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Introduction

• The Standard Model rocks as an EFT at low energies.

• However, clear evidence calling for new physics beyond:

arXiv:1905.06344, 1803.07462 Clara Murgui



Introduction

• The Standard Model rocks as an EFT at low energies.

• However, clear evidence calling for new physics beyond:

arXiv:1905.06344, 1803.07462 Clara Murgui



Introduction

• The Standard Model rocks as an EFT at low energies.

• However, clear evidence calling for new physics beyond:

arXiv:1905.06344, 1803.07462 Clara Murgui



Neutrino masses

• ↔ 3 νR

• We do not have any clue about their nature!

LN Conserved

• Neutrinos are Dirac

LD
ν ⊃ Yν ¯̀LH̃νR + h.c.

mν ≤ 0.1 eV⇒ Yν ≤ 10−12

LN Violated

• Neutrinos might be Majorana

LM
ν ⊃ Yν ¯̀LH̃νR +

1
2
νT

R CMRνR + h.c.
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Aim
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The Simplest Theories for Neutrino Masses

•

Extra symmetries:

U(1)B−L, U(1)B, U(1)L global

SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)X ⇒ U(1)X → U(1)X=B−L

• Connection:

• Dark Matter candidate: χL, χR ∼ (1, 1, 0, nχ)→ χ = χL + χR
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Gauging U(1)B−L
and leaving it unbroken
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U(1)B−L unbroken
U(1)B−L unbroken

LU(1)B−L ⊃ iχ̄L /DχL + iχ̄R /DχR − (Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + h.c.)

−1
2

(MZBL ZµBL + ∂µσ)(MZBL ZBLµ + ∂µσ)

L /U(1)B-L
⊃ iχ̄L /DχL + iχ̄R /DχR + (DµSBL)†(DµSBL)

−(Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + yRν
T
R CνRSBL + h.c.)

L /U(1)L ⊃ iχ̄L /DχL + (DµSL)†(DµSL)−
(
λχ√

2
χT

LCχLSL + h.c.
)

After SSB→ 3
2

gLχ̄γµγ
5χZµL − gL f̄γµf ZµL − λiχ̄χhi −

1
2

Mχχ
TCχ

• Relevant parameters: Mχ, MZBL , gBL, nχ (nχ 6= 1)

• Annihilation channels:
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U(1)B-L unbroken

• Parameter space allowed by the correct relic abundance:
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Light Relics

• ∆Neff = Neff − NSM
eff = NνR

(
TνR
TνL

)4
= NνR

(
g(Tdec

νL
)

g(Tdec
νR

)

) 4
3

• Decoupling temperature:

Γ(Tdec
νR

) = H(Tdec
νR

)

• Bounds from Planck:

Neff = 2.99+0.34
−0.33

⇒ ∆Neff < 0.285

• ⇒ MZBL

gBL
> 10.33 TeV

Planck

10 15 20 25
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• Projected bounds from CMB-S4: ∆Neff ≤ 0.06 at 95 CL!!
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U(1)B-L unbroken
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Direct Detection

σSI =
M2

NM2
DM

π(MN + MDM)2

n2g4
BL

M4
ZBL

,
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U(1)B-L unbroken
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• Upper bound around 20 TeV!
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Gauging U(1)B−L
and breaking it by 2 units
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U(1)B-L broken by 2 units

U(1)B−L unbroken

LU(1)B−L ⊃ iχ̄L /DχL + iχ̄R /DχR − (Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + h.c.)

−1
2

(MZBL ZµBL + ∂µσ)(MZBL ZBLµ + ∂µσ)

L /U(1)B-L
⊃ iχ̄L /DχL + iχ̄R /DχR + (DµSBL)†(DµSBL)

−(Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + yRν
T
R CνRSBL + h.c.)

L /U(1)L ⊃ iχ̄L /DχL + (DµSL)†(DµSL)−
(
λχ√

2
χT

LCχLSL + h.c.
)

After SSB→ 3
2

gLχ̄γµγ
5χZµL − gL f̄γµf ZµL − λiχ̄χhi −

1
2

Mχχ
TCχ

• Relevant parameters: Mχ, MZBL , gBL, nχ, MN , Mh2 , θBL

(nχ 6= 1, 3)

• Annihilation channels:
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U(1)B−L broken by 2 units

L /U(1)B-L
⊃ iχ̄L /DχL + iχ̄R /DχR + (DµSBL)†(DµSBL)

−(Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + yRν
T
R CνRSBL + h.c.)

• Relevant parameters: Mχ, MZBL , gBL, nχ, Mh2 , θBL

(nχ 6= 1, 3)

• Perturbativity sets an upper bound on gBL:

L ⊃ g2
BL(2)2S†BLSBLZBLµZµBL ⇒ gBL ≤

√
π

2
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U(1)B−L broken by 2 units

• For nχ = 1/3, θBL = 0, Mh2 = MN = 1 TeV:
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• Upper bound around 20 TeV!
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The Simplest Theories for Neutrino Masses

•

Extra symmetries:

U(1)B−L, U(1)B, U(1)L global

SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)X ⇒ U(1)X → U(1)X=L

• Connection:
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Gauging U(1)L
and breaking it by 3 units
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U(1)L broken by 3 units

U(1)B−L unbroken

LU(1)B−L ⊃ iχ̄L /DχL + iχ̄R /DχR − (Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + h.c.)

−1
2

(MZBL ZµBL + ∂µσ)(MZBL ZBLµ + ∂µσ)

L /U(1)B-L
⊃ iχ̄L /DχL + iχ̄R /DχR + (DµSBL)†(DµSBL)

−(Yν ¯̀Liσ2H∗νR + Mχχ̄LχR + yRν
T
R CνRSBL + h.c.)

L /U(1)L ⊃ iχ̄L /DχL + (DµSL)†(DµSL)−
(
λχ√

2
χT

LCχLSL + h.c.
)

After SSB→ 3
2

gLχ̄γµγ
5χZµL − gL f̄γµf ZµL − λiχ̄χhi −

1
2

Mχχ
TCχ

P. Fileviez Perez and M. B. Wise, JHEP 1108 (2011) 068.

M. Duerr, P. Fileviez Perez and M. B. Wise, Phys. Rev. Lett. 110 (2013) 231801

P. Fileviez Perez, S. Ohmer and H. H. Patel, Phys. Lett. B 735 (2014) 283

• Relevant parameters: Mχ, MZL , gL, Mh2 , θL

• Annihilation channels:
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U(1)L broken by 3 units

L /U(1)L

3
2

gLχ̄γµγ
5χZµL − gL f̄γµf ZµL − λiχ̄χhi −

1
2

Mχχ
TCχ

• Relevant parameters: Mχ, MZL , gL, Mh2 , θL

• Perturbativity sets an upper bound on gL:

L ⊃ g2
L(3)2S†LSLZLµZµL ⇒ gL ≤

√
2π
3

...and also on the λχ:

λχ ≤ 2
√
π ⇒ 3gL

Mχ

MZL

≤ 2
√
π
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U(1)L broken by 3 units
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Thanks for your attention!
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Back up slides
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U(1)L broken by 3 units

σSI
χN(hi) =

72GF√
24π

sin2 θB cos2 θBM4
N

g2
LM2

χ

M2
ZL

(
1

M2
h1

− 1
M2

h2

)2

f 2
N
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sin θ = 0.2− 0.3

sin θ = 0.1− 0.2

sin θ = 0.025− 0.1

sin θ = 0.0− 0.025
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U(1)L theories

Fermionic representations in the model proposed in Ref. 1403.8029:

Fields SU(3)C SU(2)L U(1)Y U(1)L

ΨL =

(
Ψ+

L
Ψ0

L

)
1 2 1

2
3
2

ΨR =

(
Ψ+

R
Ψ0

R

)
1 2 1

2 − 3
2

ΣL = 1√
2

(
Σ0

L

√
2Σ+

L√
2Σ−L −Σ0

L

)
1 3 0 − 3

2

χ0
L 1 1 0 − 3

2
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U(1)L theories
Fermionic representations in the model proposed in Ref. 1304.0576:

Fields SU(3)C SU(2)L U(1)Y U(1)L

ΨL =

(
Ψ0

L
Ψ−L

)
1 2 − 1

2 − 3
2

ΨR =

(
Ψ0

R
Ψ−R

)
1 2 − 1

2
3
2

η−R 1 1 −1 − 3
2

η−L 1 1 −1 3
2

χ0
R 1 1 0 − 3

2

χ0
L 1 1 0 3

2
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Upper bound U(1)BL

σ(χ̄χ→ f̄ f ) ∝ g4
BLn2

Γ2
ZBL

→︸︷︷︸
Γ2

ZBL
∼g4

BLΛ2

n2 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ g4
BLn4 1

Λ2
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Upper bound U(1)BL

σ(χ̄χ→ f̄ f ) ∝ n2 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ g4
BLn4 1

Λ2

n < 1

(LK ⊃ gBL ¯̀γµZµBL`)

Perturbative bound⇒ gBL <
√

2π
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Upper bound U(1)BL

σ(χ̄χ→ f̄ f ) ∝ n2 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ g4
BLn4 1

Λ2

n < 1

(LK ⊃ gBL ¯̀γµZµBL`)

Perturbative bound⇒ gBL <
√

2π

n > 1

(LK ⊃ n gBL χ̄γµZµBLχ)

Perturbative bound⇒ n gBL <
√

2π
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Upper bound U(1)BL

σ(χ̄χ→ f̄ f ) ∝ n2 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ ñ4 1
Λ2

n < 1

(LK ⊃ gBL ¯̀γµZµBL`)

Perturbative bound⇒ gBL <
√

2π

n > 1

(LK ⊃ n gBL χ̄γµZµBLχ)

Perturbative bound⇒ n gBL︸︷︷︸
ñ

<
√

2π

What if n→∞ ?!
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Upper bound U(1)BL
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Upper bound U(1)BL

In the hypothetical (non ”pheno-interesting”) case of n→∞:

σ(χ̄χ→ f̄ f ) ∝ g4
BLn2

Γ2
ZBL

σ(χ̄χ→ ZBLZBL) ∝ ñ4 1
Λ2

(Γtot
ZBL

)2 ∼ Γ2(ZBL → χ̄χ) ∝ g4
BLn2Λ2
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Upper bound

In the hypothetical (non ”pheno-interesting”) case of n→∞:

σ(χ̄χ→ f̄ f ) ∝ g4
BLn2

Γ2
ZBL

→ 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ ñ4 1
Λ2

(Γtot
ZBL

)2 ∼ Γ2(ZBL → χ̄χ) ∝ g4
BLn2Λ2
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Upper bound

In the hypothetical (non ”pheno-interesting”) case of n→∞:

σ(χ̄χ→ f̄ f ) ∝ g4
BLn2

Γ2
ZBL

→ 1
Λ2

σ(χ̄χ→ ZBLZBL) ∝ ñ4 1
Λ2

(Γtot
ZBL

)2 ∼ Γ2(ZBL → χ̄χ) ∝ g4
BLn2Λ2
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Neff

Γi(T) = nνR(T)〈σ(ν̄RνR → SM SM)v〉

=
gνR

8π4nνR

∫ ∞

0
p2dp

∫ ∞

0
k2dk

∫ 1

−1
d cos θ

1− cos θ
(ek/T + 1)(ep/T + 1)

σi(s)

In the limit s� MZL ,

ΓN(T) =
49π5T5

194400ξ(3)

(
g′

MZ′

)4∑

f

n2
f .

Planck
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New Higgs stuff

V(H, Snew) =− µ2
HH†H − µ2

newS†newSnew + λH(H†H)2

+ λnew(S†newSnew)2 + λHnew(H†H)(S†newSnew),

Snew =
1√
2

(snew + vnew) , H =
1√
2

(
0

h + vH

)
,

h1 = h cos θnew − snew sin θnew,

h2 = snew cos θnew + h sin θnew,

tan 2θnew =
λHnew vHvnew

λBLv2
new − λHv2

H
.

MZnew = nnewgnewvnew, (MN =
√

2 yRvBL)
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Lepton Number Violation at the LHC

pp→ Z∗BL → NiNi → e±j W∓e±k W∓ → e±j e±k 4j

Ne±j e±k 4j = 2Lσ(pp→ NiNi)Br(Ni → e±j W∓)Br(Ni → e±k W∓)Br(W → jj)2

Mχ=1TeV, MZBL =2TeV, gBL=0.1

Mχ=2TeV, MZBL =5TeV, gBL=0.5

Mχ=4TeV, MZBL =7TeV, gBL=0.9
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Lepton Number Violation at future colliders

pp→ Z∗BL → NiNi → e±j W∓e±k W∓ → e±j e±k 4j

Ne±j e±k 4j = 2Lσ(pp→ NiNi)Br(Ni → e±j W∓)Br(Ni → e±k W∓)Br(W → jj)2

Mχ=1TeV, MZBL =2TeV, gBL=0.1

Mχ=2TeV, MZBL =5TeV, gBL=0.5

Mχ=4TeV, MZBL =7TeV, gBL=0.9
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Displaced vertices

• Total decay width of N: Γtot
N ∼ |V`i|2

M3
Ni

M2
W

• Neutrino mixing: |V`i|2 ∝ Mν/MNR , MνN =

(
0 Mν

Mν MNR

)

• ΓNR ∝
MνM2

N

MW
∼ Yν /vHM2

N

v/2H
⇒ τNR � Long-lived particles

As an example: MN ∼ 400 GeV
⇒ L = (10−3 − 10−1)mm

doi:10.1103/PhysRevD.80.073015
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