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Outline

• Z–Z ′ mixing

• Gauged Lα − Lβ

• first case: Lµ − Lτ and low Z ′ mass; application to MINOS anomaly

• second case: Lµ − Lτ and large Z ′ mass
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Z–Z ′ mixing

L = LSM + LZ′ + Lmix

with
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′
µ

Lmix = − sinχ

2
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Babu, Kolda, March-Russell, PRD57
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Z–Z ′ mixing

Lmix = − sinχ

2
Ẑ ′

µνB̂
µν + δM̂2 Ẑ ′

µẐ
µ

• δM̂2 when one Z ′ is charged under both groups (couple to same scalar);

• sinχ arises directly or radiatively (Holdom, PLB166)

• same (with χ = 0) for non-Abelian symmetries
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Z–Z ′ mixing

• diagonalize field strength
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Z ′
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 =





1 sinχ

0 cosχ
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• orthogonal O(3) rotation to diagonalize mass terms
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Â
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Ẑ ′









physical fields A, Z1, Z2
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Z–Z ′ mixing

M2
1,2 =

a+ c

2
±

√

b2 +

(

a− c

2

)2

and tan 2ξ =
2b

a− c
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Z , b = ŝW tanχ M̂2

Z +
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(
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)
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Z–Z ′ mixing

The gauge boson couplings to fermions are hence changed to

ejEMÂ+
e

2sW cW
jNCẐ + g′j′Ẑ ′ →

(

ejEM,
e

2ŝW ĉW
jNC, g

′j′
)T









1 −ĉW sin ξ tan χ −ĉW cos ξ tan χ

0 cos ξ + ŝW sin ξ tan χ ŝW cos ξ tan χ − sin ξ

0 sin ξ

cos χ

cos ξ

cos χ

















A

Z1

Z2









with jEM ≡ j3W + 1
2 jY and jNC ≡ 2j3W − 2ŝ2W jEM

From Lagrangian:

αEMS ≃ 4ξc2W sW tanχ

αEMT ≃ ξ2
(

M2
Z2

M2
Z1

− 1

)

+ 2ξsW tanχ
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Z–Z ′–Z ′′ mixing

for 3 U(1) symmetries

Lmix = − sinα

2
B̂µνX̂

µν
1 − sinβ
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B̂µνX̂

µν
2 − sin γ

2
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2

+m2
1 ẐµX̂
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2 ẐµX̂
µ
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3 X̂1 µX̂
µ
2

Heeck, W.R., PLB705

canonical kinetic terms by
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0 0 cα/D









−1
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=
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where D ≡
√

1 − s2α − s2β − s2γ + 2sαsβsγ
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The mass matrix

M2 =
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is diagonalized by O
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the 4 physical neutral bosons are
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with oblique parameters
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Generic comments

• break the symmetry ↔ scalars ↔ massive Z ′

Mass scale?

• avoid anomalies

• gauge what?
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Gauged Lα − Lβ

Le − Lµ or Le − Lτ or Lµ − Lτ can be gauged without anomaly in the

Standard Model (Foot, 1991)

Leptons get new charge, e.g. for Lµ − Lτ

Le ∼ (1, 2,−1)(0) and eR ∼ (1, 1, 2)(0)

Lµ ∼ (1, 2,−1)(+1) and µR ∼ (1, 1, 2)(−1)

Lτ ∼ (1, 2,−1)(−1) and τR ∼ (1, 1, 2)(+1)
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Gauged Lα − Lβ

for instance U(1)–U(1)–U(1)′ diagram

Tr(Y ′Y 2) =
∑

ℓ Y
′(ℓ)Y 2(ℓ)

=
[

Y ′(µL)Y 2(µL) + Y ′(νµ)Y 2(νµ) + Y ′(µR)Y 2(µR)
]

+
[

Y ′(τL)Y 2(τL) + Y ′(ντ )Y 2(ντ ) + Y ′(τR)Y 2(τR)
]

=
[

(+1) · 2 · (−1)2 + (−1) · (+2)2
]

+
[

(−1) · 2 · (−1)2 + (+1) · (+2)2
]

= 0

or gravity–gravity–U(1)′ diagram

Tr(Y ′) = [(+1) · 2 + (−1)] + [(−1) · 2 + (+1)] = 0

note: anomalies cancel among different (lepton) generations
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Why Lµ − Lτ?

If symmetry exact: neutrino mass matrix looks like

mν =









a 0 0

· 0 b

· · 0









and has masses a, ±b with mixing matrix

U =









1 0 0

0 1/
√

2 −1/
√

2

0 1/
√

2 1/
√

2









close-to-degeneracy and µ–τ symmetry !

gauge ↔ flavor

(Choubey, W.R., EPJC40)
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The neutrino mass matrix
Assume θ23 = π/4 and θ13 = |Ue3| = 0:

U = U(θ23 = π/4 , θ13 = 0) =









cos θ12 sin θ12 0

− sin θ12√
2

cos θ12√
2

1√
2

sin θ12√
2

− cos θ12√
2

1√
2









P

and mν = U mdiag
ν UT =









A B B

· 1
2 (D + E) 1

2 (D − E)

· · 1
2 (D + E)









with

A = m1 cos2 θ12 + e2iαm2 sin2 θ12

B = sin θ12 cos θ12√
2

(

e2iαm2 −m1

)

D =
(

m1 sin2 θ12 + e2iαm2 cos2 θ12
)

E = e2iβ m3
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The neutrino mass matrix
µ–τ symmetric mass matrix simplifies further for certain mass hierarchies

• NH: m2
3 ≃ ∆m2

A ≫ m2
2 ≫ m2

1:

mν

1
2

√

∆m2
A

≃









0 0 0

· 1 −1

· · 1









conserves Le

• IH: m2 ≃ m1 ≃
√

∆m2
A and m3 ≃ 0:

mν
1
2

√
∆m2

A

≃





1 + e2iα
q

1
2
(e2iα − 1)

q

1
2
(e2iα − 1)

· eiα cos α eiα cos α

· · eiα cos α





α=π/2−→









0
√

1
2

√

1
2

· 0 0

· · 0









conserves Le − Lµ − Lτ
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The neutrino mass matrix
QD: m3 ≃ m2 ≃ m1 ≡ m0:

mν ≃ m0
2









1 + e2iα
√

1
2 (e2iα − 1)

√

1
2 (e2iα − 1)

· 1
2

(

1 + e2iα + 2e2iβ
)

1
2

(

1 + e2iα − 2e2iβ
)

· · 1
2

(

1 + e2iα + 2e2iβ
)









α=β=0−→ m0









1 0 0

· 1 0

· · 1









unit matrix

α=0 , β=π/2−→ m0









1 0 0

· 0 1

· · 0









conserves Lµ − Lτ

18



The case of ultra-light Z
′

considered in the past: Le − Lµ

g′νeZ
′
ργ

ρ(1 − γ5)νe − g′νµZ
′
ργ

ρ(1 − γ5)νµ

+g′eZ ′
ργ

ρ(1 − γ5)e− g′µZ ′
ργ

ρ(1 − γ5)µ

if m′
Z ≤ 1/A.U. ≃ 10−18 eV: all electrons in the Sun generate potential for

terrestrial e, νe, µ, νµ

V =
g

′2

4π

Ne

R
≡ α

Ne

R

(Joshipura, Mohanty, PLB584; Bandyopadhyay, Dighe, Joshipura, PRD75)
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V must be added to Hamiltonian:

⇒ Heµ =
∆m2

4E





− cos 2θ sin 2θ

sin 2θ cos 2θ



+





V 0

0 −V





• ↔ looks like NSI, but does not depend on matter density!

• ↔ also works for vacuum oscillations!

• V changes sign for anti-neutrinos!

⇒ P (να → να) 6= P (ν̄α → ν̄α) without CPT violation

20



V = α
Ne

RA.U.
= α

6 × 1056

8 × 1017 eV−1 ≃ 8 × 1038 α eV

• atmospheric neutrinos

∆m2
A

4E
≃ 6 × 10−13

(

GeV

E

)

eV

Limits αeµ ≤ 5.5 × 10−52 and αeτ ≤ 6.4 × 10−52

(Joshipura, Mohanty, PLB584)

• solar neutrinos
∆m2

⊙
4E

≃ 2 × 10−11

(

MeV

E

)

eV

Limits (θ13 = 0) αeµ ≤ 3.4 × 10−53 and αeτ ≤ 2.5 × 10−53

(Bandyopadhyay, Dighe, Joshipura, PRD75)

stronger than limits from equivalence principle!
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Obvious problem

mν =









0 a 0

· 0 0

· · b









or mν =









0 0 a

· b 0

· · 0









⇒ use Lµ − Lτ

but: no reasonable amount of muons or tauons

22



Solution

Z–Z ′ mixing!

L = −1

4
Z ′

µν Z
′µν +

1

2
M ′2

Z Z ′
µ Z

′µ − g′ j′µ Z ′
µ − sinχ

2
Z ′µν Bµν + δM2 Z ′

µ Z
µ

with new current

j′µ = µ̄ γµ µ+ ν̄µ γ
µ PL νµ − τ̄ γµ τ − ν̄τ γ

µ PL ντ

Diagonalizing kinetic and mass terms gives

LA = −e (jEM)µA
µ

LZ1
= −

(

e

sW cW

(

(j3)µ − s2W (jEM)µ

)

+ g′ ξ (j′)µ

)

Zµ
1

LZ2
= −

(

g′ (j′)µ − e

sW cW
(ξ − sW χ)

(

(j3)µ − s2W (jEM)µ

)

− e cW χ (jEM)µ

)

Zµ
2
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Potential through Z–Z ′ mixing:

V =g′ (ξ − sW χ)
e

4 sW cW

Nn

4πRA.U.
≡ α

e

4 sW cW

Nn

4πRA.U.

=3.60 × 10−14 eV
( α

10−50

)

(Heeck, W.R., JPG38)
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Simple Oscillation Phenomenology

⇒ Hµτ =
∆m2

A

4E





− cos 2θ23 sin 2θ23

sin 2θ23 cos 2θ23



+





V 0

0 −V





With η = 2E V /∆m2
A ≃ 0.025

(

α
10−50

) (

E
GeV

)

:

sin2 2θV =
sin2 2θ23

1 − 4 η cos 2θ23 + 4 η2

∆m2
V = ∆m2

A

√

1 − 4 η cos 2θ23 + 4 η2 = ∆m2
A

√

sin2 2θ23

sin2 2θV

Recall: V changes sign for anti-neutrinos!!
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Simple Oscillation Phenomenology

Recall: V changes sign for anti-neutrinos!!

∆m2
V − ∆m2

V = ∆m2
A

√

1 − 4 η cos 2θ23 + 4 η2 − ∆m2
A

√

1 + 4 η cos 2θ23 + 4 η2

≃ −4 η∆m2
A cos 2θ23

6= 0 for θ23 6= π/4

same for mixing

sin2 2θV − sin2 2θV

sin2 2θ23
≃ 8 η cos 2θ23

probabilities

P ≡ P (νµ → νµ) = 1 − sin2 2θV sin2 ∆m2
V

4E
L
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Simple Oscillation Phenomenology

∆m2
V − ∆m2

V = ∆m2
A

√

1 − 4 η cos 2θ23 + 4 η2 − ∆m2
A

√

1 + 4 η cos 2θ23 + 4 η2

≃ −4 η∆m2
A cos 2θ23

6= 0 for θ23 6= π/4
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MINOS data

• 7.24 × 1020 POT for νµ, 1.71 × 1020 POT for ν̄µ

• νµ: 2451 if no oscillations, 1986 observed

• ν̄µ: 155 if no oscillations, 97 observed

∆m2 =
(

2.35+0.11
−0.08

)

× 10−3 eV2 , sin2 2θ > 0.91

∆m2 =
(

3.36+0.45
−0.40

)

× 10−3 eV2 , sin2 2θ = 0.86 ± 0.11
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Is this. . .

• . . .Non-Standard Interaction (Mann, Cherdack, Musial, Kafka, 1006.5720;

Kopp, Machado, Parke, 1009.0014)?

• . . .sterile neutrino (plus gauged Z ′ from U(1) according to B − L)

(Engelhardt, Nelson, Walsh, 1002.4452)?

• . . .gauged ultra-light Z ′ from U(1) according to Lµ − Lτ (Heeck, W.R.,

1007.2655)?

• . . .CPT violation? (Barenboim, Lykken, 0908.2993; Choudhury, Datta,

Kundu, 1007.2923)?

• . . .nothing and will go away (common sense)?
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Gauged Lµ − Lτ and MINOS

First, fit MINOS data with α = 0:

∆m2 = 2.28 × 10−3 eV2, sin2 2θ = 0.94 for neutrinos

∆m2 = 3.38 × 10−3 eV2, sin2 2θ = 0.81 for anti-neutrinos

to be compared with official MINOS result:

∆m2 = 2.35 × 10−3 eV2, sin2 2θ > 0.91 for neutrinos

∆m2 = 3.36 × 10−3 eV2, sin2 2θ = 0.86 for anti-neutrinos
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sin2 2θ = 0.83±0.08 , ∆m2 = (−2.48±0.19)×10−3 eV2 , α =
(

1.52+1.17
−1.14

)

×10−50

with χ2
min/Ndof = 47.77/50, (without α: χ2

min/Ndof = 49.43/51)
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GLoBES:

Experiment Baseline Running-time [years] Beam-energy [GeV] mass

T2K 295 km 5 ν + 5 ν 0.2 − 2 22.5 kt

T2HK 295 km 4 ν + 4 ν 0.4 − 1.2 500 kt

SPL 130 km 2 ν + 8 ν 0.01 − 1.01 500 kt

NOνA 812 km 3 ν + 3 ν 0.5 − 3.5 15 kt

Nufact 3000 km 4 ν + 4 ν 4 − 50 50 kt

θ12 arcsin
√

0.318 ± 0.02 (3%)

θ13 0 ± 0.2

θ23 arcsin
√

0.500 ± 0.07 (9%)

δCP ∈ [0, 2π]

∆m2
21 [10−5 eV2] 7.59 ± 0.23 (3%)

∆m2
31 [10−3 eV2] 2.40 ± 0.12 (5%)
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α ≤ 4.30 α ≤ 1.93 α ≤ 0.53

(α = 1.52 ± 0.46) (α = 1.52 ± 0.27) (α = 1.52+0.11
−0.21)
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Experiment Sensitivity to α/10−50 at 99.73% CL

T2K (ν-run) 11.8

T2K 4.3

T2HK 1.7

SPL 7.5

NOνA 1.9

Combined Superbeams 1.4

Nufact 0.53
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Other aspects/limits of Lµ − Lτ

• ∆aµ = g′
2
/(8π2)

• BBN: Γ(Z ′ Z ′ → νµ,τ νµ,τ ) ∝ g
′2 T ⇒ g′ <∼ 10−5

• other EW precision: there are only ∼ 108 Z . . .
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Other aspects/limits of Lµ − Lτ

• coupling of Z ′ with electromagnetic current gives modified charge

Q(µ+)

Q(e+)
≃ 1 +

g′

e

(

(ξ − sW χ)(
1

4
− s2W )/(sW cW ) + cWχ

)

measured to be 1 ± 10−9
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Equivalence principle is violated:

V (r) =
e (ξ − sW χ)

4 sW cW
Nn

e−rM2

4π r

gravitational potential between 2 bodies with neutron content Nn1
and Nn2

:

Vgrav(r) = −GN
m1m2

r

(

1 −
(

e (ξ − sW χ)

4 sW cW

)2
Nn1

m1

Nn2

m2

1

4π GN
e−rM2

)

Use the limits from Adelberger et al., PPNP 62, 102 (2009) who analyze

Vgrav(r) = −GN
m1m2

r

(

1 + α̃
Nn1

µ1

Nn1

µ2
e−r/λ

)

this gives limits depending on range:

α/g′ ≤ 5 × 10−24 Sun-Earth

α/g′ ≤ 1 × 10−22 Earth

⇒ neutrinos give best limits on leptonic fifth forces :-)
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More Oscillation Phenomenology

Davoudiasl, Lee, Marciano, PRD84

used B − L+ (Lµ − Lτ ) = B − Le − 2Lτ
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More Oscillation Phenomenology

seasonal modulation
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More Oscillation Phenomenology
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Problems

• Neutrino masses tend to be quasi-degenerate

mν =









a 0 0

· 0 b

· · 0









breaking generates both mZ′ and non-zero entries in mν

mZ′ ∼ g′ 〈Φ′〉 and e.g., (mν)αβ
<∼ 〈Φ′〉2/Λ or (mν)αβ

<∼ 〈Φ′〉〈Φ〉/Λ or

(mν)αβ
<∼ 〈Φ′〉

• neutral scalar χ is present, mχ ≃ λ 〈Φ′〉, with dangerous Z → Z ′ χ
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Comparison of MINOS result

Heµ =
∆m2

4E





− cos 2θ sin 2θ

sin 2θ cos 2θ



+





Veµ 0

0 −Veµ





=
∆m2

4E





− cos 2θ sin 2θ

sin 2θ cos 2θ



+





0 0

0 Vµτ





and

Hµτ =
∆m2

4E





− cos 2θ sin 2θ

sin 2θ cos 2θ



+





0 0

0 −Veτ





=
∆m2

4E





− cos 2θ sin 2θ

sin 2θ cos 2θ



+





Vµτ 0

0 −Vµτ





okay with atm. limits, in conflict with solar (α ≤ 4 × 10−51)
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• looks in H like NSI, hence apply NSI limits

α = 10−50 ⇒ |ǫ⊕µµ| ≃ 0.25

current limit

|ǫ⊕µµ| <∼ 0.068 ⇒ α ≃ 10−51
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Non-Standard Interactions

Leff = GF√
2
ǫfαβ (ναγµνβ) (fγµf)

and ǫαβ → ǫ∗αβ for anti-neutrinos

H = 1
2E



U





0 0

0 ∆m2
32



U † +A





ǫ⊕µµ ǫ⊕µτ

ǫ⊕∗
µτ ǫ⊕ττ









Kopp, Machado, Parke, 1009.0014 (only ǫ⊕µτ : Mann et al., 1006.5720)
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NSIs

H =
1

2E



U





0 0

0 ∆m2
32



U † +A





ǫ⊕µµ ǫ⊕µτ

ǫ⊕∗
µτ ǫ⊕ττ
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Charged Current NSIs

LNSI ⊃ −2
√

2GF ǫ
d
τµ Vud [ūγµd] [µ̄γµPLντ ]

leads to interference of

νµ ; ντ +N → X + µ and νµ +N → X + µ

Kopp, Machado, Parke, 1009.0014
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Gauge Invariance strikes back!

LNSI ⊃ −2
√

2GF ǫ
d
τµ Vud [ūγµd] [µ̄γµPLντ ]

gives 1-loop diagram for τ → µπ0: |ǫdτµ| ≤ 0.2

Kopp, Machado, Parke, 1009.0014

BUT: gauge invariant term

LNSI ⊃ −2
√

2GF ǫ
d
τµ Vud [Q̄γµτQ] [L̄µγµτLτ ]

gives tree-level diagram for τ → µπ0: |ǫdτµ| ≤ 10−4

Gavela, Talk@NOW2010

⇔ this argument does not apply to gauged U(1)!
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Sterile Neutrino (plus Z
′)

Engelhardt, Nelson, Walsh, PRD81

V =















VCC − VNC 0 0 0

· −VNC 0 0

· · −VNC 0

· · · 0















if you add a massive Z ′ due to B − L (VB−L = Nn g
′2/M2

Z)

V =















VCC − VNC − VB−L 0 0 0

· −VNC − VB−L 0 0

· · −VNC − VB−L 0

· · · VB−L















Vx → −Vx for antineutrinos
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m = 0.0394 eV, M = 0.157 eV, VB−L = 2.01 × 10−4 neV

(or g′/MZ
<∼ 6 × 10−12 eV−1) with χ2 = 24.8 = 1.24/dof

Fit without VB−L:

m = 0.0420 eV, M = 0.309 eV

with χ2 = 28.1 = 1.34/dof
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Summary so far

It’s very hard to explain MINOS data
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The more natural case: Heavy Z
′ and gauged Lµ − Lτ

LSM = −1

4
B̂µνB̂

µν − 1

4
Ŵ a

µνŴ
aµν +

1

2
M̂2

ZẐµẐ
µ − ê

ĉW
jµ
Y B̂µ − ê

ŝW
jaµ
W Ŵ a

µ

LZ′ = −1

4
Ẑ ′

µνẐ
′µν +

1

2
M̂ ′2

Z Ẑ
′
µẐ

′µ − ĝ′j′µZ ′
µ

Lmix = − sinχ

2
Ẑ ′µνB̂µν + δM̂2Ẑ ′

µẐ
µ

with currents

jµ
Y = −

∑

ℓ

[

Lℓγ
µLℓ + 2 ℓRγ

µℓR
]

+
1

3

∑

q

[

QLγ
µQL + 4uRγ

µuR − 2 dRγ
µdR

]

jaµ
W =

∑

ℓ

Lℓγ
µσ

a

2
Lℓ +

∑

quarks

QLγ
µσ

a

2
QL

j′µ = µ̄γµµ+ ν̄µγ
µPLνµ − τ̄ γµτ − ν̄τγ

µPLντ
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The more natural case: Heavy Z
′ and gauged Lµ − Lτ

mass eigenstates A, Z1, Z2









A

Z1

Z2









=









1 0 ĉW sinχ

0 cos ξ −ŝW cos ξ sinχ+ sin ξ cosχ

0 − sin ξ cos ξ cosχ+ ŝW sin ξ sinχ

















Â

Ẑ

Ẑ ′









couple to currents

ejEMÂ+
e

2sW cW
jNCẐ + g′j′Ẑ ′ →

(

ejEM,
e

2ŝW ĉW
jNC, g

′j′
)T









1 −ĉW sin ξ tan χ −ĉW cos ξ tan χ

0 cos ξ + ŝW sin ξ tan χ ŝW cos ξ tan χ − sin ξ

0 sin ξ

cos χ

cos ξ

cos χ

















A

Z1

Z2
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The more natural case: Heavy Z
′ and gauged Lµ − Lτ

ejEMÂ+
e

2sW cW
jNCẐ + g′j′Ẑ ′ →

(

ejEM,
e

2ŝW ĉW
jNC, g

′j′
)T









1 −ĉW sin ξ tan χ −ĉW cos ξ tan χ

0 cos ξ + ŝW sin ξ tan χ ŝW cos ξ tan χ − sin ξ

0 sin ξ

cos χ

cos ξ

cos χ

















A

Z1

Z2









≃
(

ejEM,
e

2ŝW ĉW
jNC, g

′j′
)T









1 0 0

0 1 −ξ

0 ξ 1

















A

Z1

Z2
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The more natural case: Heavy Z
′ and gauged Lµ − Lτ

≃
(

ejEM,
e

2ŝW ĉW
jNC, g

′j′
)T









1 0 0

0 1 −ξ

0 ξ 1

















A

Z1

Z2









note: Z1 couples with strength g′ξ to j′ = µ̄γµµ+ τ̄ γττ

modifies asymmetry parameter Aℓ = 2gℓ
V g

ℓ
A/((g

ℓ
V )2 + (gℓ

A)2)

Aµ → Aµ

(

1 − g′ξ
4sW cW /e

1 − 4s2W

)

, Aτ → Aτ

(

1 + g′ξ
4sW cW /e

1 − 4s2W

)
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The more natural case: Heavy Z
′ and gauged Lµ − Lτ

∆aµ =
g′2

4π

1

2π

∫ 1

0

dx
2m2

µx
2(1 − x)

m2
µx

2 +M2
Z′(1 − x)

≃ g′2

4π

1

2π







1 for MZ′ ≪ mµ

2m2
µ/3M

2
Z′ for MZ′ ≫ mµ

thus: ∆aµ ≃ 236 × 10−11
(

200GeV
MZ′/g′

)2
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Fit to EWPD

modify GAPP software (Erler)

SM SM+Z′

M1 [GeV] 91.1877 91.1877

mt [GeV] 164.0 164.0

mb [GeV] 4.199 4.200

mc [GeV] 1.270 1.278

αs 0.1183 0.1185

∆α
(3)
had(1.8GeV) 5.75 × 10−3 5.72 × 10−3

mH [GeV] 114.4 114.4

M2/g′ [GeV] − 219.6

g′ sin ξ − −2.5 × 10−4

χ2
min/Nd.o.f. 43.8/44 36.4/42
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Fit to EWPD

160 GeV ≤M2/g
′ ≤ 560 GeV

−0.0008 < g′ sin ξ < +0.0003

at 90% C.L.
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Integrating out Z2:

Leff
Z2

=
−1

2M2
2

(

g′
cos ξ

cosχ
j′ − eĉW cos ξ tanχ jEM

+
e

2ŝW ĉW
(ŝW cos ξ tanχ− sin ξ) jNC

)2

compare with

Leff
NSI = −2

√
2GF ǫ

fP
αβ

[

f̄γµPf
]

[ν̄αγµPLνβ ]

gives for ǫ⊕αβ = ǫeV
αβ + 3 ǫuV

αβ + 3 ǫdV
αβ :

ǫ⊕µµ = −g′

4
√

2GF cos χ
e

ŝW ĉW

[

cos ξ sin ξ
(

1
M2

1

− 1
M2

2

)

+ ŝW tanχ
(

sin2 ξ
M2

1

+ cos2 ξ
M2

2

)]

≃ 10−2–10−3

for χ = 0, g′ ≃ 1/4, M2 ≃ 50 GeV and ξ ≃ 4 × 10−3
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Production at colliders

LHC 2012 (7 TeV, 5 fb−1): 100 GeV

LHC full (14 TeV, 100 fb−1): 350 GeV

linear 0.5 TeV: 300 GeV

linear 1 TeV: 500 GeV
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Model building

add right-handed neutrinos

N1 ∼ (1,1, 0)(0) , N2 ∼ (1,1, 0)(+1) , N3 ∼ (1,1, 0)(−1)

gives seesaw

MR =









X 0 0

0 0 Y

0 Y 0









mD =









mνe
0 0

0 mνµ
0

0 0 mντ









and effective mass matrix

Mν ≃ −mDM−1
R mT

D = −









m2
νe

X 0 0

· 0
mνµmντ

Y

· · 0









and diagonal charged leptons
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Model building

Breaking of U(1) ↔ filling of zeros ↔ massive Z ′

economical and phenomenologically interesting choice:

φ = (φ+, φ0)T ∼ (1,2,+1)(−1) and S ∼ (1,1, 0)(−1)

giving (f, d≪ mνα
and s, t≪ X,Y )

mD =









mνe
0 d

f mνµ
0

0 0 mντ









MR =









X s t

s 0 Y

t Y 0









and effective mass matrix

Mν ≃









−m2
νe

X −mνe f
X − mνµ d

Y +
mνe mνµ t

XY
mνe mντ s

XY

· 0 −mνµ mντ

Y

· · 0
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Model building

Mν ≃









−m2
νe

X −mνe f
X − mνµ d

Y +
mνe mνµ t

XY
mνe mντ s

XY

· 0 −mνµ mντ

Y

· · 0









we know that s, t ≃ 〈S〉 ≃M ′
Z/g

′ ≃ 200 GeV

Thus: X,Y ≃ TeV

⇒ TeV seesaw
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can be written as

Mν/

(

m2
νe

Y

)

= M0
ν + ∆M = −









1 0 0

0 0 a b

0 a b 0









+ ∆M

with perturbation

∆M =









δ ǫ (2 − δ ǫ) b α (1 + δ ǫ) + γ (−1 + δ ǫ) + b δ(k − 1) a ǫ(1 − δ ǫ)

· −(γ − b α)2 a (b α ǫ + ǫ γ + b k)

· · −a2ǫ2









resulting in (including small charged lepton corrections)

sin θ13 = O(ε) and sin θ23 = 1/
√

2 + O(ε2)
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Scalar Sector

V = − µ1|H|2 + λ1|H|4 − µ2|φ|2 + λ2|φ|4 − µ3|S|2 + λ3|S|4

+ δ1|H|2|φ|2 + δ2|H†φ|2 + δ3|H|2|S|2 + δ4|φ|2|S|2

−
(√

2|µ|eiκH†φS
)

ReS → 〈S〉 ≡ vS/
√

2 , Reφ0 → 〈φ0〉 ≡ vφ/
√

2 , Reh0 → v/
√

2

in total: 6 physical fields, σ, σ±, Re S, Re Φ0, Re h0, for instance

m2
σ =

|µ| v vS

vφ
+

|µ| vφ vS

v
+

|µ| v vφ

vS

m2
σ± =

|µ| v vS

vφ
+

|µ| vφ vS

v
− 1

2
δ2(v

2
φ + v2)

save and phenomenologically relevant with vΦ ∼ GeV ≪ vS ∼ v
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example mixing terms









ImS

Imφ0

Imh0









=









cos θ sin θ 0

− cosβ sin θ cosβ cos θ sinβ

sin β sin θ − sinβ cos θ cosβ









T 







0

0

σ









=









sinβ sin θ σ

− sinβ cos θ σ

cosβ σ









with angles

tan θ ≡ vφ

vS
, tanβ ≡ v

vSvφ

√

v2
S + v2

φ =
v

vS sin θ

and with vφ ≪ vS ∼ v this implies sin θ, cosβ ≪ 1





φ−

h−



 =





− sinβ− σ−

cosβ− σ−





with tanβ− ≡ v/vφ = cos θ tan β ≃ tanβ ≫ 1
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Yukawa interactions

−L ⊃
∑

i

md
i

v
d

i

Ld
i
R(h+ icβσ) +

∑

i

mu
i

v
ui

Lu
i
R(h− icβσ)

+ c−β

√
2

v

∑

i,j

md
jVij u

i
Ld

j
Rσ

+ − c−β

√
2

v

∑

i,j

mu
j V

∗
ji d

i

Lu
j
Rσ

−

FCNC suppressed by mq/v and cosβ− ≃ vΦ/v

similar to 2HDM type I: mσ±
>∼ 80 GeV
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Kinetic Terms

L ⊃ (DµH)†(DµH) + (Dµφ)†(Dµφ) + (DµS)†(DµS)

= |∂µh
0 − i

e

2sW cW
Zµh

0 − i
e√
2sW

W−
µ h

+|2

+ |∂µh
+ − i

e

sW cW
(c2W − s2W )Zµh

+ − ieAµh
+ − i

e√
2sW

W+
µ h

0|2

+ |∂µφ
0 + ig′Z ′

µφ
0 − i

e

2sW cW
Zµφ

0 − i
e√
2sW

W−
µ φ

+|2

+ |∂µφ
+ + ig′Z ′

µφ
+ − i

e

sW cW
(c2W − s2W )Zµφ

+ − ieAµφ
+ − i

e√
2sW

W+
µ φ

0|2

+ |∂µS + ig′Z ′
µS|2

with boson masses

M2
W =

e2

4s2W
(v2 + v2

φ) M2
Z =

e2

4s2W c2W
(v2 + v2

φ)

M2
Z′ = g′2(v2

φ + v2
S) δM̂2 = − e

2sW cW
g′v2

φ
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h3 h4 S3 S4 φ3 φ4 σ4

σ2h hφS σ2φ σ2S φ2S2 h2S2 h2φ2

σ2φ2 σ2h2 h2S h2φ φ2h σ2S2 φ2S

S2φ hS2 σ+σ−σ+σ− h2σ+σ− φ2σ+σ− σ2σ+σ− hσ+σ−

φσ+σ− Sσ+σ− hφ σ+σ− S2σ+σ−

Z2h W+W−φ Z2σ+σ− ZAσ+σ− ZW−σ+φ A2σ+σ− Z2h2

W−Aσ+φ W+W−σ2 W+W−φ2 ZW−σ+σ W+Aσ−σ W+W−σ+σ− ZW−σ+h

W−Aσ+h W+W−h W+W−h2 Z2σ2 Z2φ Z2φ2

Z′2φ2 Z′2S2 W−Z′σ+φ ZZ′σ+σ− AZ′σ+σ− W+Z′σ−σ Z′2σ+σ−

W+Z′σ− Z′2φ Z′2S Z′2σ2 ZZ′σ2 ZZ′φ ZZ′φ2

Aσ+σ− Zσ+σ− Zσh Zσφ W−σ+σ W−σ+h W−σ+φ

Z′φσ Z′σS Z′σ+σ−
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Lepton Flavor Violation

Mleptons =
1√
2









λee
H v λeµ

φ vφ 0

0 λµµ
H v 0

λτe
φ vφ 0 λττ

H v









diagonalization with UL and UR modifies Z ′ coupling:

j′µZ
′µ =

∑

i=L,R

ℓi









0

1

−1









γµℓiZ
′µ →

∑

i=L,R

ℓiU
†
i









0

1

−1









UiγµℓiZ
′µ

introduces new decays

τ → e µµ , τ → e νµ,τ νµ,τ , µ→ e νµ,τ νµ,τ

and constrains λτe
φ < 10−3–10−4
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Lepton Flavor Violation

BR(µ→ eγ) ≃ 1

192π2

(

s−β λ
µ1
φ c−β λ

e1
H

2GFm2
N

)2

≃ γ2

96π2

(

m2
νe
/Y

Y

)2

≃ 10−29 γ2

where γ = f/mνe
in effective mass matrix
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Magnetic Moment

∆a2−loop
µ =

α

8π3

m2
µ

v2
c2β

∑

f=t,b,τ

Nf
colorQ

2
f

m2
f

m2
σ

∫ 1

0

dx
ln
(

m2
f /m2

σ

x(1−x)

)

m2
f/m

2
σ − x(1 − x)
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Extension to SU(2)′: “Leptospin”

include electron in the game

L ≡ (Lµ, Le, Lτ ) ∼ (1,2,−1)(3) , ℓR ≡ (µR, eR, τR) ∼ (1,1,−2)(3)

becomes nasty. . ., e.g. charged lepton masses

L ⊃ YHLHℓR

are degenerate, but if SU(2)′ is broken

H ∼ (1,2,+1)(1) , ∆ ∼ (1,2,+1)(3) , Σ ∼ (1,2,+1)(5)

with

∆ =
1√
2









∆0 ∆+ 0

∆− 0 ∆+

0 ∆− −∆0









, Σ =
1√
6









Σ0
√

3 Σ+
√

6 Σ++

√
3 Σ− −2 Σ0 −

√
3 Σ+

√
6 Σ−− −

√
3 Σ− Σ0
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Extension to SU(2)′: “Leptospin”

then this is allowed:

L ⊃ L (YH H + Y∆ ∆ + YΣ Σ) ℓR

and after symmetry breaking

mµ = YH 〈H〉 + Y∆〈∆0〉/
√

2 + YΣ〈Σ0〉/
√

6

me = YH 〈H〉 − 2YΣ〈Σ0〉/
√

6

mτ = YH 〈H〉 − Y∆〈∆0〉/
√

2 + YΣ〈Σ0〉/
√

6
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Extension to SU(2)′: “Leptospin”

right-handed neutrinos N ≡ (Nµ, Ne, Nτ ) ∼ (1,1, 0)(3), or

N =





Ne/
√

2 Nµ

Nτ −Ne/
√

2





mass degeneracy broken by Ω ∼ (1,1, 0)(5), allows Majorana mass term

YΩ

2
√

6

(

−N c

µ N
c

e N
c

τ

)









√
6Ω−− −

√
3 Ω− Ω0

−
√

3 Ω− 2 Ω0
√

3 Ω+

Ω0
√

3 Ω+
√

6 Ω++

















−Nµ

Ne

Nτ









and vev 〈Ω0〉 breaks it to Lµ − Lτ invariant mass matrix
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Lµ − Lτ and Dark Matter

Baek, Ko, JCAP 0910, 011 (2009)

add Dirac fermion ψ charged under Lµ − Lτ

relic density from ψψ̄ → Z ′ → (µ+µ−, τ+τ−, νµν̄µ, ντ ν̄τ )

annihilation as well

annihilation is automatically leptophilic ↔ PAMELA frenzy
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Summary

• Lµ − Lτ can be gauged in the SM without anomaly

• two main cases:

– ultra-light Z ′: long-range force

– electroweak scale Z ′: lots of physics

• gauge vs. flavor
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Derivation of Potential

Consider the time-like components, note that j0
EM

= 0 and use

j03 = −1

2
ēL γ

0 eL +
1

2
p̄L γ

0 pL − 1

2
n̄L γ

0 nL = −1

4
(ne − np + nn) = −nn

4

since the axial-part will result in a spin-operator in the non-relativistic limit and

we assume the Sun is not polarized. The equation of motion for Z0
2 , following

from the Euler-Lagrange equation

∂ν
δ

δ(∂ν Z2µ)

(

−1

4
Z2αβ Z

αβ
2

)

− δ

δ Z2µ

(

1

2
M2

2 Z2α Z
α
2 + LZ2

)

= 0

is therefore

(∂2 +M2
2 )Z0

2 = (ξ − sW χ)
e

sW cW

nn

4

In the static case outside of the Sun this is (nn(x) = Nn δ
(3)(x)):

(∆ −M2
2 )Z0

2 = −(ξ − sW χ)
e

sW cW

1

4
Nn δ

(3)(x)
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with the well-known solution

V (r) = Z0
2 = (ξ − sW χ)

e

sW cW

1

4
Nn × e−rM2

4π r

In the limit M2 → 0 the potential, for νµ and ντ respectively, on Earth is:

Vµ,τ = ± g′ (ξ − sW χ)
e

4 sW cW

Nn

4πRA.U.
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