Neutrino Masses without High Scales

Hooman Davoudiasl University of Wisconsin – Madison

Based on work with: R. Kitano, G. Kribs, and H. Murayama.

2005 ASPEN WINTER CONFERENCE ON PARTICLE PHYSICS

SM: • Effective field theory, cutoff scale Λ. • Global (not gauged) symmetries broken at Λ. • Protect (B, L) ⇒ Large Λ.

SM: • Effective field theory, cutoff scale Λ. • Global (not gauged) symmetries broken at Λ. • Protect (B, L) ⇒ Large Λ.

(i) τp >∼ 1033 years → Λ >∼ 1016 GeV (B/)

(ii) mν <∼ 0.1 eV → Λ >∼ 1014 GeV (L/)

Often assumed: 1016 GeV <∼ Λ <∼ 1018 GeV

M_{GUT} M̄_P

• Quantum Filed Theory, SM probed up to √ s <∼ 1 TeV.

Λ <∼ M̄_P a big leap. Lower Λ could resolve hierarchy.

Arkani-Hamed, Dimopoulos, Dvali (1998) Randall, Sundrum (1999)

• Lowering Λ:

(B, L) ⇒ Gauged (anomaly free) symmetries.

Small m_ν ≠ 0 from symmetry breaking.

• How low can Λ be?

We consider various bounds on Λ >∼ 1 TeV:

Precision EW, Astrophysics, Cosmology, . . .

Protecting (B, L)

• Quarks: ZqA ; Leptons: ZℓB.

Higgs uncharged under Z^q_A × Z^ℓ_B (IR symmetries).

Q uc dc L ec ZqA a −a −a 0 0 ZℓB 0 0 0 b −b

• Anomaly cancellation:

9a = 0, mod A SU(2) 3b = 0, mod B SU(2), gravity

Choose (a, b) = (1, 1); Z q 9 × Zℓ3.

Protecting (B, L)

• Quarks: ZqA ; Leptons: ZℓB.

Higgs uncharged under Z^q_A × Z^ℓ_B (IR symmetries).

Q uc dc L ec ZqA a −a −a 0 0 ZℓB 0 0 0 b −b

• Anomaly cancellation:

9a = 0, mod A SU(2) 3b = 0, mod B SU(2), gravity

Choose (a, b) = (1, 1); Z q 9 × Zℓ3.

B/, L/: O ∼ Q^9L^3/Λ^{14}

Multi-nucleon τ > τ_p ⇒ Λ >∼ 200 GeV.

Majorana Neutrinos

• mν νLνL → Zℓ3/ spontaneously. • Scalar χ , Zℓ3(χ) = +1, ⟨χ⟩ ≠ 0: L = LSM + c χ(LH)2/Λ2 + . . . , (c ∼ 1) ⟨H⟩ = v → yχ χ ν ν ; yχ ≡ c(v/Λ)2.

• Important Constraint: 0νββ ⊕ χ → yχ < 3 × 10^{−5} ⇒ Λ > 30 TeV._{PDG 2004}

Majorana Neutrinos

• mν νLνL → Zℓ3/ spontaneously. • Scalar χ , Zℓ3(χ) = +1, ⟨χ⟩ ≠ 0: L = LSM + c χ(LH)2/Λ2 + . . . , (c ∼ 1) ⟨H⟩ = v → yχ χ ν ν ; yχ ≡ c(v/Λ)2.

• Important Constraint: 0νββ ⊕ χ → yχ < 3 × 10^{−5} ⇒ Λ > 30 TeV._{PDG 2004}

mν = yχ⟨χ⟩ = c (0.06 eV) ( ⟨χ⟩ 2 keV ) ( 30 TeV Λ )2

[Δm^2_{atm} ≃ (0.06)^2 eV^2]

Phenomenology

• Discrete Symmetry Breaking → Domain Walls:

ΔT/T <∼ 10^{−5}:

⟨χ⟩^3 <∼ (400 keV)^3 ⇒ Λ <∼ 400 TeV.

Frustrated Network: Dark Energy; w = −2/3.

• BBN:

m_ν >∼ 10^{−4} eV, T_{BBN} ∼ 1 MeV: Γ ∼ y^2_χ m^2_χ/(16πT ) ∼ m^2_ν /(16πT ) >∼ T^2/M_P ⇒ νν ↔ χ, νν ↔ χχ . . .

⇒ ΔN_ν = 8/7 [L(ν_e) ∼ 0.1, small χ self-coupling].

• CMB:

Neutrinos’s free stream at decoupling, T ∼ 1 eV.

Acoustic peaks shifted: Δl_k = −29.3 ; Δl_k|_{SM} = −23.3 (Planck Experiment).

Chacko et al. (2003)

• Supernova:

m_χ ∼ ⟨χ⟩ <∼ 1 MeV; T_{SN} ∼ 30 MeV: Γ(ν_Lν_L → χχ) ∼ y^2_χT ∼ (10^{−12} s)^{−1}

δt(cooling) ∼ 1 s ⇒ χ’s thermal inside ν-sphere: ⟨χ⟩ = 0 and m_ν = 0.

Z^ℓ_3 (1^{st} order) phase transition: E_ν ∼ ⟨χ⟩ <∼ 1 MeV ν-flash!

• CMB:

Neutrinos’s free stream at decoupling, T ∼ 1 eV.

Acoustic peaks shifted: Δl_k = −29.3 ; Δl_k|_{SM} = −23.3 (Planck Experiment).

Chacko et al. (2003)

• Supernova:

m_χ ∼ ⟨χ⟩ <∼ 1 MeV; T_{SN} ∼ 30 MeV: Γ(ν_Lν_L → χχ) ∼ y^2_χT ∼ (10^{−12} s)^{−1}

δt(cooling) ∼ 1 s ⇒ χ’s thermal inside ν-sphere: ⟨χ⟩ = 0 and m_ν = 0.

Z^ℓ_3 (1^{st} order) phase transition: E_ν ∼ ⟨χ⟩ <∼ 1 MeV ν-flash!

May help eject the envelope in simulations (work in progress with P. Huber).

Dirac Neutrinos

• Introduce νiR, i = 1, 2, . . . , nR; Zq9 × Zℓ3 exact. • Forbid HLνR with new gauged symmetries. • Generate small mν from symmetry breaking. (I) Discrete Gauge Symmetries: ν1R ν2R ν3R HR ZR3n n n n −1 Zℓ3 −1 −1 −1 0

LR = λαi

(H_R Λ )n (HLα)νiR

⇒ ⟨HR⟩ ∼ 103−^{12}n GeV ( Λ 1 TeV )

BBN:

ν_Lν̄_L → ν_Rν̄_R, . . . ⇒ ⟨H_R⟩ ≫ 1 MeV (domain walls), unless Λ >∼ 10^8 GeV (hierarchic).

(II) A New U(1) Symmetry:

• νiR charged under U(1)R: Q = (q1, · · · , qn_R ).

ν^1_R ν^2_R ν^3_R ν^4_R Q_R +1 −1 +1 −1 Z^ℓ_3 −1 −1 −1 0

• Anomaly free: ∑ i q_i = 0 ; ∑ i q^3_i = 0.

• LR = λαi ( H(∗)R Λ )n (HLα)νiR: Q(H_R) = −1/n.

• Dirac mν ≃ 0.1 eV: ⟨H_R⟩ ∼ m_A/g_R >∼ 1 eV (Short range force).

• U(1)Y –U(1)R kinetic mixing:

L^A = −^1_4(F_{μν}F^{μν} + F^R_{μν}F^{Rμν} − 2 εF_{μν}F^{Rμν}) ; ε ≪ 1

Diagonalized: Q_f ψ̄A̸ψ → Q_f ψ̄A̸ψ + ε Q_f ψ̄A̸_Rψ.

ε(Λ) = 0 ; ε_{rad} ∼ g_Y g_R/(16π^2)^{2+n}

Phenomenology

• (g − 2)e: ε^2α/(4π) <∼ 10^{−12} ⇒ ε <∼ 3 × 10^{−5}.

• BBN (N effν < 4):

e^+e^− → ν_Rν̄_R , e^+e^− → γA_R , . . . constrained.

• Astrophysics:

Red Giant and Supernova axion bounds: g^{RG}_{aee} < 2.5 × 10^{−13} ; g^{SN}_{aNN} < 3 × 10^{−10}.

Raffelt, Weiss (1994) PDG 2004

A_R coupling enhanced by m_f /T_{star} ∼ O(10). Constrain ε_{rad}(n, g_R) unless m_A(n, g_R, Λ) > T_{star}:

n = 1 : g_R <∼ 10^{−7} or g_RΛ >∼ 10^7GeV n = 2 : g_R <∼ 10^{−5} or g_RΛ >∼ 10GeV (RG) n = 1 : g_R <∼ 10^{−4} or g_RΛ >∼ 10^{11}GeV n = 2 : g_R <∼ 0.02 or g_RΛ >∼ 50TeV (SN)

Concluding Remarks

• Lowering the cutoff scale Λ:

Z^q_9 × Z^ℓ_3 to protect B and L.

• Small m_ν ≠ 0:

Spontaneous IR (sub-GeV) symmetry breaking.

• Majorana m_ν from Z^ℓ_3/ :

Domain walls: Λ <∼ 400 TeV, 0νββ ⊕ χ, ΔN^{BBN}_ν ≃ 1, Supernova ν-flash.

• Dirac m_ν via dim–d operators:

(i) Discrete symmetry: BBN → Domain wall problem unless Λ >∼ 10^8 GeV (hierarchic). (ii) U(1)_R broken by ⟨H_R⟩ ≠ 0: Light (H_R, A_R), ν_R, U(1) kinetic mixing. ⇒ BBN and astrophysical overcooling constraints: d = 5, 6, 7 → Λ >∼ 10^9, 50, 5 TeV.

• Stabilizing ⟨χ⟩, ⟨H_R⟩:

Supersymmetry with sequestering; technicolor (m_A ∼ 10 GeV).