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Outline of the talk

• Collider searches of Heavy Neutral Leptons (HNL) (1 HNL + single mixing hypothesis)  

• How to reinterpret the bounds on in two cases: 

• One HNL mixing with 3 active flavors  

• Two HNLs interfering in the LNC/LNV processes ( )  

|VℓN |2

(e , μ , τ)

W+ → ℓ+
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2 qq̄′ 



Searches for heavy neutral leptons: beyond simplified scenarios | G. Piazza

Neutrino window to new physics

θ23 ≃ 49∘ θ13 ≃ 8∘θ12 ≃ 33∘

Δm2
12 ≃ 7 × 10−5 eV2

Δm2
3ℓ ≃ ± 2.5 × 10−3 eV2

see [2111.03086]

Neutrino oscillations establish that at least two of the SM neutrinos have masses ≠ 0

New neutral fermions are common byproducts of  mass generation. 
The case with 2 HNLs is the minimal phenomenologically viable when embedding a seesaw. 

ν
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ℓ+
1

ℓ±
2

ℓ∓
3 , q

ν̄, q̄

HNL collider searches

CMS 
[1802.02965] LNV, LFV or LFC

ATLAS 
[1905.09787] LNV, LFC

pp → ℓ+
1 ℓ+

2 ℓ−
3 + ME (1,2,3 = μ, e) [1,1200] GeV

pp → ℓ+ ℓ+ ℓ′ − + ME (ℓ(′ ) = μ, e) [5,50] GeV

3 leptons + ME

ATLAS 
[1506.06020]

LNV, LFC

CMS 
[1806.10905] LNV, LFV or LFC

LHCb 
[2011.05263] LNC or LNV, LFC

pp → ℓ±
1 ℓ±

2 j (1,2 = μ, e) [100,500] GeV

2 leptons + jets

pp → ℓ±ℓ± j (ℓ = μ, e) [20,1600] GeV

pp → μ+μ± j [5,50] GeV

[1806.10905]
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Experimental searches generally assume one generic HNL  
and single mixing hypothesis   (VαN)

V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

Relax these assumptions:                                          orV =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

LHCb 
[2011.05263]

| V
μN

|2
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ℓ+
1

ℓ±
2

ℓ∓
3 , q

ν̄, q̄

W+

ATLAS 
[1506.06020]

LNV, LFC

CMS 
[1806.10905] LNV, LFV or LFC

LHCb 
[2011.05263] LNC or LNV, LFC

pp → ℓ±
1 ℓ±

2 j (1,2 = μ, e) [100,500] GeV

2 leptons + jets

pp → ℓ±ℓ± j (ℓ = μ, e) [20,1600] GeV

pp → μ+μ± j [5,50] GeV

See [Tastet et al. 2107.12980]

CMS 
[1802.02965] LNV, LFV or LFC

ATLAS 
[1905.09787] LNV, LFC

pp → ℓ+
1 ℓ+

2 ℓ−
3 + ME (1,2,3 = μ, e) [1,1200] GeV

pp → ℓ+ ℓ+ ℓ′ − + ME (ℓ(′ ) = μ, e) [5,50] GeV

3 leptons + ME

HNL collider searches
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ATLAS 
[1506.06020]

LNV, LFC

CMS 
[1806.10905] LNV, LFV or LFC

LHCb 
[2011.05263] LNC or LNV, LFC

pp → ℓ±
1 ℓ±

2 j (1,2 = μ, e) [100,500] GeV

2 leptons + jets

pp → ℓ±ℓ± j (ℓ = μ, e) [20,1600] GeV

pp → μ+μ± j [5,50] GeV

Short-lived HNL

HNL collider searches

CMS 
[1802.02965] LNV, LFV or LFC

ATLAS 
[1905.09787] LNV, LFC

pp → ℓ+
1 ℓ+

2 ℓ−
3 + ME (1,2,3 = μ, e) [1,1200] GeV

pp → ℓ+ ℓ+ ℓ′ − + ME (ℓ(′ ) = μ, e) [5,50] GeV

3 leptons + ME
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2 leptons + jets: generic mixing pattern (1HNL)
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V =

VeN1
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ṼPMNS VμN1
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VτN1
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2 leptons + jets: generic mixing pattern (1HNL)
| V

μN
|2
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ℓ+
α

ℓ±
β

V*βN

V*αN
N

W+

 |VμN1
|2
Gen = |VμN1

|2
Sing

ΓGen
N

ΓSing
N

2 leptons + jets: generic mixing pattern (1HNL)
Γ(W+ → ℓ+

α ℓ±
β qq̄′ ) = Γ(W+ → ℓ+

α N) × Br(N → ℓ±
β qq̄′ ) ∝ |VαN |2 × Br(N → ℓ±

β qq̄′ )

•Single mixing :   

•Generic mixing:  

(α = β) ΓSing
N = |VαN |2 Γ̃ α

N

ΓGen
N = |VeN |2 Γ̃ e

N + |VμN |2 Γ̃ μ
N + |VτN |2 Γ̃ τ

N ,

V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V
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Γ(N → ℓ±
β qq̄′ )

ΓN
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2 leptons + jets: generic mixing pattern (1HNL)

V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

Preliminary
| V

μN
1
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en
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1
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|2 /V2
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 |Vtot |
2 = |VeN1 |2 + |VμN1 |2 + |VτN1 |2

 |VμN1
|2
Gen = |VμN1
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2 leptons + jets: generic mixing pattern (1HNL)

Preliminary

|V
τN

1
|2

/V
2 to
t |V

μN
1 | 2/V 2tot

|VeN1
|2 /V2

tot
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Fixing   and scanning the parameter space in the ternary plot, check which points are allowed 
after the rescaling of the bound.

( MN , V2
tot )

| V
μN

1
|2 G

en
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2 leptons + jets: generic mixing pattern (1HNL)
Fixing ,  and combining the searches  on :( MN , V2

tot ) ( e , μ , e − μ )

Preliminary

CMS 
[1806.10905]
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V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

2 leptons + jets: 2 HNLs (single mixing)
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LHCb 
[2011.05263] 


V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

2 leptons + jets: 2 HNLs (single mixing)
                            ,    OK if NO Interference!|VμN1

|2 + |VμN2
|2

μ+

μ±

V*μN

V*μN
N

W+
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 ,       ,      y ≡
ΔM12

Γ
δϕ± = (ϕα2 − ϕα1) ± (ϕβ2 − ϕβ1)

𝒦(y, δϕ±) = (1 + cos δϕ± 1
1 + y2

− sin δϕ± y
1 + y2 )

!Γ(W+ → ℓ+
α ℓ±

β qq̄′ ) |N1&N2
= Γ(W+ → ℓ+

α ℓ±
β qq̄′ ) |N1

× 2 𝒦(y, δϕ±)

2 leptons + jets: 2 HNLs Interfering
 Defining     , and assuming , , ,  VℓαNj

= |VℓαNj
|eiϕαj |VℓN1

|2 ≃ |VℓN2
|2 M1 ≃ M2 ≡ M ΔM12 ≠ 0 Γ1 ≃ Γ2 ≡ Γ

     for  δϕ− = 0 α = β

Planck 30/05/2211/18
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MN [GeV]

LHCb

LHCb

2 leptons +jets: 2 HNLs (single mixing)

V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V
Preliminary

| V
μN

|2 2N

 |VμN1
|2
2N = |VμN |2

1N /[2𝒦(y, δϕ)] 𝒦(y, δϕ±) = (1 + cos δϕ± 1
1 + y2

− sin δϕ± y
1 + y2 )

 ,         y ≡
ΔM12

Γ
δϕ± = (ϕα2 − ϕα1) ± (ϕβ2 − ϕβ1)
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MN [GeV]

LHCb

LHCb

2 leptons +jets: 2 HNLs (single mixing) V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

Preliminary
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𝒦(y, δϕ±) = (1 + cos δϕ± 1
1 + y2

− sin δϕ± y
1 + y2 )

 ,         y ≡
ΔM12

Γ
δϕ± = (ϕα2 − ϕα1) ± (ϕβ2 − ϕβ1)

It is possible to relax the LNV bound. 
 (  PseudoDirac Pair -> LNV forbidden)N1, N2| V

μN
|2 2N

 |VμN1
|2
2N = |VμN |2

1N /[2𝒦(y, δϕ)]
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MN [GeV]

However, for  LNC bound 
stronger

y < 1

LHCb

LHCb

2 leptons +jets: 2 HNLs (single mixing) V =

VeN1
VeN2

ṼPMNS VμN1
VμN2

VτN1
VτN2

V

Preliminary
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𝒦(y, δϕ±) = (1 + cos δϕ± 1
1 + y2

− sin δϕ± y
1 + y2 )

 ,         y ≡
ΔM12

Γ
δϕ± = (ϕα2 − ϕα1) ± (ϕβ2 − ϕβ1)

It is possible to relax the LNV bound. 
 (  PseudoDirac Pair -> LNV forbidden)N1, N2| V

μN
|2 2N

 |VμN1
|2
2N = |VμN |2

1N /[2𝒦(y, δϕ)]



Combining LNV & LNC, 
What is the maximum allowed value for  ?|VμN |2

We can maximise LNC and LNV bounds over .[y, δϕ]

Excl. by LNV �

Excl. by LNC �

MN=50GeV
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2

2
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2
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We can maximise LNC and LNV bounds over .[y, δϕ]

Excl. by LNV �

Excl. by LNC �

MN=50GeV

V�N LNC
2

2

V�N LNC
2

4 V�N LNV
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0.5 5 50 500
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0.001

0.005

0.010

0.050

0.100

y
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�N

2

How to get a conservative bound? 

Combined 
conservative 
bound.  

Impossible to relax 
the bound above 
this value, even 
with interferences.

|VμN |2
MAX

| V
μN

|2 2N

16/18



Identifying   for each  , we get: |VμN |2
MAX MN

Combined bound with interferences

LNC

Com
bine

d

LNV

10 20 30 40 50
1.×10-4

2.×10-4

5.×10-4

0.001

0.002

0.005

MN [GeV]

|V
�N

2
| V

μN
|2 2N
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Conclusions

• Bounds on HNLs in the simplified scenarios are often over-constraining if naively 
applied to realistic models; 

• Actual bounds are model and benchmark dependent,  and must be recast; 

• It is crucial for experiments to perform  BOTH LNV & LNC searches to get 
combined bounds.
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Thank you!



Backup



Outlook: Inferring details on Low-Scale SeeSaw

ℒLS = − mD ν̄R νL − M νc
R νs −

1
2

μS ν̄s νc
s −

1
2

μR ν̄R νc
R + h . c .

MLS =
0 mD 0

mT
D μR M

0 M μS

Mlight ≈ μ
m2

D

M2

MN4, N5
≈ ± M + 𝒪(μ)in the see-saw limit

  almost degenerate and with opposite CP phases   N4, N5 → ΔM ≪ M , δϕV = π

Our approximations are justified in the L-S ss  Degeneracy    :     ,  N4 & N5 M4 ≃ M5 Γ4 ≃ Γ5

LNV & LNC searches can test LowScale SS models
/2326

ν =
νL

νc
R

νc
s



—



𝒦(y, δϕ)

𝒦(y, δϕ)

yδϕ



N lifetime

LHCb 
[2011.05263] 



