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Theoretical expectations

Majorana Neutrino mass Many possibilities exist!

mν ≃
(Y v)2

Λ
Weinberg, 1979
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Theoretical expectations

Majorana Neutrino mass Many possibilities exist!

mν ≃
(Y v)2

Λ
Weinberg, 1979

Smallness of neutrino mass

can be “explained” by:

⇒ High scale: Large Λ ∼ 10(14−15) GeV

“classical” seesaw: Y ∼ 1

〈H〉 〈H〉

νR

νL νL

OR:

⇒ Λ ∼ 100 GeV and Y ∼ 10−6

“electro-weak scale” seesaw
“Heavy neutral lepton”

A “nearly” singlet fermion
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NR or HNL?

From the experimental point of view a HNL is simply a heavy fermion singlet with

suppressed charged (CC) and neutral current (NC) interactions are

L =
g√
2
VαNj

l̄αγ
µPLNjW

−
Lµ +

g

2 cos θW

∑

α,i,j

V L
αiV

∗
αNj

Njγ
µPLνiZµ,

⇒ This L (+mass): “Minimal HNL”

⇒ From phenomenology VαNj
≪ 1
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From the experimental point of view a HNL is simply a heavy fermion singlet with

suppressed charged (CC) and neutral current (NC) interactions are

L =
g√
2
VαNj

l̄αγ
µPLNjW

−
Lµ +

g

2 cos θW

∑

α,i,j

V L
αiV

∗
αNj

Njγ
µPLνiZµ,

⇒ This L (+mass): “Minimal HNL”

⇒ From phenomenology VαNj
≪ 1

Note:

⇒ This makes no reference to any model

⇒ Gives no explanation for mass of N

⇒ Does not specify N to be Majorana/Dirac

⇒ Does not give relation to mν
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II.

Minimal HNLs
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Seesaw type-I - again

In one generation notation, in the basis (νL, ν
c
R):

M =





0 mD

mD MM





〈H〉 〈H〉

νR

νL νL
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〈H〉 〈H〉
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νL νL

For mD ≪ MM , eigenvalue and heavy-light mixing given by:

mν ≃ − (mD)2

MM

= − (Yνv)2

MM

(U)HL ∝ (Yνv)
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∝
√

mν
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Decay length seesaw-I
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Atre et al.

JHEP 0905 (2009) 030 [arXiv:0901.3589]

and

Bondarenko et al.

JHEP 11 (2018) 032 [arXiv:1805.08567]

Note: Small mixing implies

small production

x-section @ LHC!
u

d

W
+
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l
+
α
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Inverse seesaw

Inverse seesaw, basis (νL, ν
c
R, Sc

R):

Mν =









0 mT
D 0

mD 0 MR

0 MT
R µ









“Inverse” seesaw, because:

m̂ν = VLmνV
T
L = VLm

T
D .(MT

R )−1.µ.(MR)−1.mDV T
L

M± =
(

M̂R +
{

mD .mT
D, M̂−1

R

})

±1

2
µV

⇒ - 3 light eigenvalues: m̂ν

⇒ - (3+3) heavy (nearly diagonal) eigenvalues : M̂± = M̂R± 1
2
µV Quasi-Dirac!

Smallness of mν due to nearly conserved L!

Mohapatra &

Valle, 1986
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cτ : Inverse seesaw

〈H〉 〈H〉

νR S S νR

MR µ MR

νL νL

mν ≃
(

mD
MR

)2
µ

Uαi ∝ mD
MR

∝
√

mν
µ
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cτ : Inverse seesaw
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Where to look for LLPs?
MATHUSLA

Many proposals in the past few years. In addition:

+ Dune (ND), AL3X, SHiP, NA62, · · ·
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Forecast searches
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Forecast searches
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Displaced LHC

LHC displaced

vertex search

forecast for

L = 3/ab:

Cottin et al.;

PRD98 (2018) 035012

Complementary

to far detectors!
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III.

NRSMEFT and LLPs

G. Cottin et al., JHEP09 (2021) 039 [arXiv:2105.13851]

R. Beltrán et al., JHEP01 (2022) 044 [arXiv:2110.15096]
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Effective field theory

Basic idea of EFT:

New physics exists, but the mass scale involved is
√
s ≪ Λ:

LSMEFT = LSM +
∑

k

Ck

Λd−4
Ok

⇒ “Integrating out” the heavy resonances “generates” a tower of operators

⇒ d is the dimension of Ok

⇒ Λ is the energy scale of new physics

⇒ Ck the Wilson coefficient, free parameters in SMEFT

⇒ Since suppressed by higher powers of Λ larger d operators become quickly

irrelevant phenomenologically
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Effective field theory

Basic idea of EFT:

New physics exists, but the mass scale involved is
√
s ≪ Λ:

LSMEFT = LSM +
∑

k

Ck

Λd−4
Ok

⇒ “Integrating out” the heavy resonances “generates” a tower of operators

⇒ d is the dimension of Ok

⇒ Λ is the energy scale of new physics

⇒ Ck the Wilson coefficient, free parameters in SMEFT

⇒ Since suppressed by higher powers of Λ larger d operators become quickly

irrelevant phenomenologically

⇒ At d = 5 in SMEFT only one operator: Weinberg operator with 6 complex

parameters for 3 generations of leptons

⇒ At d = 6 SMEFT has already more than O(50) operators, with

2499 independent parameters (3 generations)
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NRSMEFT

Huge progress in construction of operator basis in recent years:

d=5: A. Aparici et al., PRD 80 (2009) 013010

d=6: F. del Águila et al., PLB 670 (2009) 399

d=7: Liao and Ma, PRD 96, 015012 (2017)

Up to d=9: Li et al, JHEP11(2021)003

Table: Number of parameters as function of d,

counting only new operators with at least one NR

d nN = 1 nN = 3

5 2 18

6 29 1614

7 80 4206

8 323 20400

9 1358 243944
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NRSMEFT

Huge progress in construction of operator basis in recent years:

d=5: A. Aparici et al., PRD 80 (2009) 013010

d=6: F. del Águila et al., PLB 670 (2009) 399

d=7: Liao and Ma, PRD 96, 015012 (2017)

Up to d=9: Li et al, JHEP11(2021)003

Table: Number of parameters as function of d,

counting only new operators with at least one NR

d nN = 1 nN = 3

5 2 18

6 29 1614

7 80 4206

8 323 20400

9 1358 243944

Want to check yourself?

R.M. Fonseca,

Comput.Phys.

Commun. 267

(2021) 108085

(Mathematica package!)
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d = 6 operators in NRSMEFT

List of d = 6 4-fermion operators with one, two or 4 NR:

Name Structure nN = 1 nN = 3

OdN

(

dRγµdR

)

(

NRγµNR

)

9 81

OuN (uRγµuR)
(

NRγµNR

)

9 81

OQN

(

QγµQ
) (

NRγµNR

)

9 81

OeN (eRγµeR)
(

NRγµNR

)

9 81

OLN

(

LγµL
) (

NRγµNR

)

9 81

ONN

(

NRγµNR

) (

NRγµNR

)

1 36

Name Structure (+ h.c.) nN = 1 nN = 3

OduNe

(

dRγµuR

)

(

NRγµeR
)

+h.c. 54 162

OLNQd

(

LNR

)

ǫ
(

QdR
)

+h.c. 54 162

OLdQN

(

LdR
)

ǫ
(

QNR

)

+h.c. 54 162

OLNLe

(

LNR

)

ǫ
(

LeR
)

+h.c. 54 162

OQuNL

(

QuR

) (

NRL
)

+h.c. 54 162

pair NR operators

four NR operator

single NR ops
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NRLEFT

Operators in NRLEFT up to d=6:

M. Chala & A. Titov

JHEP 05 (2020) 139

Tree-level matching of

NRSMEFT ↔ NRLEFT
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NRLEFT

Operators in NRLEFT up to d=6:

M. Chala & A. Titov

JHEP 05 (2020) 139

Tree-level matching of

NRSMEFT ↔ NRLEFT

Recall:
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NRLEFT

Operators in NRLEFT up to d=6:

M. Chala & A. Titov

JHEP 05 (2020) 139

Tree-level matching of

NRSMEFT ↔ NRLEFT

Recall:

For E ≃ M (mesons)

need to use NRLEFT

See talk by:

R. Beltrán
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d = 6 operators in NRSMEFT

List of d = 6 4-fermion operators with one or two NR:

Name Structure nN = 1 nN = 3
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)
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d = 6 operators in NRSMEFT

List of d = 6 4-fermion operators with one or two NR:

Name Structure nN = 1 nN = 3
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Name Structure (+ h.c.) nN = 1 nN = 3

OduNe

(

dRγµuR

)

(

NRγµeR
)

54 162

OLNQd

(

LNR

)

ǫ
(

QdR
)

54 162

OLdQN

(

LdR
)

ǫ
(

QNR

)
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OLNLe

(

LNR

)

ǫ
(

LeR
)

54 162

OQuNL

(

QuR

) (

NRL
)

54 162

pair NR operators

single NR operators

Lightest NR can

not decay via

NR pair operators!

⇒ NR decay

via mixing

⇒ NR decay

via operator

(easily)

dominates!
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Cross sections

Example cross sections for pair NR operator OdN :

⇒ Total σ(pp → NRNR)∝ Λ−4

⇒ mN dependence determined only by kinematics, i.e.

sizeable x-sections up to mN ∼ 1 TeV (and above)

⇒ “LQ” - full calculation with leptoquark model, “NRO” calculation in EFT limit
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Cross sections

Example cross sections for single NR operators:
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Cross sections

Example cross sections for single NR operators:

⇒ Total σ(pp → NRNR)∝ Λ−4

⇒ mN dependence determined only by kinematics, i.e.

sizeable x-sections up to mN ∼ 1 TeV (and above)

⇒ “N mixing” - cross section via charged current

Recall:

σMix ∝ |VeN |2

σMix
(|VeN |2=10−7)

< σO
(Λ=5 TeV)
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Forecast searches

Example reach for operator OdN

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Note the axis!

⇒ Assumption: only NR pair operators, decay via mixing

⇒ Mixing as small as (and smaller!) than naive seesaw

expectation can be probed!

⇒ mN up to TeV could be probed!
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Forecast searches

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Only OdN

Λ = 2 TeV

OdN +OuN +OQN

FLASY-22, Lisbon, 27. June 2022 – p.24/34



Forecast searches

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Only OdN

Λ = 7 TeV

OdN +OuN +OQN
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Forecast searches

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Type-I Seesaw target region

AL3X: 250 fb
-1 MAPP1: 30 fb-1

ANUBIS: 3 ab-1 MAPP2: 300 fb-1

CODEX-b: 300 fb-1 MATHUSLA: 3 ab-1

FASER: 150 fb-1 ATLAS: 300 fb-1

FASER2: 3 ab-1 ATLAS: 3 ab-1

Only OdN

Λ = 13 TeV

OdN +OuN +OQN
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Forecast searches
Sensitivity reach (ATLAS) for single NR operators:

⇒ Λ up to (25-27) TeV could be probed!

⇒ mN reach up to ∼ 55 GeV

e µ

τ
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Conclusions

⇒ No definite sign of new physics at the LHC (so far!)

⇒ Many new experimental proposals for LLP searches

⇒ HNLs from neutrino mass models automatically long-lived

⇒ Effective field theory has become very popular: SMEFT

⇒ NRSMEFT includes fermionic singlets

⇒ If NRSMEFT operators exist with Λ < (10− 20) TeV very promising!
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Backup
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:

LType−I = LSM + YνLH̃NR +MMNc
RNR + h.c.

⇒ NR interacts with SM particles only via mixing
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:

LType−I = LSM + YνLH̃NR +MMNc
RNR + h.c.

⇒ NR interacts with SM particles only via mixing

⇒ Many BSM models contain new particles

A (particularly) simple example: Type-I seesaw + Leptoquark

LBSM = LType−I + guRNc
RSLQ + h.c.+m2

LQ|SLQ|2
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:

LType−I = LSM + YνLH̃NR +MMNc
RNR + h.c.

⇒ NR interacts with SM particles only via mixing

⇒ Many BSM models contain new particles

A (particularly) simple example: Type-I seesaw + Leptoquark

LBSM = LType−I + guRNc
RSLQ + h.c.+m2

LQ|SLQ|2

If SLQ is too heavy to be produced at the LHC, “integrate out” SLQ:

LBSM = LType−I +
g2

m2
LQ

(uRNc
R)(Nc

RuR) + · · ·

= LType−I +
C

Λ2
(uRγµuR)(NRγµNR) + · · ·

⇒ OuN , a d = 6 four-fermion operator is generated

Fierz transformation
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d = 5 operators in NRSMEFT

Recall, at d = 5 in SMEFT only one operator: Weinberg operator with 6 complex

parameters for 3 generations of leptons:

OW =
cαβ

Λ
(Lc

αH)(HLβ)

⇒ After EWSB: Majorana neutrino mass!
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d = 5 operators in NRSMEFT

Recall, at d = 5 in SMEFT only one operator: Weinberg operator with 6 complex

parameters for 3 generations of leptons:

OW =
cαβ

Λ
(Lc

αH)(HLβ)

⇒ After EWSB: Majorana neutrino mass!

Adding n = 3 neutral singlets, NR allows to add two more operators with 12 and

6 parameters:

ONH ∝ (H†H)(Nc
RNR) + h.c.

ONB ∝ (Nc
RσµνNR)Bµν + h.c.

⇒ OW , ONH and ONB violate lepton number by ∆L = 2

FLASY-22, Lisbon, 27. June 2022 – p.31/34



d = 6 operators in NRSMEFT

Operators

involving

Higgses

Name Ψ2DH2 nN = 1 nN = 3

ONHDµ

(

NRγµNR

)

(H†iDµH) 1 18

ONeHDµ

(

NRγµeR
)

(H̃†iDµH) + h.c. 2 18

Name Ψ2HX nN = 1 nN = 3

OLNHB

(

LσµνNR

)

H̃Bµν + h.c. 2 18

OLNHW

(

LσµνNR

)

H̃(~σWµν) +h.c. 2 18

Name Ψ2H3 nN = 1 nN = 3

OLNH

(

LNR

)

H̃(H†H) +h.c. 2 18

Operators

violating

B or L

Name ∆B = ∆L = 1 nN = 1 nN = 3

OQQdN ǫijǫpqr(Q
p
iCQq

j )(d
r
RCNR) + h.c. 2 108

OuddN ǫpqr(u
p
RCdqR)(drRCNR) + h.c. 2 162

Name ∆L = 4 nN = 1 nN = 3

ONNNN (NC
RNR)(NC

RNR) + h.c. 0 12
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B/ in NRSMEFT

Proton decay as test?

Hirsch, Helo & Ota

JHEP06 (2018) 047

Modes (p) π+ + E/ π0e+ K+ + E/

Current [yrs] 3.9 · 1032 1.6 · 1034 5.9 · 1033

Future [yrs] 1.2 · 1035 > 3 · 1034

O(du)(QL) X X X

O(QQ)(ue) — X —

O(QQ)(QL) X X X

O(Q~τQ)(Q~τL) — — X

O(du)(ue) — X —

OQQdN X — X

OuddN X — X
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B/ in NRSMEFT

Proton decay as test?

Hirsch, Helo & Ota

JHEP06 (2018) 047

Modes (p) π+ + E/ π0e+ K+ + E/

Current [yrs] 3.9 · 1032 1.6 · 1034 5.9 · 1033

Future [yrs] 1.2 · 1035 > 3 · 1034

O(du)(QL) X X X

O(QQ)(ue) — X —

O(QQ)(QL) X X X

O(Q~τQ)(Q~τL) — — X

O(du)(ue) — X —

OQQdN X — X

OuddN X — X

Only OQQdN & OuddN

show pattern

(X,−,X)

Very strong limits

(for mN ≪ 1 GeV)

Λ >∼ 10(14−15) GeV
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B/ in NRSMEFT

Proton decay as test?

Hirsch, Helo & Ota

JHEP06 (2018) 047

Modes (p) π+ + E/ π0e+ K+ + E/

Current [yrs] 3.9 · 1032 1.6 · 1034 5.9 · 1033

Future [yrs] 1.2 · 1035 > 3 · 1034

O(du)(QL) X X X

O(QQ)(ue) — X —

O(QQ)(QL) X X X

O(Q~τQ)(Q~τL) — — X

O(du)(ue) — X —

OQQdN X — X

OuddN X — X

Only OQQdN & OuddN

show pattern

(X,−,X)

Very strong limits

(for mN ≪ 1 GeV)

Λ >∼ 10(14−15) GeV

Finally, four LNV operator:

ONNNN = (NC
RNR)(NC

RNR)?? No paper?
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0νββ decay

Amplitude for (Z,A) → (Z ± 2, A) + e∓e∓

can be divided into:

Päs et al.

PLBB453 (1999) 194

PLB498 (2001) 35
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0νββ decay

Amplitude for (Z,A) → (Z ± 2, A) + e∓e∓

can be divided into:

Päs et al.

PLBB453 (1999) 194

PLB498 (2001) 35

⇒ In NRLEFT long range contribution d = 6 operator,

but in NRSMEFT due to d = 7 operator(s) Helo, Hirsch & Ota

JHEP06 (2016) 006

Λ >∼ geff (17− 180) TeV (depending on operator)

+
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