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Neutrinos as a Unique Probe: 10−33 − 10+28 cm

• Particle Physics

– νN, µN, eN scattering: existence/properties of quarks, QCD

– Weak decays (n → pe−ν̄e, µ− → e−νµν̄e): Fermi theory, parity
violation, quark mixing

– Neutral current, Z-pole, atomic parity: electroweak unification,
field theory, mt; severe constraint on physics to TeV scale

– Neutrino mass: constraint on TeV physics, grand unification,
superstrings, extra dimensions; seesaw: mν ∼ m2

q/MGUT
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• Astrophysics/Cosmology

– Core of Sun

– Supernova dynamics

– Atmospheric neutrinos (cosmic rays)

– Violent events (AGNs, GRBs, cosmic rays)

– Large scale structure (dark matter)

– Nucleosynthesis (big bang - small A; stars→ iron; supernova - large N)

– Baryogenesis

– Simultaneous probes of ν and astrophysics

• Interior of Earth
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The Standard Model

• Standard model: SU(2)× U(1) (extended to include ν masses)

+ QCD + general relativity

• Mathematically consistent, renormalizable theory

• Correct to 10−16 cm

– QCD: short distance, long distance symmetries

– QED, WCC, WNC, W , Z

– Gauge self-interactions

• Missing: Higgs (or alternative), dark matter, dark energy

SSI 2010 Paul Langacker (IAS)



The Gauge Group

• Gauge group SU(3)× SU(2)× U(1); gauge couplings gs, g, g′(
u
d

)
L

(
u
d

)
L

(
u
d

)
L

(
νe
e−

)
L

uR uR uR νeR(?)

dR dR dR e−R
( L = left-handed, R = right-handed)

• SU(3): u ↔ u ↔ u, d ↔ d ↔ d (8 gluons)

• SU(2): uL↔ dL, νeL↔ e−L (W±); phases (W 0)

• U(1): phases (B)

• Heavy families (c, s, νµ, µ
−), (t, b, ντ , τ

−)
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The Electroweak Theory

• QED and weak charged current
unified

• Weak neutral current (Z) predicted
(νN → νX, atomic parity violation)

• Stringent tests of WCC, CP -
violation, WNC, Z-pole, beyond

• Fermion gauge and gauge
self-interactions

νe

W − W +

e− e+

γ

W − W +

e− e+

Z

W − W +

e− e+
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• SM correct and unique to zeroth
approximation
(gauge principle, group, representations)

• SM correct at loop level
(renorm gauge theory; mt, αs, MH)

• TeV physics severely constrained
(unification versus compositeness)

• Consistent with light elementary
Higgs

• Precise gauge couplings
(SUSY gauge unification)
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MOLLER

Qweak

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.379
ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092
mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

August 2009
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Standard Model Lagrangian after symmetry breaking

L = LQCD + Lgauge + LHiggs +
∑
i

ψ̄i

(
i 6∂ −mi −

miH

ν

)
ψi

− g

2
√

2

(
JµWW

−
µ + Jµ†WW

+
µ

)
− eJµQAµ −

g

2 cos θW
JµZZµ

Mass eigenstate bosons: W±, Z, and A (photon); H (Higgs)

Z = − sin θWB + cos θWW
0

A = cos θWB + sin θWW
0

Weak angle: tan θW ≡ g′/g
Positron charge: e = g sin θW

Electroweak scale: ν ≡ √2〈ϕ0〉 ' 246 GeV
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Free Dirac Fermion (four-component)

L = ψ̄ (i 6∂ −m)ψ

= iψ̄L 6∂ψL + iψ̄R 6∂ψR −m
(
ψ̄LψR + ψ̄RψL

)
where

ψL =
1− γ5

2
ψ ψR =

1 + γ5

2
ψ

are left (right) chiral projections (chirality = helicity up to O(m/E))

• ψL and ψR are (two-component) Weyl spinors

• ψL annihilates L-particle or creates R-antiparticle
(opposite for ψR)

• m generated by interaction with Higgs in standard
model (bare mass forbidden by SU(2)× U(1))W

W

ν

ν

g2

eR

eL

νhe
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Particle Mixing

• Consider F fermions of the same charge and color
(e.g., F = 3 flavors of charge-2/3 quark)

L = iū0
L 6∂u0

L + iū0
R 6∂u0

R −
(
ū0
LM

uu0
R + ū0

RM
u†u0

L

)
• u0

L =
(
u0

1Lu
0
2Lu

0
3L

)T
is 3-component column vector of

“weak eigenstate” fields (similarly for u0
R)

• Mu is 3 × 3 up-quark mass matrix (need not be Hermitian, diagonal,

symmetric; can generalize to non-square)
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• Diagonalize Mu by unitary AuL and AuR (Au
L = Au

R for Hermitian Mu)

Au†L M
uAuR =

 mu 0 0
0 mc 0
0 0 mt


• “Mass eigenstate” fields

uL = Au†L u
0
L = (uL cL tL)T

uR = Au†R u
0
R = (uR cR tR)T

• Similarly for d, e, ν (will discuss Majorana later)

• Combinations of AL observable in weak charged current
(AR not observable in standard model)

• (Unobservable) uL phases arbitrary; uR phases ⇒ mi ≥ 0

SSI 2010 Paul Langacker (IAS)



The Weak Charged Current

Fermi Theory incorporated in SM and made renormalizable

W -fermion interaction:

LWCC = − g

2
√

2

(
JµWW

−
µ + Jµ†WW

+
µ

)
Charge-raising current:

Jµ†W =

3∑
m=1

[
ν̄0
mγ

µ(1− γ5)e0
m + ū0

mγ
µ(1− γ5)d0

m

]
= (ν̄1 ν̄2 ν̄3)γ

µ(1− γ5)V`

 e−

µ−

τ−

+ (ū c̄ t̄)γµ(1− γ5)Vq

 d
s
b
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Pure V − A ⇒ maximal P and C violation; CP conserved except
for phases in V`,q

U ≡ V †` ≡ Ae†L A
ν
L is 3 × 3 unitary Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix from mismatch between weak and Yukawa
interactions (can ignore when mν unimportant)

Vq = Au†L A
d
L is Cabibbo-Kobayashi-Maskawa (CKM) matrix

Third family almost decouples in Vq ⇒ 2× 2 Cabibbo matrix

Vq =

(
cos θc sin θc
− sin θc cos θc

)
sin θc ' 0.22

SSI 2010 Paul Langacker (IAS)



Full 3× 3 CKM matrix involves 3 angles and 1 CP -violating phase
(after removing unobservable qL phases)

Vq ≡
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


=

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1


=

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


( cij ≡ cos θij, sij ≡ sin θij. δ is the CP -violating phase)

|Vij| ∼
0.9742 0.226 0.0036

0.226 0.973 0.042
0.0087 0.041 0.9991
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Effective zero-range 4-fermi interaction (Fermi theory)

For |Q| � MW , neglect
Q2 in W propagator

−LWCC
eff =

GF√
2
JµWJ

†
Wµ

Q →
W +

e− u

νe d

gJW gJ†
W −→

e− u

νe d

GF√
2
JW J†

W

– Typeset by FoilTEX – 1

Fermi constant: GF√
2
' g2

8M2
W

= 1
2ν2

Muon lifetime: τ−1 =
G2
Fm

5
µ

192π3 ⇒ GF = 1.16637(5)× 10−5 GeV−2

Weak scale: ν =
√

2〈0|ϕ0|0〉 ' 246 GeV

Excellent description of β, K, hyperon, heavy quark, µ, and τ
decays, νµe→ µ−νe, νµn→ µ−p, νµN → µ−X
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Quantum Electrodynamics (QED)

Incorporated into standard model: LQ = −eJµQAµ, e = g sin θW

Electromagnetic current:

JµQ =

3∑
m=1

[
2

3
ū0
mγ

µu0
m −

1

3
d̄0
mγ

µd0
m − ē0

mγ
µe0
m

]

=

3∑
m=1

[
2

3
ūmγ

µum −
1

3
d̄mγ

µdm − ēmγµem
]

Electric charge: Q = T 3 + Y , where Y = weak hypercharge

Flavor diagonal: same form in weak and mass bases

Purely vector (parity conserving): L and R fields have same charge
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The Weak Neutral Current

Prediction of SU(2)× U(1): LWNC = − g
2 cos θW

JµZZµ

JµZ =
∑
m

[
ū0
mLγ

µu0
mL − d̄0

mLγ
µd0
mL + ν̄0

mLγ
µν0
mL − ē0

mLγ
µe0
mL

]
− 2 sin2 θWJ

µ
Q

=
∑
m

[
ūmLγ

µumL − d̄mLγµdmL + ν̄mLγ
µνmL − ēmLγµemL

]
− 2 sin2 θWJ

µ
Q

Flavor diagonal: same form in weak and mass bases (GIM)

Effective 4-fermi interaction: −LWNC
eff = GF√

2
JµZJZµ
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Electroweak Interactions of Neutrinos

Z

νµ e−

νµ e−

W

e− νe

νe e−

Z

νe e−

νe e−

– Typeset by FoilTEX – 1

−Lνaeeff =
GF√

2

[
ν̄aγµ

(
1− γ5

)
νa
] [
ē−γµ

(
gaV − gaAγ5

)
e−
]

νµe : gµV ∼ −
1

2
+ 2 sin2 θW , gµA ∼ −

1

2

νee : geV = 1 + gµV , geA ∼ 1 + gµA
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dσνe

dy
=
G2
FmeEν

2π

[
(gV + gA)2 + (gV − gA)2(1− y)2 − (g2

V − g2
A)
me

Eν
y

]
σνe ∼

∫ 1

0

dσ

dy
dy ∼ G2

FmeEν

2π

[
(gV + gA)2 +

1

3
(gV − gA)2

]

In lab frame: y = Te/Eν (0 ≤ y ≤ (1 +me/2Eν)
−1 ∼ 1)

dσν̄e

dy
=
G2
FmeEν

2π

[
(gV + gA)2(1− y)2 + (gV − gA)2 − (g2

V − g2
A)
me

Eν
y

]
σν̄e ∼

G2
FmeEν

2π

[
1

3
(gV + gA)2 + (gV − gA)2

]
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νq → νq (Mainly Deep Inelastic)

• WCC

−LWCC
eff =

GF√
2
µ̄ γµ (1− γ5)νµ ×

∑
ij

[
ūi γµ(1− γ5)Vijdj

]
• WNC

− LWNC
eff =

GF√
2
ν̄µ γ

µ (1− γ5)νµ

×
∑
i

[
εL(i) q̄i γµ(1− γ5)qi + εR(i) q̄i γµ(1 + γ5)qi

]

d

u

p

νµ

X

µ−

W + d̄

ū

p

νµ

X

µ−

W +

q

q

p

νµ

X

νµ

Z
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• Standard model

εL(u) ∼ 1

2
− 2

3
sin

2
θW εR(u) ∼ −2

3
sin

2
θW

εL(d) ∼ −1

2
+

1

3
sin

2
θW εR(d) ∼ 1

3
sin

2
θW
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Neutrino Oscillations: a first look

• Weak versus mass eigenstates:

|νe〉︸︷︷︸
weak

= |ν1〉 cos θ + |ν2〉 sin θ︸ ︷︷ ︸
mass

, |νµ〉 = −|ν1〉 sin θ + |ν2〉 cos θ

• t = 0: |ν(0)〉 = |νµ〉 (from π+ → µ+νµ)

• t > 0:

|ν(t)〉 = −|ν1〉 sin θe−iE1t + |ν2〉 cos θe−iE2t

∼
[
−|ν1〉 sin θe−i

m2
1t

2E + |ν2〉 cos θe−i
m2

2t

2E

]
e−iEt

Ei =
√
|~p |2 +m2

i ∼ E + m2
i/2E where E ∼ |~p | for definite |~p | � mi

(same for definite E or wave packets)
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• Probability of oscillating to νe (observe by νen→ e−p)

Pνµ→νe(L) = |〈νe|ν(t)〉|2 = sin2 θ cos2 θ

∣∣∣∣−e−im2
1t

2E t + e−i
m2

2t

2E t

∣∣∣∣2
= sin2 2θ sin2

(
∆m2L

4E

)
= sin2 2θ sin2

[
1.27∆m2(eV2)L(km)

E(GeV)

]

∆m2 = m2
2 −m2

1, L ∼ t

✲ �
�

��✒

❍❍❍❥

✻

�
�

��

�
��✒
π+

µ+

νµ νe

e−

p
L ✲✛

• Oscillation length:
Losc = 4πE

∆m2

• Survival probability:
Pνµ→νµ(L) = 1− Pνµ→νe(L)
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Neutrino Spectra

ν Oscillations

• Pνa→νb = sin2 2θ sin2
(

∆m2L
4E

)
3 ν Patterns

• Solar: LMA
(SNO, KamLAND, Borexino)

• ∆m2
� ∼ 8 × 10−5 eV2, mixing

large but nonmaximal

• Atmospheric + K2K + MINOS:
|∆m2

Atm| ∼ 2.4 × 10−3 eV2,
near-maximal mixing

• Reactor: Ue3 small (U ≡ V †` )
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• Mixings: let ν± ≡ 1√
2

(νµ ± ντ):

ν3 ∼ ν+

ν2 ∼ cos θ� ν− − sin θ� νe

ν1 ∼ sin θ� ν− + cos θ� νe

!

"
∆m2

!

"

!

∆m2
atm

1

2

3
!

"

∆m2
atm

"

!
∆m2

!

3

1

2

• Normal hierarchy

– Analogous to quarks,
charged leptons

– ββ0ν rate very small

• Inverted hierarchy

– ββ0ν if Majorana

• Degenerate pattern for |m| �
√
|∆m2|
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