

Neutrino oscillations iIn matter

When neutrinos propagate in matter (Earth, Sun...), the amplitude for
this propagation is modified due to coherent forward scattering on
electrons and nucleons:

! = -
;’;‘th,f’e e, r..:...—."'*-.____{___f-""ff"'e_r_n: T
& <
SwE ";E"
5, A
i*"’ﬁ o, M =, TE, F_'__.,-f ‘“H-HE e,

Heoe = "-."EG'F [E‘*'___,._F_[:'JEHFE'* “F‘le] — '-.-"EG_F [y Prel[F-+" Pre.]

::E_?#PLE:'unp-ul.medium == E_r-ﬁ:':ff

Forv e, V=sqrt(2) G: N, +C
The term C is the same for all neutrino flavors

We are interested in phase differences =>we can
'neglect C



Oscillation in matter

H,|v,)=E|v,)
HV‘V2> :EZ‘V2>
V|v,)=(C+2G,N,)
V) =Clv,)

V,)

2 : 2
5 =08 J, +E,sin"J,
L=

(E, —E,)cos®, sind, E

y=rb cos’ S, +E,sin’ 3, + C++2G,N,
(E, - E,)cosd, sind,

(E2 —El) cosd, sind, E,cos’9, +E, sin’J,

(E2 —El)cosﬁV sind,
E,cos’d, +E ;sin’ 3, +C

Sy
I
[T

> O]

%(E2 —El) sin 249,

. Am® [F-cos2d, sin29,
4E [Osin2d, cos2d,

—%(E2 —E,)cos29, + J2G,.N,

|E, - E,)sin23,

(E2 - El) cos2d,

%ﬁGm% 8%

CT] O 1
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- Oscillation in matter

(I”) X a(r) because in the sun the density N e is a
H = function of the radius r For E=8MeV

X b 0.75 0.25 105 eV**2/MeV

Am2 Am2 ) . D
\/EGFNe = cos260 = (cos” @ —sin” 6)
2x 2F 2F
tan 2:9M = If a=Db, resonance for 8_m: MSW resonant effect
a—>b (Mikheyev-Smirnov-Wolfenstein)
a + b 1 2 2

E, = i—\/(a—b) +4x

2 2

Far away from the resonance, (a-b)**2>>4x**2 the eigenvalues
correspond to the unmixed case, a and b.
However, for non-zero mixing, the quantity under the square root never

goes to 0, the energy level never cross!
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sin? 26 - (Sm- ST )2
[Am cos 20 — V2G pN.]? + ( QE) sin? 26

2E

O sin? 26, =

Mikheyev - Smirnov - Wolfenstein (MSW) resonance:

0.75 10-5 V2GpN, =

At the resonance: 6,, = 45° (sin” 26,, = 1) — maximal mixing

Ne > (Ne)res : Qm ~ 907

ve) = cosby, |vim) + sin b, [vo,)

. Ne — (Ne)res : Qm = 45°
V) = —sinby, Vi) + cos b, Vo)

Ne < (Ne)res : Qm ~ 0

1m), |v2m) — eigenstates of H in matter (matter eigenstates)
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Why solar neutrino disappear
; .
e Am (':os 28, sin2d, G, 0
4E [sin2d, cos2d, 0

At the center of the Sun, for 8MeV v, N,

term dominates, the electron neutrino is
the heavier eigenstate.

*For an adiabatic oscillation, this state
follows the v_2 trajectory, it exits the sun
as the « wrong » eigenstate.

*\What comes out of the Sun (for this
energy) has a probability sin8 of interacting
asav,

*There is a deficit of solar neutrinos

24




Survival probability for v,

2
o PV, -V )—sm 20 sin’ [Am Ll

IG N, ‘—cos29‘—(cos f-sin’0) K
2F 2F

2
Py, -V )=1-PW, - v,6)=1-sin*20sin’ [Am L]

4p

Small mixing angle

! Large mixing angle
1-1/2sin226 i

EAm :

Figure 7: Averaged survival probability vs !:_-..-".-'J.:li-i',2 in the case of nentrino oscillations in a matter
of monotonically decreasing density. Solid line - small &, dashed line — large ;.
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A What we have learned

= Neutrino oscillations need several ingredients:
= A non trivial mixing matrix
= Neutrino masses
= Neutrino mass differences

= Neutrino oscillations are marvellous quantum
mechanical effect on macroscopic distances

= Neutrino oscillation experiments can measure mixing
angles and neutrino mass differences (not absolute
mass scales!)

= We can also measure CP violating effects

EIPS Lyon 2014 Marco Zito 26



- Neutrino oscillation experiments

Several sources have been used:

= The sun

= Atmospheric neutrinos

®= Nuclear reactors (neutrino discovery!)
= Accelerators (several options)

= Supernova neutrinos

= Ultra high energy neutrinos
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ki’« The solar neutrinos

= The sun is a very bright source of neutrinos. We are
confident we understand the basic reaction (nuclear
fusion) in its “engine”

dp+ 2e — ‘He + 2w, () = 26.7 MeV).
= And we have precisely measured the power (giving

the total neutrino luminosity) from the energy flux
K sun=8.53 10*11 MeV cm-2 s-1

EIPS Lyon 2014 Marco Zito 28



Hydrogen burning: Proton-Proton Chains
p+e +p _,2H+\)e J

p+p _.2H+e"'+\)e
< 0.420 MeV|

1.442 Me

99.76%

0.24%
L

2H+p _,3He+y

85% N 15%
A4

3He +*He - 7Be+y

907% 107% p 0.027%

hep

< 18.8 MeV

V4 V D\
"Be+e” o "Li+ve "Be+e™ o 7Li +v,g "Be+p - 8B+y
0.862 MeV 0.384 MeV| | 8p _ 8" 4ot 4y,

N 7
e e

< 15 MeV




& The spectrum of solar neutrinos
=== SK,SNO

: . SAGE/GALLEX/GNO
radio-chemical ,
3C| Davis et al.

Be

1013

[/MeV/cm?/sec]

(N
''''''

[MeV]



kﬂ Experimental methods

= Chlorine v_e + 37C| -> 37Ar +e- Threshold 0.814
MeV

= Gallium:v e + 37Cl -> 37Ar +e-. Threshold 0.233
MeV

"= Water Cherenkov v +e-> v +e- E~6MeV
= Heavy water v.+d->n+p +v,(all flavor are contributing)
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Fact 1 : the solar neutrino deficit

Total Rates: Standard Model vs. Experiment
Baheall-Serenclll 2005 [BS05(0F)]

o
% - 1268 |.0:01e

w1l
1.0z -6

.u-a.a +0.06 Homestake (Cl)
SAGE (Ga)

Gallex (Ga)
Kamiokande (H,O)

Predicted

2 56:02 il 8 0.3040.02
e

* Sun is the a very bright source of neutrinos

* Normalize the flux by the measured solar power (solar
constant)

* Long and difficult experiments

EIPS Lyon| * Is it neutrino physics or solar model ?
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Homestake Chlorine experiment

@ Elactran
\ / Stage 1
— (= ——
absorption
I 35days
Ehulmn” - Stage 28
, @ | ~ Argon-37 decay
' by slectron
I ’/‘-._“‘\\
Emﬂé_.,p-#r . } Stage 2y
/ B
’{t ‘\,” mm o
Auger siectron =
The chiorine experiment

Only a few Argom atoms are
produced per week in a detector
as large as a olympic swiming
pool
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Super Kamiokande

50 kton

w

P T S ErE
FPER KAMICIANMDE L P OEREC ot RESTAMCH L H AT £ TS0 L
Ak

3m
Inner detector

11146 of 20” PM1T

39.
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SuperKamiokande

<0.55
E 2 |
s |
= 5 05/
z,-l—) -
o
c 0.45
‘T o.
e i
= 0.4
]
< |
0 0.35
-1 -0.5 0 0.5 1
COSBSUn
Angle relative to Sun Season
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.
e SuperKamiokande (1998): v, ~ ¢= — . + ¢~

Get information on direction and energy of the v's |

g EUIEIE) :ﬂ.? [ I [ || I [ I
3 85
<5 2 05 $
ok T} 1 Sos
| o
£ 0.55
i i +Tl 1 T ey
’l’ 045
04 1 o
Day Night anE ]
A 035t — R R T R A T AR A
1 e 0 05 1 = 551 ( [ R RS TR TR TRE AR T
costl, = oosk, E, {Wel)

The neutrinos definitely come from the Sun, no spectral distorsion and no
significant day-night asymmetry
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* Sudbury NeuTrmoﬂ__ObservaTory

1000 tonnes D,O

Support Structure for 9500
PMTs, 60% coverage

12 m Diameter Acrylic Vessel

1700 tonnes Inner Shielding H,O

5300 tonnes Quter Shield H,0O

Urylon Liner and Radon Seal
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v Reactions in SNO

e — V. t¢

- Both SK, SNO
- Mainly sensitive to v, lesstov, and v,
- Strong directional sensitivity

@V iz, pe

- Good measurement of v, energy spectrum
- Weak dirertional sensitivity oc 1-1/3cos(0)

-v, ONLY

NC m+v

- Measure total 3B v flux from the sun.

I- Equal cross section for all v types I

EIFS Lyon ZU'14 IViarco 4ZIito

=

" neutrino

)
\ 2"
(p) o= '{;:- )
Deuteron (P Fronns
c neutring
rpeutrm
q =
Deuteron @nc.rrm
\ﬁ
- = 35¢
Fd i MEI :
f ~y
\-— : ¥
Nle}




Evidence for solar oscillation: SNO

Charged current reactions measure v, flux
*Neutral current reactions measure (v, + v, + v

O/ Oy =D(v,) / (v, + v, + v)< 1 => neutrino flavor
*transformation!

CC  nhuclex/050202

----- P25 58% C.L.

2511

OL " =1.68+0.06(stat.)" s o (syst.)

-0.09

OT =2.35£0.22(stat.) £0.15(syst.)
OI =494+ 0.21(stat.) o, (syst.)

-034

—— b, 68%, 95%, 99% C.L.

Q. X W cm=s
L

Ir'llllll"lr

¢ ,F Il ¢ 68% CL.

" = 0.3420.023(stat) gy | W eec

' = bes 68% CL.

¢NC SinZ0 E B o sa%CL
Y S E 2 2 35

=1l \J I—]\JII \J 1T IVIWUI UV & qjl

b 10°cm? s1)



9

Fras = F oo
' —\.I m::fmx P
i - ' m‘gﬁ
A

EAm?

Figure 7: Averaged survival probability vs E /A m? in the case of neutrino cseillations
of monotonically decreasing density. Solid line - small £, dashed line — large &,
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Confirmation of MSW effect in the sun

Matter Interaction Effect:LMA

Current Data for v, Survival

SAGE
||_:.¢‘ L GND
~ 0.6 [-——- [- ______
1 H"H.,_]‘M.-\
= 04|
a2 | Chlorine
Be pep SK,SNO
. t 1
1 B — 10° !
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Evidence for “solar”
oscillations : Ka

hys.Rev.Lett. 90 (2003) 02180

Ju—y

<
o0

‘1 kton liq. Scint. Detector
-~1300 17" fast PMTs

-~700 20" large area PMTs
*30% photocathode coverage

Survival Probability
2 B
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KamLAND data
= Neutrino oscillation with real reactor distribution
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ki‘m What we have learned

Neutrino masses imply the existence of physics
beyond the SM (either right handed neutrinos, or
super-heavy neutrinos ..... )

We can test neutrino masses using neutrino
oscillations (=neutrino interferometry)

Different phenomena for oscillation in vacuum or in
matter

Solar neutrino experiments show a neutrino deficit in
agreement with MSW adiabatic conversion

This has been confirmed on earth by long distance
experiment with reactor neutrinos (Kamland)
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