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Beyond the SM & Heavy Neutral Leptons

Common feature of BSM constructions: SU(2), x U(1), singlet fermion fields Ny

Majorana mass is allowed
Rational for smallness of neutrino masses (seesaw Mechanism) [Talk K.S. Babul

Need at least two to explains oscillation data [Talk M.C. Gonzalez-Garcid]

All values of My are technically natural

HNL »
o ' e
[Talk M. Hostert] [Talk Tomoko Arigal]
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Beyond the SM & Heavy Neutral Leptons

Common feature of BSM constructions: SU(2), x U(1), singlet fermion fields Ny

Majorana mass is allowed
Rational for smallness of neutrino masses (seesaw Mechanism)

Need at least two to explains oscillation data

Focus of this talk
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T T S A
can be produced in high infensity accelerators by meson decays
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Meson Decay Data
-



Production By Pseudo-Scalar Meson Leptonic Decays

M* - N+ /£*  =e,u (1) M=n K, D,B

Experiments differ by: energy and intensity of the beam, target material, meson(s) and decay modes selected, detector

Most Relevant Experiments in the 50 MeV-few GeV mass range

eTINA(1992)/PIENU(2018) @ TRIUMF 10°/10” z* —» et + N decay at rest
50 < my,/MeV < 130

eCHARM(1986)/BEBC(1986) @ CERN ~ 2 x 10'® POT (each)
D* - =+ N decays-in-flight 250 < my/MeV < 2000

e NuTeV (1999) @FNAL ~ 3x 10'® POT
D* K* - u*+ N decays-in-flight 200 < my/MeV < 2000
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Production By Pseudo-Scalar Meson Leptonic Decays

M* > N+ ¢*  =e,u, (1) M=n=K,D,B

Experiments differ by: energy and intensity of the beam, target material, meson(s) and decay modes selected, detector

®E949 (2009) @ BNL ~ 10'? stopped K™
180 < my/MeV < 300

oT2K (2019) @ J-PARC  ~ 12.34(6.29) x 10°° POT in neutrino (antineutrino) mode
K* - ¢*+N decays-in-flight 140 < m,/MeV < 493

Proton Beam Horn

Tunnel
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Production By Pseudo-Scalar Meson Leptonic Decays

M* > N+ ¢*  =e,u, (1) M=n=K,D,B

Experiments differ by: energy and intensity of the beam, target material, meson(s) and decay modes selected, detector

oNA62 (2020) & (2025) @ CERN
~ 102 K* decays in flight in fiducial volume

144 < my/MeV < 462

~ 10'2 z* decays in flight in fiducial volume
95 < my/MeV < 126

B+ — N + f_l_ BO — K*O + 1nv this is the only collider experiment
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How do they detect N 7

Visible Searches : CHARM(1986), BEBC(1985), NuTeV(1999) T2K(2019)

CHARM D* 5 ¥+ N  only 3-body decay modes
BEBC 2 and 3-body decay modes

NuTeV 3-body with a final state u Decay modes @T2K/ND280
14%10 2}1 2«?15 3?8 4?3 . M
T2K K+ + N — e*nT U2[MeV/c”

— :
T N TN > I’MS Near Detector K* 5 u=N N — ,uiﬂ':F Uﬁ

Proton Beam Horn ' : Kty N N = u M—;‘:e,r Ue2 4 Uz
N—=utp v, U;%

N—ete Vunr Uz + U?
N —ee ve Uf
N — ,uie??e U;%
N —etutv, U;

| depends on the model
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How do they detect N 7

Invisible Searches : TINA(1992), PIENU(2018), E949(2009), NA62(2020,2025)

TINA/pIENU 71-"' —> N+ e"' e+ = 69.8 MeV
E949 Kt—>N+u" E,.=258.2 MeV

NAG62 M™—> N+e M=K,nx
:;5107— : Data | ::\;107_ t Data [ |nt—e
— ° - __|n*—e*v [ Early p* decay 2 F - |K*=e'v [l ntoutv
E‘ STRAW CHOD 8 l l B o'y Il K -pty (2 1 B K*—p*v | | Early u* decays
| = MUV1,2 § . l l S
y ] O Iron o 10°% - ‘:3, 10°
| rareet crac L OTK R'C“ MUV3 S f o |
e SAC = 5
0 1 t==1:}—“.“ CHANTI ) §’ I%:
Il. w :
RICH 10 10 g
e i
| IRC| Dump
2 LK 6
10¢ 104F
160 1.';0 260 ?.éO
<im; Cl

i l L l 1 1
-0.005 0 0.005 0.01 0.015 0 0.05 0.1 0.15 0.2
m2,.. () [GeVZ/c?] m2,...(K) [GeV?/c?]

do the analysis for several HNL mass hypothesis
7/ /P m2... = Py — Pp)’
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How do they detect N 7

Charged Meson Decay Ratios

[Shrock (1980, 1981)]
[Bryman, Shrock (2019)]

BMM — ev,)

BM — N < My — R>MM)) =
RN/I/{(M) — ( e ) mN ~ mM mf el ( ) %SM(M IR //”/ﬂ)

Rj,y(n) = (1.2352 £ 0.0001) x 10~

ROM(K) = (2.477£0.001) x 107

]
RZ;P( K) = (2.488 £ 0.009) x 10> [Cirigliano, Rosell (2007)]
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Scenario I: Flavor Mixing



HNL by Active-Sterile Mixing

Extend the SM particle content by a single HNL
L, = SM lepton doublets

— My, - H = SM Higgs doublet
Fsu +iNON'—( =—~N°N'+ ) Y,L,HN +h.c. ) _
2 p H=i"H N°=CN'
seesaw Lagrangian (d=4)
£=e,urt charged current o+
3
Vel = ZUfiViL+ Uy N° M

=1 mass eigenstates

flavor eigenstates

N fakes part in any process SM neutrinos appear

R. Zukanovich Funchal 12



d > >
44
S5 Unitarity »
N
Super-Allowed B decd = >
(BRYMAN-SHROCK) ATLAS tt
(2024) |44

> >
CMS ““““‘ E

s®
\ (2024-11) ‘””“u -
T \ e ® =
CHARM ATLAS § /} “.-““‘ -
-, , (2022) - L A -
(EMA ET AL) ‘ ' qun®® —_—
e Rl =
o | w0005 : : -
o TRIUMF | BEBC ...--""'depends on the nuclear matrix element calculation N

at
(BAROUKL g4 et =
T L L L “““ Oyﬁﬁ 2 2 E
‘ UN ‘ ‘ TN ‘ E
a -
_ Cosmology _
—10

L N\ -=
10 E | | AN | | Lo | A W | Lo | | I | | I

Best Active-Sterile Mixing Limits

1073 mr? 101 100 T 10*
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[Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia, Hostert and Lopez-Pavon (2023) (updated)]
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Scenario II: Minimal Left-Right
Symmetric Model



HNL in tThe mLRSM

[Pati, Salam (1974)] [Mohapatra, Pati(1975)]
Minimal Left-Right Symmetric Model (MLRSM)  [Mohapatra, Senjanovic (1975)(1980).(1981)]

SU2), X SU2)p X U(1)p_; vevs
scalar sector: ¢  bi-doublet K1, K
Agp; triplet VR> VL

fermion doublets:

%
Ly = (Lﬂ)
L

gauge sector:

2 neutral bosons - Z;, Zp

2 charged bosons - W;-, W

Vi, K1, K

SUR2); X SUQ2)p X U(1)p_; => SU2), x Uy = U(l)y, vi>ki+K =V > v

R. Zukanovich Funchal 15



V+A Current Domination

if £ =x,/k; = 0 then W; & W, do not mix

14 RZi
MT M*
Wi Vi Wg Vi

two charged current contributions

2 4 4
i g
We consider Uy |? < (_) _ - 7% 10-8 (@)
Gr My, 8L My, 8L
can recast limits as 4 4
. o . 5L 2 SR .
active-sterile mixing domination | UKN‘ — RH current domination
mWL mWR

assuming N;, N,, N; are degenerate in mass

R. Zukanovich Funchal
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Limits on my,

5
] - only 2-body decay modes can be considered
=
< I
aw i
= I
S i " Visible Searches
1o " Invisible Searches
] . Meson Decay Ratios
- 9L = R
20 l I I l | | I I | I I I I |
0.09 0.1 0.2 0.0 1
[G.F.S. Alves, C.S. Fong, L.P.S. Leal, RZF (2024) (updated)] 11 N [GGV]
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Limits on my,

LHC

S
/\,
N

only KS process collider search can be considered

[Talk Tomoko Ariga]

Keung-Sejanovic Process

S
S
|
S
=y

] |
0.1 0.2

[G.F.S. Alves, C.S. Fong, L.P.S. Leal, RZF (2024) (updated)]

0.05
mN[GeV]
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. Invisible Searches
. Meson Decay Ratios
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[G.F.S. Alves, C.S. Fong, L.P.S. Leal, RZF (2024) (updated)] my [G ev]
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Case with W; — Wy mixing

NA62 PIENU

T2K Ov 33, Next-gen

BEBC == OvpB3, KamLAND-Zen

M 4 [GGV]

[J. Vries, H.K.Dreiner, J. Groot, J. Giinter, Z.S. Wang (2025)]

=0

NAG62
T2K

BEBC

PIENU
Ov 33, Next-gen
== Ovgps, KamLAND-Zen

10° 1
0.1 m,
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Scenario III: EFT Approach



Limits on VYSMEFT Operators

H-dressed mixing NE LoHN(HTH) Standard mixing, invisible H decays.
— <=
Onn Ny*N(H'i D ,H) Invisible Z decays, monophoton
Bosonic currents searches, SN1987A.
_ =
fiNg N+*4o(H'i D ,H) Decay-in-flight and peak searches for
e and pu. PMNS unitarity and peak
searches for 7.
NB (L—a‘f uw N ) HBW Neutrino upscattering, monophoton
Moments searches
Rw (L_aau,,N ) T* HWH '
Of (f*f) (N’YMN )
, . _ Monophoton and monojet searches,
4-fermion NC o (Lo La) (N7, N) SN198TA.
Oqn (Qin* Qi) (N7uN)
Ofnee  (LaN)e(Lals)
, Odune Zfljum(d_i’)’“uj)(ﬁ’)’uea) Monolepton searches, decay-in-flight
d-termion CC and peak searches
LNQd 7 ol :
tvad 2y (LaN)e(Qid))
NL, A /(7
OQunL 23" (Qivy)(NLa)

[Fernandez-Martinez, Gonzalez-Lépez, Hernandez-Garcia, Hostert and Lopez-Pavon (2023)]
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HNL in B - K +1inv

Belle-11

BBt — KT +inv)™*P = (2.3 £0.5702) X 107

SM prediction

BBt - Ktw)>M =

Belle

BB > KO+ inv)™ <2.7x 107 @90 % CL

SM prediction

BB - KV + )M =

R. Zukanovich Funchal
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(4.44 £ 0.17gp £ 0.22010) X 107°

FCNC In the SM

b — suv

(9.00 + 0.85. =+

0.46050p) X 107°

7 v
W
b u,c,t S
>
< <—
u.d
1% 1%
l:
W W
b u,c, t S
u,d
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EFT Approach to B — K )+ inv decays

UV-model
F AN |
— d rnd
2 )sMEFT = ZsmerT + £y + Z Ad—4 Z &) 0]
VSMEFT B S =
(SM dof + N) g — Nl@N— <7NCN+ (yN)aN LaHN-F h . C. )
FAEW | oo eeeeseeeneeeen
//t Scale [del Aguila+ (2009), Aparici+ (2009), Bhattacharya and Wudka (2016), Liao and Ma (2017), Li+ (2021) - vSMEFT basis up to d=9]

R. Zukanovich Funchal
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EFT Approach to b — K )+ inv decays

A JYrmode P+ _ d=6 operators
Ornoa = (LN)e(Qdy)
USMEFT ) :
(SM dof + N) Ong = (NYPN)(Qy,0Q)
//tEW .................................................... @{NQCZ — (ZGIMUN)e(QG,quR)
- SY
0 ,,//////////////////
.................................................... i T
//t SC al e [Felkl, Giri, Mohanta and Schmidt (2024), Leal and Rosauro-Alcaraz (2024)]]
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EFT Approach to B — K )+ inv decays

UV-model [, - (I:j)
A o G Lnod(N) = Gyy(A) ;
alNyj
l//4 : (LR)(LR) (d=6é) B VTul-
USMEFT ) ) Q, = p
(SM dof + N) Orngd = (LN)e(Qidg;) (flavor basis) )L
xS, Ny
U scale

R. Zukanovich Funchal
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EFT Approach to B — K )+ inv decays

UV-model
F N G LNQd( /)
alNiyj
USMEFT RGE N
(SM dof + N) Operator mixing @ 1 loop
|22Vl I G IN0d(MEW)> CNLOu(UEw ), G NH(UEW ), YN(HEW)
alNkj Nakl aN
ST L Ok
CgLNQd’ CgNLQu
//t SCClle @NLQM = (NLa)(QkuRl) @NH — (ZaﬁN)(HTH) . G Nod» CNLOu

Ard d M 2024), Ki 2013
R. Zukanovich Funchal Nanul alN [Ardu an arcano (2024), Jenkins+ (2013)] 07



EFT Approach to B — K )+ inv decays

UV-model v Y M
1%
IN G Lnod(N) mp My
aNy
RGE Contribute to Dirac Neutfrino Mass
VSMEFT My = mg + omy,
(SM dof + N)
W N e 6 LNOd(HEW)> G NLOu(UEw) S| G NH(UEW ), YN(HEW)
alNkj Nakl
XNQCZ \‘%NQCZ
u scale  Oncou = (NL)(Quug) Onm = (L,HN)YHH)|_____ “rortoe
R. Zukanovich Funchal Nanul alN [Ardu and Marcano (2024), Jenkins+ (2013)] g



EFT Approach to B — K )+ inv decays

UV-model

F AN
LUSMEFT |

(SM dof + N) ] 2
HEW oo Ciaew) = F%Loﬁf sew
LULEFT 05]@3 = (d, dLj)(NVaL)
7R FCNC
U scale

R. Zukanovich Funchal
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EFT Approach to B — K )+ inv decays

UV-model
F AN
LUSMEFT
(SM dof + N)
| 2320 V2 IS
ULEFT
mb ...............................................................
U scale

R. Zukanovich Funchal

OLNOd N
alN23

O1NOd
alN3?2

2

UNa A2

2
\% V
ConeHew) =~ Civoapipw) | Coiew) = =~ D' VaBrnoappw)
k

aNji ¢ Nkj

_ _ S o L
0511:]7(; — (dRi dLj)(N UaL) OZjLSsz — (uLi de)(f LN )

FCNC CC
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EFT Approach to B — K )+ inv decays

UV-model

F AN
LUSMEFT

(SM dof + N) ] 2
W e CinialHew) = p‘@jgdww CroHew) = Z Vi Lrodie)
aNJ1 aINK]
LEET RGE ‘ RGE
mb ............................................................... C;X,(; (Wlb) CUS ; ](i, (mb)
U scale
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10?1 e =
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E _ 7 o F
: \§ / r -
L N .
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10°° 100* 10° 10% 10' 10°

no fine-tuning
T B (myp)?
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RGE contribution must be small

@ A=1TeV

[A. Abada, C. Chevallier, L. Leal, A. Filella, O. Sumensari, RZF arXiv:2607.XXXXX]
my |GeV|

33



Conclusions

® Pseudo-scalar meson decays experiments continue to improve limits on HNL
mixing to SM neutrinos (in particular for MeV < my < GeV)

e These limits can be used to bound My, in the Minimal LRSM
e These limits can be also used to bound USMEFT operator Wilson coefficients in
particular scenarios

® By using the EFT approach we have shown that HNL can produce sizable effects

for BT — K™ +1nv in consistency with the current Belle-II result, neutrinoless
double beta decay and current meson decay data
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