Weak Interactions

• Historically: nuclear β decay, continuous spectrum A Z X →^A_{Z+1}Y^{(∗)}e^−ν̄e^A_Z X →^A_{Z−1}Y^{(∗)}e^+νe

=⇒ Pauli postulates neutrino in 1930 • In 1930s explained by Fermi as bound n or p decay n → pe^−ν̄e bound p → ne^+νe τn = 886.7 ± 1.9 s τp > 10^{32} years

• Today: charged weak current d → ue^−ν̄e, u → de^+νe

mediated by virtual W^±

�^{W −d} u^{ēνe}_{Franz Muheim Particle Physics 4 17. 2. 2004}

β Decay à la Fermi

• 1932 Fermi, 1st theory of weak interactions

Charged weak current analogous to e^−p scattering M(e^−p → e^−p) = (eūpγ^μup) −1 q^2 (−eūeγμue) = j^μ_e −e^2 q^2 jμ_p • Point interaction for β decay

or crossed reaction nν_e → pe^−

�n^{νe} p^{e−|ΔQ| = 1}_{M(nνe → pe−) = GF (ūpγμun) (ūeγμuνe )• Fermi coupling constant GF = 1.166 × 10−5 GeV−2limit of Feynman propagator for small q2 ≪ M 2Wlimq2→0 −i(gμν − qμqν /M 2W )q2 − M 2W = igμνM 2WSetting GF = g2/M 2W and g = epredicts weak mass scale of ∼ 100 GeV}

• Short range R = h̄c/(m_W c^2) ≪ 0.1 fm

Franz Muheim Particle Physics 4 17. 2. 2004

Parity Violation

• 1950s: θ − τ puzzle: same mass, spin, charge

θ^+ → π^+π^0 Parity P_θ+ = PπPπ(−1)^{L=0} = +1

τ^+ → π^+π^−π^+ π^+π^0π^0 P_τ + = PπPπPπ(−1)^{L=0} = −1 • 1956: Lee and Yang propose Parity Violation in

weak decays

=⇒ θ^+ and τ^+ are same particle: K^+ • 1957: Wu et al. study^{60}Co →^{60}Ni^∗ + e^−ν̄_e

polarised^{60}Co spins aligned to B-field, T = 0.01 K emitted e^− prefers direction opposite spin

Expect equal rates if parity is conserved

=⇒ Parity is violated in weak decays

Franz Muheim Particle Physics 4 17. 2. 2004

Parity

• Parity operator for spinors: ψ^′ = P ψ ≡ γ^0ψ

P (ψ̄) ≡ (ψ̄)γ^0 = ψ^†(γ^0)^†γ^0 = ψ̄γ^0 P (ψ̄γ^0ψ) ≡ ψ̄γ^0γ^0γ^0ψ = +ψ̄γ^0ψ P (ψ̄γ^kψ) ≡ ψ̄γ^0γ^kγ^0ψ = −ψ̄γ^kψ Spatial components of a vector current V^μ = ψ̄γ^μψ change sign under P P (V^0, ⃗V ) = (V^0, −⃗V )

• Example QED: current-current interaction M(e^−μ^− → e^−μ^−) ∼ gμν (ū3γ^μu1) (ū4γ^ν u2) = gμν V^μ_e V^ν_μ QED conserves parity: M unchanged under P M ∼ V^0_e V^0_μ − ⃗Ve · ⃗Vμ P (M) ∼ V^0_e V^0_μ − (−⃗Ve) · (−⃗Vμ) = V^0_e V^0_μ − ⃗Ve · ⃗Vμ • Exists also axial-vector current^¯ψγ^5γ^μψ

P (ψ̄γ^5γ^0ψ) ≡ ψ̄γ^0γ^5γ^0γ^0ψ = −ψ̄γ^5γ^0ψ P (ψ̄γ^5γ^kψ) ≡ ψ̄γ^0γ^5γ^kγ^0ψ = +ψ̄γ^5γ^kψ

Franz Muheim Particle Physics 4 17. 2. 2004

Charge Conjugation

• Dirac equation for e^− and e^+ in an el. mag. field [γ^μ(iδμ + eAμ) − m] ψ = 0 [γ^μ(iδμ − eAμ) − m] ψC = 0 • Charge conjugation operator for spinors ψC = Cγ^0ψ^∗ = Cψ̄^T

C = iγ^2γ^0 =

0 0 0 −1 0 0 1 0 0 −1 0 0 1 0 0 0

• Free particle (at rest) ψC = iγ^2γ^0γ^0ψ^∗

ψ^{(1)}_C = iγ^2 [ exp(−ip · x)u^{(1)}(p) ]_∗

= exp(ip · x)u^{(4)}(−p) = exp(ip · x)v^{(1)}(p)

ψ^{(2)}_C = −ψ^{(3)} ψ^{(3)}_C = −ψ^{(2)} ψ^{(4)}_C = ψ^{(1)}

• C conserved for electromagnetic interactions j^μ_C = +eψ̄γ^μψ = −j^μ MC ∼ j^μ_C Aμ,C = (−j^μ)(−Aμ) = j^μAμ

Franz Muheim Particle Physics 4 17. 2. 2004

Bilinear Covariants

• Dirac spinor does not transform as 4-vector

electron current ej^μ_e (p, x) is vector probability density ϱ ej^μ_e (p, x) = −eψ̄eγ^μψe ϱ = j^0 = ψ̄γ^0ψ = ψ^†ψ Scalar quantity ψ̄ψ = ψ^†γ^0ψ = |ψ^∗_1 ψ_1|^2 + |ψ^∗_2 ψ_2|^2 − |ψ^∗_3 ψ_3|^2 − |ψ^∗_4 ψ_4|^2

is also relativistic invariant

• Most general currents: bilinear covariants

ψ̄ψ Scalar S ψ̄γ^5ψ Pseudoscalar P ψ̄γ^μψ Vector V ψ̄γ^5γ^μψ Axial − vector A ψ̄(γ^μγ^ν − γ^ν γ^μ)ψ Tensor T

• Matrix γ^5

γ^5 ≡ iγ^0γ^1γ^2γ^3 =

0 0 1 0 0 0 0 1 1 0 0 0 0 1 0 0 = 0 1 1 0

(γ^5)^2 = 1 { γ^5, γ^μ } = 0

Franz Muheim Particle Physics 4 17. 2. 2004

V-A Interaction

• After 1957: Experimentally find V-A interaction

for charged weak current ψ̄(γ^μ − γ^5γ^μ)ψ�

W^−

d, ν u, l^− gw

• Feynman rule for W^± vertex

−i^{gw}√_2 γ^{μ 1}_2 (1 − γ^5)

• β decay matrix element M(d → ue^−ν̄e) = GF √ 2 ( ūuγ^μ(1 − γ^5)ud ) ( ūeγμ(1 − γ^5)vν_e ) • Comparing with propagator^{igμν}_{M 2W} GF √ 2 = g^2_w 8M^2_W gw = 0.66 α_{weak} = g^2_w 4π = 1 29 > αem = 1 137 Weak interaction weak due to large M_W , not small α_{weak}

Franz Muheim Particle Physics 4 17. 2. 2004

Handedness

• Chiral spinor operators project left (right) handed

part of particle 1 2 (1 − γ^5)u = uL^1_2 (1 + γ^5)u = uR 1 2 (1 − γ^5)v = vR^1_2 (1 + γ^5)v = vL

• Only left-handed particles or right-handed

antiparticles participate in charged weak current interactions, W^± only couples to u_L and v_R

• For fermions with E ≫ m

Left-handed particle has negative helicity Right-handed antiparticle has positive helicity

=⇒ Neutrinos are left-handed

Antineutrinos are right-handed

Franz Muheim Particle Physics 4 17. 2. 2004

CP Symmetry

• Weak interactions violate parity P

eg muon decay: θ = angle between e^− direction and spin ⃗s_μ dΓ d cos θ = 1 τμ 2(1 − cosθ) • Weak interactions violate charge conjugation C, ν̄_L = Cν_L does not exist

• CP believed to be conserved in weak interactions, ν_L and ν̄_R exist, but not ν_R and ν̄_L

• 1964 Christenson, Cronin, Fitch and Turlay observe

CP violating weak decay K^0_L → π^+π^−

Franz Muheim Particle Physics 4 17. 2. 2004

Neutral Weak Currents

• ∃ also neutral weak current interactions νeq(l) → νeq(l) �^Zf^{νe} f^{νe}_{• small q2: Neutral weak currents masked byel.mag. currents• W ± and Z bosons discovered at CERN (1983),UA1 experiment• Z0 couples also to right-handed fermionsFeynman rule for Z0 vertex} −i g^′_w 2 γ^μ(cV − cAγ^5) will discuss g^′_w, cV , cA later

Franz Muheim Particle Physics 4 17. 2. 2004

Muon Decay

�^{W −μ−(p1)} νμ(p3)^{e(p4)ν̄e(p2)}gw^{gw}_{• Invariant amplitude for μ− → e−ν̄eνμM = GF√2 (ūνμ γλ(1 − γ5)uμ) (ūeγλ(1 − γ5)vνe )• Spin: average initial states, sum final states, sfUsing trace theorems (without derivation)⟨| M |2⟩ = 12 Σsf |M |2} = G^2_F 2 × 2 T r ( γ^μ(1 − γ^5)(p/_1 + mμ)γ^ν (1 − γ^5)p/_3 ) × T r ( γμ(1 − γ^5)p/_2γν (1 − γ^5)(p/_4 + me) ) = 64 G^2_F (p1 · p2)(p3 · p4) • In muon rest frame p1 = (mμ,⃗0) p1 · p2 = mμE2 (p3 + p4)^2 = m^2_e + 2p3 · p4 p3 · p4 =^1_2 (m^2_μ − m^2_e) − mμE2

Franz Muheim Particle Physics 4 17. 2. 2004

Muon Decay II

• Setting m_e = 0 ⟨| M |^2⟩ = 32G^2_F m^2_μE2(mμ − 2E2)

• Differential decay rate, see chapter 4, Equ 48

dΓ = |M |^2 F dQ = |M |^2 2E1 (2π)^4δ^{(4)}(pa − n∑ i=1 pf ) n∏ f=1 d^3p_f (2π)^32Ef

Integrate over neutrino 4-momenta p_2, p_3

• Muon decay rate for V-A interaction, electron energy E = E4, x =^E_{(mμ/2)} θ = angle between e^− direction and spin ⃗sμ dΓ(μ^− → e^−ν̄eνμ) dx d cos θ = G^2_F m^5_μ 192π^3 x^2 (3 − 2x) ( 1 + 1 − 2x 3 − 2x cos θ )

dΓ dE = G^2_F m^2_μ 12π^3 E^2(3 − 4E/mμ) Γ = G^2_F m^5_μ 192π^3 • Use muon lifetime τ_μ = h̄/Γ to measure G_F • Weak interaction has universal coupling −i^{gw}√_2 γ^{μ 1}_2 (1 − γ^5)

for all lepton currents, e^− → ν_eW^−, μ^− → ν_μW^−, τ^− → ντ W^−, and for all quark currents of weak eigenstates, discussed below

Franz Muheim Particle Physics 4 17. 2. 2004

Pion Decay

• π^+ → μ^+ν_μ and π^− → μ^−ν̄_μ

• Matrix element, invariant amplitude M = GF √ 2 (X)^μ ( ūμγμ(1 − γ^5)vν_μ ) • X^μ describes π → W blob ⟨0| A^μ |π⟩ X^μ = f(q^2)q^μV_{ud} Pion decay constant fπ = f(q2) but q2 = m2π M = GF √ 2 fπVudmμ ( ūμ(1 − γ^5)vν_μ )

• Using Dirac equations for muon and neutrino ūμ(p/ − mμ) = 0 k/ vν = 0 • Sum over outgoing spins using trace theorems T r(a/ b/ ) = 4a · b T r(γ^5) = T r(γ^5a/ b/ ) = 0 ⟨| M |^2⟩ = G^2_F 2 f^2_π | V_{ud} |^2m^2_μT r ( (p/ + mμ)(1 − γ^5)k/ (1 + γ^5) ) = 4G^2_F f^2_π | Vud |^2m^2_μ(p · k)

Franz Muheim Particle Physics 4 17. 2. 2004

Pion Decay II

• In pion rest frame

q^μ = p^μ + k^μ q^2 = p^2 + k^2 + 2p · k

=⇒ p · k =^1_2 (m^2_π − m^2_μ) Γ = | ⃗p | 8πm^2_π ⟨| M |^2⟩ | ⃗p | = m^2_π − m^2_μ 2mπ • We obtain for the total decay rate Γ = 1 τ_π+ = G^2_F 8π f^2_π | Vud |^2m^2_μmπ ( 1 − m^2_μ m^2_π

)_2

• Measure f_π = 130.7 ± 0.1 ± 0.36 MeV

from lifetime τ_π+ = 26 ns

• Helicity suppression for π^+ → e^+ν_e

Γ(π^+ → e^+νe) Γ(π^+ → μ^+νμ) = m^2_e m^2_μ ( m^2_π − m^2_e m^2_π − m^2_μ )

= 1.230 · 10^{−4}

due to V-A interaction

Franz Muheim Particle Physics 4 17. 2. 2004

Cabibbo Angle

• Decay rates for strange hadrons (ΔS = 1) only

about 5 % of expected values from phase space

• G_F measured in muon decay μ^− → e^−ν̄_eν_μ

slightly larger than in nuclear β decay d → ue^−ν̄_e

• Cabibbo hyothesis:

W^± couples to u and d^′ quark

d^′ = d cos θC + s sin θC θC = Cabibbo angle

s^′ = −d sin θC + s cos θC

Weak eigenstates different from mass eigenstates Weak vertices for quarks have rotation angles ν^ℓ ℓ^− = 1 u d = cos θ_C = V_{ud} u s = sin θ_C = V_{us}

• All data consistent with sin^2 θ_C = 0.05

π^+ → μ^+νμ ∼ cos^2 θC = | V_{ud} |^2 μ^− → e^−ν̄eνμ ∼ 1

K^+ → μ^+νμ ∼ sin^2 θC = | Vus |^2 d → ue^−ν̄e ∼ cos^2 θC

Franz Muheim Particle Physics 4 17. 2. 2004

GIM Mechanism

• Limit for K^0 → μ^+μ^− much lower than expected rate

�^u W −^{W + νμ}d^{s̄} μ−^{μ+ M ∼ G2F cos θc sin θc}_{• 1970: Glashow, Iliopoulos, and Maiani (GIM) postulateexistence of charm quark} �^c W −^{W + νμ}d^{s̄} μ−^{μ+M ∼ −G2F cos θc sin θc}_{• 2 diagrams have opposite sign and approx. cancel up tomc ≠ mu effects• Charged current, W ±, couples u ⇔ d′ and c ⇔ s′d′s′ = cos θC sin θC− sin θC cos θC dsFranz Muheim Particle Physics 4 17. 2. 2004}

Weak Mixing Angles

• Charged weak current for 3 generations

GIM mechanism generalised for 6 quark flavours rotates mass into weak flavour eigenstates

d^′ s^′ b^′ = V^{CKM} d s b

j^μ = ( ū c̄ t̄ ) γ^μ(1 − γ^5)VCKM d s b • Cabbibo-Kobayashi-Maskawa Matrix

(1973, before discovery of charm quark)

V_{CKM} =

V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb}

Franz Muheim Particle Physics 4 17. 2. 2004

CKM Matrix

• Properties of quark flavour changing CKM Matrix

Unitarity: V^†V = 1 Independent parameters: (n = 3 generations) 2n^2 − n^2 − (2n − 1) = (n − 1)^2

=⇒ 3 rotation angles, 1 complex phase =⇒ CP violation possible • V_{CKM} parameterisation (PDG): angles θ12, θ23, θ13,

s12 = sin θ12, c12 = cos θ12, and phase δ c12c13 s12c13 s13e^{−iδ} −s12c23 − c12s23s13e^{iδ} c12c23 − s12s23s13e^{iδ} s23c13 s12s23 − c12c23s13e^{iδ} −c12s23 − s12c23s13e^{iδ} c23c13 • Wolfenstein Parameterisation

1 −^1_2 λ^2 λ Aλ^3(ρ − iη)

−λ 1 −^1_2 λ^2 Aλ^2 Aλ^3(1 − ρ − iη) −Aλ^2 1 + O(λ^4)

4 real parameters: λ, A, ρ and η

• No weak mixing for leptons if m_ν = 0

=⇒ corresponding mixing matrix V_{MNS} = 1

Franz Muheim Particle Physics 4 17. 2. 2004

V_{ij} Measurements

• CKM elements Vij must be measured experimentally • V_{ud} ≈ cos θC : Nuclear β decay

=⇒ | V_{ud} |= 0.9740 ± 0.0010 • Vus ≈ sin θC : K^+ → π^0e^+νe

=⇒ | Vus |= 0.2196 ± 0.0023 • Vcs ≈ cos θC : D^+ → K̄^0e^+νe

=⇒ | Vcs |= 1.04 ± 0.16

Improve with indirect W^− → c̄s decays

=⇒ | Vcs |= 0.97 ± 0.11 • V_{cd} ≈ sin θC : νμd → μ^−c

=⇒ | Vcd |= 0.224 ± 0.016 • Vcb ≈ O(λ^2): B → D^{(∗)}μ^+νμ and B → D^{(∗)}e^+νe =⇒ | Vcb |= (41 ± 2) × 10^{−3} • Vub ≈ O(λ^3): B → π(ρ)μ^+νμ and B → π(ρ)e^+νe =⇒ | Vub |= (4.0 ± 0.8) × 10^{−3} • V_{tb} ≈ 1: t → bℓ^+ν_ℓ

=⇒ | V_{tb} |= 0.99 ± 0.29 • Vtd ≈ O(λ^3): B^0_dB̄^0_d mixing

=⇒ | V^∗_{tb}Vtd |= 0.0083 ± 0.0016 • Vts ≈ O(λ^2): B^0_s B̄^0_s mixing

=⇒ | Vtd | / | Vts |< 0.24

Franz Muheim Particle Physics 4 17. 2. 2004

Charged Weak Currents

• Purely leptonic interactions (ℓ = e, μ)

Muon decay μ^− → e^−ν̄_eν_μ Tau decay τ^− → e^−ν̄_eν_τ , τ^− → μ^−ν̄_μν_τ

ν scattering ν_ℓe^− → ℓ^−νe

• Semi-leptonic interactions (leptons and hadrons)

Neutron decay n → pe^−ν̄_e Pion decay π^+ → μ^+ν_μ Kaon decay K^+ → π^0e^+ν_e

D meson decay D^0 → K^−ℓ^+νℓ B meson decay B → Xℓ^+νℓ

Lambda β decay Λ → pℓ^−ν_ℓ

• Non-leptonic interactions (only hadrons)

observable if change of additive quantum number S, C, B Lambda decay Λ → pπ^−, nπ^0 Pion decay None, lighest hadron Kaon decay K^+ → π^+π^0, π^+π^−π^+

K^0 → π^+π^−, π^0π^0, π^+π^−π^0, π^0π^0π^0 D meson decay D^0 → K^−π^+, K^−π^+π^0 B meson decay B^+ → D̄^0π^+, D̄^{∗0}π^+, π^+π^0

Lambda_c decay Λ^+_c → pK^−π^+

Franz Muheim Particle Physics 4 17. 2. 2004

Spectator Model

• For weak decays heavy mesons with b or c quark,

D^+ = cd̄ D^0 = cū D^+_s = cs̄ B^+ = ub̄ B^0 = db̄ B^0_s = sb̄

�^{W −b(p1)} c, u(p3)^{f ′(p4)f̄(p2)}Vcb, Vub^{Vff ′}_{• Decay of heavy meson equal to decay of heavyquark, light quark or antiquark u, d, s is onlyspectator• ConsequencesDecay rates should be equal forD+, D0, D+s and B+, B0, B+s}

For D mesons, lifetimes τ_D+ ≈ 2.5τ^0_D ≈ τ_D+_s For B mesons, lifetimes are equal to 10%

Franz Muheim Particle Physics 4 17. 2. 2004