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\Plan of Lectures |

|. Standard Neutrino Properties and Mass Terms (Beyond Sténda

1. Effects ofr Mass. Neutrino Oscillations in Vacuum and Matter

II1. The Data: The Emerging Picture and Some Implications
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‘Summaryl I

— Accidentalglobalsymmetry B x L. x L,, X L; <+ m, =0

e INn the SM:

— neutrinos aréeft andm, = 0 = chirality = helicity = spinorsu_ or v,

— No distinction betweeivlajoranaor Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of addingn, to the SM
— breakingtotal lepton numberi = L. + L, + L,) — Majoranav: v = v¢
— conservingotal lepton number— Diracv: v # v©

— Lepton Mixing= breaking ofL. x L, x L,

e From direct searches ofmass: Tritium3 decay:+/>_ m?|U.;|? < 2.2¢V
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\Plan of Lecturell |

Other Direct Probes of Neutrino Mass Scale

Neutrino Oscillations in Vacuum

Matter Effects: MSW
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‘u-less Double-G Decay |
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‘u-less Double-G Decay |
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e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|
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‘u-less Double-G Decay |
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e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|

— If v Dirac = v annihilatesa neutrinoand createsn antineutrino
=> N0 same state> Amplitude =0

— If v Majorana=- v = v annihilates and createsheutrino=antineutrino

= same states> Amplitudex v (€)1 # 0

e Amplitude ofv-less#3 decay is proportional t |(mgg)| = \ZUfjmj\



Neutrinos Concha Gonzalez-Garcia

‘u-less Double-G Decay |
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e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|

— If v Dirac = v annihilatesa neutrinoand createsn antineutrino
=> N0 same state> Amplitude =0

— If v Majorana=- v = v annihilates and createsheutrino=antineutrino

= same states> Amplitudex v (€)1 # 0

e Amplitude ofv-less#3 decay is proportional t |(mgg)| = \ZUfjmj\

e Problem is uncertainty in the nuclear matter elements
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‘Ouﬁﬁ Decay: Circa 2013 I

e Bounds from!?%Xe exp EXO and KamLAND-ZEN, and frorff Ge exp Gerda

"GERDA 13-07
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Neutrinos coupled D(ecc;osl::\:)il: dNr:::;i;os
by weak interactions §g Background or CNB)
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story of the Universe

Inflation

Neutrino cosmology is interesting because Relic neutrinos are
very abundant:

 The CNB contributes to radiation at early times and to matter
at late times (info on the number of neutrinos and their masses)

» Cosmological observables can be used to test standard or non-
standard neutrino properties

Fartcie Data Group, LBINL, (O ZUUU. dupported by DUE and INDF
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‘ Massive v in Cosmology |

Relic's: Effects in several cosmological observations at sevei@dlep
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Observables also depend on all other cosmological parasnete
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Cosmological Analysis by Planck

Correlations
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‘ Example of cosmological boundson m,, I

Dependence on Data Samples and Cosmological Model

Model Observables >¥m, (eV) 95%
ACDM + m,, Planck-lowL+rprior < 1.31
ACDM + m,, Planck+WP+highL(A) < 1.08
ACDM + m,, Planck+Lens+WP+highL(A) < 0.85
ACDM +m,, Planck+WP+highL < 0.66
oACDM + m,, Planck+WP+highL < 0.98
ACDM +m, | Planck+Lens+WP+highL+BAQ < 0.25
oACDM + m,, | Planck+Lens+WP+highL+BAQ < 0.36

Lesson for Particle Physicists:

Carefulwith what you callCosmological bound om,,
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\ Effectsof v Mass |

e Neutrino masses can have kinematic effects

e Also if neutrinos have a mass the charged current interastod leptons are not
diagonal (same as guarks)

g i. _7: . 'I:. _,Z: o
EW;Z(ULJEPE YLV + Ufdpp, UPA* LD?) + hec.
]

Vj U.



Neutrinos Concha Gonzalez-Garcia

\Effects of » Mass. Flavour Transitions |

e Flavour & Interaction) basigproduction and detectiony,, v, andv,

e Mass basigfree propagation in space-time);, v, andvs . ..
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\Effects of » Mass. Flavour Transitions |

e Flavour & Interaction) basigproduction and detectiony,, v, andv,

e Mass basigfree propagation in space-time);, v, andvs . ..

¢ In generainteraction eigenstates propagation eigenstates

1 ”
e
V2
ULep =1 v,
Vs ”
T

= Flavour is not conserved during propagation
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\Effects of » Mass. Flavour Transitions |

e Flavour & Interaction) basigproduction and detectiony,, v, andv,

e Mass basigfree propagation in space-time);, v, andvs . ..

¢ In generainteraction eigenstates propagation eigenstates

14

v e
R .
ULep =1 v,
Vs ”
i

= Flavour is not conserved during propagation
= v can be detected with different (or same) flavour than prodluce

e The probabilityFP, s of producing neutrino with flavour and detecting with
flavour 6 has to depend on:

— Misalignmentbetween interaction and propagation stateg/()
— Differencebetween propagatiomgenvalues
— Propagation distance
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\Vacuum M ass Oscillations |
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\Vacuum M ass Oscillations |

e If neutrinos have mass, a weak eigenstate) produced in, + N —uv, + N’

IS a linear combination of the mass eigenstates X

V)= ZUM 23
1=1

U is the leptonic mixing matrix.
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\Vacuum M ass Oscillations |

e If neutrinos have mass, a weak eigenstate) produced in, + N —uv, + N’

IS a linear combination of the mass eigenstates X

V)= ZUM 23
1=1

U is the leptonic mixing matrix.

e After a distancel. (or timet) it evolves

v (t))= ZUm!%(t»
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\Vacuum M ass Oscillations |

e If neutrinos have mass, a weak eigenstate) produced in, + N —uv, + N’

IS a linear combination of the mass eigenstates X

V)= ZUM 23
1=1

U is the leptonic mixing matrix.

e After a distancel. (or timet) it evolves

v (t))= ZUm!%(t»

e it can be detected with flavour with probability

Pop = [(vp()va(0)1 =1 Y Uails (vi(t) i (0))?

1=1
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\Vacuum Oscillations |

Pop = [(vp()va(0)1 = | Y Uaills (vi(t) i (0))?

1=1

e The probability
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\Vacuum Oscillations |

Pop = [(vp()va(0)1 = | Y Uaills (vi(t) i (0))?

1=1

e The probability

e We call £; the neutrino energy and,; the neutrino mass
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\Vacuum Oscillations |

Pop = [(vp()va(0)1 = | Y Uaills (vi(t) i (0))?

1=1

e The probability

e We call £; the neutrino energy and,; the neutrino mass

e Under the approximations:

(1) \V> IS aplane wave=- ‘yi(t» e —i Bt

¥i(0))

Pop = 0ap —4) ReUx;UpiUq;Up;]sin® (%) +2) IM[U%,UpiUa;Usjlsin (Aij)
JFi e
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\Vacuum Oscillations |

Pop = [(vp()va(0)1 = | Y Uaills (vi(t) i (0))?

1=1

e The probability

e We call £; the neutrino energy and,; the neutrino mass

e Under the approximations:

(1) \V> IS aplane wave=- ‘yi(t» e —i Bt

¥i(0))

Pop = 0ap —4) ReUx;UpiUq;Up;]sin® (%) +2) IM[U%,UpiUa;Usjlsin (Aij)
JFi e

(2) relativisticv

m2




Neutrinos Concha Gonzalez-Garcia

\Vacuum Oscillations |

Pop = [(vp()va(0)1 = | Y Uaills (vi(t) i (0))?

1=1

e The probability

e We call £; the neutrino energy and,; the neutrino mass

e Under the approximations:

(1) \V> IS aplane wave=- ‘yi(t» e —i Bt

¥i(0))

Pop = 0ap —4) ReUx;UpiUq;Up;]sin® (%) +2) IM[U%,UpiUa;Usjlsin (Aij)
JFi e

(2) relativisticv
2

me
Bi=\/p2+m?xpi+ o
p; +m; = pi+ SOF,
(3) Lowestorderinmasg; ~p; =p~ E

= 1.2
2 / eVZ Km/GeV
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\Vacuum Oscillations |

e The oscillation probability:

= * * 5 Az * * .
Popg = 80p — 4ZRe[UaiU5¢UajU3j]81n2 (f) + 2Z|m[UmUmUajUﬁj]sm (Aij)
JFu JF1
Ay (BEi—FEj;)L 1 27(m?—m?) L/E
2 2 o eV: Km/GeV
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\Vacuum Oscillations |

e The oscillation probability:

= * * 5 Az * * .
Popg = 80p — 4ZRe[UaiU5¢UajU3j]81n2 (f) + 2ZIm[UaiU5¢UajU5j]sm (Aij)
JFu JF1
Ay (BEi—FEj;)L 1 27(m?—m?) L/E
2 2 o eV: Km/GeV

. - A,
— The first term d,5 — 4ZRe[U;iU5anjU§j]sin2 (7”) equal forv (U — U™)

J7e —. conserveP
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\Vacuum Oscillations |

e The oscillation probability:

= * * 5 Az * * .
Popg = 80p — 4ZRe[UaiU5¢UajU3j]81n2 (f) + 2ZIm[UaiU5¢UajU5j]sm (Aij)
JFu JF1
Ay (BEi—FEj;)L 1 27(m?—m?) L/E
2 2 o eV: Km/GeV

. - A,
— The first term d,5 — 4ZRe[U;iU5anjU§j]sin2 (7”) equal forv (U — U™)
i — conservesCP
— The last piect 2 ZIm[U;Z-UBanj Uj,]sin (A;;) opposite sign for

J7 — VviolatesCP
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\Vacuum Oscillations |

e The oscillation probability:

= * * 5 Az * * .
Popg = 80p — 4ZRe[UaiUmUajUﬁj]sm2 (f) + 2Z|m[UmUmUajUﬁj]sm (Aij)
JFu JF1
Ay (BEi—FEj;)L 1 27(m?—m?) L/E
2 2 o eV: Km/GeV

. - A,
— The first term d,5 — 4ZRe[U;iU5anjU§j]sin2 (7”) equal forv (U — U™)
I7 — conservesP

— The last piect 2 ZIm[U;iUBanj Uj,]sin (A;;) opposite sign for

i7 — VviolatesCP
e P, 3 depends on Theoretical Parameters and on ExperimentaParameters:
e Am;; =m7 —m> The mass differences e E The neutrino energy
o Uy The mixing angles e . Distancer source to detector

(and Dirac phases)
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\Vacuum Oscillations |

e The oscillation probability:

= * * 5 Az * * .
Popg = 80p — 4ZRe[UaiU5¢UajU3j]81n2 (f) + 2ZIm[UaiU5¢UajU5j]sm (Aij)
JFu JF1
Ay (BEi—FEj;)L 1 27(m?—m?) L/E
2 2 o eV: Km/GeV

. - A,
— The first term d,5 — 4ZRe[U;iU5anjU§j]sin2 (7”) equal forv (U — U™)

J7e —. conserveP

— The last piect 2 ZIm[U;Z.UB@-Uaj Uj,]sin (A;;) opposite sign for

i7 — VviolatesCP
e P, 3 depends on Theoretical Parameters and on ExperimentaParameters:
e Am;; =m7 —m> The mass differences e E The neutrino energy
o Uy The mixing angles e . Distancer source to detector

(and Dirac phases)

o NO Information on mass scale nor Majorana phases
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\Z-V Oscillations |

cos 6 sin 0

o For2v: U =
—sinf cosé@
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\Z-V Oscillations |

cos 6 sin 0

o For2v:. U =
—sinfd cosf
2 2 A 2 1_Posc ,
Posc — sin (26) sin ( ZLEL) Appear <=7 E/(1.27Am)%
Paa =1 — Posc Disappear P /
° sin”2

L (distance)



Neutrinos Concha Gonzalez-Garcia

‘ Equations of Motion for Weak Eigenstates I

e v oscillations can also be understood from the eq. of motiomesHk eigenstates
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‘ Equations of Motion for Weak Eigenstates I

e v oscillations can also be understood from the eq. of motiomesHk eigenstates

e A state mixture of 2 neutrino species) and|vx ) or equivalently ofi;) and|vs)

O(z) = Oc(z)|1ve) + Px(2)|vx) = Po(2)[11) + Po(x)[r2)



Neutrinos Concha Gonzalez-Garcia

‘ Equations of Motion for Weak Eigenstates I

e v oscillations can also be understood from the eq. of motiomesHk eigenstates

e A state mixture of 2 neutrino species) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(2)|vx) = Po(2)|r1) + Po(2)]12)

e Evolution of @ is given by the Dirac Equation® [= o , a = Yoy, (assuming 1 dim)

E1 (I)l = —’i()éx% —+ ﬁml]CI)l

EQCI)Q = —i&x% -+ 67722 (I)Q
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‘ Equations of Motion for Weak Eigenstates I

e v oscillations can also be understood from the eq. of motiomesHk eigenstates

e A state mixture of 2 neutrino species) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(2)|vx) = Po(2)|r1) + Po(2)]12)

e Evolution of @ is given by the Dirac Equation® [= o , a = Yoy, (assuming 1 dim)

by oy = _

Fo @y =

e We decompos®; (z) = v;(x)¢;

— iy + Bmy] Py

S
— 105 + Bma|Po

¢; 1S the Dirac spinor part satisfying:

(Oéa:{EZZ — m%}l/z + ﬁmz‘) i = Eo; (1)

e ¢; have the form of free spinor solutions with eneigy
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‘ Equations of Motion for Weak Eigenstates I

e v oscillations can also be understood from the eq. of motiomesHk eigenstates

e A state mixture of 2 neutrino species) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(2)|vx) = Po(2)|r1) + Po(2)]12)

e Evolution of @ is given by the Dirac Equation® [= o , a = Yoy, (assuming 1 dim)

Elq)lz —’i()éx% —|—6m1]<1>1
EQCI)QZ —i&x% +6m2 (I)Q
e We decompose®; (x) = v;(x)¢; ¢; IS the Dirac spinor part satisfying:

(Oéa:{Ez'Q — ng}l/Z + ﬁmz‘) ¢i = FE¢p; (1)
e ¢; have the form of free spinor solutions with eneigy

e Using (1) in Dirac Eq. we can factorizg anda, and get:

%) 1/2
—1 Vﬁla(cx) = {Ef - m%} v1(x)

%) 1/2
—1 Vga(cx) = {ES - mg} vo(x)
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m2

e In the relativistic limit and first order in mas\§/E2 —m?~F— —

2F
m2
w)-(F )0
2 \ vy 0 E;l';"? Vo
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e In the relativistic limit and first order in mas\§/E2 —

t ox o E—m?
V2 0 5E V2

e In weak & flavour) basis/, = U,;(0)v;

Am? Am?
_ii(ya> [E—erm?]I—( SE-cos2f S Sln29> ( a)
9z \ vg 2B Aﬁj’ sin 26 Aﬁé cos 20 V3

2F
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e In the relativistic limit and first order in mas\§/E2 —
m2
()= (707 e ) ()
—li5a — 2
2 \ vy 0 E;l';"’? Vo
e In weak & flavour) basis/, = U,;(0)v;
AmZsin 29) ( a)
Aﬁ; cos 26 V3

V Am?

-0 (0% . m —i—m2 o 4E

i (2) [ s (2
e An overall phaser, — €"v, andvg — €""v4 is unobservable

2F

Vg AE

. . 1 0 .
= pieces proportional td = <0 1) do not affect evolution:
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e In the relativistic limit and first order in mas\§/E2 — m? ~ o
m2
—zi " _ - Z_El 0 "
Ox Vs 0 E—mj Vs

e In weak & flavour) basis/, = U,;(0)v;
AmZsin 29) ( a)
Am® 1520 V3

V Am?
-0 (o} mi+m 4E
() [ (T

G 1E AFE

e An overall phaser, — €"v, andvg — €""v4 is unobservable

. . 1 0 .
= pieces proportional td = <0 1) do not affect evolution:

Am Am

—, [l Voo \ AE AE Vo
ox 1 o Am? Am? U

G 1E 1E p




Concha Gonzalez-Garcia

Neutrinos
e Evolution Eq. for flavour eigenstategchanged.. to 9, using group velocity ~ c)

A Ua — ﬁ”g cos 26 ﬁ”g sin 26 Ve
Z . — Am? - Am?
Vg 15— Sin 20 L C0s 20 V3
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Neutrinos
e Evolution Eq. for flavour eigenstategchanged.. to 9, using group velocity ~ c)

Vg — ﬁ”g cos 26 ﬁ”g sin 26 Ve
Z . — Am? - Am?
Vg 15— Sin 20 L C0s 20 V3

Can be rewritten as
Am?
ith —
W1 w 4E

Ve + w? v, =0

V3 +w2yﬁ:0
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e Evolution Eq. for flavour eigenstategchanged.. to 9, using group velocity ~ c)

A Ua — ﬁ”g cos 26 ﬁ”g sin 26 Ve
Z . — Am? - Am?
Vg 15— Sin 20 L C0s 20 V3

Can be rewritten as

Vo + w?u, =0 h Am?
wi W = T

Vg -+ w2 vg =0
e The solutions are:
l/a(x) _ Al e —TWwT 4 A2 e +iwx

Vﬁ(l’) _ Ble—iwfc 4 B2e—|—iwx

with the normalizationv, (z)|? + |vg(z)|? = 1
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e Evolution Eq. for flavour eigenstategchanged.. to 9, using group velocity ~ c)

Vg — ﬁ”g cos 26 ﬁ”g sin 26 Ve
Z . — Am? - Am?
Vg 15— Sin 20 L C0s 20 V3

Can be rewritten as

Vo + w?u, =0 h Am?
wi W = W5

U + w?rg =0

e The solutions are:
Vo(x) = A4 e "4 A, € oW
v3(z) = B, € e 4 B, @t

with the normalizationv, (z)|? + |vg(z)|? = 1
Ay =sin®f Ay = cos* 0

e For initial conditions:v,,(0) = 1 andvz(0) = 0 =
By = —Bs =sinfcosf
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e Evolution Eq. for flavour eigenstategchanged.. to 9, using group velocity ~ c)

Am?

Vg — ﬁ”g cos 20  =z—sin 20 Ve
Z . — Am? - Am?
Vg 15— Sin 20 L C0s 20 V3
Can be rewritten as
Vo + w?u, =0 h Am?
w1 w = o

U + w?rg =0
e The solutions are:
Vo(x) = A4 e "4 A, € oW
v3(z) = B, € e 4 B, @t

with the normalizationv, (z)|? + |vg(z)|? = 1
Ay =sin®f Ay = cos* 0

e For initial conditions:v,,(0) = 1 andvz(0) = 0 =
By = —Bs =sinfcosf

e And the flavour transition probability
Am?L

P(vy — vg) = |vg(L)|* = B + B3 + 2B1 By cos(2wL) = sin*(260) sin” ( s

)
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‘u Oscillations. Experimental Probes |

e Generically there are two types of experiments to search tmcillations :
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‘u Oscillations. Experimental Probes |

e Generically there are two types of experiments to search tmcillations :

Disappear ance Experiment

V detector
vV source Che

v detector
%

<—LI—> CDGI

P

)

all

Compares ®©,, and @

L

to look for loss
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‘u Oscillations. Experimental Probes |

e Generically there are two types of experiments to search tmcillations :

Disappear ance Experiment Appear ance Experiment
v, Sour ce v dsleftector vadle'ltector v, sour ce V. detector
. . . _ ; B Searches for
I T pdiffa
—L— % P B L -
- L -

[
Compares ©,, and @, tolook for loss
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‘u Oscillations. Experimental Probes |

e Generically there are two types of experiments to search tmcillations :

Disappear ance Experiment Appear ance Experiment
v, Sour ce v dsleftector vadle'ltector v, sour ce V. detector
. . . _ ; B Searches for
I T pdiffa
—L— % P B L -
- L -

[
Compares ©,, and @, tolook for loss

e To detectoscillationswe can studyhe neutrino flavour



Neutrinos Concha Gonzalez-Garcia

‘u Oscillations. Experimental Probes |

e Generically there are two types of experiments to search tmcillations :
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e Generically there are two types of experiments to search tmcillations :

Disappear ance Experiment Appear ance Experiment
v, Sour ce v dsleftector vadle'ltector v, sour ce V. detector
. . . _ ; B Searches for
— T pdiffa
—L— % P B L -
- L -

[
Compares ©,, and @, tolook for loss

e To detectoscillationswe can studyhe neutrino flavour
as function of thédistanceto the source As function of the neutrin&nergy

PSUW
PSI.II‘V

4 v E/Am? ~

AV,
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e To detectoscillationswe can studyhe neutrino flavour

as function of thdistanceto the source As function of the neutrin&nergy

PSUN
PSUN

4 v E/Am?

P Qasc

POSC
. sin’2%

A

L(distancia)

sin’29

Y™NE=2 x Am* x L/
E(energy)

e In real experiments= (P,5)= [dE,220cc(E,)Pas(E,)

nN_—
N T~

L (distance) E (energy)

1—(sin’28)/2

(sin?29)/2

<P <Pan?
<P <Pun>
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e To detectoscillationswe can studyhe neutrino flavour

as function of thdistanceto the source As function of the neutrin&nergy

. . ™NE=2 x Am* x L
L(distancia) xamixL/m E(energy)

e In real experiments= (P,5)= [dE,220cc(E,)Pas(E,)

A A

2 :

a’ o’
Vv 1—(sin28)/2 v M

"y ~ A

D_g (sin®29)/2 D_g

V V
L (distance) E (energy)

e Maximal sensitivity forAm? ~ E/L

—~Am? < E/L = (sin® (1.27TAm?L/E)) ~ 0 — (P,s) ~ 0
—Am? > E/L = (sin® (1.27TAm?L/E)) ~ 1 — (P,) ~ isin®(20)



Restes de la
Supernova 1987A

Sourcesof v's

E, =0.0004 eV

dEarth — 6 % 109 /cmPs Atmospheric’s
E, ~ 0.1-20 MeV Ve, Vi, Ve, Uy
Human Body ®, ~ lv/cmés

®, = 340 x 10v/day / /\

Nuclear Reactors
E, ~ few MeV

T
“ Felrmllab

Earth’s radioactivity Accelerators
~ 6 V
Concha Gonzalez-Garcia ®, ~6x 10 vlcn’s ~0.3-30 Ge KEK
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To allow observation of neutrino oscillations:

— Nature has to be good: << 0
. L
— Need theight set up(=right <E>) for Am?

2 2
I Source E (GeV) L (Km) Am= (eV¥)
Solar v Solar 103 107 10—10
Supernova burst (1987A)
Reactorant Atmos  0.1-10? 10-10° 10-1-10—*
Background from old supernova
Reactor 1073 SBL: 0.1-1 10~2-10—3
Terrestrial anti-v
[ VERY LOW Atmospheric v LBL 10—102 10_4—10_5
= Energy Neutrinos
| Non-relativistico  vfomAGN Accel 10 SBL: 0.1 > 0.01
Low Energy ~
@Ami\ Neutrinos GZKv LBL: 102-103 10~2-10"3
1l0'6l l10l'3 . 1l = 16 = 1;) = 1(;9 l .101‘2 l I10‘l5 . l1OI‘8

pueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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o by
GeV

e Let’s consider for example atmospheria?

o’? ~ 107 3%cm

O™ — 1y percm? persecond and  (E,) =1 GeV

e How many interact™ a human body:

- vp human human
Ning = @, X 077 X Nprot X Thfe (M x T = Exposure)
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Nint = (5 x 10%%) (2 x 10%) x 107 ~ 1 interaction per lifetime



Neutrinos Concha Gonzalez-Garcia

\u | nter actions |

e Due to SM Weak Interactions

b,
GeV

e Let’s consider for example atmospheria?

o’P ~ 1038 cm?

O™ — 1y percm? persecond and  (E,) =1 GeV

e How many interact™ a human body:

- vp human human
Ning = @, X 077 X Nprot X Thfe (M x T = Exposure)

NI};;JOTC?I?S =M h;;nan x N4 = 80kg x Na ~ 5 x 10°®protons Exposurenuman
Thuman — 80 years = 2 x 10 sec ~ Ton X year

Nint = (5 x 10%%) (2 x 10%) x 107 ~ 1 interaction per lifetime

—> Needhugedetectors wittExposure~ KTon x year
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\ Neutrinosin M atter : Effective Potentials |

e In SM the characteristie-p interaction cross section

G2 E?

7

o~ ~ 1075 em? at E, ~ MeV

e So if a beam ofp, ~ 10'V2's was aimed at the Eartinly 1 would be deflected
so it seems that for neutrinesatter does not matter

e But that cross section is fanelasticscattering
Does not contaifiorward elasticcoherenscattering

e In cohereninteractions= » andmediumremainunchanged
Interference of scattered and unscatteredaves
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\ Neutrinosin M atter : Effective Potentials |

e Coherence= decoupling ofv evolution equation fronequations of the medium

e The effect of the medium is described byeifective potentialepending on density
and composition of matter

e For example for, in medium withe™
1% &

Voo = V2Gp N,
W N, = electron number density
e 1%
e The effective potentidhasopposite sign for neutrinos y antineutrinos

e Other potentials for. (7. ) due to different particles in medium

medium Vo VN
et ande  HV2Gp(Ne — Ne)F %(N — N&)(1 — 4sin2 6yy)
p andp 0 +9E (N, — Np)(1 — 4sin? Oyy)
n andn 0 TSE s E(Np — Ng)
Neutral(Ne = N,)| +£V2GrN. C\;/E N,
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

Neutrinos

(a) In vacuum in the weak basis

Am Am
ox U o 2F Am sin 26 Am cos 20 U
X “AE “AE X

(b) In matter(e, p, n) in weak basis

Am
—ii<ye):E—VX—m%+mg—<v 1% 4E Am? 1590 S sm%’)( e)
9z \ vy 2B Aﬁ; sin 260 Aﬁ% cos 26
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

(a) In vacuum in the weak basis
Am? Am
—ig(ny):E—m%QEm%—(_AZLE cos 26 A4E Sln29> ( e)
X m am
Ux - Sin 20 S7-cos 260 Vx

(b) In matter(e, p, n) in weak basis

Am
—ii<ye):E—VX—m%+mg—<v Ve — & — Am® .90 S sm%’)( e)
o 2B Am® i 90 Am® 090

Vx AE AE
(a)# (b) becausalifferent flavourlsj o .
havedifferent interactions
For exampleX = pu, 7: 7 W

Voo = Ve — Vx = V2GFNe
(opposite sign fop) e. N VesVpsvr e N only ve
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= Effective masses and mixing are different than in vacuum

= If matter density varies alongtrajectory the effective masses and mixing vary too

The effective massegA = 2E(V. — Vx))

m%—l—m2

,ul,g(a:) = 2 + E(Ve + VX)

1
:|:§ \/(AmQ cos 20 — A)? + (Am?2 sin 20)?

H2A

At resonanpotential: A = Am? cos 20
Minimum Ap? = p3 — p?
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= Effective masses and mixing are different than in vacuum

= If matter density varies alongtrajectory the effective masses and mixing vary too

Theeffective masseqA = 2E (V. — Vx)) Themixing angle in matter
2 2 2
mi + mj . Am~sin 260
_ E(V,+V tan 20,, =
H1,2() o B = Vi) ™ Am?cos20 — A
1
— 2 e 2 2 ! 2 T T T T T T T T T T T T ‘ T T T T
+ > \/(Am cos 260 — A)® + (Am? sin 260) £ ésiﬂz B
T

At resonanpotential: A, = Am? cos 26 «* At A = 0 (vacuum)=-0,,, = 0

Minimum Ap? = p3 — p? *AtA=Ap=0n =7
xAtA>> Ar=0,, =

7

2
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The oscillation length in vacuum

4 E
LOSC —
0 Am?
The oscillation length in matter
L§*¢ AT E

LOSC — _ :
V(BmZcos20 — A)2 + (AmZsin20)2  Ap
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The oscillation length in vacuum

4 E
LOSC —
0 Am?
The oscillation length in matter
osc L§*¢ AT E

V(AmZcos20 — A)2 + (AmZsin20)2  Ap?

L°%¢ presents a resonant behaviour
At the resonant point

0SG  0SC Joesc
L 7 |_ Losc — 0

A 0 : kR sin 26

The width of the resonance in potential:
Am? sin 26

Vg = 7

The width of the resonance in distance:
Vg

: : = Org =
AR A Eall:

r
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¢ In terms of the mass eigenstates in mat ( Ve ) = U0 ()] (Vl (x)>

Ux vy ()

e Forconstant potential,,, andy; are constant along evolution
= the evolution is determined byasses and mixing in mattas

2 . 92 A,LL2L
P,sc = sin“(26,,,) sin ( 5T )

e For varying potential (j;) = U[0m (2)] (ﬁ(@) Ul ()] (1:/{”(96))
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m
V1 (95 )

Neutrinos
. . Ve
e In terms of the mass eigenstates in mat ( ) = U0 (7)] ( . )
Vx vy ()

e Forconstant potential,,, andy; are constant along evolution
= the evolution is determined byasses and mixing in mattas

e 2 . 92 A,LL2L
P,sc = sin“(26,,,) sin ( 5T )

o1 (z)

e For varying potential (j;) = Ulfm ()] (Zgg;) + U (@) (DS"(%))

= the evolution equation in flavour basis (removing diagorat)p

A Ve 1 A — A?Q cos 20 AZLQ sin 260 Ve
)
Am? sin 260 Am? cos 20 VX

Ux :ﬁ 5 5



Cnnrha Gonzalez-Garcia
m
V1 (95 )

Neutrinos
e In terms of the mass eigenstates in mat ( ve ) = U0 (7)] ( . )
Vx vy ()

e Forconstant potential,,, andy; are constant along evolution
= the evolution is determined byasses and mixing in mattas

2 . 92 A,LL2L
P,sc = sin“(26,,,) sin ( 5T )

e For varying potential (j;) = U[fm ()] (Zgg;) + U0 ()] (Zgg;)

= the evolution equation in flavour basis (removing diagorat)p

A Ve 1 A — A?Q cos 20 AZLQ sin 260 Ve
)
Am? sin 260 Am? cos 20 VX

vx ) ﬁ 5 5
= the evolution equation in instantaneous mass basis

2 2
Nz 1 A— A 0520 AMmigin 20 1%
— _—u't,, 2 2 U0,
! (,é”) 2F (0m) ( ATQ”2 sin 260 ATQ”2 COS 29) (0m) (V

V3 73
N~
|
<
S.
>
3
N
>




Neutrinos
e In terms of the mass eigenstates in mat (

@

Vx

)

— 10 (@)]

e Forconstant potential,,, andy; are constant along evolution
= the evolution is determined byasses and mixing in mattas

. : Ap?L
. _ _ Ve \ - , v () .
For varying potential (Dx> = Ul0m (z)] (Vén(x)> + U[0m (x)] (

Cnnrha Gonzalez-Garcia
m
V1 (@)

vy ()

o1 (z) )

vy (z)

= the evolution equation in flavour basis (removing diagorat)p

T 2F

2

UVx 5

A Ve 1 A — A?Q cos 20 AZLQ sin 260 Ve
)
Am? sin 260 Am? cos 20 VX

= the evolution equation in instantaneous mass basis

2

2F

(%”) 1 ( —Ap? ()
=i L )l=—=( ."
e AE \ 41 FE 0,,(x)

-m
%) 2

Nzt 1 A— AmZogop  AmZgn 99
(7 ! = —UT(Hm) A 22. A22
T _Sin 260 2 cos 26

) U, (Z

M3 T3

) ()
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() =g (e, Ty ()

= It is not diagonal=- Instantaneous mass eigenstatesigenstates of evolution

= Transitions/{* — v3* can occur= Non adiabaticity

V dx

° FOI‘AM2($) > 4E6m($> [ld_v 2F cos?20
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R
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e The evolution equation in instantaneous mass basis

() =g (e, Ty ()

= It is not diagonal=- Instantaneous mass eigenstatesigenstates of evolution

= Transitions/{* — v3* can occur= Non adiabaticity

V dx

° FOI’A/LQ(CC) > 4E€m(x) [Ld_v 2F cos?20

& Am” sin’ 29} = Slowly varying matter potent
R

= 1" behave approximately &s/olution eigenstates
= " do not mix in the evolutio his is theadiabatidransition approximation

The adiabaticity condition

1adv - Am? sin® 20
V dx 'R 2F cos 20

= 2worr > L

= Many oscillations take place in the resonant region
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e Solar neutrinosirer, produced in the core{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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e Solar neutrinosirer,. produced in the corel{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R/Rsun

Voo = V2GrN, ~ 10_14%—; eV
At core: Voo ~ 10714-10"12 eV

Neutrino Flux

The energy spectrum of solafs

SuperK, SNO
. : '
(Gallium | Chlorine |
1002 ¢ . .

Bahcall

11

10 m +1%
10!0 E
109 F

i +10%
100

3 7Be
107k
100 r
10e |
104 ;r/f
102
102 r

; : L L L i

1051 0.3 : L "

Neutrino Energy (MeV)

E, ~0.1-10 MeV
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e Solar neutrinosirer,. produced in the corel{ < 0.3R) of the Sun

The solar matter density The energy spectrum of solafs
—~ 4 F Gallium IChlorine | Sl BN
i S B lom? | I Bahcall
_C 10“5;/_@*1%
IS x
(@) 3 109 |
- o j: +10%
g i:vr "Be
Z. 1o°§r
4 Do b b b b b b b B b ma;/
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 102
R/RSUN mlo.zl —o3 1 3 10
_ ~ —14 N¢ Neutrino Energy (MeV)
Voo = V2GpN, ~ 1071 5= eV
At core: Voo ~ 10714-10"12 eV E, ~ 0.1-10 MeV

e FOrv, < v,(+), INvacuumy, = cos vy + sinf vy

e For10— % eV? < Am? <107*eV? = 2F,Voco > Am? cos 20
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinosirer,. produced in the corel{ < 0.3R) of the Sun

The solar matter density The energy spectrum of solafs
—~ 47 Gallium IChlorine I SRS MY
i E B lom? | I Bahcall
_C 10“5;/_@*1%
IS x
(@) 3 109 |
- o j: +10%
g i:vr "Be
Z. 1o°§r
4 Do b b b b b b b B b ma;/
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 102
R/RSUN mlo.zl —o3 1 3 10
_ ~ —14 N¢ Neutrino Energy (MeV)
Voo = V2GpN, ~ 1071 5= eV
At core: Voo ~ 10714-10"12 eV E, ~ 0.1-10 MeV

e FOrv, < v,(+), INvacuumy, = cos vy + sinf vy

e For10— % eV? < Am? <107*eV? = 2F,Voco > Am? cos 20

=> v can cross resonance condition in its way out of the Sun
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Ford < 7:Invacuum v, = cosfv; + sinflvy IS mostlyr,

In Sun core v, = cosb,, ov1 + sinb,, gva IS Mostlyvs

(Am?/eV?) sin? 260 —9
If (E/MeV)cos 26 >3 x 10
= Adiabatictransition

x 1 1S mostlyr, before and after resonance
x 0,, | dramaticallyat resonance
= v, component = P,.. |
This is the MSW effect

A

[1 + cos 20, ¢ cos 20] ~ sin® 0

1
2
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Ford < 7:Invacuum v, = cosfv; + sinflvy IS mostlyr,

In Sun core v, = cosb,, ov1 + sinb,, gva IS Mostlyvs

f G ievyestzs” > 3 x 107° f S etz S 3% 1079
= Adiabatictransition = Non-Adiabatictransition
* v 1S mostlyr, before and after resonance * v is mostlyvs, till the resonance
x 0,, | dramaticallyat resonance + At resonance the state can jump intp
= v, component = P, | (with probability P, )
This 1s the MSW effect = 1, component = P, |

2
My, V)

Pee = 5 [14 (1 — 2P z)cos 260,, o cos 20|

1
2
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Pee

0.9

-

tan®*8=0.1

S~

0.8
0.7
0.6
0.5
0.4

0.3
0.2
0.1

...............

1013 1014 1015 1016 1017 1018

4E /Am* (eV™")

O | \\\HH‘ | \HHH‘ [
10" 10" 10
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1 1
v does not cross resonant P.. =1 — 5 sin® 20 > 5

tGﬂzil?fQ:j .....

S~

...............

O | \HHH‘ | \HHH‘ | |1
1010 1011 1012 1013 1014 1015 1016 1017 1018

4E /Am* (eV™")
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1 1
v does not cross resonant P.. =1 — 5 sin® 20 > 5

tGﬂzil?fQ:j .....

S~

...............
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\Neutrinosin The Sun : MSW Effect |

1 . 1
v does not cross resonan( P.. =1 — > sin” 20 > 5
\HHH‘ \':\HH‘ u
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S/ 9 9 tan*9=0.1
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‘Summary || I

o If m, # 0 — Lepton Mixing= breaking ofL. x L, x L

e From direct searches ofmass:m, < O(eV)

e Neutrino masses and mixirg Flavour oscillations

e EXxperiments observing oscillatioas measurement cxl&m%j andg;;
e v traveling throughmatter=- Modification of oscillation pattern

e Mattereffect iscrucialto interpretation ofolar data
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‘Oyﬂﬂ Decay: Future I

JJ Gomez-Cadenas, sl etal ArXiv:1109.5515

Experiment Mggs 3 AE c Bgr/ROI
(kgss) (keV) (1073 counts/(keV- kggg - year)) (cts/yr)
EXO-200 141 0.34 100 0.78-5 11-71
GERDA-1 15.2 0.95 4.2 12—-70 0.77-4.5
GERDA-2 30.4 0.84 2 1.2—-7 0.07-0.43
CUORE-O0 10.9 0.83 5 180-390 9.8-21.3
CUORE 206 0.83 5 36—130 37.1-134
KamLAND-Zen 357 0.61 250 0.22-1.8 19.6-161
MAJORANA Demonstrator 17.2 0.85 2 1.2-12 0.04-0.41
SNO+ 44 0.50 220 9-70 87—-680
NEXT 89.2 0.33 18 0.2-1 0.32-1.6

SuperNEMO Demonstrator 7 0.28 130 0.6-6 0.55-5.5
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‘Cosmic Neutrino Background I

e Neutrinos decouple &t ~ MeV and forT' < MeV keep the distribution as of
1
exp?/Tv +1

relativistic specie f, =

e Number Density

d°p 3 65(3) .3
n”:g”/ (27r)3f”: 117~ 1in Tip2 Loun

e Energy Density

ol

(
T [ 4
(11> TéMB 1, = O

d3
,01/:9;//(2 o \/E2‘|'m2f1/_< L

myny my, > T
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‘Cosmic Neutrino Background I

e Neutrinos decouple &t ~ MeV and forT' < MeV keep the distribution as of
1
expP/Tv 4-1

relativistic specie f, =
e Number Density

At presentl12 ¢ + v) cm~2 per flavour

e Energy DensitfH, = n =2.13 x 107*?h eV)

0.98x 1010 years

(

O, h? ~1.7x10"° m, =0

Contribution to preser =<

Q_Zimw
\ O h* = ST my, > T

= a conservative limif, 1> < 0.1= » m,, <9eV

(/
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‘ Effective Number of Neutrinos N g |

e At T' < m, the radiation contribution to the energy density of Unieers

1+7><3 4 :
3 1) | ©

e In general afl’ < m. we can always write
4
7 4 \3
1+ - — | N,
+ 3 X (11> ff] Pry
AN.g = Nog — 3 (exactly -3.04) parametrizes;

— Any new relativistic state@ccounting for their decoupling temperature
— Possiblenewv-interactiongwhich change the relation betwe#h andT), )

2 7 2
= =T 43T+ =

Pr =
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‘ Big Bang Nucleosynthesis |

e BBN: Nuclear reactions producing e The produced abundances depend on:
D, 3He, *He, “Li

— The neutron life time:well-known)

from protonsp andneutronsn 7 =8315+15s
Big Bang ] — G (well-known)
N I th i "Be(n. 0)'Li 1 ]
HCICOSYNTEst> / el —np = Z—f baryon to photon # density:
e Be PR (independently measured in CNIB
"Li(p,ar)* He
10 / 25, — Nuclear reaction rates
'He| —* He(d, p)'He— |'He e y) Li <
T n (larger uncertaintigs
dpYVHe 3 potn, pyt r(d.n)*fy
75 d(d;n)’ e ~. | — New physics which affects
'H | —p(n,y)d—|*H | —d(d,pyi— | ‘H . .
N — the expansion of Universe ...
pern

N
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1—|—7>< 4
8 11

o Neg > 3.
= Faster expansion of Universe

= Weak Interac freeze-out earlier
Ny
= LargerE = LargerYp

Fraction of critical density

‘BBN & Neg I

Neff] P~

LIk

Pr —

0.01 0.02 0.05

0.255 ——— )
0.25 -

o i = . . |

.9 -

-

13 %

© /

K] /

w 0.245

n

o

=

[0}

2 /
0.24 Z

1 2 5
Baryon density (1073 g em™®)

Burles, Nollet, Turner (1999)
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‘BBN & Neg I

With latestYp» determination

7 43 |
P TR (ﬁ) A | d
Negr = 3.8795 at95%

® Neff > 3 - 35
= Faster expansion of Universe
= Weak Interac freeze-out earlier Ko o e s

5
M0

= Larger " = LargerYp
o |zotov, Thuan (2010)

Fraction of critical density

"y 4

1 2 5
Baryon density (1073 g em™®)

Burles, Nollet, Turner (1999)
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‘BBN & Neg I

With latestYp» determination

11

7 4\ 3
Pr = 1‘|‘§X(_) Netr P~

“He Mass fraction

off > 3
= Faster expansion of Universe
= Weak Interac freeze-out earlier
Nn
= Largern—p = LargerYp

Fraction of critical density

" A

1 2 5
Baryon density (1073 g em™®)

Burles, Nollet, Turner (1999)

Negr = 3.8795 at95%

a) i
45
4
a
-4
35
3 — — — — — _\Je - - - - -
=885420.9
2 Y.=0.25650.0080
= 0.840524
’[‘)p‘; 5 (B/H)_=(2.76£0.25)x107®
e ("Li/H),=(5.2520.20)x10™*°
25 L

5 10
M0

|zotov, Thuan (2010)
More conservatively

10 i
@ +*H+'He
- - wb+2HIow+4He
| = PHeHe :
° : CMB,2,, 4
8 1 e Y T H e
._E .................................
T 0.5 -
e
L
o/ )
./ ‘. B
-/ » M
IS I - | A | IR SO L
080 10 2.0 30 40 50
N
eff

Mangano, Serpico (2011)
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\ CMB: Effect of Neutrinos |

e CMB almost unaffected by’s if they arerelativisticat recombination,... = 1089

L 4\ 3
At recombinatior 77 ~ 3000 K~ 0.26 eV = T)°° = (ﬁ) T°°°~0.18 eV
The mean momenta of the neutri (p,),cc = % T7° = 0.58 eV
pl/ rec —— 1806(3) v - .

Sov’s direct effect of CMBif ) “m,, > 1.7eV
J. Lesgourgues & S.Pastor Phys. Rep.(2006)

6000 /’-‘\‘ nov's —--—--—----
e For lightery/’s effect isindirect (andsmall): 78\

they changéackgrouncevolution
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\ CMB: Effect of Neutrinos |

e CMB almost unaffected by’s if they arerelativisticat recombination,... = 1089

L 4\ 3
At recombinatior 77 ~ 1000 K~ 0.26 eV = T°° = (ﬁ) T°°°~0.18 eV
The mean momenta of the neutri (p,),ec = " prec _ 0.58 eV
pV rec —— 1805(3) v - .

Sov’s direct effect of CMBif ) “m,, > 1.7eV
J. Lesgourgues & S.Pastor Phys. Rep.(2006)

I
6000 f,=0 ——
A f,=0.1, fixed (wg, Qp) -

e For lighterv’s effect isindirect(andsmall):
f,=0.1, fixed (w;, h) ~ ---------

they changéackgrouncevolution
(time of matter-radiation equality

5000

2

4000

3000

I(I+1) C,/ 21t (PK)

e But parameter degeneracies
Same effect by change of 000
other cosmological parameters -

2 200 400 600 800 1000 1200 1400
|

N
o
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‘CI\/I B: Effect N.g I

e In general afl’ < m. we can always write
4
7 4 \3
1+ — — ] Ne
+ 3 X (11) ff] Pry
AN.g = Neg — 3 (exactly -3.04) parametrizes;

— Any new relativistic state@ccounting for their decoupling temperature
— Possiblenewv-interactiongwhich change the relation betwe#n and’,, )

Pr =

e A change inV.g changes the time of matter-radiation equality

QO h? 1
Q. Q72 1+ 0.2271Nog

| =k Zop =

e The ratio of 1st to 3rd peak in CMB> z., = 3145 + 140
but effect of V.4 degenerated witk,,,

The conclusions is:
Combined analysis of Several Observables to break Degaaera
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\Formation of Structures, Effectsof v’s |

1y
e Contrary to CDMy’s move at spee v, ~ min [c, 3—]

my

Uy

H{(t)

= They can travefreely over distance Apg ~

.. 2ma(t
= They affect structures formed over scalewith ma(?)

< Ars

k> ko ~ 0.0180L/2
- ™o 1eV

e If all DM formed of v’s (Hot Dark Mattey no structure formed witk > k.
= PureHDM Ruled out by Observations

= Subdominant contribution of s to DM Constrained by Observations
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\Formation of Structures; Effectsof v's |

—

e The matter power spect (6, (%) = [ 5oy expi*(@1—=F2) P(k) is modified

AP Qy V;
(k) ~ 88— ~ —(. 09Zm :

fork >k,
P(k) 0 1oV Q12 >

1.2 T

0.8

=0

0.6

PN 1 P(k)"

04

0 | | | |
1073 1072 1071 1
k (h/Mpc)

J. Lesgourgues & S.Pastor Phys. Rep.(2006)
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e Lets consider. in a medium withe, p, andn. The effective low-energy Hamiltonian:

Hiy = ZEI0(@) 0 @) + 17 @I @)
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e Lets consider. in a medium withe, p, andn. The effective low-energy Hamiltonian:

Hiy = ZEI0(@) 0 @) + 17 @I @)
ccint SV (@) = ve(@)ra(l — y5)e(x) IS (2) = e(@)va(l — 5)ve()
Neint (@) = Te(@) e (1 — ys)ve () — (@) [all — 75) — s3vale(@)
n)

+5(2)[7a (L = gif75) — dshyvalp(@) — (@) ra(l - 954 75) — 45§y valn(z)
e Example The effect of CC with thee medium.The effectiveCC Hamiltonian

HY = Sk [dpf(E.,T) (e pe) v (1 — 7)1 — 25)les. )} )

Fierz SETAa (1 — 5) Ve [ d&Ppef(E.,T) <<e(s,pe)|€%(1 — 75)6\6(37Pe)>>

rearrange vz

f(E.,T) statistical energy distribution efin homogeneous and isotropreedium.
depef(EeaT) =1

<> = averaging over electron spinors and summing ovex.all

coherence= s, p. same for initial and fina¢
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e Expanding the electron fieldsin plane waves

(e(s, e)[@Ya(l=7s)ele(s, pe)) = (e(s, pe)[ts(pe)

e Sinceal (pe)as(pe)

al(pe)Va (1=75)as(pe)us(pe)|e(s, pe))

= N (pe) (nUMber operator) and assuming that there are the

same number of electrons with spin 1/2 and -1/2

<<€<S,pe)’al<pe)a8(pe)’€<87pe)>> = Ne(pfﬁ)% Z

S

where N, (p.) number density of electrons with momentpm

<<e(37pe)’§’ya(1—’y5) le(s, pe)) > =
_ Ne(pe)ZTr =

T 2
— —Neépe)T’r'Z u

s L

(pe )y (1 — 75)us(pe)_

s(Pe ) s (Pe)va (1 — 75)_

s) pe 1 - 75)’&(3)(]?6)

Ne(

DDA PRI AR SNCERS

2
Negpem[m; b -] =

IS

Ne(pe)
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e Expanding the electron fieldsin plane waves

(e(s, e)[@Ya(l=7s)ele(s, pe)) = (e(s, pe)[ts(pe)

e Sinceal (pe)as(pe)

al(pe)Va (1=75)as(pe)us(pe)|e(s, pe))

= N (pe) (nUMber operator) and assuming that there are the

same number of electrons with spin 1/2 and -1/2

<<€<S,pe)’al<pe)a8(pe)’€<87pe)>> = Ne(pfﬁ)% Z

S

where N, (p.) number density of electrons with momentpm

<<e(37pe)’§’ya(1—’y5) le(s, pe)) > =
_ Ne(pe)ZTr =

o 2

= —Negpe)TTZ u

s L

e Isotropy=- [ d*pepe f(E.,T) =0
e Also fd?’pef(Ee, T)Ne(pe)

(pe )y (1 — 75)us(pe)_

s(Pe ) s (Pe)va (1 — 75)_

s) pe 1 - 75)’&(3)(]?6)

Ne(

DDA PRI AR SNCERS

2
Negpem[m; b -] =

IS

Ne(pe)

= N, electron number density
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e The effective charged current Hamiltonian due to electromsatter is then:

ngv Ze(@o(1 — 75)ve(x) = VRGE NoTeE (x)yover ()

which contributes a potential term to the Dirac Eq of the neas

HY =

Vo = V2GEN,



