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Beyond the Standard Model

Still missing:

Dark matter
Baryon

asymmetry

Neutrino masses
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Heavy Neutral Leptons (HNL)

Minimal solution – right-handed neutrinos
with Majorana mass:

LN ⊃ −FαI L̄αH̃NI +
MI

2
N̄c

I NI + h.c.,

Mixing angles after spontaneous symmetry
breaking

θαI =
FαI v√
2MI

, UαI = |θαI | ≪ 1

NI

W

lα

θαI

NI

να

Z/h

θαI
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2+1 HNLs to solve them all

Two HNLs N2, N3 to produce two active neutrino masses via the seesaw
mechanism. The mixing angles are at least

U2 ≳ U2
seesaw ∼ mν

mN

The same two HNLs generate baryon asymmetry via leptogenesis.
Bonus: HNLs can be as light as GeV if mass degenerate
One HNL N1 - keV dark matter.
Negligible contribution to neutrino masses from stability considerations
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Experimental constraints

[2204.08039]

Future experiments have the potential to observe millions of events
=⇒ precision physics

(If we can have U2 ≫ U2
seesaw)
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Quasi-Dirac limit

Approximate lepton symmetry : cancellation of seesaw contributions
The mixing angles for two degenerate HNLs converge to the same value

∆mN ≪ mN , U2
α2 = U2

α3

[
1 + O

(
U2

seesaw

U2 ,
∆mN

mN

)]
≡ U2

α

Casas-Ibarra parametrization:

θ = iUPMNS(mdiag
ν )1/2R(mdiag

N )−1/2

RNH ∼

 0 0
1 ±i
∓i 1

 , RIH ∼

 0 0
1 ±i
∓i 1


— restricts flavor structure xα ≡ U2

α/U
2

as a function of a single Majorana phase η
in the PMNS matrix
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If a signal has been observed, what can we tell about the underlying
physics of what has been found?

Have we solved any problem, or just added more?
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The SHiP experiment

[2112.01487]
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mN = 1.5 GeV

Bri ∼ xeΓe + xµΓµ + xτΓτ
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Probe two-HNL seesaw

−→
Measure flavor couplings

U2
α/U

2

↓
Test two HNLs

hypothesis
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λi
↑

count in channel i

= Nev ·
efficiency

↑
ϵi · Bri

↓
th. branching

+

background
↑
bi

Sensitivity definition

For a real model B, Nev — number of events,
needed to exclude at CL all models A with

probability P

[2312.05163]
[2312.00659]
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Measuring PMNS Majorana phase

mN = 1.5 GeV
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With such a tool, what can we say about nonminimal interactions
of HNLs?

For example:
Dipole portal [1803.03262]

Axion-HNL coupling [1911.12394] [2212.11290]

. . . ?
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Add right-handed interactions: Left-Right Symmetric Model

SUC (3)× SUL(2)× SUR(2)× UB−L(1) →
→ SUC (3)× SUL(2)× UY (1)
→ SUC (3)× UEM(1)

Effective (below EW) left

L ⊃ θLαI
GF√

2
l̄αN

c
I × [ν̄β lβ + V CKM

ij ūi,Ldj,L]

+ θLαI
GF√

2
ν̄αN

c
I JZ

. . . and right-handed interactions

+θRαI
GF√

2
l̄αNI ×

[
Ṽ R
JβN̄J lβ + V R,CKM

ij ui,Rdi,R

]
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ij ūi,Ldj,L]

+ θLαI
GF√

2
ν̄αN

c
I JZ

. . . and right-handed interactions

+θRαI
GF√

2
l̄αNI ×

[
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Two sets of couplings |θ| ≪ 1

(LH): θLαI , (RH): θRαI ∼
m2

W

m2
WR

to be constrained by the seesaw relation:

mν = − θLMθL︸ ︷︷ ︸
type-I seesaw

+
vL
vR

M︸ ︷︷ ︸
type-II seesaw

— complicated 3 × 3 matrix equation.

has closed analytic solution for θL, if θR , mN fixed [2403.07756]
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L ⊃ L̄α([Ye ]αβΦ− [Yν ]αβσ2Φ
∗σ2)Rβ+

+ L̄cα[Y1]αβ iσ2∆LLβ + R̄c
α[Y2]αβ iσ2∆RRβ + h.c.

Φ → v diag(cos b,− sin b e−ia) ∆L,R →
(

0 0
vL,R 0

)
Generalized parity: Y †

e = Ye , Y †
ν = Yν , Y1 = Y2

After spontaneous symmetry breaking and diagonalization of l , N masses:

U∗
PMNSm

diag
ν U†

PMNS =

− (vVRY −mdiag
l be iaVR)[m

diag
N ]−1(vY TV T

R − V T
R mdiag

l be ia)

+
vL
vR

V ∗
Rm

diag
N V †

R

with Y = V †
RYνVR , Y † = Y , V †

R = VR
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U∗
PMNSm

diag
ν U†

PMNS =

− (vVRY −mdiag
l be iaVR)[m

diag
N ]−1(vY TV T

R − V T
R mdiag

l be ia)

+
vL
vR

V ∗
Rm

diag
N V †

R

θRαI =
m2

WL

m2
WR

[VR ]αI , θLαI =
i

mNI

[
vVRY − be iamdiag

l VR

]
αI

Assume 2 quasi-Dirac pair N2, N3 (|θL,2/3|2 ≫ U2
seesaw) and a decoupled DM

candidate (|θL,1|2 ≪ U2
seesaw)

mdiag
N = mN

0 0 0
0 1 0
0 0 1

 , Y = y

0 0 0
0 1 −i
0 i 1

 , y ≫ 1

and perturb this exact lepton symmetry
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Type-I only: analytic solution

Neutrino masses: 0, m2, m3

V R = iU∗
PMNSO

V L
α2 = −iV L

α3 =
e iβ√

m2 +m3
Ũ∗

PMNSP ×

 0
∓e−iη√m2√

m3

 ,
|θLα|2∑
α |θLα|2

= |V L
α |2

with

O =
1√

2(m2 +m3)
×

×

√
2(m2 +m3) 0 0

0 −i(
√
m3e

−iβ ±√
m2e

iβ)
√
m3e

−iβ ∓√
m2e

iβ

0 −(
√
m3e

iβ ∓√
m2e

−iβ) i(
√
m3e

iβ ±√
m2e

−iβ)


— two free parameters: Majorana phase η and angle β
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[2406.13850]

V L
α remain the same as in the minimal case — only depend on η

V R
α2, V

R
α3 depend on both η, β

|V R
α1|2, |V R

α1|2 + |V L
α1|2 are fixed

HNL mass splitting |mN2 −mN3 | is arbitrary
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Corrections

Type-II corrections CP corrections
κ =

vLmN

vR(m2 +m3)
b̃ = b

√
2yvmτ

m2 +m3

lightest neutrino mass becomes nonzero
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Interesting signatures?
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(De)coherence

Decoherent pair:

number of ev. (X → lαN → lαlβ) ∝ |Vα2|2|Vβ3|2 + |Vα3|2|Vβ2|2

Coherent pair:

number of ev. (X → lαN → lαl
±
β ) ∝ |Vα2V

(∗)
β3 + Vα3V

(∗)
β2 |2

Summing up over one lepton flavor (α) — everything reduces to ∝ |Vβ2|2 + |Vβ3|2
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Probing decoherence at SHiP

The initial lepton is lost in the target — no information?

Not if kinematic constraints help us
For example, D → lαN → lαlβ cannot have τ -leptons for a GeV HNL

Ne
Ne+Nμ

0.125

0.150

0.175

0.200

0.225

0.250

Ne
Ne+Nμ

0.700

0.725

0.750

0.775

0.800

0.825

Coherent (blue) vs decoherent (red) case predictions
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Probing decoherence with Keung-Senjanović process

Full reconstruction of event matrix
X → l−α N → l−α l±β
In the coherent case, LNV can
dominate LNC decays
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DM at SHiP

No N2,3 → N1 decay in the minimal LH case
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DM at SHiP

Benchmark model:

|V L
e |2 : |V L

µ |2 : |V L
τ |2 = 0.11 : 0.22 : 0.67

|V R
e2|2 : |V R

µ2|2 : |V R
τ2|2 = 0.16 : 0.46 : 0.38

|V R
e3|2 : |V R

µ3|2 : |V R
τ3|2 = 0.16 : 0.46 : 0.38

|V R
e1|2 : |V R

µ3|2 : |V R
τ3|2 = 0.49 : 0.22 : 0.30

Fraction of RH interactions:

R ≡ U2
R

U2
L + U2

R

For a given R < 1, we want to distinguish
1 no light N1 versus LH-only HNL with arbitrary V L

2 with light N1 versus LH-only HNL with arbitrary V L,
3 with light N1 versus HNL with both LH, RH-interactions, arbitrary couplings

V L, V R , R, but no N1.
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Summary

Precision physics at Intensity Frontier is possible
We need to know what results to expect and how to interpret them
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Back-up
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FCC-ee
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