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Represent our best window for New Physics
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that has been tested experimentally to an incredible accuracy.
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) open oportunities
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The UPMNS an Unitary matrix, can be parametrized by

� 3 angles: ✓12, ✓23 & ✓13
� CPV phases: �, (↵1 & ↵2 for Majorana ⌫)

L.-L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53 (1984) 1802.
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• The leptonic mixing matrix

<latexit sha1_base64="P8kIJyvY7Vgulh/co/+tgpmwmZE="></latexit>

“atmospheric” angle
<latexit sha1_base64="MmXypHXzLWqzpznDYr7i9qFG6Vo="></latexit>

“reactor” angle
<latexit sha1_base64="pGlriOEEoB0kqKLg/ZGdVYPQgrU="></latexit>

“solar” angle
<latexit sha1_base64="Q7mBfMeXfKcLW9JidT0/9C7tOUg="></latexit>

✓23 ' 45o
<latexit sha1_base64="Q6Cx+ebBDdRDJDmCoqzwuVHIKZM="></latexit>

✓13 ' 8.5o
<latexit sha1_base64="vlBKnZy41yUTraVTltQlVCatZSk="></latexit>

✓12 ' 33o
<latexit sha1_base64="xbewyifA6gz4349XlJuxzB37/Eo="></latexit>

not participate in
<latexit sha1_base64="qMaQUpxNvyifbnviJ3UsmDVPpk8="></latexit>

⌫ oscillations
<latexit sha1_base64="qJr2ESobpxCybdAT+SwXqJ98484="></latexit>

(only in /L processes)

<latexit sha1_base64="Q+OpsgSSDMii9UVC9RLZfnz8vfw="></latexit>

Majorana phases do

<latexit sha1_base64="e2yGfI/dVzlVfzUm3OmuaS7SzDc="></latexit>

� Dirac phase

<latexit sha1_base64="BSqpw2kz1EczxRb2OTizgDaLyvA="></latexit>

Neutrino Oscillation Parameters zoom.us video



Neutrino oscillation experiment Leading dependence Subleading dependence

Solar experiments [1] ✓12 �m2
sol & ✓13

Reactor LBL [2] �m2
sol ✓12 & ✓13

Reactor MBL [3] ✓13 |�m2
atm|

Atmospheric experiments [4] ✓23 �m2
atm , ✓13 & �

Acc. LBL ⌫µ & ⌫µ disappearance [5] |�m2
atm| ✓23 & ✓13

Acc. LBL ⌫e appearance [6] ✓13 �m2
atm , � & ✓23

[1] SNO, Borexino, Gallex, SK

[2] KamLAND

[3] Daya Bay, Reno, Double-Chooz

[4] SK, MINOS, IceCUBE

[5,6] T2K, MINOS, NO⌫A

Accesible parameters in neutrino oscillation experiments
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• Neutrino oscillation parameters

� PMNS parameters: ✓12, ✓23, ✓13 & �

� Mass splittings: �m2
sol & �m2

atm
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• Neutrino oscillation parameters
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The present best-fit values of the neutrino oscillation parameters are
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The sign of �m2
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• Neutrino mass hierarchy and absolute scale
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All fermions get masses through the Yukawa interaction
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vEWp

2

<latexit sha1_base64="o2ruOVhfIGfeo0E5sCuHG5/Pyg4="></latexit>• Dirac neutrino masses

<latexit sha1_base64="UmD0wWvXbENyPEsjDI/tg52YP4s="></latexit>

All fermions get masses through the Yukawa interaction

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="ENzYz1Bz0sLl1hmjEZWCKLFFsJQ="></latexit>

 Ly � R
after����!

EWSB
y 

vEWp
2
 L R

<latexit sha1_base64="lnLy05rTyEkfLOWDWZIMJe5abRs="></latexit>

m ⌘ y 
vEWp

2

<latexit sha1_base64="EqYFPSd1yziQ0oTgRpt+x+p7mGQ="></latexit>

⌫Ly⌫�⌫R ) mD = y⌫
vEWp

2
<latexit sha1_base64="+tu8Fj3cC1ei14H3oXS1GacZ0fY="></latexit>

Not present in the SM

<latexit sha1_base64="/Dc75ZC/mSw3jBl+ZnT2cYNdvuQ="></latexit>

For neutrinos

<latexit sha1_base64="o2ruOVhfIGfeo0E5sCuHG5/Pyg4="></latexit>• Dirac neutrino masses

<latexit sha1_base64="UmD0wWvXbENyPEsjDI/tg52YP4s="></latexit>

All fermions get masses through the Yukawa interaction

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="Ws05J91iaOZZwdw7HiCwMuDKD8c="></latexit>• Majorana neutrino masses

<latexit sha1_base64="obrSUJ3pVeejOITn3m7Yfd0WpMA="></latexit>

m̂⌫cL⌫L

<latexit sha1_base64="MgTCzIuZZ/b3bz4b91nOIk5fQd0="></latexit>

Since neutrinos are the only neutral fermions

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="DfNTir8oXx/DxRz7le5h1G/28F0="></latexit>

but violates SU(2)L ⇥U(1)Y
<latexit sha1_base64="obrSUJ3pVeejOITn3m7Yfd0WpMA="></latexit>

m̂⌫cL⌫L

<latexit sha1_base64="Ws05J91iaOZZwdw7HiCwMuDKD8c="></latexit>• Majorana neutrino masses
<latexit sha1_base64="MgTCzIuZZ/b3bz4b91nOIk5fQd0="></latexit>

Since neutrinos are the only neutral fermions

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="DfNTir8oXx/DxRz7le5h1G/28F0="></latexit>

but violates SU(2)L ⇥U(1)Y
<latexit sha1_base64="obrSUJ3pVeejOITn3m7Yfd0WpMA="></latexit>

m̂⌫cL⌫L

<latexit sha1_base64="6QI7sGWaaib7MXx5ie3GnVGf0M0="></latexit>

m̂ = �v2EW

2
cd=5

<latexit sha1_base64="7Tp64ViJhL+7hFQhHvr/RhW40dY="></latexit>

1

2
cd=5
↵�

⇣
`↵

c
L�̃

⇤
⌘⇣

�̃†`�L

⌘
+ h.c.

after����!
EWSB

v2EW

2
cd=5⌫cL⌫L

<latexit sha1_base64="GcELPQEWN8wBEDwcCT2N7VS4cLY="></latexit>

However, after EWSB, can be induced through Weinberg operator

<latexit sha1_base64="Ws05J91iaOZZwdw7HiCwMuDKD8c="></latexit>• Majorana neutrino masses
<latexit sha1_base64="MgTCzIuZZ/b3bz4b91nOIk5fQd0="></latexit>

Since neutrinos are the only neutral fermions

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="DfNTir8oXx/DxRz7le5h1G/28F0="></latexit>

but violates SU(2)L ⇥U(1)Y
<latexit sha1_base64="obrSUJ3pVeejOITn3m7Yfd0WpMA="></latexit>

m̂⌫cL⌫L

<latexit sha1_base64="6QI7sGWaaib7MXx5ie3GnVGf0M0="></latexit>

m̂ = �v2EW

2
cd=5

<latexit sha1_base64="7Tp64ViJhL+7hFQhHvr/RhW40dY="></latexit>

1

2
cd=5
↵�

⇣
`↵

c
L�̃

⇤
⌘⇣

�̃†`�L

⌘
+ h.c.

after����!
EWSB

v2EW

2
cd=5⌫cL⌫L

<latexit sha1_base64="IqFgnLIgVraWfSMYFhmmK65PqdM="></latexit>

d = 5 ) Is SM low energy remnant of higher energy theory?

<latexit sha1_base64="GcELPQEWN8wBEDwcCT2N7VS4cLY="></latexit>

However, after EWSB, can be induced through Weinberg operator

<latexit sha1_base64="Ws05J91iaOZZwdw7HiCwMuDKD8c="></latexit>• Majorana neutrino masses
<latexit sha1_base64="MgTCzIuZZ/b3bz4b91nOIk5fQd0="></latexit>

Since neutrinos are the only neutral fermions

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="mrvYD1Y9ivFDpjToftuUblMEHHw="></latexit>

And therefore, neutrinos are strictly massless in the SM.

<latexit sha1_base64="9ufB2BwRSXTm0ZkquykeA8X3OQo="></latexit>

The SM must be extended to account for neutrino oscillations.

<latexit sha1_base64="LDkbHCzz4dhRybK/N47lWAAnD9c="></latexit>

Neutrino Masses in the SM zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw

P. Minkowski, Phys. Lett. B67 (1977) 421.

R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

M. Gell-Mann, P. Ramond, and R. Slansky, Print-80-0576 (CERN).

T. Yanagida. Proceedings of the Workshop on the Baryon Number of the Universe.

zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="i1iRBs6UmJu1KbkROW//DEfqhcs="></latexit>

mD =
yvEWp

2
<latexit sha1_base64="czCKGOWAcy+bJjh+bJIPe5BRaTk="></latexit>

Dirac mass

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="AIrdV6/O0Dl6uk7j+Dfy7kykP1U="></latexit>

Majorana mass
<latexit sha1_base64="fFeg6/5UAp9yAkPccOr/3zpFK5I="></latexit>

New Physics scale

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="oPB7LrTkIUWH77dyQsAXVGagg3Q="></latexit>

The neutrino mass matrix diagonalized by U

<latexit sha1_base64="9EYeg9GDT9W4UUfJg/dkiQ88Rd0="></latexit>)

<latexit sha1_base64="ZdOr2hmuAqtw3mT5aNrzDO83Xlo="></latexit>

with the Unitary matrix

<latexit sha1_base64="sAIcictZ5zrqObHMJ/W3ecNFg4Q="></latexit>

U tM⌫U =

✓
m 0
0 M

◆<latexit sha1_base64="ns7FlOp4HqwIktd2JrcIUZt2G3Y="></latexit>

M⌫ =

✓
0 mt

D
mD MN

◆

<latexit sha1_base64="7xTNYFcGeYp0j4Uc0oGFCHVmAnc="></latexit>

U =

✓
N ⇥
R S

◆<latexit sha1_base64="5OA8YWVVdfp6W+574QfrtOap1Hk="></latexit>

light
<latexit sha1_base64="JEd8GVkj7QQuS8bqo1wNOfMLTjs="></latexit>

heavy

<latexit sha1_base64="ICSav2+vlN+WmbSpQPf7YW2y6P0="></latexit> ac
ti
ve

<latexit sha1_base64="MUbHWfhpto9rE4m4/9WP4qcB/Cs="></latexit> st
er
il
e

<latexit sha1_base64="7xTNYFcGeYp0j4Uc0oGFCHVmAnc="></latexit>

U =

✓
N ⇥
R S

◆

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="oPB7LrTkIUWH77dyQsAXVGagg3Q="></latexit>

The neutrino mass matrix diagonalized by U

<latexit sha1_base64="9EYeg9GDT9W4UUfJg/dkiQ88Rd0="></latexit>)

<latexit sha1_base64="ZdOr2hmuAqtw3mT5aNrzDO83Xlo="></latexit>

with the Unitary matrix

<latexit sha1_base64="sAIcictZ5zrqObHMJ/W3ecNFg4Q="></latexit>

U tM⌫U =

✓
m 0
0 M

◆<latexit sha1_base64="ns7FlOp4HqwIktd2JrcIUZt2G3Y="></latexit>

M⌫ =

✓
0 mt

D
mD MN

◆

<latexit sha1_base64="7xTNYFcGeYp0j4Uc0oGFCHVmAnc="></latexit>

U =

✓
N ⇥
R S

◆

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw

<latexit sha1_base64="NhIW4YXKi9ghemk+RmTz75q9M6k="></latexit>

N =

✓
I � ⇥⇥†

2

◆
UPMNS

zoom.us video



<latexit sha1_base64="d1oj+Jeo3JXqhEEfHpBKkujMGmw="></latexit>

The simplest extension requires the addition of at least two heavy neutrinos

<latexit sha1_base64="kw7m2qaP9iZqPFmnnU81HQp1VGI="></latexit>

L = LSM +NRii/@NRi �
✓
yi↵L↵H̃NRi +

MN

2
N

c
RiNRi

◆
+ h.c.

<latexit sha1_base64="n8qrDBH7IW26um7lksSujMAQYEw="></latexit>

which are singlets of the SM GG within the type-I seesaw.
<latexit sha1_base64="UDQjthCkOFbICRVFNvig65hHkuc="></latexit>

The so called HNLs

<latexit sha1_base64="oPB7LrTkIUWH77dyQsAXVGagg3Q="></latexit>

The neutrino mass matrix diagonalized by U

<latexit sha1_base64="9EYeg9GDT9W4UUfJg/dkiQ88Rd0="></latexit>)

<latexit sha1_base64="ZdOr2hmuAqtw3mT5aNrzDO83Xlo="></latexit>

with the Unitary matrix

<latexit sha1_base64="sAIcictZ5zrqObHMJ/W3ecNFg4Q="></latexit>

U tM⌫U =

✓
m 0
0 M

◆<latexit sha1_base64="ns7FlOp4HqwIktd2JrcIUZt2G3Y="></latexit>

M⌫ =

✓
0 mt

D
mD MN

◆

<latexit sha1_base64="7xTNYFcGeYp0j4Uc0oGFCHVmAnc="></latexit>

U =

✓
N ⇥
R S

◆

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw

<latexit sha1_base64="NhIW4YXKi9ghemk+RmTz75q9M6k="></latexit>

N =

✓
I � ⇥⇥†

2

◆
UPMNS

<latexit sha1_base64="hg0gQi5nrW3klLYvEAj6vz3PapU="></latexit>

⇥ = m†
DM�1

N

zoom.us video



<latexit sha1_base64="0omJYOu47ASL0nKbSMHwwq4vk7M="></latexit>

m̂ = mt
DM�1

N mD = �U⇤
PMNSmU †

PMNS

<latexit sha1_base64="ZYx4meJ/ediyCiyo3FNg/g8Ad94="></latexit>

Light neutrino masses given by

<latexit sha1_base64="sh+1rwdN7sx2PVQr2r2Qp6tCG4k="></latexit>

Active-heavy mixing given by
<latexit sha1_base64="hg0gQi5nrW3klLYvEAj6vz3PapU="></latexit>

⇥ = m†
DM�1

N

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw zoom.us video



)

⇠ ⇤EW

MN ⇠ 1014GeV

(y ⇠ O(1))
⇠ 0.1eV

)
<latexit sha1_base64="4sp/HM0EB4JJkGHDviAxWrSHSnI="></latexit>

⇥ ⇠ 10�12

<latexit sha1_base64="0omJYOu47ASL0nKbSMHwwq4vk7M="></latexit>

m̂ = mt
DM�1

N mD = �U⇤
PMNSmU †

PMNS

<latexit sha1_base64="ZYx4meJ/ediyCiyo3FNg/g8Ad94="></latexit>

Light neutrino masses given by

<latexit sha1_base64="sh+1rwdN7sx2PVQr2r2Qp6tCG4k="></latexit>

Active-heavy mixing given by
<latexit sha1_base64="hg0gQi5nrW3klLYvEAj6vz3PapU="></latexit>

⇥ = m†
DM�1

N

<latexit sha1_base64="0omJYOu47ASL0nKbSMHwwq4vk7M="></latexit>

m̂ = mt
DM�1

N mD = �U⇤
PMNSmU †

PMNS

<latexit sha1_base64="ViWAg7xzYQ+AvHMwEAS7pRshIHk="></latexit>

If smallenss of m⌫ comes only from the suppression of MN , active-heavy
<latexit sha1_base64="7ygBRY/f7ErnOLiC0P1m9Hxlbj8="></latexit>

mixing will suppressed ) experimental verification extremelly challenging.

<latexit sha1_base64="06ZNb9lKec2FGtxHHZn8yZVuEMk="></latexit>

Type-I Seesaw zoom.us video



G.C. Branco, W. Grimus, and L. Lavoura, Nucl. Phys. B312, 492 (1989)
J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, and J. Valle, Phys. Lett. B187, 303 (1987)

R. Mohapatra and J. Valle, Phys.Rev. D34, 1642 (1986)

L = 1
⌫e ⌫µ ⌫⌧

1 1

�1

0

N1

N2

N3

1

L = 1 �1 0
N3N2N1

<latexit sha1_base64="1aP7Wcdl7HbsiqBKLT3SU/2od0I="></latexit>

Alternatively, smallness of m⌫ may naturally stem from an approximate L
<latexit sha1_base64="ZBroT6DJe431Wc2umQf9hKuXz7M="></latexit>

instead of a huge hierarchy of masses.
<latexit sha1_base64="Ss0tMJPoGVmSjGi8Ckp1PFwFXqk="></latexit>

In particular

<latexit sha1_base64="UX8kfBu50dNyGeM5qg3hHWZB6zU="></latexit>

where Ni is an arbitrary number of extra heavy fields.

<latexit sha1_base64="vKOnpGmtUXIM4UaYMKUlOqtfxJg="></latexit>

mD =
vEWp

2

0

@
ye yµ y⌧
0 0 0
0 0 0

1

A

<latexit sha1_base64="EwtYwdRBV173pu2YneySBs+bH1I="></latexit>

MN =

0

@
0 M 0
M 0 0
0 0 M 0

1

A�1

0

N1

N2

N3

1

<latexit sha1_base64="rb1S1uiN3coXuquGgFOx4Bxc/9Q="></latexit>

If L is exact: m̂ = 0 while ✓↵ 6= 0 and arbitrarily large
<latexit sha1_base64="bNY2KEzVcd5q8msaR1F2zwarOLw="></latexit>

• m̂ = mt
DM�1

N mD = 0 (massless ⌫)
<latexit sha1_base64="KJu+5qvOhEH5yvUt+RLZYfzvDo4="></latexit>

• ✓↵ =
y↵vEWp

2M
6= 0 (arbitrarily large)

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw zoom.us video



G.C. Branco, W. Grimus, and L. Lavoura, Nucl. Phys. B312, 492 (1989)
J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, and J. Valle, Phys. Lett. B187, 303 (1987)

R. Mohapatra and J. Valle, Phys.Rev. D34, 1642 (1986)

<latexit sha1_base64="1aP7Wcdl7HbsiqBKLT3SU/2od0I="></latexit>

Alternatively, smallness of m⌫ may naturally stem from an approximate L
<latexit sha1_base64="ZBroT6DJe431Wc2umQf9hKuXz7M="></latexit>

instead of a huge hierarchy of masses.
<latexit sha1_base64="Ss0tMJPoGVmSjGi8Ckp1PFwFXqk="></latexit>

In particular

<latexit sha1_base64="UX8kfBu50dNyGeM5qg3hHWZB6zU="></latexit>

where Ni is an arbitrary number of extra heavy fields.

<latexit sha1_base64="uTWCE+6KNaYnxAFtkq/MwRdhFDc="></latexit>

MN =

0

@
µ1 M µ3

M µ2 µ4

µ3 µ4 M 0

1

A

<latexit sha1_base64="24WfsjyIAYvcqFPoxi+D2r5xIkU="></latexit>

mD =
vEWp

2

0

@
ye yµ y⌧
✏1y0e ✏1y0µ ✏1y0⌧
✏2y00e ✏2y00µ ✏2y00⌧

1

A

<latexit sha1_base64="+tAMb0Kzn6L08xrb/fL5ECy8weQ="></latexit>

If L is mildly broken by ✏i and µj :
<latexit sha1_base64="8ui6IN2WkMwD1u6ehfTeMJnyPFw="></latexit>

• m̂ = mt
DM�1

N mD 6= 0 (m⌫ ⇠ O(eV ))

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw

<latexit sha1_base64="Uje81Dh0hYCtEZV7pK5pel62GvE="></latexit>

• ✓↵ ' y↵vEWp
2M

6= 0 (arbitrarily large)

zoom.us video

L = 1
⌫e ⌫µ ⌫⌧

1 1 L = 1 �1 0
N3N2N1

�1

0

N1

N2

N3

1



<latexit sha1_base64="7+7CkVAj561TJVj1E8g5VApXm38="></latexit>

M⌫ =

0

@
0 yv/

p
2 ✏y0v/

p
2

ytv/
p
2 µ0 M

✏y0tv/
p
2 M µ

1

A

<latexit sha1_base64="Y4CuT5qa52UHWZCo7P0DyZJsjFo="></latexit>

for NH

<latexit sha1_base64="SYajwSmEJHy3mgO9NMGJCBtLCdw="></latexit>

• 2 neutrino case

<latexit sha1_base64="0bbvh2pTuwOwnZTDS5lmvsqATgk="></latexit>

Minimal low-scale seesaw models + ⌫ oscillation pattern

<latexit sha1_base64="5YUQwdw5SKQOmyXyV+UkQNY6PV0="></latexit>

strong correlations among the mixing elements
<latexit sha1_base64="vL7tGM/kbw5JpKGqx9vjIalQ0Jg="></latexit>
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<latexit sha1_base64="yAUnbwRnOhomYs28MdLzfHMMqS0="></latexit>

When solving the equation

<latexit sha1_base64="fDdTECI7qpRbqyVfzud53xhniMI="></latexit>

UPMNS↵i = g↵i(✓ij , �CP,↵2)
<latexit sha1_base64="m9CU2Knr6DeOOkNutlkBDvaZUvA="></latexit>

⇢ = f(�m2
ij)

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw

<latexit sha1_base64="4LTVC7qqiTPbGWtZpgJQtMph9OE="></latexit>

M. B. Gavela, T. Hambye, D. Hernandez, and P. Hernandez.
<latexit sha1_base64="XnUX/GvnJ+VkPnswTQoOLxsKfuk="></latexit>
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for NH

<latexit sha1_base64="SYajwSmEJHy3mgO9NMGJCBtLCdw="></latexit>

• 2 neutrino case

<latexit sha1_base64="0bbvh2pTuwOwnZTDS5lmvsqATgk="></latexit>

Minimal low-scale seesaw models + ⌫ oscillation pattern

<latexit sha1_base64="5YUQwdw5SKQOmyXyV+UkQNY6PV0="></latexit>

strong correlations among the mixing elements
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mt
DM�1

N mD = �U⇤
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PMNS

<latexit sha1_base64="yAUnbwRnOhomYs28MdLzfHMMqS0="></latexit>

When solving the equation

<latexit sha1_base64="pq1X5KsWFNTMLDwxlyr4f3IqeVw="></latexit>

Flavor structure determined up to 3 free parameters

<latexit sha1_base64="GJGr4YxrxNZoXRTmnfUaUqESqtA="></latexit>

✓↵ =
✓p
2

⇣p
1 + ⇢ U⇤

PMNS↵3 +
p
1� ⇢ U⇤

PMNS↵2

⌘
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UPMNS↵i = g↵i(✓ij , �CP,↵2)
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⇢ = f(�m2
ij)

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw

<latexit sha1_base64="4LTVC7qqiTPbGWtZpgJQtMph9OE="></latexit>

M. B. Gavela, T. Hambye, D. Hernandez, and P. Hernandez.
<latexit sha1_base64="XnUX/GvnJ+VkPnswTQoOLxsKfuk="></latexit>
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<latexit sha1_base64="7+7CkVAj561TJVj1E8g5VApXm38="></latexit>

M⌫ =

0

@
0 yv/

p
2 ✏y0v/

p
2

ytv/
p
2 µ0 M

✏y0tv/
p
2 M µ

1

A

<latexit sha1_base64="Y4CuT5qa52UHWZCo7P0DyZJsjFo="></latexit>

for NH

<latexit sha1_base64="SYajwSmEJHy3mgO9NMGJCBtLCdw="></latexit>

• 2 neutrino case

<latexit sha1_base64="0bbvh2pTuwOwnZTDS5lmvsqATgk="></latexit>

Minimal low-scale seesaw models + ⌫ oscillation pattern

<latexit sha1_base64="5YUQwdw5SKQOmyXyV+UkQNY6PV0="></latexit>

strong correlations among the mixing elements

<latexit sha1_base64="VdkTErchWJxWAvyCuPN7wBFLalg="></latexit>

Similar expression for IH. See back-up sildes

<latexit sha1_base64="buV1gEQoC60/f62IsyEWrlXTKXA="></latexit>
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PMNSmU †

PMNS

<latexit sha1_base64="yAUnbwRnOhomYs28MdLzfHMMqS0="></latexit>

When solving the equation

<latexit sha1_base64="pq1X5KsWFNTMLDwxlyr4f3IqeVw="></latexit>

Flavor structure determined up to 3 free parameters

<latexit sha1_base64="GJGr4YxrxNZoXRTmnfUaUqESqtA="></latexit>
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<latexit sha1_base64="fH+J7KW8aj5duVR5xMrm63EOOcI="></latexit>

UPMNS↵i = g↵i(✓ij , �CP,↵2)
<latexit sha1_base64="m9CU2Knr6DeOOkNutlkBDvaZUvA="></latexit>

⇢ = f(�m2
ij)

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw zoom.us video



<latexit sha1_base64="buV1gEQoC60/f62IsyEWrlXTKXA="></latexit>
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<latexit sha1_base64="PpPiTMj+Jc86bIpVFjyh/16b8hE="></latexit>

• 3 neutrino case

<latexit sha1_base64="ufrptj4g7lN/0PWe8t2Itvd2vhA="></latexit>

correlations among the mixing elements
<latexit sha1_base64="vasEvpDEtkvbOpLQ8l7VcqYS4IE="></latexit>

✓⌧ = f (✓e, ✓µ, �CP,↵1,↵2,m1,3)
<latexit sha1_base64="MdoM1paI6fdRwvJC96Kqqornkeg="></latexit>

Flavor structure determined up to 8 free parameters

<latexit sha1_base64="0bbvh2pTuwOwnZTDS5lmvsqATgk="></latexit>

Minimal low-scale seesaw models + ⌫ oscillation pattern

<latexit sha1_base64="yAUnbwRnOhomYs28MdLzfHMMqS0="></latexit>

When solving the equation

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw

<latexit sha1_base64="jeoR8HLSIGHFwoIWLWzzF3LFt+8="></latexit>

E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon, and
<latexit sha1_base64="Q0Ligk4Iu07WzaaDxBxTG0G0vAI="></latexit>

M. Lucente. JHEP 10 (2015) 130
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<latexit sha1_base64="jS4TAoGIduQV379QGdzbwnOlI1U="></latexit>

|Ue4|2 : |Uµ4|2 : |U⌧4|2 = 1 : 0 : 0

<latexit sha1_base64="/TYQ+cKfC1EPCFGociRZJIRORU4="></latexit>

|Ue4|2 : |Uµ4|2 : |U⌧4|2 = 0 : 1 : 0

<latexit sha1_base64="QD5oVZ7m4zgmbrS9XR4kOPKctJU="></latexit>

|Ue4|2 : |Uµ4|2 : |U⌧4|2 = 0 : 0 : 1

<latexit sha1_base64="RyyYZGuFq9cVALC2qyZged99fao="></latexit>

dominance

<latexit sha1_base64="FEDNWRh4FCWkEwWCGSx0BF6OzEs="></latexit>

(µ-dominance)

<latexit sha1_base64="Q2BXRveoZ8ZbUs6CpVzf84zc8ow="></latexit>

(⌧ -dominance)

<latexit sha1_base64="kAIkFQ9ebUr8moqBm/Ej9V3TClY="></latexit>

(e-dominance)

<latexit sha1_base64="aEPD/p7MbKHVtNFTAwAUOCPIG+s="></latexit>

Most experiments provide sensitivity results assuming single flavor

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw zoom.us video



<latexit sha1_base64="ybjzBWIN4Ae6j44j6UEMRl3GKFo="></latexit>
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The normalized mixing matrix elements

<latexit sha1_base64="zLFIWU+khGZNICXn3sAkAB9cNNU="></latexit>
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<latexit sha1_base64="U85T4OyFv8Jc4R9P10qeD1W1AiM="></latexit> 0

<latexit sha1_base64="dIHfAtZHb5p5zPTeLDv5rxQhRcs="></latexit> 0.
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<latexit sha1_base64="G6YFzaBrCevL7hhf8CO+AMnvuNM="></latexit>0.2
<latexit sha1_base64="jCzHMVLj3iTAvNMSXv5foshhxM4="></latexit>0.4

<latexit sha1_base64="yhsutQnsIb8YPTS4Aa/Eel3Y57s="></latexit>0.8
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Low-scale Seesaw

<latexit sha1_base64="N5d5A/RC5vgRfpLvTnx5Mtzi58w="></latexit>

ternary plot

zoom.us video



<latexit sha1_base64="HK2eAB3rVc51VU+ZQAszEqkEwtU="></latexit>

⌧ -dominance
<latexit sha1_base64="YD0rzdYX/06xqJoGcCcjJPhmKgE="></latexit>

µ-dominance
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The normalized mixing matrix elements
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<latexit sha1_base64="/wwvtmZMzFVe9dPA331I+9AyTms="></latexit>

The normalized mixing matrix elements

<latexit sha1_base64="HEBn8DMJrMAEQ38MHPHljzgTgzM="></latexit>

• NH
<latexit sha1_base64="iLPRUqc436DkZPPERazjPJlFLi4="></latexit>

• IH
<latexit sha1_base64="ZaHmcPReAhPhxPk6ZhTm5W5tyCg="></latexit>

: 2N 3N
<latexit sha1_base64="ZaHmcPReAhPhxPk6ZhTm5W5tyCg="></latexit>

: 2N 3N

<latexit sha1_base64="l5jHS35skVVcrnL5Cd7UfoEZt0g="></latexit>

Low-scale Seesaw

<latexit sha1_base64="8QG826q44Z9Sd/crNAHd5DvRQn4="></latexit>

M. Drewes, J, Klarić, J. López-Pavón. Eur.Phys.J.C 82 (2022) 12, 1176
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Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.

ders of magnitude in the sterile mass-squared splitting �m2

41
.

These limits are the world’s most stringent over 5 orders of
magnitude, for �m2

41
. 10 eV2.

The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and

(�)

⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.
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Figure 3. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 90% CLs limit on sin22✓µe to the LSND and
MiniBooNE 90% C.L. allowed regions. Regions of parameter space
to the right of the red contour are excluded. The regions excluded
at 90% C.L. by the KARMEN2 Collaboration [53] and the NOMAD
Collaboration [54] are also shown. The combined limit also excludes
the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.
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The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and
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⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.

6−10 5−10 4−10 3−10 2−10 1−10 1
2|4µU|2|e4U = 4|eµθ22sin

4−10

3−10

2−10

1−10

1

10

210

310

)2
 (e

V
412

m
∆

90% C.L. Allowed
LSND
MiniBooNE (2018)
Dentler et al. (2018)

Gariazzo et al. (2019)

) ExcludedsCL90% C.L. (
NOMAD
KARMEN2
MINOS, MINOS+, Daya Bay and Bugey-3
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the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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Figure 2: Bounds on |Ve4|2 versus m4 in the mass range 10 eV–10 MeV. The excluded regions
with contours labeled 187Re [76], 3H [77] , 63Ni [78] , 35S [79] , 20F and Fermi2 [80] refer to the
bounds from kink searches. All the limits are given at 95% C.L. except for the ones from Ref. [80]
which are at 90% C.L.. The areas delimited by short dashed (blue) contour labeled Borexino and
solid (cyan) contour labeled Bugey are excluded at 90% C.L. by searches of N4 decays from the
Borexino Counting Test facility [81] and Ref. [82] respectively. The region with long-dash-dotted
(grey) contour, labelled π → eν, is excluded by peak searches [83]. The dotted (maroon) line labeled
0νββ indicates the bound from searches of neutrinoless double beta-decay [84].

from Refs. [86, 87, 88], assume the production of N4 in meson decays and look for visible
channels in a detector located some distance from the source. The limits at 95% C.L. in
Refs. [89, 90] analyse the data from DELPHI and L3 detectors, looking for N4 from Z0-
decays. In Fig. 3 we also report the excluded region from neutrinoless double beta-decay
experiments [91, 84], bounded by dotted (maroon) line, valid if the heavy neutrinos are
Majorana particles (see further).

2.2.2 Mixing with νµ

The bounds on |Vµ4|2 come from searches of peaks in the spectrum of muons in pion and
kaon decays and of the decays of N4 produced in neutrino beams and e+e− collisions.

As already discussed in the case of mixing with νe, peak searches provide very robust
and stringent bounds, by looking at pion decays for masses up to 34 MeV, and at kaon
decays for higher masses. A detailed review is given in Figs. 1 and 2 in Ref. [92] and
for masses larger than 100 MeV the limits are reported in Fig. 4. The other limits on
|Vµ4|2 are found in decay searches and are also shown in Fig. 4. They come from beam
dump experiments [87, 86, 93, 94, 95] and from direct N4 production in the detectors

– 9 –
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Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>
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<latexit sha1_base64="mNd1XsL9aJZUddc2hH0ywFPT+Ts="></latexit>

MN

<latexit sha1_base64="Mpo6Yu/8m9Yk00Nk3RdTHBcBQr8="></latexit>

• Peak searches in meson decays
<latexit sha1_base64="nGPTsceck6jiIRt7GQ2odBWoTjw="></latexit>

HNLs could modify the energy spectrum of pseudoscalar 2-body decay

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

<latexit sha1_base64="LoX1uJFn0E5KmgnTRJfoZfqiN3E="></latexit>

`+↵
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K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

<latexit sha1_base64="LoX1uJFn0E5KmgnTRJfoZfqiN3E="></latexit>

`+↵

<latexit sha1_base64="ecTKc+SRHHf4u/1YvCHNIPO+jjY="></latexit>

N
<latexit sha1_base64="asHqeC2RSrBJMHAPBIh77jJzF+I="></latexit>

monochromatic
<latexit sha1_base64="WBj2DpthiP4CD63d+pW2ZqdIIfQ="></latexit>

energy spectrum

<latexit sha1_base64="qwL7YXCCTxU7jrZbxTvgXfUUN4Q="></latexit>

extra peaks in
<latexit sha1_base64="WBj2DpthiP4CD63d+pW2ZqdIIfQ="></latexit>

energy spectrum

<latexit sha1_base64="zfHmPg4e5tvo+RJw1FJWQ0OqS6g="></latexit>

|U↵N |2
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Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>

The Scale of New Physics

<latexit sha1_base64="/ogcqRUsvn3MG2VfXgEoO2Fep4s="></latexit>

N(K+ ! `↵N)

N(K+ ! `↵⌫↵)
= |U↵N |2f(mK ,m`, E`,mN )
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<latexit sha1_base64="mNd1XsL9aJZUddc2hH0ywFPT+Ts="></latexit>

MN

<latexit sha1_base64="v58466XG5OKvCcWTXZbYjELVisc="></latexit>

Decay in-flight of HNLs produced in meson decays

p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

⌫

<latexit sha1_base64="uWCVsKu5xhk5iyhOW4biWCjH2Eg="></latexit>

e+

<latexit sha1_base64="MyoXNxJZFZwlqrj5Lx4hGmBMxEY="></latexit>

e�

<latexit sha1_base64="nRJrqsf08YKZ3p8Y5HcW/a5i3cg="></latexit>

<latexit sha1_base64="eM4ALDj4skU6T90zGU3qxZPurOE="></latexit>

|UeN |2

<latexit sha1_base64="aUB8CIy5a4BHZV13fl0ZzRGK2Fs="></latexit>

propagation
<latexit sha1_base64="66CNq24dFGO6kY/SdU2ZYdesh1U="></latexit>

decay
<latexit sha1_base64="dtwCTVwr1vmqt0jxNPLuHeLL6sY="></latexit>

typical signature

<latexit sha1_base64="eM4ALDj4skU6T90zGU3qxZPurOE="></latexit>

|UeN |2

<latexit sha1_base64="UkkqtkFM7/xlvP2wqLhVHjMwt44="></latexit>

HNL

<latexit sha1_base64="7VEFht/tXTAQTQNDfqqH2DjJZpY="></latexit>

detector
<latexit sha1_base64="RaDCXwUk+V2q5BOSdWoSOn9fuqc="></latexit>meson

<latexit sha1_base64="FP5RAKzrU6hFZLGpkKlowWiTNY4="></latexit>

production
<latexit sha1_base64="LnijuqH6ZBUlIDUVW51RlFFm7Rk="></latexit>

⇡,K,D,Ds, B, ...

<latexit sha1_base64="FP5RAKzrU6hFZLGpkKlowWiTNY4="></latexit>

production

<latexit sha1_base64="UkkqtkFM7/xlvP2wqLhVHjMwt44="></latexit>

HNL
<latexit sha1_base64="UkkqtkFM7/xlvP2wqLhVHjMwt44="></latexit>

HNL
<latexit sha1_base64="dtwCTVwr1vmqt0jxNPLuHeLL6sY="></latexit>

typical signature

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

<latexit sha1_base64="E3IEDgPKvSSgwPnoTwyE2Zq8J5w="></latexit>

For a given MN , the number of decay events inside detector / |U↵N |4

<latexit sha1_base64="UHuTC2Mr6iYs+p48yR0y0UlRXlo="></latexit>

• Beam-dump experiments

<latexit sha1_base64="fAf0QXo0xf1F6eAGEceAY4ruc1c="></latexit> ⌫
os
ci
ll
at
io
n
s

<latexit sha1_base64="7/WsOiLH4rISBEf/tWRCTKeQpic="></latexit>

�
-d
ec
ay

<latexit sha1_base64="WOFx9k9QDsFk71MT9/XxjfAUUWw="></latexit> P
ea
ks

<latexit sha1_base64="TOdwOgi0f7CNLi187C7LivYE3yg="></latexit> B
ea
m
-d
u
m
p

<latexit sha1_base64="ni69ocOhIBq+s7JUBN2ZcEh/6L4="></latexit>

Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>
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<latexit sha1_base64="mNd1XsL9aJZUddc2hH0ywFPT+Ts="></latexit>

MN

<latexit sha1_base64="jRMrR6xQf/bm5NBrhF4m8UDHA9M="></latexit>

• Collider searches
<latexit sha1_base64="/eCjbc61WrCPKZHP6U4d0ozlyM0="></latexit>

HNLs produced via W or Z interactions, and decaying back to SM )
<latexit sha1_base64="T3F9cTaGLdzvQJu5fqZxxeOR060="></latexit>

producing displaced vertices or same sign lepton pairs (if Majorana)

<latexit sha1_base64="H7hZVeJc50kwTbSzfooODh6/7Yg="></latexit>

�L = 0
<latexit sha1_base64="dAYgSdyc2eKz0KV7oWUw1h9FcDY="></latexit>

�L = 2

<latexit sha1_base64="w0EAYNJUQTZqcK46dJ/1fIVzdwg="></latexit>

`�↵

<latexit sha1_base64="tpVQzATUiBFXBSgtkx0+dh1bON8="></latexit>

W+

<latexit sha1_base64="TuZ2VlrCihVBPJMpOE1YJrfrMEs="></latexit>

`+↵

<latexit sha1_base64="rDy3N38OTcSK9hNW2zA2ykY067k="></latexit>

W+⇤

<latexit sha1_base64="TuZ2VlrCihVBPJMpOE1YJrfrMEs="></latexit>

`+↵
<latexit sha1_base64="ecTKc+SRHHf4u/1YvCHNIPO+jjY="></latexit>

N

<latexit sha1_base64="eubRLkvXgAjobSIosA3HQ2i0vAY="></latexit>⌫↵

<latexit sha1_base64="zfHmPg4e5tvo+RJw1FJWQ0OqS6g="></latexit>

|U↵N |2

<latexit sha1_base64="0XUGgWchPw3q+qyw2URjF0KX0qU="></latexit>

(4, 300) mm
<latexit sha1_base64="YkeLj4R3AvC8WY8mHe0vNxcnTAU="></latexit>

displaced vertex

<latexit sha1_base64="tpVQzATUiBFXBSgtkx0+dh1bON8="></latexit>

W+
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`+↵
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<latexit sha1_base64="zfHmPg4e5tvo+RJw1FJWQ0OqS6g="></latexit>

|U↵N |2
<latexit sha1_base64="TuZ2VlrCihVBPJMpOE1YJrfrMEs="></latexit>

`+↵

<latexit sha1_base64="beeJp+bARn8x1y5xL3FiFAqN7bo="></latexit>

smoking gun
<latexit sha1_base64="SMtkTqddNeFfIZ8BZy1aySfPJnI="></latexit>

of Majorana
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<latexit sha1_base64="tHvgFDCwxV3+Gps7pdutm9pJ07g="></latexit> C
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<latexit sha1_base64="ni69ocOhIBq+s7JUBN2ZcEh/6L4="></latexit>

Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>

The Scale of New Physics zoom.us video
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• Non-Unitarity of PMNS
<latexit sha1_base64="wHP1QfUpuG9N7jd2DxuwRr9Nfpk="></latexit>

When MN > ⇤EW, HNLs no longer produced in the experiment.
<latexit sha1_base64="8d0UkZ6EBZuTAs06QRjjZ/49jeI="></latexit>

However, they would induce deviations on EW and flavor observables
<latexit sha1_base64="K3omxCM71B9U/rzRv5FTFTofh/E="></latexit>

through the non-Unitarity of UPMNS
<latexit sha1_base64="cPHKgUaLJYnbZ+mRa4z0PUmxHHk="></latexit>

N ⌘ (I � ⌘)UPMNS

<latexit sha1_base64="PWlsVIkYh+nD77n4gXuJKXYPJ3Y="></latexit> N
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<latexit sha1_base64="ni69ocOhIBq+s7JUBN2ZcEh/6L4="></latexit>

Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>

The Scale of New Physics zoom.us video

<latexit sha1_base64="wxrht0RiHhLV2ZRrcCOMIILwRnU="></latexit>
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<latexit sha1_base64="o6z0p/0BriB5awqodR5wmzX9Epc="></latexit>

• Non-Unitarity of PMNS
<latexit sha1_base64="wHP1QfUpuG9N7jd2DxuwRr9Nfpk="></latexit>

When MN > ⇤EW, HNLs no longer produced in the experiment.
<latexit sha1_base64="8d0UkZ6EBZuTAs06QRjjZ/49jeI="></latexit>

However, they would induce deviations on EW and flavor observables
<latexit sha1_base64="K3omxCM71B9U/rzRv5FTFTofh/E="></latexit>

through the non-Unitarity of UPMNS

µ

⌫µ

⌫eW

e

�
NN†�

ee

�
NN†�

µµ

<latexit sha1_base64="cPHKgUaLJYnbZ+mRa4z0PUmxHHk="></latexit>

N ⌘ (I � ⌘)UPMNS
<latexit sha1_base64="1RtTQ6zsoU+YzE/e1uo5Vge4jPo="></latexit>

GF measured in µ decay

<latexit sha1_base64="9EYeg9GDT9W4UUfJg/dkiQ88Rd0="></latexit>)
<latexit sha1_base64="pDzdSn4hPRe2VvkuJSagB895svc="></latexit>

G2
F (1� 2⌘ee � 2⌘µµ) = G2

µ

<latexit sha1_base64="2IeaEZsrvB0eAt1UTF+iFojvL+0="></latexit>

M2
W =

⇡↵p
2GF s2W(1��r)

=
⇡↵(1 + ⌘ee + ⌘µµ)p
2Gµs2W(1��r)

<latexit sha1_base64="9EYeg9GDT9W4UUfJg/dkiQ88Rd0="></latexit>)

<latexit sha1_base64="JUfS9DPDAgVuOkQ/b1kdhC34wV4="></latexit>

Kinematic measurements of MW constrain ⌘

<latexit sha1_base64="PWlsVIkYh+nD77n4gXuJKXYPJ3Y="></latexit> N
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<latexit sha1_base64="ni69ocOhIBq+s7JUBN2ZcEh/6L4="></latexit>

Depending on the range of MN , very di↵erent phenomenology found

<latexit sha1_base64="5TopuwGacoFxPFPlLKQfI2hZdQ8="></latexit>

The Scale of New Physics

<latexit sha1_base64="X/XJVgKWU8VgsPBmiNVkbE4hK9w="></latexit>

M. Blennow, E. Fernandez-Martinez, JHG, J. Lopez-Pavon, X. Marcano, D.
<latexit sha1_base64="ldKeJVVOTbEtCMAbcg2EdZEsAZk="></latexit>

Naredo-Tuero, arXiv: 2306.01040

zoom.us video
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The Scale of New Physics

<latexit sha1_base64="dNFbhsEy7QNL6m21BHywpmZEWms="></latexit>

https://github.com/mhostert/Heavy-Neutrino-Limits
<latexit sha1_base64="GtpFqjeQAz4H1vWgCMw1wpEgMGc="></latexit>

E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J.
<latexit sha1_base64="DWWeAj2LkQ57Wd/KS81hbW/hkt8="></latexit>

Lopez-Pavon. JHEP 09 2023 001
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Fig. 3. The prediction of neutrino fluxes, in neutrino mode, divided by parentage at the ND are
shown above, normalised to 1020 POT. The ⌫e component (top left) predominately originates from
µ
+ decays; kaon decays are responsible for the high energy part of the spectrum. The ⌫µ component

(top right) obtains its main contribution from ⇡
+ decays at low energies, whereas the K

+ decays
are accountable for the long tail of the spectrum. Contributions from D

+
s decay are out of scale

for both ⌫e and ⌫µ. The distribution of the ⌫µ component (bottom left) is due to negative charged
secondary particles which are not successfully deflected by the horn system; the muon contribution
is much more relevant than for the ⌫µ component. The ⌫⌧ component (bottom right) is only sourced
from Ds decays and presents a prominent peak at low energies, whereas the ⌫⌧ are produced in ⌧

+

lepton decays. The dotted black line is the total ⌫⌧ component of the flux.

the production site will be then used to estimate the ⌫⌧ flux at the ND system. In the
literature, the following parametrisation has been successfully used to describe the charm
meson production in proton-proton collision in the Centre of Mass frame [108]

d2�

dxF dp2T
⇠ (1� |xF |)

n
e
�bp2T , (5.1)

where xF = 2pz/
p
s, with pz the longitudinal momentum in the CM frame. The param-

eters n and b were fitted from the E769 experiment and found to be n = 6.1 ± 0.7 and
b = 1.08± 0.09 [109]. We assume that the D

+
s meson production at the target follows the

same distribution. With the help of a Monte Carlo simulation, we generate the D
+
s four-

momenta starting from Eq. (5.1) and simulate the meson decay and the subsequent tau
decays. A key simplification here is that because of the short lifetime of the D

+
s and ⌧

+, of
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<latexit sha1_base64="PeSk8nsegNRyXPTLiF5YAtl3wMQ="></latexit>

By using the o�cial prediction of light neutrino flux at DUNE ND

<latexit sha1_base64="8UiQCV6ICOMGo4pXzza7LbPuJvo="></latexit>

P. Ballett, T. Boschi, S. Pascoli, JHEP 03 (2020) 111

<latexit sha1_base64="21VVtnNsUFnIY1h6FuGgo0Pyn1s="></latexit>

I. Krasnov, Phys. Rev. D 100 (2019) 075023

<latexit sha1_base64="xn+lGQyNDCN6tJNoPesENHRUqJ0="></latexit>

Some present results based on
<latexit sha1_base64="dPB5uNNgrzM1l4rwBSHW712WaKQ="></latexit>

d�±
N

dE
(EN ) ⇡

X

Q,↵

K±
Q,↵

d�Q!⌫↵

dE
(EN �M4)

<latexit sha1_base64="eXwgT4C7a3/VgLT/7PcCS4O7Odo="></latexit>

(EN �MN )

<latexit sha1_base64="OX+0QOqCWfdJgcxL3woo6bqiwcs="></latexit>

The Light Neutrino Approximationzoom.us video



<latexit sha1_base64="/ISABi2WJueAhMtrq7dAIlW12Ms="></latexit>

K±
Q,↵ =

� (Q ! N +X)

� (Q ! ⌫↵ +X)

<latexit sha1_base64="MIjuZGExaScGg26Mk8l/MNeIKq4="></latexit>

But re-scaled by a kinematic factor

<latexit sha1_base64="OIfIcR9GGgIZVza+3+Cgxoz114s="></latexit>

Ratio of BRs to account for the di↵erent phase space.
<latexit sha1_base64="IUW2ZImxYSvBWPjd+3R8wWBeDzY="></latexit>

It does not depend on the energy EN , only on M4 and |U↵4|2.

<latexit sha1_base64="8UiQCV6ICOMGo4pXzza7LbPuJvo="></latexit>

P. Ballett, T. Boschi, S. Pascoli, JHEP 03 (2020) 111

<latexit sha1_base64="21VVtnNsUFnIY1h6FuGgo0Pyn1s="></latexit>

I. Krasnov, Phys. Rev. D 100 (2019) 075023

<latexit sha1_base64="xn+lGQyNDCN6tJNoPesENHRUqJ0="></latexit>

Some present results based on
<latexit sha1_base64="6lXWaijPcOzEgXAdmO2ARjjCxgI="></latexit>

d�±
N

dE
(EN ) ⇡

X

Q,↵

K±
Q,↵

d�Q!⌫↵

dE
(EN �M4)

<latexit sha1_base64="eXwgT4C7a3/VgLT/7PcCS4O7Odo="></latexit>

(EN �MN )

<latexit sha1_base64="pqT26/ljxrrU5iS3sLk5VTlqDSo="></latexit>

on MN and |U↵N |2.

<latexit sha1_base64="OX+0QOqCWfdJgcxL3woo6bqiwcs="></latexit>

The Light Neutrino Approximationzoom.us video



<latexit sha1_base64="mWo/tk2IHglCxJMeBEo9My1F8Tc="></latexit>

However, deviations of the energy and angular distributions for the HNL
<latexit sha1_base64="dgNr4Q0TwOU1W5U+SW4mp18kGi0="></latexit>

with respect to the massless case are expected.

p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

⇡+

<latexit sha1_base64="h6UqAc+vPHL/UrtuAsajFtNJhK8="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

D±

<latexit sha1_base64="BBu5Cv6xPoIqJqCkOzu7GTPRQ0c="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

✓

<latexit sha1_base64="QmztIHvCwYUAgUXATj7EOy8YurI="></latexit>

✓ in the

<latexit sha1_base64="dIt58/eFDK0qlTSOACXy88NxpQw="></latexit>

lab frame

<latexit sha1_base64="WTrgIjxzpaV3DbaMEbrkTN3Eync="></latexit>

⌫ flux

<latexit sha1_base64="jnjiueBKQnJ0aZgolumKDksmigE="></latexit>

D±
s

<latexit sha1_base64="5P7WtGuiD/pylAkbeq1nfzq5IwU="></latexit>

<latexit sha1_base64="n7oTK96sCxH5iBeVvcADHJEYcOA="></latexit>

acceptance of
<latexit sha1_base64="LefIaY4zR4JBQYLWdy+Z+eVl2OI="></latexit>

of detector
<latexit sha1_base64="MPwWSJWLQTXXPKTLAk4J1FezF4Y="></latexit>)

<latexit sha1_base64="xn+lGQyNDCN6tJNoPesENHRUqJ0="></latexit>

Some present results based on
<latexit sha1_base64="7K2NSlI8IZrKu8IGFkdxK0rk3VY="></latexit>

d�±
N

dE
(EN ) ⇡

X

Q,↵

K±
Q,↵

d�Q!⌫↵

dE
(EN �M4)

<latexit sha1_base64="eXwgT4C7a3/VgLT/7PcCS4O7Odo="></latexit>

(EN �MN )

<latexit sha1_base64="j+0nniM1FnCiaVmyjLOt0jAMdLM="></latexit>

• m = 0

<latexit sha1_base64="OX+0QOqCWfdJgcxL3woo6bqiwcs="></latexit>

The Light Neutrino Approximation

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

zoom.us video



✓ in the

<latexit sha1_base64="dIt58/eFDK0qlTSOACXy88NxpQw="></latexit>

lab frame

<latexit sha1_base64="WTrgIjxzpaV3DbaMEbrkTN3Eync="></latexit>

<latexit sha1_base64="n7oTK96sCxH5iBeVvcADHJEYcOA="></latexit>

acceptance of
<latexit sha1_base64="LefIaY4zR4JBQYLWdy+Z+eVl2OI="></latexit>

of detector
<latexit sha1_base64="MPwWSJWLQTXXPKTLAk4J1FezF4Y="></latexit>)p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

⇡+

<latexit sha1_base64="h6UqAc+vPHL/UrtuAsajFtNJhK8="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

D±

<latexit sha1_base64="BBu5Cv6xPoIqJqCkOzu7GTPRQ0c="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

✓

<latexit sha1_base64="QmztIHvCwYUAgUXATj7EOy8YurI="></latexit>

HNL flux

<latexit sha1_base64="o/AOG8tPSlyQcgR0AL1tg7A8qKU="></latexit>

D±
s

<latexit sha1_base64="5P7WtGuiD/pylAkbeq1nfzq5IwU="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="SJ0gwRZ+v13MQgolDkNIUilmfXM="></latexit>

The heavier the HNL, the larger the boost ) better acceptance

<latexit sha1_base64="mWo/tk2IHglCxJMeBEo9My1F8Tc="></latexit>

However, deviations of the energy and angular distributions for the HNL
<latexit sha1_base64="dgNr4Q0TwOU1W5U+SW4mp18kGi0="></latexit>

with respect to the massless case are expected.

<latexit sha1_base64="xn+lGQyNDCN6tJNoPesENHRUqJ0="></latexit>

Some present results based on
<latexit sha1_base64="7K2NSlI8IZrKu8IGFkdxK0rk3VY="></latexit>

d�±
N

dE
(EN ) ⇡

X

Q,↵

K±
Q,↵

d�Q!⌫↵

dE
(EN �M4)

<latexit sha1_base64="iO7k7kHvK9Ji/VTQqGQVQVfABJU="></latexit>

• MN 6= 0

<latexit sha1_base64="eXwgT4C7a3/VgLT/7PcCS4O7Odo="></latexit>

(EN �MN )

<latexit sha1_base64="OX+0QOqCWfdJgcxL3woo6bqiwcs="></latexit>

The Light Neutrino Approximationzoom.us video



<latexit sha1_base64="6lXWaijPcOzEgXAdmO2ARjjCxgI="></latexit>

d�±
N

dE
(EN ) ⇡

X

Q,↵

K±
Q,↵

d�Q!⌫↵

dE
(EN �M4)

<latexit sha1_base64="NWnxrIfs9/x6xlTml4BgCgfbyxg="></latexit>

Furthermore, many significant discrepancies found in the couplings between
<latexit sha1_base64="ZYaFfQ2Jvm7kob0kJ7PHZ+V7BQc="></latexit>

mesons and HNL a↵ecting K±
Q,↵ ) e↵ective theory describing interactions

<latexit sha1_base64="/smkJDbz0WiEweezITFLDHeO1W0="></latexit>

mesons and HNL reviewed.

<latexit sha1_base64="8UiQCV6ICOMGo4pXzza7LbPuJvo="></latexit>

P. Ballett, T. Boschi, S. Pascoli, JHEP 03 (2020) 111

<latexit sha1_base64="D4Afm65GdrbKGXrxjylIcj9dpvo="></latexit>

R. E. Shrock , Phys. Rev. D 24 1981 1232
<latexit sha1_base64="Xjqi8C3DRLy6Z1VQKmQVpLXo8Kk="></latexit>

D. Gorbunov and M. Shaposhnikov, JHEP 10 2007 015

<latexit sha1_base64="ONb5LG22ww1iMP0zu2e19gMu/oQ="></latexit>

K. Bondarenko, A. Boyarsky, D. Gorbunov and O. Ruchayskiy,
<latexit sha1_base64="9v8M7ynQHccqyyCRIHyC0Y+lCVE="></latexit>

JHEP 11 2018 032
<latexit sha1_base64="tSdVGSToNpOMZ8Fk9YMa+I5Mj88="></latexit>

J. C. Helo, S. Kovalenko and I. Schmidt, Nucl. Phys. B 853 2011 80

<latexit sha1_base64="dZJb3KF9cMEZq7eU+gA956CVF6A="></latexit>

A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 05 2009 030

<latexit sha1_base64="xn+lGQyNDCN6tJNoPesENHRUqJ0="></latexit>

Some present results based on

<latexit sha1_base64="eXwgT4C7a3/VgLT/7PcCS4O7Odo="></latexit>

(EN �MN )

<latexit sha1_base64="OX+0QOqCWfdJgcxL3woo6bqiwcs="></latexit>

The Light Neutrino Approximationzoom.us video



<latexit sha1_base64="GJF48vOQFUWfjYOQewzi0eEE/JQ="></latexit>

L`
EW =

gp
2
W+

µ U⇤
↵in̄i�

µPL`↵ +

+
g

4cw
Zµ

⇣
Cij n̄i�

µPLnj + ¯̀
↵�

µ
⇥
2s2wPR � (1� 2s2w)PL

⇤
`↵
⌘
+ h.c.

<latexit sha1_base64="s5MwhBRPBdGMgifBL+BqTRJytok="></latexit>

Cij ⌘ U⇤
↵iU↵j

<latexit sha1_base64="5VADfLg6KfowGKSAIsoTZCkPdxM="></latexit>

The leptonic part of the electroweak Lagrangian

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="GJF48vOQFUWfjYOQewzi0eEE/JQ="></latexit>

L`
EW =

gp
2
W+

µ U⇤
↵in̄i�

µPL`↵ +

+
g

4cw
Zµ

⇣
Cij n̄i�

µPLnj + ¯̀
↵�

µ
⇥
2s2wPR � (1� 2s2w)PL

⇤
`↵
⌘
+ h.c.

<latexit sha1_base64="s5MwhBRPBdGMgifBL+BqTRJytok="></latexit>

Cij ⌘ U⇤
↵iU↵j

<latexit sha1_base64="5VADfLg6KfowGKSAIsoTZCkPdxM="></latexit>

The leptonic part of the electroweak Lagrangian

<latexit sha1_base64="0d0+nv2Bct90hcZJ4hZyZd0Esxo="></latexit>

with

<latexit sha1_base64="EAt+331C4KNOGwRgq55sjR6T6Zk="></latexit>

Lq
EW =

gp
2
W+µjW,µ +

g

4cw
ZµjZ,µ + h.c..

<latexit sha1_base64="hsjt7YfEDgETYg67nnEIuT27CvI="></latexit>

jZ,µ = jVZ,µ + jAZ,µ = q̄(T3 � 2Qs2w)�µq � q̄�µ�5T3q.

<latexit sha1_base64="UIAnHKGk4K/nbj6DkUmdUKsC46Y="></latexit>

jW,µ = jVW,µ + jAW,µ =
1

2
Vqq0 q̄�µq0 �

1

2
Vqq0 q̄�µ�5q0.

<latexit sha1_base64="vTOBn/Oo8kUiT9PTxmC244BsWXU="></latexit>

HNL can also interact with quarks through CC and NC interactions.

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="fIXUALoRQ8GsKD/fV1R6p50IY1s="></latexit>

Definition of the pseudoscalar (P ) and vector (V ) meson decay constants

<latexit sha1_base64="m3ikOxGmELz2ZRq0CeIsN/IbdS8="></latexit>

and

<latexit sha1_base64="QlOxY/IxFf7MLn+BX6FmSx/eiO0="></latexit>

with pµ the momentum of P and ✏µ the polarization of V and

<latexit sha1_base64="1ACOsLArUwtWjeeGDJyg6TB2ats="></latexit>

h0|jAa,µ|Pbi = i�ab
fPp
2
pµ

<latexit sha1_base64="75EWYHyXwRmv6F637XbRqteaAVM="></latexit>

h0|jVa,µ|Vbi = �ab
fVp
2
✏µ

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="fIXUALoRQ8GsKD/fV1R6p50IY1s="></latexit>

Definition of the pseudoscalar (P ) and vector (V ) meson decay constants

<latexit sha1_base64="IGG8zIa6ZuV7NjBALVWcW4cIdjI="></latexit>

with pµ the momentum of P and ✏µ the polarization of V and

<latexit sha1_base64="m3ikOxGmELz2ZRq0CeIsN/IbdS8="></latexit>

and

<latexit sha1_base64="m3ikOxGmELz2ZRq0CeIsN/IbdS8="></latexit>

and
<latexit sha1_base64="cVjFJO+367qjegHX+m8YUiU83Xs="></latexit>

jAa,µ = q̄�a�µ�5q

<latexit sha1_base64="vCpnLSA1Mr++zmMr8wlOrk3zh5Y="></latexit>

the axial and vector currents.

<latexit sha1_base64="wFN5xYIjQBhyPYIPa9UUrBjyc4E="></latexit>

jVa,µ = q̄�a�µq

<latexit sha1_base64="9lmL62XewwS2l4OQf0neFkrKhAE="></latexit>

h0|jVa,µ|Vbi = �ab
fVp
2
✏µ

<latexit sha1_base64="V2DKgb1X3hb/hqtQ6X1la+z5d/8="></latexit>

h0|jAa,µ|Pbi = i�ab
fPp
2
pµ

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="fIXUALoRQ8GsKD/fV1R6p50IY1s="></latexit>

Definition of the pseudoscalar (P ) and vector (V ) meson decay constants

<latexit sha1_base64="IGG8zIa6ZuV7NjBALVWcW4cIdjI="></latexit>

with pµ the momentum of P and ✏µ the polarization of V and

<latexit sha1_base64="hIo1t6QlBOvzvaWrTwcj5V+hBPk="></latexit>

h0|jAa,µ|Pbi = i�ab
fPp
2
pµ

<latexit sha1_base64="DDeQc9cMixa8zHjsWRovcfWcWcI="></latexit>

h0|jVa,µ|Vbi = �ab
fVp
2
✏µ

<latexit sha1_base64="7Y3R6eGFCA4M43agBu/q+GhkEik="></latexit>

the axial and vector currents.

<latexit sha1_base64="oOhxdvypig71+cvfilrHYpAoU/Q="></latexit>

jAa,µ = q̄�a�µ�5q
<latexit sha1_base64="dOzrsQQv+DLY3LWOw3tlxKqDQE8="></latexit>

jVa,µ = q̄�a�µq

<latexit sha1_base64="m3ikOxGmELz2ZRq0CeIsN/IbdS8="></latexit>

and

<latexit sha1_base64="4W0Rpk4dosjTPpUw1FtXCZvm5Js="></latexit>

The set {�a} corresponds to linear combinations of the 8 Gell-Mann matrices <latexit sha1_base64="s/ATf2BPnmB3ugAFhv+4BdOTAsk="></latexit>.

<latexit sha1_base64="m3ikOxGmELz2ZRq0CeIsN/IbdS8="></latexit>

and

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="XQUyxuL6dn/6P5OuyNjWntLmAa4="></latexit>

jA3,µ =
1

2

⇥
ū�µ�5u� d̄�µ�5d

⇤

jA8,µ =
1

2
p
3

⇥
ū�µ�5u+ d̄�µ�5d� 2s̄�µ�5s

⇤

jA0,µ =
1p
6

⇥
ū�µ�5u+ d̄�µ�5d+ s̄�µ�5s

⇤

<latexit sha1_base64="eqFaJNkDH0IoPignSevXfOfZ1bQ="></latexit>

jAZ,µ = �1

2

�
ū�µ�5u� d̄�µ�5d� s̄�µ�5s

�
= �

✓
jA3,µ +

1p
3
jA8,µ � 1p

6
jA0,µ

◆

<latexit sha1_base64="COHRnhnQ/Nz/TEgfRVWEqQ1raTs="></latexit>

The quark content of neutral P corresponds to linear combinations
<latexit sha1_base64="Pg28TNM+EsPwPYqoeQC3nfXYTI4="></latexit>

of the diagonal generators �0, �3 and �8

<latexit sha1_base64="IV0+0y1Hn99rumWleUUySktsKww="></latexit>

⇡0

<latexit sha1_base64="rgoQIWcRxzD8LHN7QyG2lgvXzl8="></latexit>

⌘ and ⌘0

<latexit sha1_base64="VxmEVIMph3OkZ6oPWrHhGaVE/W0="></latexit>

The Z axial current as a linear combination of the neutral axial currents

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="loJD2HxSc39XnDys5OX5en/ufFU="></latexit>

iM⇡0nin̄j
=

ig2

4c2wM
2
Z

Cij ūi�µPLvjh0|jAZ,µ|⇡0i = GFCijf⇡ūi�µPLvjpµ

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0
<latexit sha1_base64="kxmNF+KlvK4b13WdWZZd0UsJw6c="></latexit>

At low energies (integrating out the Z), the amplitude for ⇡0 ! ninj

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="loJD2HxSc39XnDys5OX5en/ufFU="></latexit>

iM⇡0nin̄j
=

ig2

4c2wM
2
Z

Cij ūi�µPLvjh0|jAZ,µ|⇡0i = GFCijf⇡ūi�µPLvjpµ

<latexit sha1_base64="V2fFfD43jc/H+41N6AzCm+d3S8k="></latexit>

O⇡0nin̄j
=

1

2
GFCijf⇡@µ(n̄i�µPLnj)⇡0 + h.c.

<latexit sha1_base64="EQg4tWHkcBqxtuqqseMakPF1GgM="></latexit>

In configuration space, the e↵ective operator that leads to this amplitude

<latexit sha1_base64="kxmNF+KlvK4b13WdWZZd0UsJw6c="></latexit>

At low energies (integrating out the Z), the amplitude for ⇡0 ! ninj

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="loJD2HxSc39XnDys5OX5en/ufFU="></latexit>

iM⇡0nin̄j
=

ig2

4c2wM
2
Z

Cij ūi�µPLvjh0|jAZ,µ|⇡0i = GFCijf⇡ūi�µPLvjpµ

<latexit sha1_base64="V2fFfD43jc/H+41N6AzCm+d3S8k="></latexit>

O⇡0nin̄j
=

1

2
GFCijf⇡@µ(n̄i�µPLnj)⇡0 + h.c.

<latexit sha1_base64="iWcjoEPVVd8EdwxnEhh3mP/rSmM="></latexit>

O⇡0nin̄j
=

i

2
GFCijf⇡n̄i(miPL �mjPR)nj⇡0 + h.c.

<latexit sha1_base64="0k5BcCNWmrYRX5sGyodAuuW3uyk="></latexit>

If all particles are on-shell, applying Dirac’s equation

<latexit sha1_base64="8wxrhVtm8AUaJhboa1EjRH5vqB0="></latexit>

In configuration space, the e↵ective operator that leads to this amplitude

<latexit sha1_base64="kxmNF+KlvK4b13WdWZZd0UsJw6c="></latexit>

At low energies (integrating out the Z), the amplitude for ⇡0 ! ninj

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="loJD2HxSc39XnDys5OX5en/ufFU="></latexit>

iM⇡0nin̄j
=

ig2

4c2wM
2
Z

Cij ūi�µPLvjh0|jAZ,µ|⇡0i = GFCijf⇡ūi�µPLvjpµ

<latexit sha1_base64="V2fFfD43jc/H+41N6AzCm+d3S8k="></latexit>

O⇡0nin̄j
=

1

2
GFCijf⇡@µ(n̄i�µPLnj)⇡0 + h.c.

<latexit sha1_base64="iWcjoEPVVd8EdwxnEhh3mP/rSmM="></latexit>

O⇡0nin̄j
=

i

2
GFCijf⇡n̄i(miPL �mjPR)nj⇡0 + h.c.

<latexit sha1_base64="kxmNF+KlvK4b13WdWZZd0UsJw6c="></latexit>

At low energies (integrating out the Z), the amplitude for ⇡0 ! ninj

<latexit sha1_base64="ogn93yeUPfCavz/kH0H7cwe8i6s="></latexit>

If all particles are on-shell, applying Dirac’s equation

<latexit sha1_base64="9fSh2m+L6/TFHK7c7XRwVboGkjw="></latexit>

The coupling to heavy states dominate the interaction) chiral enhancement

<latexit sha1_base64="8wxrhVtm8AUaJhboa1EjRH5vqB0="></latexit>

In configuration space, the e↵ective operator that leads to this amplitude

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="h4mM1XxVaRa7nCmVn/uCLQHxeIk="></latexit>

Similarly, O⌘0ninj and O⌘8ninj are obtained.
<latexit sha1_base64="HJVz+0OQBcbDhNC5k7BDPdiTQuw="></latexit>

Unlike ⇡0, ⌘ and ⌘0 are not interaction eigenstates. With the change of basis
<latexit sha1_base64="Am8scHJVu+cuAPN4e8ThGoQzh1k="></latexit>0

@ f⌘,8 f⌘,0

f⌘0,8 f⌘0,0

1

A =

0

@ f8 cos ✓8 �f0 sin ✓0

f8 sin ✓8 f0 cos ✓0

1

A
<latexit sha1_base64="A2VCvS0bKD1BpJxhJWoYa9d7RBU="></latexit>

jA⌘,µ = cos ✓8j
A
8,µ � sin ✓0j

A
0,µ (1)

jA⌘0,µ = sin ✓8j
A
8,µ + cos ✓0j

A
0,µ

<latexit sha1_base64="X7W5k1shWtdvZcXOBNGblF2wjhw="></latexit>)

<latexit sha1_base64="2W29EB629TQY52GFyqfv+WY8S8I="></latexit>

R. Escribano, S. Gonzalez-Solis, P. Masjuan and P. Sanchez-Puertas,
<latexit sha1_base64="K3REoVSX8vG8nmpa2OyiUCJTEG0="></latexit>

Phys. Rev. D 94 2016 054033

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>

Effective Mesons and HNL Interactionszoom.us video



<latexit sha1_base64="TuEMLdHz7CNTmw1xguwnHbLqkKU="></latexit>
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i

2
GFCij


cos ✓8f8

p
3

+
sin ✓0f0
p
6

�
n̄i (miPL �mjPR)nj⌘ + h.c.

<latexit sha1_base64="IrkT4Hh+OqBxBvkJZ1Mht5QwPeE="></latexit>
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2
GFCij


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p
3

�
cos ✓0f0

p
6

�
n̄i (miPL �mjPR)nj⌘0 + h.c.

<latexit sha1_base64="Am8scHJVu+cuAPN4e8ThGoQzh1k="></latexit>0

@ f⌘,8 f⌘,0

f⌘0,8 f⌘0,0

1

A =

0

@ f8 cos ✓8 �f0 sin ✓0

f8 sin ✓8 f0 cos ✓0

1

A
<latexit sha1_base64="A2VCvS0bKD1BpJxhJWoYa9d7RBU="></latexit>

jA⌘,µ = cos ✓8j
A
8,µ � sin ✓0j

A
0,µ (1)

jA⌘0,µ = sin ✓8j
A
8,µ + cos ✓0j

A
0,µ

<latexit sha1_base64="X7W5k1shWtdvZcXOBNGblF2wjhw="></latexit>)

<latexit sha1_base64="VNfTkSJj8f7vmsnXtBaeCQj7FDg="></latexit>

the operators in the mass basis

<latexit sha1_base64="h4mM1XxVaRa7nCmVn/uCLQHxeIk="></latexit>

Similarly, O⌘0ninj and O⌘8ninj are obtained.
<latexit sha1_base64="HJVz+0OQBcbDhNC5k7BDPdiTQuw="></latexit>

Unlike ⇡0, ⌘ and ⌘0 are not interaction eigenstates. With the change of basis

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons
<latexit sha1_base64="bRmljGmWHygg8892NVvnL60GFTw="></latexit>

� Neutral mesons: ⇡0, ⌘, ⌘0

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="imdiek4+fJcutHoP89fW+gPcLjk="></latexit>

� Charged mesons: ⇡±,K±, D±, D±
s

<latexit sha1_base64="fvQSwgBSw807rnA4LDe5E2744tQ="></latexit>

The combinations of generators that reproduce quark content of ⇡± and K±
<latexit sha1_base64="YZovKmTrWRf9tWzcGVtO5RJqAxU="></latexit>
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2
q̄�µ�5(�1 ⌥ i�2)q
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2
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<latexit sha1_base64="UcgvQ/jXqHJAhSG2i1Fhb/o0IJY="></latexit>
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2

⇣
Vud j

A
⇡�,µ + Vus j

A
K�,µ

⌘
<latexit sha1_base64="X7W5k1shWtdvZcXOBNGblF2wjhw="></latexit>)

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="v1o2xbj8WBEgdQU1GNXMksO/XZI="></latexit>
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ig2

2M2
W

U↵iū↵�µPLvih0|jAW,µ|⇡�i =
p
2GFU↵iVudf⇡ū↵�µPLvipµ

<latexit sha1_base64="eOIDtD/2cOt/NMz8lsl/+Dmf2a0="></latexit>

O⇡`↵n̄i = i
p
2GFU↵iVudf⇡ ¯̀↵(m↵PL �miPR)ni⇡� + h.c.

<latexit sha1_base64="YZovKmTrWRf9tWzcGVtO5RJqAxU="></latexit>

jA⇡±,µ =
1p
2
q̄�µ�5(�1 ⌥ i�2)q

jAK±,µ =
1p
2
q̄�µ�5(�4 ⌥ i�5)q

<latexit sha1_base64="UcgvQ/jXqHJAhSG2i1Fhb/o0IJY="></latexit>
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2

⇣
Vud j

A
⇡�,µ + Vus j

A
K�,µ

⌘
<latexit sha1_base64="X7W5k1shWtdvZcXOBNGblF2wjhw="></latexit>)

<latexit sha1_base64="jV2809yiL7BbUTnARK4iFFvRY7Q="></latexit>

At low energies (integrating out the W ), the amplitude for ⇡� ! `�↵ni

<latexit sha1_base64="+m6W37z3zU3JwYbIT3dAQ58rAOY="></latexit>

Following the same procedure used to derive the e↵ective vertex ⇡0 ! ninj

<latexit sha1_base64="imdiek4+fJcutHoP89fW+gPcLjk="></latexit>

� Charged mesons: ⇡±,K±, D±, D±
s

<latexit sha1_base64="fvQSwgBSw807rnA4LDe5E2744tQ="></latexit>

The combinations of generators that reproduce quark content of ⇡± and K±

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>
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<latexit sha1_base64="fIa6BA3d0MAQRLmneZK783MCq4w="></latexit>
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p
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<latexit sha1_base64="29k6+FGy7114J9tH8Uvg3f3V3hU="></latexit>
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<latexit sha1_base64="4G/5sFw2gbhCcDiXkg191x7p/lo="></latexit>
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s + h.c.

<latexit sha1_base64="FCxlVHa6pUVNtydNcwveGVCta9M="></latexit>

Repeating the procedure for K±, and generalizing for D± and D±
s

<latexit sha1_base64="imdiek4+fJcutHoP89fW+gPcLjk="></latexit>

� Charged mesons: ⇡±,K±, D±, D±
s

<latexit sha1_base64="xEcw9tI+suPQ8klWmKX96urWR2w="></latexit>

• Pseudoscalar mesons

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>

Effective Mesons and HNL Interactionszoom.us video



<latexit sha1_base64="TDOx+eNH6J0WMLBSff3pbC4VHeU="></latexit>

• Vector mesons
<latexit sha1_base64="jfeShGVL/Xqzvp32bhSp5HFC4VM="></latexit>

� Neutral mesons: ⇢0,!,�
<latexit sha1_base64="5ID5adkK+fNDckHnY9wgy7E5tAg="></latexit>

O⇢0nin̄j
= �

1

2
GFCij

�
1� 2s2w

�
f⇢⇢0µ (n̄i�µPLnj) + h.c.

<latexit sha1_base64="9GHy+M3CL1SftyIMC1b4PfPp4NE="></latexit>

O!nin̄j =
1

2
GFCij

2

3
s2wf!!µ (n̄i�µPLnj) + h.c.

<latexit sha1_base64="e07habK8ZI5p8/QbN80FYsdcHxM="></latexit>

O�nin̄j =
1

2
GFCij

p
2

✓
1

2
�

2

3
s2w

◆
f��µ (n̄i�µPLnj) + h.c.

<latexit sha1_base64="wTwqnEGNpfsY5IMuico3PAh2EuQ="></latexit>

O⇢`↵n̄i = �
p
2GFU↵iVudf⇢⇢�µ

�
¯̀
↵�µPLni

�
+ h.c.

<latexit sha1_base64="r1yHI6nUNFvXk/jSYUVikpHzOq8="></latexit>

OK⇤`↵n̄i = �
p
2GFU↵iVusfK⇤K⇤,�

µ (¯̀↵�µPLni) + h.c.

<latexit sha1_base64="LKf8CTkC0yDDAfAf2fji1a64C9E="></latexit>

� Charged mesons: ⇢±,K⇤,±

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>

Effective Mesons and HNL Interactionszoom.us video



<latexit sha1_base64="uKG+iFYhavcfzYpdEvZS24qpXAQ="></latexit>

iMPD`↵n̄i =
ig2

2M2
W

U↵iū↵�µPLvi
⌦
D|jVW,µ|P

↵

<latexit sha1_base64="QJkKLHXaji4NN4j3vDD23BEF9/A="></latexit>

• Semileptonic decays
<latexit sha1_base64="O73Wtul9peAVoCSVAEtn4AiuGMw="></latexit>

After integrating out the W boson, the amplitude for the P ! Dn̄` decay

<latexit sha1_base64="lrcw2/PFFX6Zt59+IRdKTCOJZeg="></latexit>

The hadronic matrix element expressed in terms of 2 form factors f+ & f�

<latexit sha1_base64="yPBI2Rvco4xnZIhglVLNQ026yS8="></latexit>

pµ ⌘ pDµ + pPµ , while qµ ⌘ pDµ � pPµ is 4-momentum transfer between them.

<latexit sha1_base64="1IWjTt/7U+qglymTTd8Q0F0po3s="></latexit>⌦
D|jVW,µ|P

↵
=

1

2
Vqq0

�
pµf+(q2) + qµf�(q2)

�

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>

Effective Mesons and HNL Interactionszoom.us video



<latexit sha1_base64="uKG+iFYhavcfzYpdEvZS24qpXAQ="></latexit>

iMPD`↵n̄i =
ig2

2M2
W

U↵iū↵�µPLvi
⌦
D|jVW,µ|P

↵

<latexit sha1_base64="HeBp99Chd49wulqt3I8OilpMB0U="></latexit>⌦
D|jVW,µ|P

↵
=

1

2
Vqq0

�
pµf+(q2) + qµf�(q2)

�

<latexit sha1_base64="pOxOmOrSjQ7DulxzrvtRptSAdbM="></latexit>

iMPD`↵n̄i = i
p
2GFVqq0U↵iū↵�µPLvi

⇥
2pDµ f+(q2) + pn`µ

�
f+(q2)� f�(q2)

�⇤

<latexit sha1_base64="WU7e1XAqvVdhrxYD1THzPJWYH6M="></latexit>

OPD`↵n̄i =
p
2GFVqq0U↵i

¯̀
↵

⇥�
f+(q

2)� f�(q
2)
�
(m↵PL �miPR)�D

�2if+(q
2) (@µ�D) �µPL

⇤
ni�

†
P + h.c.

<latexit sha1_base64="EuuPD26UgTYjtOiqXdkXEVfZke4="></latexit>

The e↵ective operator in configuration space after applying Dirac’s equation

<latexit sha1_base64="QJkKLHXaji4NN4j3vDD23BEF9/A="></latexit>

• Semileptonic decays
<latexit sha1_base64="O73Wtul9peAVoCSVAEtn4AiuGMw="></latexit>

After integrating out the W boson, the amplitude for the P ! Dn̄` decay

<latexit sha1_base64="lrcw2/PFFX6Zt59+IRdKTCOJZeg="></latexit>

The hadronic matrix element expressed in terms of 2 form factors f+ & f�

<latexit sha1_base64="w07xoNHyvzX09/hIZ9GpViAjju8="></latexit>

Effective Mesons and HNL Interactionszoom.us video



<latexit sha1_base64="vIx19U+J/g2J+t7Cl4HCxKJMMto="></latexit>

The e↵ective operators describing interactions between light mesons (⇡,K, ⌘, ⇢,!, ...)
<latexit sha1_base64="N4/N6kFXJZ/sNExnROlE+j3Waas="></latexit>

and one HNL that mixes with SM ⌫ implemented in FeynRules model files
⇤.

eff_HeavyN_Dirac.fr
<latexit sha1_base64="4S1YrrrCMS96ljj1jzel0KGWmJw="></latexit>

FeynRules

<latexit sha1_base64="njy0lZv+fl1bATm3TftQAov6zL8="></latexit>

LSM
<latexit sha1_base64="0C+ANE8Epr5sPisSzZuoqwsM0E0="></latexit>

+
<latexit sha1_base64="a6MTh/+1SX+R5fE8g4sW/vYMaUg="></latexit>

O⇡0ninj

<latexit sha1_base64="to8/Qdrlf+UZOedt7BRzV30laBo="></latexit> ··
·

<latexit sha1_base64="CRhL3l4LM5IGs3sJEYmtF/3pIpc="></latexit>

O
DK

0
`↵ni

<latexit sha1_base64="0C+ANE8Epr5sPisSzZuoqwsM0E0="></latexit>

+

<latexit sha1_base64="0C+ANE8Epr5sPisSzZuoqwsM0E0="></latexit>

+

eff_HeavyN_Majorana.fr

eff_HeavyN_Dirac_UFO

eff_HeavyN_Majorana_UFO

<latexit sha1_base64="8O6YtuMi47AwiZpQGJ1v3vhSUZ0="></latexit>⇤publicly available (see ancillary files of arXiv: 2007.03701)

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

`+

<latexit sha1_base64="iTH04u+hUZZKBBxIelwwhYR4P3w="></latexit>

N

<latexit sha1_base64="nA8jojxqHeaWJsRFXaoG6HoSHns="></latexit>

mg5_aMC>
import model effective_HeavyN_Dirac_UFO
generate k+ > n1 lepton QED <= 2
add process k+ > n1 lepton meson QED <= 2
launch
set MN4 0.05
set thetae 0.001
set thetamu 0
set thetatau 0
set nevents 100000

<latexit sha1_base64="VprFNjt0EMKkoC+pHfUwpjzm5Xg="></latexit>

2-body
<latexit sha1_base64="0ddcmK4cDqIIdn9gryMEcfA7itY="></latexit>

leptonic
<latexit sha1_base64="vol23efcPVjm7jadO32nqe0d8hw="></latexit>

decays

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

`+

<latexit sha1_base64="iTH04u+hUZZKBBxIelwwhYR4P3w="></latexit>

N

<latexit sha1_base64="nA8jojxqHeaWJsRFXaoG6HoSHns="></latexit>

⇡0

<latexit sha1_base64="V0P1L1PmGVu+CbNfUWUX/nGsYGs="></latexit>

<latexit sha1_base64="Dv1hVzIWWkXGya+6k3r1xaR8bzg="></latexit>

semileptonic

<latexit sha1_base64="+QQ5Tc7hkSbmPTvpYkkYXIyDIMU="></latexit>

3-body

<latexit sha1_base64="vol23efcPVjm7jadO32nqe0d8hw="></latexit>

decays

<latexit sha1_base64="lc2LGY9hjgPBd9RywTnrb/Jrw8g="></latexit>

Interfacing UFO with event generator such as MadGraph5 (MG) to simulate

<latexit sha1_base64="tai3LzhbaTaKD6ruGVcYT4UQUJ4="></latexit>

2-body + 3-body
<latexit sha1_base64="Do9aTAk1MXUlkZDnDICC181T8y8="></latexit>

meson decays
<latexit sha1_base64="zMaaEv19da2/aLK95xHZkYg/Krw="></latexit>

M4
<latexit sha1_base64="gq9WexEMtmhG+G1KAs3s0vIN05g="></latexit>

|U↵4|2
<latexit sha1_base64="6dpPG2hS9aE84Zm4bo53kpP/HwE="></latexit>

# of events

<latexit sha1_base64="AZbf97IqmVmz/G9DjsRMbqpGLZU="></latexit>

• HNL production: |U↵4|2

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



<latexit sha1_base64="VprFNjt0EMKkoC+pHfUwpjzm5Xg="></latexit>

2-body
<latexit sha1_base64="vol23efcPVjm7jadO32nqe0d8hw="></latexit>

decays
N

<latexit sha1_base64="nA8jojxqHeaWJsRFXaoG6HoSHns="></latexit>

⇡0

<latexit sha1_base64="V0P1L1PmGVu+CbNfUWUX/nGsYGs="></latexit>

⌫

<latexit sha1_base64="uWCVsKu5xhk5iyhOW4biWCjH2Eg="></latexit>

`+

<latexit sha1_base64="iTH04u+hUZZKBBxIelwwhYR4P3w="></latexit>

N

<latexit sha1_base64="nA8jojxqHeaWJsRFXaoG6HoSHns="></latexit>

⌫

<latexit sha1_base64="uWCVsKu5xhk5iyhOW4biWCjH2Eg="></latexit>

`�

<latexit sha1_base64="64vBgtMKzK/grF1/J+82EuIqlBI="></latexit>

<latexit sha1_base64="+QQ5Tc7hkSbmPTvpYkkYXIyDIMU="></latexit>

3-body
<latexit sha1_base64="vol23efcPVjm7jadO32nqe0d8hw="></latexit>

decays

mg5_aMC>
import model effective_HeavyN_Dirac_UFO
generate n1 > meson lepton QED <= 2
add process n1 > lepton lepton lepton QED <= 2
launch
set MN4 0.05
set thetae 0.001
set thetamu 0
set thetatau 0
set nevents 100000

<latexit sha1_base64="531ivJhA7d+LkebVQYdh6Slz3X0="></latexit>

• HNL decay: |U↵4|2

<latexit sha1_base64="tai3LzhbaTaKD6ruGVcYT4UQUJ4="></latexit>

2-body + 3-body

<latexit sha1_base64="6dpPG2hS9aE84Zm4bo53kpP/HwE="></latexit>

# of events

<latexit sha1_base64="0Oz2zJk6TJwCNmQf/fBIdNZ2MIs="></latexit>

HNL decays

<latexit sha1_base64="zMaaEv19da2/aLK95xHZkYg/Krw="></latexit>

M4
<latexit sha1_base64="gq9WexEMtmhG+G1KAs3s0vIN05g="></latexit>

|U↵4|2

<latexit sha1_base64="lc2LGY9hjgPBd9RywTnrb/Jrw8g="></latexit>

Interfacing UFO with event generator such as MadGraph5 (MG) to simulate

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



<latexit sha1_base64="OB4EN5Z29qUgw+jZda5CAdPCnpQ="></latexit>

The Boost Effect

<latexit sha1_base64="nVx66x+KxEluuqrKxYPdjky6zSk="></latexit>

Particles with low velocities experience a stronger boost )
<latexit sha1_base64="//J0tx/LZPZIGZzMXr8efw/0p8Q="></latexit>

detector aceptance favored to heavy neutrinos



<latexit sha1_base64="OB4EN5Z29qUgw+jZda5CAdPCnpQ="></latexit>

The Boost Effect

<latexit sha1_base64="7k4zJsz4XfeVMozYmuxJYsoa8dc="></latexit>

Relevant e↵ect close to kinematic thresholds of HNL production



<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥
p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="WPiJD92s2CEQsHj0rLhXTDF1loE="></latexit>

For each HNL decay event

<latexit sha1_base64="jb6MMLtu95CFWaofDTHznodnP/c="></latexit>

Probability of the HNL decaying inside the detector

<latexit sha1_base64="qZ5oUJefXbNu28FnvDBNyVrP3dU="></latexit>

L

<latexit sha1_base64="e7eqG22j01gz6HrpV8EBKMSOjyY="></latexit>

�`det
<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥

<latexit sha1_base64="sr2Eeo7FIL2+LjqiJd49C/ai8Qg="></latexit>

P (EN ) = e�
�L
��

⇣
1� e�

��`det
��

⌘

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥
p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="WPiJD92s2CEQsHj0rLhXTDF1loE="></latexit>

For each HNL decay event

<latexit sha1_base64="jb6MMLtu95CFWaofDTHznodnP/c="></latexit>

Probability of the HNL decaying inside the detector

<latexit sha1_base64="qZ5oUJefXbNu28FnvDBNyVrP3dU="></latexit>

L

<latexit sha1_base64="e7eqG22j01gz6HrpV8EBKMSOjyY="></latexit>

�`det
<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥

<latexit sha1_base64="D9sX5plvxSszwtWBej2gC49h1jQ="></latexit>

P (EN ) = e�
�L
��

⇣
1� e�

��`det
��

⌘

<latexit sha1_base64="C9fd2e404FnRPG1t0+a8HPVM69o="></latexit>

and the total number of expected HNL decays into a given decay channel c
<latexit sha1_base64="wDlepIeRKxp05gZj5KYZXxDoj90="></latexit>

Nc(ND) = BRc ⇥
Z

dENP (EN )
d�N

dEN

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥
p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="WPiJD92s2CEQsHj0rLhXTDF1loE="></latexit>

For each HNL decay event

<latexit sha1_base64="jb6MMLtu95CFWaofDTHznodnP/c="></latexit>

Probability of the HNL decaying inside the detector

<latexit sha1_base64="qZ5oUJefXbNu28FnvDBNyVrP3dU="></latexit>

L

<latexit sha1_base64="e7eqG22j01gz6HrpV8EBKMSOjyY="></latexit>

�`det
<latexit sha1_base64="pWFtAV61l7Hkfd5euNfcfrH9hYs="></latexit>⇥

<latexit sha1_base64="C9fd2e404FnRPG1t0+a8HPVM69o="></latexit>

and the total number of expected HNL decays into a given decay channel c

<latexit sha1_base64="D9sX5plvxSszwtWBej2gC49h1jQ="></latexit>

P (EN ) = e�
�L
��

⇣
1� e�

��`det
��

⌘

<latexit sha1_base64="RTzosJzmrISC5N55LV2fiYypOMU="></latexit>

Signal e�ciency of 20% assumed for fully background rejection.

<latexit sha1_base64="fW/c+CCyt8AqU4toEmvQF/zwdJE="></latexit>

Nc(ND) = BRc ⇥
Z

dENP (EN )
d�N

dEN
 2.44 )

<latexit sha1_base64="8MN35iCs9SFfEUjCpwxq+kALQns="></latexit>

90% CL sensitivity (no BG and under hypothesis of no observed events).

<latexit sha1_base64="IcdqKF1KFUJrziAxQVpIF6C5s+M="></latexit>

T2K collaboration, K. Abe et al., Phys. Rev. D 100 2019 052006

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="1+SBmaVyZYVfS3Syi6NvHqbh68A="></latexit>

Expected DUNE sensitivity at 90% CL for 7.7 · 1021 PoT collected.

<latexit sha1_base64="ZIhDSVkLlGWZTMKfGz9abYGVdqU="></latexit>

• Sensitivity plots: |Ue4|2

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="1+SBmaVyZYVfS3Syi6NvHqbh68A="></latexit>

Expected DUNE sensitivity at 90% CL for 7.7 · 1021 PoT collected.

<latexit sha1_base64="I+CjiJFrVzyLQodRULyE6PqRapw="></latexit>

• Sensitivity plots: |Uµ4|2

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="1+SBmaVyZYVfS3Syi6NvHqbh68A="></latexit>

Expected DUNE sensitivity at 90% CL for 7.7 · 1021 PoT collected.

<latexit sha1_base64="e2iYY/sfPSLrkYUHu/DsEQbA2Pg="></latexit>

• Sensitivity plots: |U⌧4|2

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="sVboYDaGIHpf9vDCZnurhChsUHo="></latexit>

Present experiments + DUNE ND expected sensitivity

<latexit sha1_base64="1+SBmaVyZYVfS3Syi6NvHqbh68A="></latexit>

Expected DUNE sensitivity at 90% CL for 7.7 · 1021 PoT collected.

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="sVboYDaGIHpf9vDCZnurhChsUHo="></latexit>

Present experiments + DUNE ND expected sensitivity

<latexit sha1_base64="1+SBmaVyZYVfS3Syi6NvHqbh68A="></latexit>

Expected DUNE sensitivity at 90% CL for 7.7 · 1021 PoT collected.

<latexit sha1_base64="PSqYTASvidi+pA31dZehSSDM+Ww="></latexit>

DUNE ND Sensitivity zoom.us video



<latexit sha1_base64="FPcxlyQbgOiC7gephWKnBHuEcl8="></latexit>

Effective Portals to HNL

zoom.us video



<latexit sha1_base64="cicxBpjWa4v2UQ0yyrYi/xezqXo="></latexit>

The Standard Model E↵ective Field Theory (SMEFT) parametrize the e↵ects
<latexit sha1_base64="YJyRoIs/C/417wAWTnJAMHMu/t8="></latexit>

of New Physics on low-energy observables

<latexit sha1_base64="ziZtkKK47PGF3m3+00/RcvK4eOw="></latexit>

new interactions

<latexit sha1_base64="C+w9fIkGZZIqVcKRgZWedz1SCPA="></latexit>

new particles <latexit sha1_base64="pi/mw2eNCvtn0YYlftDZpF/nVKk="></latexit>

New Physics:
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Y. Liao, X.-D. Ma. Phys.Rev.D 96 (2017) 1, 015012

zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="V1TFZxRpZ0Kfykcv8yeMicgPRFc="></latexit>

• Bosonic currents

<latexit sha1_base64="pdHMg+TyctfhbxwTfoXp9jjvmzM="></latexit>

• Tensor currents

<latexit sha1_base64="3UBQL8SWPYycOw+CxjeEwnVLK7Y="></latexit>

• 4-fermion

<latexit sha1_base64="zqOySGrnEAw1XwxddKWPUFRaLZk="></latexit>

eO↵
LNH

: L↵
eHN(H†

H)

<latexit sha1_base64="vTCbVs2lImH8bqDMNipSalqquR0="></latexit>

eOHN : N�
µ
N(H†

i
 !
D µH)

<latexit sha1_base64="QzviGFR1tgC7F2IJGMjKsUoBVHQ="></latexit>

eO↵
HN` : N�

µ
`↵( eH†

i
 !
D µH)

<latexit sha1_base64="rObzhZbcd9Su/wI8wkMV948y0l4="></latexit>

eO↵
NB :

�
L↵�µ⌫N

� eHB
µ⌫

<latexit sha1_base64="xsX03TUuvJSdOJvsca6QPVgtfQ0="></latexit>

eO↵
NW :

�
L↵�µ⌫N

�
⌧
a eHW

µ⌫
a

<latexit sha1_base64="gRLueFfW3yyoCOKA/ZsSFo+bGWU="></latexit>

Neutral � eO↵
LN : (L↵�µL↵)(N�µN)

<latexit sha1_base64="3QOsUzIOv/Zrln6McTaD/hc/09w="></latexit>

Charged � eO↵
duN` : Z

duN`
ij (di�µuj)(N�µ`↵)

<latexit sha1_base64="rfh8kxW8/4SzP/rwMaKGMkkOLAI="></latexit>

The base of d = 6 e↵ective operators

<latexit sha1_base64="fMiiHlRPpygL1C8zScTrTXjl7gw="></latexit>

bounds on Ci/⇤2 of each operator, assuming one operator at a time

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT

<latexit sha1_base64="KMS3YVPzIyWYfHI4xFq4EX3fg8k="></latexit>

In the following, I assume one HNL with negligible |U↵N |, and study the

zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="FSsCa1t5wApLEHWYPYrT5zpQEdQ="></latexit>

O
↵
LNH

=
C

↵
LNH

⇤2
(H†

H)L↵
eHN

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="FSsCa1t5wApLEHWYPYrT5zpQEdQ="></latexit>

O
↵
LNH

=
C

↵
LNH

⇤2
(H†

H)L↵
eHN

<latexit sha1_base64="awrSorAHoN2Z0K42i8OyYM4TU2o="></latexit>

• – Contribution to mixing

<latexit sha1_base64="xa9Naet4Vz6295uC8zdhN2+Vr+4="></latexit>

After EWSB:

<latexit sha1_base64="wrQ6Uc3Yl0V7k5yy5+1MjX1uNpU="></latexit>

U↵N =

✓
C↵

LNH

⇤2

◆
v3

2
p
2MN

<latexit sha1_base64="Q6jt4W1Np+C3bpoUCmMIorYnmek="></latexit>

Mapping between
<latexit sha1_base64="ZwBWQFRfEYaVG/BRJG2CkSFSzQg="></latexit>

U↵N and C↵
LNH

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="FSsCa1t5wApLEHWYPYrT5zpQEdQ="></latexit>

O
↵
LNH

=
C

↵
LNH

⇤2
(H†

H)L↵
eHN

<latexit sha1_base64="awrSorAHoN2Z0K42i8OyYM4TU2o="></latexit>

• – Contribution to mixing

<latexit sha1_base64="xa9Naet4Vz6295uC8zdhN2+Vr+4="></latexit>

After EWSB:

<latexit sha1_base64="hWLUdx/itOiwmDZtgRRNYsNMkTY="></latexit>

m⌫ =

✓
C↵

LNH

⇤2

◆2 v6

8MN
<latexit sha1_base64="9oDrbSbPZSWFOB8aPaipfsqX2w0="></latexit>

to explain ⌫ masses )
<latexit sha1_base64="SwdrO0mk1/hMnIpAuyB7gB60Oks="></latexit>

More than one HNL needed
<latexit sha1_base64="bYnlNA6kaToJsP+BaqMcPQJ7htg="></latexit>

possible cancellations

<latexit sha1_base64="oUdHF/F1P1fe6YK3yMSA0Qdn4Fk="></latexit>

• – Contribution to m⌫

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="oUdHF/F1P1fe6YK3yMSA0Qdn4Fk="></latexit>

• – Contribution to m⌫

<latexit sha1_base64="uXlfNxelwiZbOS2z5cQNKYNpUes="></latexit>

• – Invisible Higgs decay
<latexit sha1_base64="Zr0K2zoxmtgqHWReVJo7m8Fkxg4="></latexit>

N
<latexit sha1_base64="tLVy9OlBV8Sd8jiCJKIx30imVWg="></latexit>

C↵
LNH

<latexit sha1_base64="3pvbtwHdZ7Xty/fXq2OQrruBdOI="></latexit>

H

<latexit sha1_base64="3mfkuXYoC0WRgcpXa3RFYXhPDb0="></latexit>

⌫↵
<latexit sha1_base64="A9fqACvpMmY6O5b5BscwYXzJ0FA="></latexit>

Higgs signal strength yields to
<latexit sha1_base64="Z8guiImPjSHeOpEv3hiW+QQDUaA="></latexit>

B (h ! N⌫↵) < 0.06 (95%CL)
<latexit sha1_base64="AGYcZ5HvzhAMxaUbNFFuF2Rw2Tg="></latexit>

) bound on C↵
LNH

/⇤2

<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="FSsCa1t5wApLEHWYPYrT5zpQEdQ="></latexit>

O
↵
LNH

=
C

↵
LNH

⇤2
(H†

H)L↵
eHN

<latexit sha1_base64="awrSorAHoN2Z0K42i8OyYM4TU2o="></latexit>

• – Contribution to mixing

<latexit sha1_base64="xa9Naet4Vz6295uC8zdhN2+Vr+4="></latexit>

After EWSB:

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="HOcHDGTuT3Wh2D1TurwayMJWxus="></latexit>

Equivalent bounds on Cµ
LNH

/⇤2 and C⌧
LNH

/⇤2. See back-up slides

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N
<latexit sha1_base64="G3lXoSEVG3OWXtj5RcU8vIjxZz8="></latexit>

Z
<latexit sha1_base64="EquCWtBCGnlH9foQ5yfjXbssQ4w="></latexit>

CHN

<latexit sha1_base64="r8/rtWqdyb5sESGy1hAMyaoY2PU="></latexit>✓
CHN

⇤2

gv2

2cW

◆
N�µNZµ

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="wp/RqVgZUrJm3F7ITkNU2N8PnaI="></latexit>

Neutral pseudoscalar and vector meson decays suppressed in SM )
<latexit sha1_base64="hUPPi7lHHOQvJ/VqyrH6Q4jyyeE="></latexit>

bounds on invisible decay of ⇡0 (NA62) and ⌥(1s) (BaBar) constrain CNH

<latexit sha1_base64="/3cYLy2gVqmWzBTIdrd8B9DrAPc="></latexit>

• – Neutral meson decays

<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="S/HCgNbGtRthu4qYZ02NJkkENuw="></latexit>

The following bounds can be recasted

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N
<latexit sha1_base64="G3lXoSEVG3OWXtj5RcU8vIjxZz8="></latexit>

Z
<latexit sha1_base64="EquCWtBCGnlH9foQ5yfjXbssQ4w="></latexit>

CHN

<latexit sha1_base64="r8/rtWqdyb5sESGy1hAMyaoY2PU="></latexit>✓
CHN

⇤2

gv2

2cW

◆
N�µNZµ

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="omX1C4w0M9CHyDMMSmJY9qyuj5M="></latexit>

DM searches by LEP via ee !   � in the context of EFT
<latexit sha1_base64="qNLZmYqDDpHsiwmKeyQ4hM9ZkbU="></latexit>����
CHN

⇤2

����
2

=

����
Cvec

⇤2

����
2 �vec(ee !   �)

�HN(ee ! NN�)

<latexit sha1_base64="s2nupuOJxFQ9seh2SgSW1uN8ftU="></latexit>

• – Monophoton searches at colliders

<latexit sha1_base64="/3cYLy2gVqmWzBTIdrd8B9DrAPc="></latexit>

• – Neutral meson decays

<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="S/HCgNbGtRthu4qYZ02NJkkENuw="></latexit>

The following bounds can be recasted

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N
<latexit sha1_base64="G3lXoSEVG3OWXtj5RcU8vIjxZz8="></latexit>

Z
<latexit sha1_base64="EquCWtBCGnlH9foQ5yfjXbssQ4w="></latexit>

CHN

<latexit sha1_base64="r8/rtWqdyb5sESGy1hAMyaoY2PU="></latexit>✓
CHN

⇤2

gv2

2cW

◆
N�µNZµ

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT

<latexit sha1_base64="1pOEBW7GzhBM4vq21Bh1flidih8="></latexit>

P. J. Fox, R. Harnik, J. Kopp, Y. Tsai. Phys.Rev.D 84 (2011) 014028

zoom.us video



<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N
<latexit sha1_base64="G3lXoSEVG3OWXtj5RcU8vIjxZz8="></latexit>

Z
<latexit sha1_base64="EquCWtBCGnlH9foQ5yfjXbssQ4w="></latexit>

CHN

<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="r8/rtWqdyb5sESGy1hAMyaoY2PU="></latexit>✓
CHN

⇤2

gv2

2cW

◆
N�µNZµ

<latexit sha1_base64="S/HCgNbGtRthu4qYZ02NJkkENuw="></latexit>

The following bounds can be recasted

<latexit sha1_base64="s2nupuOJxFQ9seh2SgSW1uN8ftU="></latexit>

• – Monophoton searches at colliders
<latexit sha1_base64="g+9H0j5+zGZVXuzULgmx3+sr79w="></latexit>

• – Supernova cooling

<latexit sha1_base64="/3cYLy2gVqmWzBTIdrd8B9DrAPc="></latexit>

• – Neutral meson decays

<latexit sha1_base64="pbfKn0OBRp5x8cp+76LwZcxaguc="></latexit>

⌫ dominant cooling mechanism of core-collapse SN

<latexit sha1_base64="Mr9oPAIAr/JMVP0ulClgXBbLD2k="></latexit>

HNL with small mixing would extract energy from the SM ) upper limit

<latexit sha1_base64="Rf4esD6vloCwJwx29ZpyzIwznk8="></latexit>

HNL with large mixing would be trapped, keeping the energy ) lower limit

<latexit sha1_base64="/6C7GtQbth0wXoVQ9XqXsHju3rM="></latexit>

Depending on MN , �� ! ⇡0 ! NN ) faster cooling ) upper limit

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT

<latexit sha1_base64="KbY4JhGq8KNuvalZaE/u2RlI7mo="></latexit>

W. DeRocco, P. W. Graham, D. Kasen, G. Marques-Tavares, S. Rajendran.
<latexit sha1_base64="9XhMMzI1HAH7/D0nl+jPhYUKd0Y="></latexit>

Phys.Rev.D 100 (2019) 7, 075018

<latexit sha1_base64="SoLAZjWaJ9rb1oPUXLbN7kOaQI4="></latexit>

A.A. Natale. Phys.Lett.B 258 (1991) 227-230

zoom.us video



<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N

<latexit sha1_base64="NlsAK6lZYXQrEYkCYFhJHrrhXYA="></latexit>

N
<latexit sha1_base64="G3lXoSEVG3OWXtj5RcU8vIjxZz8="></latexit>

Z
<latexit sha1_base64="EquCWtBCGnlH9foQ5yfjXbssQ4w="></latexit>

CHN

<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral
<latexit sha1_base64="WeVBY5lNsysvgamGutC7NfDxD38="></latexit>

OHN =
CHN

⇤2
N�

µ
N(H†

i
 !
D µH)

<latexit sha1_base64="r8/rtWqdyb5sESGy1hAMyaoY2PU="></latexit>✓
CHN

⇤2

gv2

2cW

◆
N�µNZµ

<latexit sha1_base64="S/HCgNbGtRthu4qYZ02NJkkENuw="></latexit>

The following bounds can be recasted

<latexit sha1_base64="RGEzVV32+sfTpEXCg89RobW2emc="></latexit>

• – Invisible decay of the Z

<latexit sha1_base64="s2nupuOJxFQ9seh2SgSW1uN8ftU="></latexit>

• – Monophoton searches at colliders
<latexit sha1_base64="g+9H0j5+zGZVXuzULgmx3+sr79w="></latexit>

• – Supernova cooling

<latexit sha1_base64="/3cYLy2gVqmWzBTIdrd8B9DrAPc="></latexit>

• – Neutral meson decays

<latexit sha1_base64="eumfwrHO4tthOYj4m1mS+5JzqmY="></latexit>

Additional contribution to Zinv, measured with high accuracy at LEP

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="lwI/JFWS5tgw34eUWBH0NweQN00="></latexit>

• Bosonic currents: neutral

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged
<latexit sha1_base64="coMwlvpKUOzgZEECDO+ZyZb/CoM="></latexit>

O
↵
HN` =

C
↵
HN`

⇤2
N�

µ
`↵( eH†

i
 !
D µH)

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged
<latexit sha1_base64="coMwlvpKUOzgZEECDO+ZyZb/CoM="></latexit>

O
↵
HN` =

C
↵
HN`

⇤2
N�

µ
`↵( eH†

i
 !
D µH)

<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="Do5PWjqjAju/95e+besBaMRdEtE="></latexit>✓
C↵

HN`

⇤2

gv2

2

◆
N�µ`↵W

�
µ + h.c.

<latexit sha1_base64="j1izwX283O+J/iQaCPK5kM4gTcI="></latexit>

`↵
<latexit sha1_base64="rrBFS6OkRFlcTNQQtf8zCgiLxlU="></latexit>

W�

<latexit sha1_base64="h84AuqIpOF6qIAbTUG9H/GLEdlA="></latexit>

N

<latexit sha1_base64="FFcfFScMhUg40kyPlyJNcIKWv78="></latexit>

C↵
HN`

<latexit sha1_base64="4jgaOUus4DW0RtabjTR3Xz8oAAg="></latexit>

UCC

↵N ⌘ C↵
HN`v

2

p
2⇤2

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="JgTyvbrjxfZtE4GgCZqo8MjLH7o="></latexit>

Nev = �̂mix|U↵N |2 = �̂e↵|UCC

↵N |2 )
����
C↵

HN`

⇤2

����
2

=
2

v4
|U↵N |2

<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged
<latexit sha1_base64="coMwlvpKUOzgZEECDO+ZyZb/CoM="></latexit>

O
↵
HN` =

C
↵
HN`

⇤2
N�

µ
`↵( eH†

i
 !
D µH)

<latexit sha1_base64="CicqLA4zpuYd6uDXWN/NNshfLEQ="></latexit>

after����!
EWSB

<latexit sha1_base64="Do5PWjqjAju/95e+besBaMRdEtE="></latexit>✓
C↵

HN`

⇤2

gv2

2

◆
N�µ`↵W

�
µ + h.c.

<latexit sha1_base64="j1izwX283O+J/iQaCPK5kM4gTcI="></latexit>

`↵
<latexit sha1_base64="rrBFS6OkRFlcTNQQtf8zCgiLxlU="></latexit>
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• – Bounds from peak searches ) HNL searches via CC meson decay

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video
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• – Bounds from colliders ) HNL searches via W decays
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<latexit sha1_base64="9p33MYJlIRPHI0YuQ66UBRa30Ps="></latexit>

• – Bounds from colliders ) HNL searches via W decays
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• – Bounds from CC lepton decays `↵ ! `�⌫�N

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT zoom.us video



<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged
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Bounds on ⌫-SMEFT
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2. See back-up slides
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The DUNE ND could test large part of the HNL parameter space.

<latexit sha1_base64="ltu51EsspbswnBQnORSmmvaDCPM="></latexit>

<latexit sha1_base64="f8qoWoJlL8+QM/Sn6JBgUF4Kris="></latexit>

Depending on HNL mass range, very di↵erent bounds on |U↵N |2 apply.

<latexit sha1_base64="CBmB3KRr+WSXdu0foIr4j/dcaVM="></latexit>

Neutrino masses are one of the most promising open windows for NP.

<latexit sha1_base64="ZgYcRQALfHJAPqCeiG5FfUoMROc="></latexit>

The expected sensitivity to HNLs of DUNE ND has been simulated by using
<latexit sha1_base64="fQWKNWwNvKZhfnv5GqfCm4tQ++Q="></latexit>

a FeynRules model file describing HNL interactions with mesons.

<latexit sha1_base64="UDajyOHqRCc682Tg6tK4Pnje+4A="></latexit>

E↵ective operators can be very useful to describe NP involving HNLs.
<latexit sha1_base64="HBt81dp6v15T308YauvKOi1wud8="></latexit>

Present laboratory searches constrain d = 6 Wilson coe�cients of ⌫-SMEFT.

<latexit sha1_base64="PM7JgcKAkr5AGN3zPS/E+gtGRIc="></latexit>
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E↵ective operators can be very useful to describe NP involving HNLs.
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Present laboratory searches constrain d = 6 Wilson coe�cients of ⌫-SMEFT.
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• Vector mesons
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The vector component of the Z current
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Effective Mesons and HNL Interactions
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The e↵ective operators in configuration space
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• Vector mesons
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� Charged mesons: ⇢±,K⇤,±
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The charged vector meson, and the vector component of the W currents
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The e↵ective operators of the charged vector mesons in configuration space
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Effective Mesons and HNL Interactions
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f⇡ = 0.130 GeV
<latexit sha1_base64="mbzgjDT6a3UdH7SgXPIQc2vQuEI="></latexit>

fK = 0.156 GeV
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• Pseudoscalar mesons
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� ⇡,K,D and Ds decay constants precisely measured

<latexit sha1_base64="2LeOdPc33Aw3n1qwywXHLLgQC14="></latexit>

Particle Data Group, M. Tanabashi et al., Phys. Rev. D 98 2018 030001

<latexit sha1_base64="jIjYStwMeXI7TbHnyIXQQcOt48k="></latexit>

Determining Meson Decay Constants
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• Pseudoscalar mesons
<latexit sha1_base64="ux2de/1dKIWKl6idJKPgAk27yM4="></latexit>

� ⇡,K,D and Ds decay constants precisely measured
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� ⌘ and ⌘0 are not interaction eigenstates ) e↵ective constants are employed
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R. Escribano, S. Gonzalez-Solis, P. Masjuan and P. Sanchez-Puertas,
<latexit sha1_base64="K3REoVSX8vG8nmpa2OyiUCJTEG0="></latexit>
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2) MadGraph events of HNL production via meson decays

⇡ K ⌧ D Ds

P
+/PoT 6.3 0.54 1.1 · 10�7 5.4 · 10�6 1.5 · 10�6

P
�/PoT 6.3 0.24 1.4 · 10�7 9.3 · 10�5 2.2 · 10�6

Table 3: Average number of positive and negative parent mesons and ⌧ leptons P per
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neutrinos of the parent mesons (⇡, K, D and Ds) produced in the target. Moreover, since

the D and Ds decay very promptly and have sizable branching ratios to ⌧ leptons, a sig-

nificant ⌧ production rate is expected. This provides an additional production mechanism

for HNL masses below the ⌧ mass controlled by |U⌧4|
2, allowing DUNE to significantly

improve the sensitivity to this more elusive mixing matrix element. All decay modes of

the ⌧ could allow to produce a HNL in the final state, provided that it is kinematically

allowed. Nevertheless, we have opted to conservatively consider only the ⌧ decay modes
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↵N4⌫̄. Unlike for the production from meson decays,

we did not provide their explicit expressions in Sec. 4, since they would be the same as for

the corresponding N4 decays in Eqs. (5.6), (5.4) and (5.13), respectively. The decays with

3 or more mesons in the final state have been neglected since the phase space is reduced

for the production of a massive particle and the simulation of the HNL kinematics is more

challenging for these channels (see Sec. 5.3).
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0
N4 is simulated via the approximation ⌧
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0 as discussed in the text.

Once we have obtained an expected flux of HNL entering the detector, this is then

matched to the 22 di↵erent decay modes into SM particles studied in Sec. 5 (and shown

in Figs. 1 and 2) according to their corresponding branching ratios to obtain the expected

signal at the detector.

In the remainder of this section we first illustrate the impact on the detector acceptance

due to the boost of the HNL, and then we compute the expected number of heavy neutrino

decays inside the DUNE ND to estimate its sensitivity.
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production from K+

<latexit sha1_base64="FfaVLEPLbXcRnxpBv9w2+lUqZls="></latexit>

HNL fluxes pointing ND

<latexit sha1_base64="fPbGjJaKVO1P+V+S7KlBdLpamks="></latexit>

Each MG event matched to one K+ in the histogram and boosted to the
<latexit sha1_base64="D1oDCmXqkgGJTdrFnTdn4IOUWa4="></latexit>

lab frame (LF). If HNL pointing the DUNE ND, is storaged.

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

|Ue4|2

<latexit sha1_base64="gyZMQj7Lp7eUA6XKFjO1/ae5n90="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="q0NnGLC8x9xwihHG9/0EDQNG1Oo="></latexit>

Example: DUNE ND sensitivity to HNL from K+
decays

<latexit sha1_base64="YK/FoJWcyY/skm2ZDXsqAWCkaaM="></latexit>

Step 1: HNL production

<latexit sha1_base64="VOdazC2h5t5g1dMnC+a0+dmLEPM="></latexit>

1) K+ fluxes
<latexit sha1_base64="yLWpbT467n8hP2qZ2GkKiK7FXhw="></latexit>

2) MG events of HNL
<latexit sha1_base64="i9T6KVb2K/SIMjllet17JyzCOmg="></latexit>

production from K+

<latexit sha1_base64="FfaVLEPLbXcRnxpBv9w2+lUqZls="></latexit>

HNL fluxes pointing ND

<latexit sha1_base64="fPbGjJaKVO1P+V+S7KlBdLpamks="></latexit>

Each MG event matched to one K+ in the histogram and boosted to the
<latexit sha1_base64="D1oDCmXqkgGJTdrFnTdn4IOUWa4="></latexit>

lab frame (LF). If HNL pointing the DUNE ND, is storaged.

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



<latexit sha1_base64="6pEeIbL2vFxYEv5/Irm+1ONmL7c="></latexit>

Step 2: HNL decay

p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

|Ue4|2

<latexit sha1_base64="gyZMQj7Lp7eUA6XKFjO1/ae5n90="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

⌫

<latexit sha1_base64="uWCVsKu5xhk5iyhOW4biWCjH2Eg="></latexit>

e+

<latexit sha1_base64="MyoXNxJZFZwlqrj5Lx4hGmBMxEY="></latexit>

e�

<latexit sha1_base64="nRJrqsf08YKZ3p8Y5HcW/a5i3cg="></latexit>

|Ue4|2

<latexit sha1_base64="gyZMQj7Lp7eUA6XKFjO1/ae5n90="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="YK/FoJWcyY/skm2ZDXsqAWCkaaM="></latexit>

Step 1: HNL production

<latexit sha1_base64="VOdazC2h5t5g1dMnC+a0+dmLEPM="></latexit>

1) K+ fluxes
<latexit sha1_base64="yLWpbT467n8hP2qZ2GkKiK7FXhw="></latexit>

2) MG events of HNL
<latexit sha1_base64="i9T6KVb2K/SIMjllet17JyzCOmg="></latexit>

production from K+

<latexit sha1_base64="q0NnGLC8x9xwihHG9/0EDQNG1Oo="></latexit>

Example: DUNE ND sensitivity to HNL from K+
decays

<latexit sha1_base64="FfaVLEPLbXcRnxpBv9w2+lUqZls="></latexit>

HNL fluxes pointing ND

<latexit sha1_base64="7a8bjpPzGI6CEWPKsdWXP399GzE="></latexit>

3) MG events of HNL decay

<latexit sha1_base64="MNhEs7xEG95Zd2r0QaSPFbUji1I="></latexit>

Each MG event matched to one HNL in the histogram and boosted to LF.

<latexit sha1_base64="SyWw8BjWUW2LrjAw3JFFJyKgQHc="></latexit>

HNL + decay
<latexit sha1_base64="alFfI9wj5hdvygAEi6iAYlVhZ2o="></latexit>

products
<latexit sha1_base64="V1w4akDfGn3bO7SsFqHrNTmzukQ="></latexit>

inside ND
<latexit sha1_base64="4vX2R0WjJK1BVbjHjKe5S4/TvWU="></latexit>

into SM

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



<latexit sha1_base64="6pEeIbL2vFxYEv5/Irm+1ONmL7c="></latexit>

Step 2: HNL decay

p

<latexit sha1_base64="GqLjGiDCFhBZgvtO/LEpQAxOoFA="></latexit>

K+

<latexit sha1_base64="5i+t6NHZQ9u6thdifYHW1ZOW7po="></latexit>

target

<latexit sha1_base64="H70LwdhRLdC8lxrp7RNfDzB3B5s="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

|Ue4|2

<latexit sha1_base64="gyZMQj7Lp7eUA6XKFjO1/ae5n90="></latexit>

N

<latexit sha1_base64="YEBCmKUTeoAgQOb0H9dbv6OTj1I="></latexit>

⌫

<latexit sha1_base64="uWCVsKu5xhk5iyhOW4biWCjH2Eg="></latexit>

e+

<latexit sha1_base64="MyoXNxJZFZwlqrj5Lx4hGmBMxEY="></latexit>

e�

<latexit sha1_base64="nRJrqsf08YKZ3p8Y5HcW/a5i3cg="></latexit>

|Ue4|2

<latexit sha1_base64="gyZMQj7Lp7eUA6XKFjO1/ae5n90="></latexit>

<latexit sha1_base64="243y1FVrl1iLswuIZ2pmuR7aG44="></latexit>

ND-GAr

<latexit sha1_base64="YK/FoJWcyY/skm2ZDXsqAWCkaaM="></latexit>

Step 1: HNL production

<latexit sha1_base64="VOdazC2h5t5g1dMnC+a0+dmLEPM="></latexit>

1) K+ fluxes
<latexit sha1_base64="yLWpbT467n8hP2qZ2GkKiK7FXhw="></latexit>

2) MG events of HNL
<latexit sha1_base64="i9T6KVb2K/SIMjllet17JyzCOmg="></latexit>

production from K+

<latexit sha1_base64="q0NnGLC8x9xwihHG9/0EDQNG1Oo="></latexit>

Example: DUNE ND sensitivity to HNL from K+
decays

<latexit sha1_base64="FfaVLEPLbXcRnxpBv9w2+lUqZls="></latexit>

HNL fluxes pointing ND

<latexit sha1_base64="7a8bjpPzGI6CEWPKsdWXP399GzE="></latexit>

3) MG events of HNL decay

<latexit sha1_base64="MNhEs7xEG95Zd2r0QaSPFbUji1I="></latexit>

Each MG event matched to one HNL in the histogram and boosted to LF.

<latexit sha1_base64="SyWw8BjWUW2LrjAw3JFFJyKgQHc="></latexit>

HNL + decay
<latexit sha1_base64="alFfI9wj5hdvygAEi6iAYlVhZ2o="></latexit>

products
<latexit sha1_base64="V1w4akDfGn3bO7SsFqHrNTmzukQ="></latexit>

inside ND
<latexit sha1_base64="4vX2R0WjJK1BVbjHjKe5S4/TvWU="></latexit>

into SM

<latexit sha1_base64="TYvQK5Mgx1B39BrrNQXmwBEBhrQ="></latexit>

Repeat Step 1 and 2 for all the mesons assuming di↵erent M4 and |U↵4|2.

<latexit sha1_base64="iecPnmdbjd7NqA91rIsiFUskgew="></latexit>

✓N , �N

<latexit sha1_base64="DnQ6GCDyCwS1knhfP4dv4f/v9tQ="></latexit>

HNL Flux Simulation zoom.us video



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT



<latexit sha1_base64="8rVrNXIb61eWC+M+F8A/E3zFwy8="></latexit>

• Higgs-dressed mixing

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT



<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT

<latexit sha1_base64="ov2j2DLyVlpjaKQ0O6Pnl7C6U4U="></latexit>

Equivalent bounds on Ce
HN`/⇤

2 and C⌧
HN`/⇤

2. See back-up slides



<latexit sha1_base64="gOvKSH3suiYw023C8/an7P9HoW0="></latexit>

• Bosonic currents: charged

<latexit sha1_base64="s6fLx/Qr8fYsQNS+pDVcqohZYrc="></latexit>

Bounds on ⌫-SMEFT



<latexit sha1_base64="WtKsStQ6VmrJiKCQLkFvIWt90dE="></latexit>

120 GeV protons

<latexit sha1_base64="WtKsStQ6VmrJiKCQLkFvIWt90dE="></latexit>

120 GeV protons

<latexit sha1_base64="cN6Fh48nQ1Gxdwd1cVuih7ChUvQ="></latexit>

Meson production: ⇡±, K±, D± & D±
s

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="PxmmlFUGhwtpamSwDfRKGPQlMuI="></latexit>

Absorber

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="T5NrKTyxMIqXbi3ph/SXs55CqyI="></latexit>

⌫/⌫ beam

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="xODEuwf0VncdExQq1tqdIE0YRug="></latexit>

↵ = 0.101 rad

<latexit sha1_base64="kv8y/abUpHhcuS67LwtM85T3V0w="></latexit>↵

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="i3Mr8RgD06TrrNFXTG2m0+G0EsE="></latexit>

Near Detector (ND)
<latexit sha1_base64="hJmjVekaktN+CtYnUfiMb5qsiL0="></latexit>

(ND) complex

<latexit sha1_base64="m5/aiWawNxwxt8aevgJWTR1s2lQ="></latexit>

SAND
<latexit sha1_base64="FJv8YWV+WeXAqYU83rq2e3xYB3U="></latexit>

MPD
<latexit sha1_base64="pPi6i23Xgpochu2djE3U3VAibgw="></latexit>

ArgonCube

<latexit sha1_base64="3VSeFuRiegPsX9SC5xYkIDNgSnw="></latexit>

� ArgonCube: LArTPC rectangle of (7, 3, 5) m
<latexit sha1_base64="DBGmvrA3fCx/HRHGvBsHsMIZ0HE="></latexit>

� MPD: HPgTPC + ECAL in a 0.5 T magnetic field cylinder of (5, 5) m
<latexit sha1_base64="3DZETaFM1yY45K7tKb545XAOjMM="></latexit>

� SAND: on-axis beam monitor

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="i3Mr8RgD06TrrNFXTG2m0+G0EsE="></latexit>

Near Detector (ND)
<latexit sha1_base64="hJmjVekaktN+CtYnUfiMb5qsiL0="></latexit>

(ND) complex

<latexit sha1_base64="3VSeFuRiegPsX9SC5xYkIDNgSnw="></latexit>

� ArgonCube: LArTPC rectangle of (7, 3, 5) m

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="i3Mr8RgD06TrrNFXTG2m0+G0EsE="></latexit>

Near Detector (ND)
<latexit sha1_base64="hJmjVekaktN+CtYnUfiMb5qsiL0="></latexit>

(ND) complex

<latexit sha1_base64="DBGmvrA3fCx/HRHGvBsHsMIZ0HE="></latexit>

� MPD: HPgTPC + ECAL in a 0.5 T magnetic field cylinder of (5, 5) m

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="i3Mr8RgD06TrrNFXTG2m0+G0EsE="></latexit>

Near Detector (ND)
<latexit sha1_base64="hJmjVekaktN+CtYnUfiMb5qsiL0="></latexit>

(ND) complex

<latexit sha1_base64="vUsZKGxAdobMz+/Sl2LY2Fczyys="></latexit>

SAND: on-axis beam flux monitor

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video



<latexit sha1_base64="i3Mr8RgD06TrrNFXTG2m0+G0EsE="></latexit>

Near Detector (ND)
<latexit sha1_base64="hJmjVekaktN+CtYnUfiMb5qsiL0="></latexit>

(ND) complex

<latexit sha1_base64="Kk9nhOsaK6gAR2rFfkaaI5CeOGg="></latexit>

O↵-axis measurements with ArgonCube + MPD ) (DUNE-PRISM)

Introduction to HNL

<latexit sha1_base64="CU3xwUbXtEnaHoR/8XTwvqim5uY="></latexit>

zoom.us video


