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type-i seesaw mechanism

extend standard model with sterile field N.
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extend standard model with sterile field N.
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type-i seesaw mechanism
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state of the art at the LHC
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looking toward the future
FCC-hh and SppC



prospects at future colliders
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event density
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the naive seesaw is not
collider-accessible



the naive seesaw is not
collider-accessible

second hnl + symmetry



symmetry-protected seesaw

exact ln symmetry
high scale
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small coupling Tow scale symmetry protected collider-accessible
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experimentally testable
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symmetry-protected seesaw

approximate ln symmetry
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pseudo-Dirac
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what about ln violation?



what plane-wave gft tells us

regime: symmetric symmetry-protected no symmetry protection
HNL: Dirac pseudo-Dirac double-Majorana
LNV: suppressed by O(Am/m) large
- — ~N — ™~

Am: 0 O(m)

~
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what plane-wave gft tells us

regime: symmetric symmetry-protected no symmetry protection
HNL: Dirac pseudo-Dirac double-Majorana
LNV: suppressed by O(Am/m) large
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not a complete picture!
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heavy neutrino-antineutrino oscillations
pseudo-Dirac pair contains two mass eigenstates
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= +
m% mN_ 5

Interference during resonant propagation
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heavy neutrino-antineutrino oscillations
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heavy neutrino-antineutrino oscillations

“Dirac” pseudo-Dirac double-Majorana
: AMm«<T—->R=0 Am~T - 0<R<1 A>T > R=1
Am =0.5T Am =5T Am =50T
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decaying oscillations

Pi(T) = Pdecay(T) osc(T)
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heavy neutrino-antineutrino oscillations

“Dirac” pseudo-Dirac double-Majorana
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time-integrated behaviour

In-conserving £*¢* events In-violating £*¢* events

Noc = Oge x Liny & f P*(T)dT N.. =0 x Lipy & f P (T)dt
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heavy neutrino-antineutrino oscillations
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heavy neutrino-antineutrino oscillations

regime: symmetric symmetry-protected no symmetry protection
HNL: Dirac pseudo-Dirac double-Majorana
t-channel: suppressed by O(2m/m) large at amplitude level
e —- ~N —- ™~
Am: O r O(m) \
= - P
s-channel: small-R large-R large at amplitude level

oscillation-enhanced
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heavy neutrino-antineutrino oscillations
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heavy neutrino-antineutrino oscillations
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decoherence can damp quantum oscillations
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heavy neutrino-antineutrino oscillations
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heavy neutrino-antineutrino oscillations
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heavy neutrino-antineutrino oscillations

regime: symmetric symmetry-protected no symmetry protection
HNL: Dirac pseudo-Dirac double-Majorana
t-channel: suppressed by O(2m/m) large at amplitude level
e - ~ — IR
Am: 0 r Am, O(m)
-

oscillation-dominated small-R  large-R damping-enhanced large at amplitude level

s-channel:  ,qqjilation-enhanced
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back to colliders!



sensitivity to pseudo-Dirac hnls

collider-accessible = symmetry-protected

J
pseudo-Dirac hnls
J
damped oscillations
J
In violation interpolates between Dirac and Majorana limits

o(R) 1 1+ Am < T
e R E SR T TS P11 ams T
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reinterpreting existing bounds

exclusion of Ln-violation typically, we are provided with
s{m ,é,R S 5 5
Z= ( \"’/_ )>20—> 6(m,, R) 6,(m,) = 6(m,,R=1)
b
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reinterpreting existing bounds
exclusion of Ln-violation typically, we are provided with
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solve for 0
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reinterpreting existing bounds
exclusion of Ln-violation typically, we are provided with

s(m,, 0, R)
Jb

/=

>20 — é(mN,R) éo(mN) = é(mN,R = 1)

solve for 0

: - s(my.6.R)  2r
s(m,,6,R) = s(m,,6,,1) Cosir) = S(mN é ) - - +rre A
N’ !
small-coupling |§|2 < 1 . |é|2 _ ‘50‘2
damping-enhanced T 2 Am, 1-e

24 [ 29



2
16,

10°

107"

1072

1073

107

107

107®

———————

//////

~~~~~

FCC-hh LHC

mm | N-violating s-channel (u*ptjj)

= LN-violating s-channel (u*p*f%) |

LN-violating t-channel
“.non-perturbative R=0.9

| | | | | | |

1 |
10*

Am/eV

— 0.5

— 10




Am/eV

o ____________________________________________________________________ 0.1
10 X
<D
¥
..... :‘
P T D D L L :: — 0.2
107" P 0:
: -
___________ g 7 es
107 |-
10—3 ———————————— 4 — 2
10 j,’/:’ff Wil 1]
1 10
W NN e FCC-hh LHC
10° -~ we= LN-blind ]
’ = = |N-violating s-channel (u*p%jj) | _| 5o
= LN-violating s-channel (u*p*f%) |
- LN-violating t-channel N
_ “.non-perturbative R=0.9
-6 i \ \ \ \ \ \ \ \ | \ \ \ \ \ \ \ \ | _
10 102 103 104

m, [GeV



Am/eV

100 ............................ 0.1

10 AR

7777777

’ 8 2
- ’ - B
[ A a
7 - 2 —
- 7/ 2 .
- = A= E , i
v

1072

———————

107

PR

1 =10

] W N FCC-hh LHC
107 A N -~ e LN-blind ]
’ = wm |N-violating s-channel (u*p%jj) |
= LN-violating s-channel (u*p*f%) |
- LN-violating t-channel
“.non-perturbative i R=0.9

107®

'102 10° 104
m, [GeV



2
6,

‘100E
10'1§
10'25
1073
background-only n=»>b
L pseudo-Dirac n=s(R)+b
- double-Majorana n=s(1)+b
10-55 m, [GeV
—10* —LN-violating
—10% --- pseudo-Dirac
—10? LN-blind
1 0-160_1 100 10 Am

Am/eV

102



Am/eV

0 — 40
10 X
<D
¥
.......... “
5
s ::Q —{30
o o, S :
107 1 —20
1073 ]
107 {10
FCC-hh LHC
105 R --- mmm LN-blind E
= wmm LN-violating s-channel (u*p%jj) |
= LN-violating s-channel (u*p*f%) |
- LN-violating t-channel
“.non-perturbative i R=0.9
-6 . . i K WS B . . . . . . L . . . . . . L 15
10 102 103 104

m, [GeV



FLASY2026
12th Workshop on Flavor Symmetries
and Consequences in Accelerators and Cosmology

FCT 2024.00923.BD DOI: 10.54499/UID/00777/2025

— ¢ : . PORTUGAL
~F X5 Universitéit s (Y repuBuca  COMPETE ”
%E Basel fuza s Sitnta PORTUGUESA 2020 'a 2020



https://arxiv.org/abs/2606.25982
https://arxiv.org/abs/2606.25982
https://arxiv.org/abs/2606.25982/
https://indico.ibs.re.kr/event/1260/
https://indico.ibs.re.kr/event/1260/
https://indico.ibs.re.kr/event/1260/
https://doi.org/10.54499/2024.00923.BD
https://doi.org/10.54499/UID/00777/2025
http://cftp.ist.utl.pt/
https://particlesandcosmology.physik.unibas.ch/en/
https://www.fct.pt/
https://portugal.gov.pt/
https://www.compete2020.gov.pt/
https://portugal2020.pt/

Appendix




m, [GeV

9 102 10° 104 Am/[ev
10 y — — —
- : Am \? R f
o with r =(— |7
[ 1
! 22 E
— 10 — 10
107 1
| —5
/2 17
10-1 |
12
107 E
131
1 o5
107 1
107 | —02
10'6 L1l Mol S \\\\\d“)\‘\u\“ \V\‘\ Lol N R Ll L1l — — 0.1
102 10* 10° 10° 107 108 10°

ry/ev



107

1073

1072

107"

12

107

107

m, [GeV
10°

10°

R(0,A) =tanh = with A =

Am

Am/\

ARY
TR
N N NIRRT AN N \‘\\\\\\ NN
\ \ NETRR R N \\\\\\\\ \ \\\
\ N AN N NESESARN N
ARNAY \ N
\\ \\ \\\\\\\\\ N RS N
NESRAR \ RS N
N VA \ R \
\ AT RN AN NERAROAY A
AR \ AN \
\ A REENNENARN TR N
\ \
\ AN \ NESRRAN N
AN < X \
N \ \\\\\\\\\ \\ [T NN N \\\
N RN
N NN N TN Noov
N DTSN N RS N
NN N \ \
NN 2 \ RSN N
\ N RN N \ \
N \ NESEONR \ RN N
A RS N NERRNNY AN
\ \ N \ \
\ AR RN \ RSN NN
M) \ \
N N TSN \ AR N
\ ANERNENESENRAAN N VA NI
L L IN NN IO RN Lo
| (AN N ) LN AN | Y N |




107

1073

1072

107"

12

107

1072

1073

107

107

m, [GeV

10° 10*

0,A

o-onNnhanco .
s Clinialiccyu b
- 4

104 10° 108 107 108 10°




m, [GeV

10°

107

1073

1072

simulation calculation

107"

12

107

Y

1073

1074 f

Sk "
NN

A
. . . . . . . . . .
X A X X I T S
A A A A A A A A A A
. n . . . . . . . .

— . . . .
PRI X A A
— A A A
— . . . .

107 F

—
L L L .
X X X .
n n . .
N
N
\
NI
AN
NN
Moov
Yooy
AN N L
IR
Noov
oo
8 NN
SRS Noov
AR AR
RN \
IR N
N
NS \
NN N
RN \
AR \
NN

. . s . .
X A A A .
A n h L A
. . s . .
\
\
RN
Y Mol

1076

107 108




oscillations in kinematic observables

forward-backward asymmetry opening angle asymmetry
(lab frame) (hnl frame)
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oscillations in kinematic observables
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