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Heavy neutral leptons (HNLs) are a well-motivated extension to the SM

e SM: Only left-handed fields v; < m, =0, AL =0 to all orders

[Credit: E. Lisi]

e In analogy to egr, ug, dg, introduce vg:

L£> —Y,LAvg + h.c.

Yu YZ,V
D ——(v+h)vg +hec, m, =
ﬁ( )oLvR 7

=Y, K< Ve, Yu, Yq?
e Lepton number (an accidental global symmetry of the SM) forbids
il _
LD —EMRVE,I/R + h.c.

= This symmetry need not hold in the UV (dim-5 SMEFT operator)
= A priori, Mg of arbitrary value (high-scale/low-scale seesaw mechanisms)

= Motivation to consider an extended neutrino sector



Extended Neutrino Sector

Adding singlet fermion N to the SM (respecting SU(3)c x SU(2); x U(1)y)

_ 1 - .
Lsmert+n = Lsm + iNRINR — [5 MgrNgENR + Yy LHNg + h.c.} +>° £
d>5

With ng singlet states:

1_ . 0 %Yu 2
LD—EnLM,,nL-&-h.c., My, = vy T M , L= NE
V2 v R R

Now block-diagonalise M, as (% Y, < Mg)

UM, U™ = <’"” 0 ) = diag(my, mz, m3, my,, m, ., . ...)
0 my ———
HNLs
. . U, Uy (1 - 100 Upuns e .
: = = o0(©
Mixing matrix : U <UNV UN> ( —O Upwns 1_ %@’r@* +0(©%)



Parametrisation

We want to be compatible with the neutrino oscillation data

e ns = 2 HNLs needed reproduce light neutrino data (mjign; = 0)

e Casas-lbarra approach:

Uym, U] + Upnmn Uy =0 = (imy 20l uml/?) (im/ 20l uzymy*/?) = 1

RT R

= Uwn= iUl,m,l,/zR(x,y)m,;l/2
e Phenomenological approach: Consider one neutrino flavour (142 model)

Uymy Ul + U,ymy Uy = my 4+ my©% + my(1+ ra)02%, =0

Solve for the mixing ratio, where O = |O;|e/?/2 and rp = (my, — mp,)/mp;

O . /14 x my
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Phenomenological Parametrisation (1+42)

O, k=—"
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Phenomenological Parametrisation (3+2)

Phenomenological approach can also include three light neutrino flavours (3+2 model):

[UumuU,z— + UuNmNUVTN] o ~ mgg + my©a1©p1 + my(l+ ra)©a20p2 =0

where m? 5 = [Uvmu U] ags

Now solve as:

S) 1 o
w=f = Boj 1+ x50
Oa1 14+ra P = Mag

apf 2
Om . st /(%) — x8axgs VT T XEa MO
a#tpB = o =Yap = p
al Xaa

Ly Uy = (eel @e2)

2, nap =1,ng

#elim = nA(nA — 1) + 2min(nA, ns) = ].07 np = 3, ng = 2 eel eeZ
12, np=3,ns=3 Un=10um Ou
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Phenomenological Parametrisation (3+2)

Oe1 Oe2 mzﬂ : m2(1),m3(2),912,923,913,5(NuF|Tv5.2),cx21
Un=[Ou O <
©r1 On M, A, Ot [, per

my = 400 MeV, 7, = 1070°

= ,my =
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= — =2 e =
my(1+ra) - —] 1+ra
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®ru
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10:

my = /|AmZ, + Am2,. |
sol atm B ‘2 _ [ma U§2 + m3 U§3|
el|" = —————
m2 =4/ |AmZ| mn 7



Future Sensitivities on |Ugy/|?
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An Interesting Region?
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Neutrinoless Double Beta (0v(33) Decay
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0v(33 Decay Process

When §3 decay is not kinematically accessable (x),

2X — 753X +2e” +20 (AL=0)

Mass Excess (MeV)
&
2

If lepton number is not conserved,

4X = 75X +2e” (AL=2)

Contribution of light Majorana neutrinos:

1 (';Ol/g/gl-/\/lﬂ2 >
TOU — 2 Imgs|
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mgp
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E Uzm;
i

2 2 2 2 i i
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Light Neutrino Contribution
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Light Neutrino + HNL Contribution (3+2)

Including HNL exchange:

ff 2
mifl = + 3 U
i

where heavy NME follows
my, — ;
So we use interpolating formula

(p2>.7:(le,)

MOU(me) = Mu,sd
(p?) + my,

; (p

Light neutrino exchange (mj;; = mg,):

MOV(mN’-) ’
My

mem
lim M%(my) =M, , lim M%(mpy) = =52 M,
0 ! mpy. — 0o b m ’

10!
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Light Neutrino + HNL Contribution (3+2)
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Direct Searches
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HNL Production at Fixed-Target Experiments

1077
Decays of pseudoscalar mesons P = {m, K, D, Ds}
produced in proton beam target =
<
1) Two-body leptonic decays: E
2 2 d
m m
2 2 4 N 5
Br(PT — £IN) o< GF|Uan|*fo =, =il
ms  m
P Mp
2 2 2 2\ 2 0 0.1 02 03 : 0.4 05
m m m m
[
B )« 28 (1- 22 m (6]
mp  mp mp mp ntseN —— K'seN =---- Ki»meN
K*omPeN ==--= Ks=meN
10°8
2) Three-body semi-leptonic decays:
2 2
m m ,
/0 2 2 4 N
Br(PT — P0IN) < GE|Uan|* f3 ;,?
P P

fi(q?),f—(q?)

Tosx+n/Tpsm

Proton Beam
120 GeV
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HNL Decay

Long-lived HNLs can decay inside the fiducial volume, e.g. Argon-based detector

e Invisible (N — 3v) and neutral semi-leptonic (N — vn®) decays not detected

e Decays with charged final states (e.g., N — v€i€;, N — £ln~, N — £[p™) detected
above KE threshold

= For two-body decays, invariant mass reconstruction can suppress SM background

= For N — vt (a,B = e, p), backgrounds are low (mis-ID of +)

1F LIS T =
- ‘"\\
x
,_2 107"
m 3v
-- Leptonic
—— Charged
1072 1 1
1072 10" 1

my [GeV] 17



DUNE: Detector Modelling and Simulation

Using PyTHIAV8 (considering DUNE with 6.6 x 102! PoT at 120 GeV):

e Simulated meson production (prod. fractions Np and momentum profiles)

e Rest-frame decays of mesons to HNLs, boosted to lab frame

e HNLs required to decay to charged tracks inside the DUNE ND (for simplicity,
assuming a conical cross section)

1 NNy — NN Agy,
o="—"—Y e M (l—e PN , L=574m, Algr=5m
Ntot cut
PN _
T < fger ~7 %1073
PN,
DUNE MPD
[ECAL/Magnets|

DUNE
Proton Beam, " Decay Volume. . pirwo L |
120 GeV
(50 t)
———— |
Magnetic Focusing Horns
230 m 574 m 579 m 584 m
| | | llo i
z :IO m f

T T
Distance from Target (not to scale)
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DUNE Sensitivity

Putting this all together obtain the DUNE sensitivity

NENE = 3" Np-Br(P — N)-Br(N — charged) - egeo

P, charged

In the phenomenological model:

NEZNE = NEINE(mpy, |©e1[?) + NEINE (muy(1+ ra), [©e2]?)

sig sig
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o
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=2 4p-0 ]
107"k il ]
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2.44 events S 12 ]
10—11 { /77,,,( 10 1
90% C.L. 0 me 3
- BBN E
. L .
10 1072 0.1 1 10
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Ov(33 Decay vs. Direct Searches
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Analytical Comparison

For simplicity, we consider the 142 model
= Only |U.y|?, electron channels (e.g. N — eT7x¥F) in DUNE

We can get an analytical estimate of rp probed by LEGEND-1000 and DUNE
= For my < mk (my > mg), Kt — et N (D — e"N) dominates

= For my <1 GeV, N — e*7F dominates

LEGEND-1000 and DUNE rate in the [©¢1[2 > m, /my limit

Oulf DUNE

ADUNE o 4 .4+ A 1 _1zell 0,112 sig

b AlmI®al + Alm ()T 2 1908 gy
Imggl ~ Bmp|@a1|* = O] “W

Giving,

300 e 1028 .
_ mpy yr
~15x103

A <800 MeV) <Ns?gUNE> < T >
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Statistical Analysis — Likelihoods

Assume that LEGEND-1000 and DUNE are simple counting experiments following

(Asig + >\bkg) s e_(/\Sig+)‘bkg)

Poi obs >\si A
o (n ° ‘ ¢ N bkg) = r (nobs + 1)

i.e. continious interpolation of Poission distribution

Given the model hypothesis 8 = {m,, my, ra, |@e1|27 ¢e1}, expected number of events:

In2- Ny -
atgcenp _ In2-Na-& Mg P =E-B=04cts £ = 6632 kg - yr

sig ma- 19 (9)
DUNE DUNEl/2 DUNE B=64x 1075/(kg . yr)
)‘sig = Nsig (0) ’ )‘bkg ~0

Given data D and model parameters 0, global likelihood is

_ : LEGEND LEGEND LEGEND g DUNE DUNE
‘C(D|0) = Pois (nobs I Asig + )‘bkg ) - Pois (nobs | >‘sig )
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MCMC Likelihood Scan with Benchmark Points

We would like to estimate the posterior probability of the HNL hypothesis 8 given data D
p(6]D)  £(D|6) - ()
Perform MCMC scan (Metropolis-Hastings) of parameter Ty o CDNTh e I

— NO,m;, =0

space with flat priors: 1} — 10,m =0

e Consider 4 benchmark scenarios b: 89 = 6,

e D: Signals at LEGEND-1000 (v//X) and DUNE (v//X)

GERDA-II

LEGEND-1000

V' Nobs = Asig(0p) + Abkg

X2 Nobs = Apkg

kton scale LXe/GXe

e Markov chain [, 61, ...] to approximate p(6|D) T T T B T R T
10
Scenario b | m, [eV] mp [MeV]  |©a|? n ADNE O ONECENE T [yi]
1 10 e 400 107%0 107%° 76.7 5.94 10%7-8
2 10-2° 400 10-%% 107%° 76.7 2.73 10%81
3 10~ 19 800 1077 107%° 325 15.5 10%7-4
4 10725 800 107%7 10725 325 12.3 10%-° 23




Benchmark Points

Benchmarks 3 and 4

10— T
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Shie FCC ee\g
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F Mmel < ‘J‘Un - 3
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Benchmarks 1 and 2
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LEGEND-1000 (v) and DUNE (v)

Benchmark 1: Benchmark 4:
o |©.1]? ~ 10~ from DUNE o |©.1]?> ~ 2 x 1077 from DUNE
e m, saturates TP/VZ half-life e HNL pair dominates Tlo/“2 half-life
= rp upper limit = 2x1073<ra <5x1073

1 1072
m, =107"% eV m, = 1025 eV
mpy =400 MeV my = 800 MeV
(scenario 1) (scenario 4)
ovBp
< 0.1E |«
DUNE
-2 10-3 RSB
101 o1 1078 1077 1078

2
@1l




LEGEND-1000 (v') and DUNE (X)

Benchmark 1:

e [©.1/? <1078 from DUNE
e m, saturates Tf/”2 half-life
= |©c1|? and ra upper limits

1 t

ASASELH[™ U U U U [~ U U UUi
.m,=10"eV]
- "my= 400 MeV
. (scenario 1)

. DUNE

0vBg ]

Benchmark 4:

e |©.1]? <1078 from DUNE

e HNL pair dominates T9” half-life

1/2
= rp>2x1077?

o
-




Adding M Channels
In the 3+2 model, we also consider muon channels at B_/ |"'-
DUNE
. + N
e Additional N decays, e.g. N — pu~nT
+
NRZNE(8) = NENE(mi, a1, 10, [) L
+NGNE (mu(L+ ra), @2, 1©,:2]%)

= 0 = {aa1, my, ra, |©c1]?, pe1}no10

e New observables: Events with single flavour in
final state

r—r. H Pois <nDUNE(a) | )\QUNE(Q)>

obs sig
a=e,p

e Repeat MCMC scan with £’

= 342 model parameter space further constrained




Conclusions
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Conclusions

Can we probe the nature of HNLs with direct searches and Ov /33 decay?

e Phenomenological parametrisation describing HNL pair contribution to m,

=- Simple 142 model or more realistic 342 model
= 0= (mV7 mpy, ra, |ee1|27 ¢e1)
= Majorana and pseudo-Dirac limits of HNL pair

e Probes:

= Constructive/destructive interference of HNL pair with v
in OvBp3 decay

= Production and decay of HNL pair in fixed-target
experiments

e Constraining HNL parameter space:
= MCMC scan of p(6|D) given a signal (v) or no signal (X)
at LEGEND-1000 + DUNE
= Single flavour (this talk) + two flavour analyses
= More work to be done!




Thank you for listening

This project has received funding/support from the European Union's Horizon 2020 research and innovation
Skiodowska-Curie grant ag No 860881-HIDDeN

programme under the Marie




Backup
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Phenomenological Parametrisation (General)

In the 3+2 set-up:

M, = (I\;L]AXHA ZD’nAxn5> —U. Mlcjiag ) UT
=f D lngxna R ng Xng
rank(My )=min(na,ns)+ng

Fparams = min(na, ng) + [min(na, ns) + na(na — 2)]
e ——

v masses U,

+ ns + [2nAn5 —na(na — 1) — 2min(na, ns)]
>

N masses U,y

2, m=Lns=2—— Uy = (0 Ou)
Helim = na(na — 1) +2min(na, ns) = 10, nap=3,ns =2

eel G)eZ

12, =3,ns =3
A 2 Ul/N = @,ul @p2
671 672
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Seesaw Type

Type-l Seesaw:

<HY <>
0 2yl o0 s ‘.
V3 1 _ (M N o ’
My=|=2yy M of = © (-0) NNV

%) e
o o M m, = =Yy 5 N\

~
- ~
Inverse Seesaw (ISS): (H? (H)
vY; vY; M ’
0 %\ﬁ 0 O = (TA},TA}) «Naos0 g N:’/
2
M, = | %y 0 M| = m,=Lhy Y]
g M = Amy = p
~ Vi
Linear Seesaw (LSS):
(LSS) <HS 4,
< ;!
o o o— (Y1) i v(Y1+Y5) . ’
R AL A ( 3 ) TN N .
v
M, = WYlT 0 M = mu:—sz//(Ylsz‘*'Y?YlT)
LY, M 0
V2 2 Amy = Am, = %YJYz
~ Vi

Amp| g5 < Amp|igg < Amy 1SS, 1-loop 33



Current |U.y|?> Constraints
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\ www.sterile-neutrino.org
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Phenomenological Parametrisation (3+2)

Oe1 Oe2 mz(l),m3(2),912,923,913,5(NUF|T V5.2),0<21
Un = @ul eu2 <
©r1 On M 1A, [Oet [, per

my = 400 MeV, 7, =107 my = 400 MeV, r, = 1070
105 F T T T T T = 100 F T T T T T n
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Phenomenological Parametrisation (3+2)

2
myUgs + iv/m3U, Os1)%
(V) [OmP = 0| Y2t VsUs | g 2 191Dy
VMaUes + iy/m3Ues 1+ra
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Phenomenological Parametrisation (3+2)

©2) |0mf = mam3(UeoUps — UesUpo)? 1©2= (m2Ue2Ugz + m3Ue3 Ups)? (NO)
pil” = g g2| =
my(maU% + mpU%) ! my(1+ ra)(maU2, + myUZ)
X my = 400 MeV, 7, =107 ) my = 400 MeV, ry = 10708
10°F - ‘ ‘ ‘ : e W00 ‘ - ‘ ——
10°%

e

10°0L
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10

2
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Phenomenological Parametrisation (3+2)

(3) 19al’ = ’

mams(UeaUgs — Ue3Ugn)?
I'ﬂl\l(szé2 + my Ufﬁ)

myUea Ugs + m3Ue3 Ups)?
) |esl‘2: (m2Ueo 1122 3 e32/13) (NO)
I77/\/(I‘r72U‘L,_32 4 m2U53)
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