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Neutrino Oscillations in Vacuum
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Neutrino Oscillations

Flavor Neutrinos: v, v, vz produced in Weak Interactions
Massive Neutrinos: 11, 1, 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

[Ve) = Ue1 V1) + Uea |12) + Ues |13)
|Vu> =Uan lv1) + U2 |lv2) + Uiz lv3)
lvr) = Uri |v1) + Ura |v2) + Urz |13)

U is the 3 x 3 unitary Neutrino Mixing Matrix
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|V(t = 0)>:‘Ve> = Uea1 ‘V1> + Ue2 |V2> + Ues ‘V3>

/\/\V/\/
Ve (NN NN e
AVAVAAVAVA

source propagation detector

‘V(t > 0)> = Uea e iEat |I/1> 4+ Ueo e ikt |I/2> + Ues e iEst |I/3>7§‘Ve>
2 2 2
Ei = p” + mj
at the detector there is a probability > 0 to see the neutrino as a v,
Neutrino Oscillations are Flavor Transitions

Ve = Uy Ve — Uy Vy —> Ve Vy —> Uy
De =0y ey  Dy—be Uy —0r
2

transition probabilities depend on U and Amkj = mi —m:
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Early History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with
K° = KO oscillations (Gell-Mann and Pais, 1955) =— v S0

In 1957 only one neutrino v = v, was known!

1958: Goldhaber, Grodzins and Sunyar measure neutrino helicity: v,
Then, in weak interactions v; and 17R

Helicity conservation — v S

vy is a sterile neutrino (Pontecorvo, 1967)

1962: Lederman, Schwartz and Steinberger discover v,

1962: Maki, Nakagava, Sakata proposed a model with neutrino mixing:

Ve = cosV vy +sind s
v, = —sind v + cos v

"weak neutrinos are not stable due to the occurrence of a virtual
transmutation v < v,”
1967: Pontecorvo: v. < v, oscillations and applications (solar

neutrinos)
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Ultrarelativistic Approximation

Only neutrinos with energy = 0.1 MeV are detectable!

Charged-Current Processes: Threshold

v+A—=-B+C
U

s = 2Ema+ mj > (ms + mc)®

U 2
+
Ey = 7(,775 mc) -
2mA

ma
2

Ve+ 'Ga — "Ge+ e~ Ep=0.233MeV
Vve+3Cl = 3¥Ar+ e~ Ep=0.81MeV

175—|-p—>n—§—e+ Ei, = 1.8 MeV
Vp+n—=p+p- Ein = 110 MeV

m2
Vy+e —ve+p Eu ~ 522 =10.9 GeV

Elastic Scattering Processes: Cross Section o< Energy

v+e —v+e

o(E) ~ oo E/me o9 ~ 107 cm?

Background = Ey, ~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits —
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Flavor Transitions

[Eliezer, Swift, NPB 105 (1976) 45] [Fritzsch, Minkowski, PLB 62 (1976) 72] [Bilenky, Pontecorvo, SINP 24 (1976) 316]

Lec ~ W, (Ve eL + Vary’ i + U7 7L)
Fields Vo = Z Unrvi - [Va) Z k) States

initial flavor: « = e or u or T

[k (t, x)) = e BP0y = (2, x) Z Uz, e ERtiPoc |y,

lvk) = Z Usklvg) = |va(t X)) = Z <ZU2keiEkt+ip*XU,ek> lvg)

B=e,pu,T B=e,u,T k

Aya_wﬁ(t,X)

Ay s5(0,0) = Uy Uk = Gap Ap sy (8> 0,x > 0) # agp
k
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2
PI/a—>I/5(t7X) = |Alla—>1/5(t7x)|2 =

—iExt4i
E :nge Bt tipix g,
k

ultra-relativistic neutrinos — t~x =L source-detector distance

2 2 2 2
Ei—pic,_ mc ™k

Ex+pc  Ec+pe — 2E

Ext — prx >~ (Ek—pk)L:

2

Pl/a—H/B(Ly E) = p

Z U, e~ imiL/2E Usi
k

. i} AmiL
= D UnkUskUojUpjexp | —i— 2
ki
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Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:
VP —0euT — _cu*
C = Particle = Antiparticle
P — Left-Handed = Right-Handed

Fields: vy = Z UakVkL <, I/a/_ = Z kaL

P
States: |vy) = Z vy — |Pa) Z Uak|Pk)

NEUTRINOS U = U ANTINEUTRINOS

Am L
Pl/a_ﬂ/ﬁ (L, E) Z kUBkUaJUBJ exp( 2EkJ )

Am L
P —,(L, E) Zuakuﬁk iUsj eXp< 21:51 )
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CPT Symmetry

cPT
Pog—24

’DI/a—H/B
CPT Asymmetries: ACPT = Pl,a_n,ﬁ — P,;ﬁ_n—,a

Local Quantum Field Theory — CPT =0  CPT Symmetry

Pyo—svs(L, E) Z 1k Usk Unj U3 exp< AmijL>
is invariant under CPT: s a =
Pua—n/ﬁ = Pz‘/ﬁ—n?a
P,.—v., = Ps, -5, ‘ (solar ve, reactor 7., accelerator v,,)
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CP Symmetry

CP
’DI/a —H/B ? Pl7a —)176

CP Asymmetries: Aaﬁ = Puy—svs — Py

Ami.L
ASE(LE) = 4> Im[Uzx UpicUnj U] sm( 2/:? )
k>j

Jarlskog rephasing invariant:  Im[U}, Ugk U Ugj] =+J
J = c12512023523¢13513 Sin 013

J#0 = 12,023,Y13#0,7/2 13 #0, 7
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CPT = 0=AS"

- Plja—)ljﬁ - Pl_/ﬁ—)lja

= Puasvy = Praszy + ASh
+ Poasssy = Pugowa < —AGL =0
+ Pugosva — P,;B% - Ag-z
C CP
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T Symmetry

T
PVa —g — Pllg —Va

T Asymmetries: Al = Py, — Puyn,

CPT = 0=AS"
= Puyovs — Pog—ia
= Proassvy — Pugova + Alg
+ Puysve — Pogoia < A,%E

T CP T CP
— Aaﬁ - Aaﬁ - Aaﬁ — Aaﬁ
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Two-Neutrino Mixing and Oscillations

|va) = cos ¥ |vg) + sind |v))
lvg) = —sin® |vy) + cos ¥ |vj)

Am?L
Transition Probability: Pyo—svy = Puyosv, = sin’ 2195in2< m )

Survival Probabilities: Poo—sve = Pugsvy =1 = Py
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oscillation phase

Am’L _ L7 AmPleV?] L[m] _ L7 Am?[eV?] L[km]
4E E[MeV] E[GeV]
oscillation length
ATE E [MeV] E [GeV]
%€ = — =247 ————m =247 ———-km
Am? Am? [eV?] Am? [eV?]
1
0.8 F
06}
Jt
QS oat
0.2
0 !

L()SC L

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 15



Types of Experiments

2y L\t

transitions due to Am? observable only if

SBL Reactor: L ~10m, E ~ 1 MeV
L/E <10eV2=Am? > 0.1eV? Accelerator: L ~ 1km, E > 0.1 GeV

ATM & LBL Reactor: L ~ 1km, E ~ 1MeV CHOOZ, PALO VERDE
L/E < 10*eV~2 Accelerator: L ~ 103km, E > 1GeV K2K, MINOS, CNGS
I Atmospheric: L ~ 10 — 10*km, E ~ 0.1 — 10% GeV
Am? > 107*eV? Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~108km, E ~0.1-10MeV

> Homestake, Kamiokande, GALLEX, SAGE,
Super-Kamiokande, GNO, SNO, Borexino

Matter Effect (MSW) =107* <sin?29 <1, 1078eV? < Am? <10 %eV?

L
£ 101 eV 2=Am? > 107 ev

VLBL Reactor: L ~ 10 km , E ~ 1 MeV
L/E <10°eV2=Am? > 10"%eV? KamLAND
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Average over Energy Resolution of the Detector

Am?L 1 [

Puu—swy (L, E) = sin22195in2< fE > = 5 sin”29 _
0.8 F
& 0.6 F

T
5 04F
0.2 F
0102 163 104

L [km)]
Am?> =103eV  sin?20 =08 (E)=1GeV o =0.1GeV

PureonL. B = 5 20 1 [eos( 0L ) aroe] (@ 9)
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PVG*?VB

107t 1 10
E [GeV]
Am? =10"3eV sin®29 = 0.8 L =103km og = 0.01 GeV

(Prsu (L, E)) = 5 sin® 29 [1 -/ cos<A2’"; L) ¢>(E)dE} (a £ 5)
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Observations of Neutrmo Oscnllatlons

1.8 F T T T T T ]
" " " " ; 4 WINOS Data 1
5 50 E — Unoscillated MC
S > Eor ol e Best-fit MC ]
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. . X b 2 4 6 81012141618
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L/E (km/GeV) ay
[Super-Kamiokande, PRL 93 (2004) 101801, hep-ex/0404034] [MINOS, PRD 77 (2008) 072002, arXiv:0711.0769]
> 18 T T T T
o
Qe | bl [ . Daa-BG-Geov,
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[K2K, PRD 74 (2006) 072003, hep-ex/0606032v3] [KamLAND, PRL 100 (2008) 221803, arXiv:0801.4589]
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Exclusion Curves
(Pra—vs (L E)) = % sin? 20) [1 —~ /cos<A2mE2L> ¢(E)dE] (a # B)
Pmax

(Prposs (L, E)) < PR, = sin®29 < vavp

1-— fcos(A’" L) #(E)dE

o
=

: | H
a3 EXCLU D{-‘r’) Rlﬂ;
~ 06EF ‘
3 \ ‘
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Experimental Evidences of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A 2 75 1075 V2
Ve — Uy, Vs GALLEX/GNO, SAGE . ms = 1.5 x €
Homestake, Kamiokande sin2 ,195 ~ O 30
VLBL Reactor
— . (KamLAND)
Ue disappearance
. Super-Kamiokande
Atmospheric
Kamiokande, IMB
Vy — Ur
MACRO, Soudan-2 Am3 ~ 2.4 x 1073 eV?
LBL Accelerator —
. (K2K, MINOS, T2K) .
v, disappearance sin® ¥ ~ 0.50
LBL Accelerator
(OPERA)
Vy — Ur
LBL Accelerator
(T2K, MINOS) Am3

Vy — Ve

—
LI?L Reactor Daya Bay, RENO sin2 93 ~ 0.023
e disappearance Double Chooz
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Three-Neutrino Mixing

3
Vol = E Uak ViL (a=-e,pu,1)
k=1

three left-handed flavor fields: ve;, v, V71

three left-handed massive fields: vy, vy, /31

right-handed components are not needed

in neutrino oscillations Dirac = Majorana

only two independent Am?
Am§1+Am§2+Amf3:m%—m%—l—m%—m%—l—m%—m%zo

Am2 = Am3; =75+0.2x 107%eV? uncertainty ~ 3%

Am3 = |Am3;| =~ |[Am3,| = 2.4 +0.1 x 1073eV? uncertainty ~ 4%
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2
Amy
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2
> Amg
4t

Normal Spectrum
2 2
Amz; > Am3, >0

vy

2
Amiy

—

Inverted Spectrum
2 2
Ams, < Am3; <0

absolute scale is not determined by neutrino oscillation data
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C12€13 S12€13 si3e 013
— is is
U = | —sics—ciosssizes3  cpos—spsssize®3  spas

S12503— 120351367013 —c1osp3—s100o3513€7913 o313

10 0 az 0 sjze 13 a2 si2 0
= 0 o3 s3 0 1 0 —s12 c12 0
0 —sp3 €3 —s13€/913 0 a3 0 01
o3 = Ip Daya Bay, RENO Y12 = Ug
sin2 993 ~ 0.4 — 0.6 Double Chooz sin2 91p ~ 0.30 + 0.01
Posc o sin? 2923 T2K, MINOS
maximal and flat  sin? ;3 ~ 0.023 + 0.002
at 973 = 45°
5sin2 1923 (5sin2 1913 5sin2 1912
2 0% 2 2 10% e 5%
sin® 3 sin® %43 sin® ¥4
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Effective VLBL v, Survival Probability

2

/ka/2E
Poe—sve =

|Ue3|2 < |Ue1‘2, ‘Uez‘z — |Ue1‘2 ~ COS2 1912, |U62‘2 ~ sin2 1912

2 _—im?L/2E
Pl/e—H/e ~ ek| (S k /

—im?L/2E

2
. —im?
+ sin? V10! 2L/2E‘

~ ‘cos2 PYoe

= cos* ¥1p + sin* 915 + 2 cos? Yo cos® Y12 cos< °F

Am3, L
=1 — sin® 2015 sin2<%>

Am%1L>
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Effective ATM and LBL Oscillation Probabilities

2
3
2
2 2
Pya—}yﬁ _ § :U;kU,Bke imiL/2E % ‘elmlL/ZE‘
k=1

& Am L\ |
= ZUZkngexp<—i k1 >
k=1

2E

Am3 L
—2 <1
26 ©

2

Prosvy = ‘Ual U1 + UyoUso + Uyz Ugs exp<—/ 221 >

Ua1 Upr + U Uz = dap — Upy3Uss
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2

Pzza—n/ﬁ =

Amé L
1— o 31
dap — Ui3Uss [ exp ( ——=— 5E }

Am2 L
= dap + |Uas| ‘Uﬁ3|2 2 — 2cos—2— M3
2F

Am2, L

265 Uns? (1 B cos&>

Am2 L
=008 — 2‘Ua3|2 (5a5 — |Uﬁ3|2) (1 — cos 251 >

2E
5 Am31L

= 80 — HUs3]? (605 — |U
5 — A Uas|? (6ap — |Ugs|?) sin i

. Am3, L
a#B = Py, = 4|UO(3,|2|U53|2S|n2 <Tél>

. Ami, L
a=p8 = Py, =1—4Uss* (1 —|Ussl?)sin? <T§_1>
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AmZ, L
Poosiy = sin? 2008 sin? <%> (a # B)

sin? 279aﬂ = 4‘Ua3|2|U53|2
Am2, L
Py = 1 — sin2 200q sin? (%)

sin? 200 = 4| Uns|? (1 — |Uasl?)

Uel Ue2 Ue3
Sin 210 < 1
Un Uw (U '
UTl UT2 U7'3 |U |2 ~ sin2 21966
? e3| — 4
LBL
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Effective ATM and LBL Oscillation Amplitudes

ve disappearance: Chooz, Palo Verde, Daya Bay, RENO, Double Chooz
sin? 20ce = 4|Ues|? (1 — |Ues|?) = 4s23¢2; = sin® 2913 ~ 0.09

v,, disappearance: K2K, MINOS, T2K
sin® 20, = 4 Uy | (1 — [Upsl?) = cfss3s (1 — cfss33)
~ 45223 (1 — 5223) =sin® 2093 ~ 1
Uy — Vet T2K, MINOS
sin® 20, = 4|Ue3\2|UH3|2 = 45123C1235223 = sin® 2913 sin’ Y3
~ 3 sin? 2013 ~ 0.045
Uy = Vrt OPERA

- 2 2 2 4 ) ~ <in2 ~
sin“ 20, = 4|U,3|7|Ur3]* = 4ci353003 = 3 5in° 2023 ~ sin“ 2003 ~ 1
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CP Violation?

> In this approximation there is no observable CP-violation effect!

» CP-violation can be observed only with sensitivity to Am3,: in vacuum
Ao = P - Pﬂfa L Am3, L Am3,L
—16J,5sin (%) sin <%) sin <%)

Jog = Im(Usa UZp Ul Ugo) = +J

2 .
J = 512€12523€23513C13 5iN 013

» Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small 913
» Sensitivity to oscillations due to Am3; and Am%;
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