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Neutrinos in the Standard Model of Particle Physics

Neutrino oscillations:
experiments with atmospheric,
solar, accelerator and reactor neutrinos

Neutrino masses:
- cosmology and astrophysics

- neutrinoless double Bdecay
- direct neutrino mass experiments

Neutrino telescopes
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— i s \VESTFALISCHE Experimental prOOf \0\ /‘/v
‘ \KAV%L:SE;::QS-UNWERS”AT of neutri nOS Ve
P

e+

1956: Cowan and Reines: Poltergeist experiment
strong Qe source: nuclear power reactor:
6 ;e/fission (from fission products), E <9 MeV

energy gain / fission: 200 MeV
1 GW thermal power = 2 -10%v/s

Detection reaction: inverse 3 decay: Qe +p— n+e" (threshold: 1.8 MeV)

%///// 7[ SignatUre:a) n: thermalisation by elastic scattering,

511 keV 4 capture on Cd =7's
AT S Ny A__A | b) e annihilation =2y's (511 keV)

T
[ . H

3 O +ct IS
H i

=<l
/

4 = spatial and time-delayed coincidence
///s/“//k} A«» /D | (nearly background free)
— | measured cross section:
figure: Schmitz: Neutrinophysics, Teubner (1.1£0.3) - 10 cm?

(in good agreement with Fermi's theory for V-A)
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: Helicity of the neutrinos:

Minaren M Goldhaber experiment

Helicity: projection of the spin onto flight direction #=c p/ |p|

152 J°
2 950k/ 9.3hr  &- . K- Elzfong_ o Emf_slon Resonanz—Streuung
m'1%%* (3%1) +107*sec 1~ = ° = = e =
152 ¥ ¢ 961keV Ve Eu Sm Sm ¥ Sm Sm'Sm y
>m . 0* ~Pv = Psm* = pr =  Psm® = a‘f
Eu'>? | Determination of the helicity of the neutrinos:
1 | -' - Detect y by resonance scattering on *°Sm

Elektro— Usually not possible due to red shift from vy recoil !
magnet

But resonance scattering is possible,
if primary v recoil gives the right blue shift:
= 180° emission of v and vy

o
777777
77777
°

e Due to spin structure of transissions:
H(v) = 9 (y) for detected photons

' Sm,03—Ring

e Measure #(y) by determination of transmission
 Photomultiplier through magnetized iron

Result: H(v,) = -1
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‘ WFLSHT:f;\S-CUHNEIVERSITAT Fermi‘s theory Of the Bdecay

MUNSTER

1934 Enrico Fermi formulates theory of the 3 decay like in electrodynamics:
four point interaction

current-current-coupling 4= G./2 - J - J

: — o e p e
hadronic current: JM= <p| Y, | n> \/
leptonic current:  J*=<e | y¥|v_ > /\ Ve
n v N

This ansatz is still right as a low-energy approximation,
only the yuoperator has to be more generalized due to parity violation:
<e|yHv > - <e|yH(l-y)|v >

Y-y, =V O-A

Christian Weinheimer  Graduate School 1504, September 2012 5



L v's in the electroweak Standard Model:

Minsten U ( 1 )S U ( 2)

12 fundamental fermions
6 left-handed weak isospin dublets:

v
Leptonen (Vf) ( '[_L)
€ L H )
U

aats (g),  (4),

9 riaht-handed weak isospin sinaulets:
GR,ﬂR,TR,UR,dR, CR, SR,tR, bR (novRin SM)

lIJL=PL\IJ \IJR=PR\IJ PL=1/2(1—"}/§) PR=1/2(1—|—’Y5)

L L \
massive leptons in charged

Vr pure weak
— isospin dublets
T /L

A weak
( ) isospin dublets
L

b

.
o

S

weak currents (CC):
- lepton:
For masseless particles (v in SM): L= 11);(1 £ (vlc))/2
.. =0} = Long =V
¥ , ¥.° have helicity # = -1 —p - anti lepton:
P(# = +1)= (1 £ v/c)/2
; . . _ —~O P =vlc
A. Salam Y_, ¥ ° have helicity # = +1 —p _ Long _
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—— R Lagrangian: Interaction part

WILHELMS-UNIVERSITAT
MUNSTER

v(u)/ I(d)/ B 3/5 ’ P

¥

weak charged current (CC)

1 (d) . v(u) _
N\ W N w L= T (W SR

V,I, U,d, . \ Z 0
.......................................... T (J3 — sin2 Gy JE™) ZO
v,l, u,d / ' ‘COSQW ] " d

weak neutral current (NC)

, ud, \ v
+ gsinfy J; ™ AF

A VAVAVA o
|, u,d, / e
em neutral current

coupling to electromagnetic current Jsomas in QED:g sinB,, = €

O = 28.7° = coupling of weak interaction ~ coupling of em. interaction,

but there is a term ,m * (m_?) in the denominator of the propagator, see later
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m— e e Weakness of weak interaction

e MUNSTER

Difference v versus electron scattering

Remember photon propagator:

y
N\ B 1

gi — -

g Q*
But W propagator:

w g B _ 9ad’ .
v Yo M2, P<MZ —i-gp
—_———— 5 5 — ——5 — — const.
q* — My, My,

— weak cross section increases linearly with s,
but is much smaller due to 1/M{}V (Mw =~ 80 GeV)
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— — WESTFALISCHE V cross SeCtiOnS
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figure: Schmitz: Neutrinophysics, Teubner

v-fermion scattering cross sections: cocs =m? + 2E m, = s <k
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LEP:
e+e" -2y —

e + e’
W+ U,
T+ T,

u+u,
d +d,

S +s,
Cc +c,

b +b,

Ve*'Ve,

v +v ,
u i

vV+tv,
T T

27?707
full width:
invisible width:

v partial width

Exp:

visible

invisible

I

KL

invisible

1_1\/

Christian Weinheimer

LEP: determination of
number of neutrino generations

ALEPH

T I T T R R NI NS E H T T T T B [ !
B8 B3 20 1 a2 a3 94 a5

Energy (GeV) figure: PDG
2495(2) MeV
499(2) MeV
167.1 MeV =N, =2.99
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: Angular distribution of

e neutrino-fermion scattering

Neutrino-fermion scattering:

po Ve do G2
y B d—QZﬁ'S (¢° < My)
/W \e

no angular dependence:

_ _ Vi e

(e~ = pve) — <~  J=0
~ =
vV H
u - 1 —cos(fcums)
T V= 2

do
dy y distribution is flat for vl scattering !
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— s \VESTFALISCHE AnQUIar diStribUtion Of
\’(AV;jLI:ISE_Il:::zS-UNIVERSITAT anti neutri no_fe rm ion scatteri ng

Antineutrino-fermion scattering (neglect NC):

W do  G% L
A rroRalre Rl R )
angular dependence:
Ve e
— J, =1
= =
8 = 180° g =0°

e~ Ve
N J, =-1 — — J, =1
= =
do
dy ’ y distribution = g5, = 1/3 - 0,
-

1 y distribution is not flat for vl scattering !
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B Deep inelastic

wee - (dNtl)neutrino-nucleon scattering

Average: ((1-y)*)=1/3 T = e

(ca. 20 ”5 GeV)

= expect: o' = 30" and o"N = 3N ﬁ(t ﬁ i m %HLJ& %f—i
I N

()

- <1

Experiment: £ S
vl 7 vN oN oN E ou | 5

o’ = 3c”, buto’" ~ 20" < 30 ——|t 13
ﬁgﬁ i LU

0.2 () ® CCFRR (6) V IHEP-ITEP 10) ® BNL-7ft 555—35 | &

- 25ie:| >

o S 2ig3if| D

From helicity arguements we deduce ol 2
for the Y distribution and for Oyt 10— %
vq vg and vg=vq M¢ o 1 8

o i c

18

) o

26vN G2 ME, °V g =30- | 3
d“c _ F (q(w) +(1 —y)zcj(sc)) i v E=30-200Gev) B
dzdy T £
_ 0.5 - L.
d2gvN GZFMEV _ 5 .
dody - (a(z) + (1 — v)?q(x)) - - %
with ¢(z) = = (u(z) + d(z) + s(z) + ...) i 1 o

- ~ — 0

with g(z) = = (a(z) + d(z) + 5(z) + ...) ] o %

0O | 1 1 1 | 1 | | =

= Sea quark fractionq(x) is about 15% =~ °>2 °* 06 08 1€
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- Results from deep inelastic
\’(AV;jLI:ISE_Il:::zS-UNIVERSITAT (anti)neutrino_nucleon Scattering

(in addition to deep inelastic charged lepton scattering)

Nucleon consists of partons:
- point-like
- charges of 1/3 and 2/3

- spin %

Only with neutrinos (or with polarisation d.o.f.):

- there are sea-quarks in the nucleon
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- Lagrangian of the Standard Model:
\’(AV;jLI:ISE_Il:::zS-UNIVERSITAT mass terms

I —
Dirac mass terms in the Standard Model with the Higgs doublet

c

o+ ot ot
L = _fe(V_GSE)L HO0 €r — fu (ﬁvdjL O up — fd(ﬁadjL PO drp +... + h.c.

No neutrino mass terms, since there exist no right-handed neutrinos v in the SM !

Spontaneous symmetry breaking (loose 3 d.o.f. to give W*, W- and Z° mass):
e+ \ 0
Ll o\ w2

Fermion mass terms:

fe"U - f,u"U - fd-’u -
L = — €r ¢ — ur, u — dy. d +... 4+ h.c.
/2 L €R /3 LUR /2 LAdR
—— —— ——
= e = My = Mmg

General: Dirac mass terms for fer_mions inie standard model:
L = mp (\I’L\I’R—l—\I’R\PL) + ...
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— " —uwmsee — NeUtrino sources and energy spectra
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= Relic neutrinos The Big Bang

(very brief)

e In the early universe, neutrinos, electrons/positrons
and photons are in thermal equilibrium:

equal temperatures T, = TY

and equal densities n,=n = 1.6 - 10° ng

« At T~ 1 MeV, the neutrinos decouple, since the interaction rate gets too slow: I' < H
= further on same temperatures (T, = T ) and same densities (n, = n)

« AtT =~ 0.5 MeV, the electrons and positrons annihilate into photons

= increase of photon density and adiabatic re-heating of photons
Conservation of entropy and correct counting of degrees of freedom yields

T = (11/4)" T,

e Today: cosmic microwave background (CMB):

Ty =2.725K n = 411 cm>  (Planck’s law)
and cosmic neutrino background (,relic neutrinos®):
T =19K n =336 cm® (all flavours, v andv)

(Calculation were done for massless neutrinos, but density n is correct for m_ #0)

Comparison: m =0.7eV = P, ~Pg
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: Summary of neutrinos in the

w0 Standard Model of particle physics

[ —
e Vv's are left-handed,

charged fermions in CC reactions (W exchange) are also left-handed
charged fermion coupling to the Z° is more complicated
(since the Z° is a superposition of the ,hypercharge photon B and the W?)

e V's are massless,
since there is no right-handed neutrino to construct a ,Dirac mass term*

S =-mP ¥, -mP, P

* Vv's have very small cross section (due to very heavy W and 2Z)

- If there are no thresholds, v cross section are proportional to v lab energy E,

« There are 336 relic v's per cm?3 in the universe, a billion times more than atoms
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