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|
Heavy Neutral Leptons (HNL)

_ 1 _ A o= o~
L = iNjH Ny — (EMNN,CNI—i—YmLaHNmLh.c.) (1)

Renormalizable theory

SM neutrino mass scale explanation

Experimental confirmation prospects

(Optional) Baryon asymmetry mechanism

(Optional) Dark matter candidate
Mixing angle:

Vol o hp dot
U= —=MzY =iMy>RmjUpyns (2)

V2
¢
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2HNL: parametrization

U=ix<ﬁ? vh #g) 0

a5l antr a2

where
I = Ac—AeVs (4)
I = As+heVe (5)
Fi = nic—meYs (6)
B = ms+meve (7)
G = &EApc—6eYs (8)
Gy = &s+&eve (9)
0w = x+iyCC,c=cosw,s=-sinw, (10)
Aij = Upyns,lo—0.0-0,0:j = 1,2,3 (@
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|
2HNL: parametrization

Only one independent majorana angle ¥ remains.
For normal hierarchy (m; = 0):

M = ymAy; Ay =/m3Asz

m =mAx, M =.Mm3Azn (12)
& =ymAy; & =\ /m3Asz
AV =4

For inverted hierarchy (m3 = 0):

M =ymAn A = (mAy

m =mAp; M = /mAxn (13)
& =ymApn; & = mAxp

L0 —0q

eV =4

Overall, we have 4 unknown real parameters: x,y in sterile sector and@
0,V in active sector.
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2HNL: minimal mixing

Firstly, we look at the lower limit of mixing of both HNL with one flavour
U2 = A%l|l“1]2—|— A%‘FZP- The extremum criterium for @ is:

U, 1 1
dw R (14)

This equation can have three solutions:

r, = 0 (15)
I, — 0 (16)
M, = M2,|F1|7&0,|F2|7EO,FTF2—F1F§:O (17)

All three cases can be furter simlified and described with the same
expresion that depends only on &, . @
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2HNL: minimal mixing

The resulting expression:

1 |Mee|
2 2 2 2 ee
= miA7, +mpA5, + m3Az| = 18
C€min Mmax | 11 21 31 Mmm ( )
Here m; =0 or m3 = 0 and M, = max{M,M,}.
Much the same for mixing with other flavours:
Uvr = L |m1A%2 —|—m2A%2+m3A§2| = s (19)
“mm Mmax Mmax
1 |mer]
2 2 2 20 T
= miAis +moAs; +m3As:| = 20
Tiin Mmax| 13 23 33| Mmgx ( )
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2HNL: minimal mixing

1000 e
[Ug |~ My (exp
[Mgel, NOrMal  m—
|Meel; inverted
100
10 o T -
% 1
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My, GeV
Figure 1. Current experimental limits and possible values of |m,,|. @
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2HNL: pseudodegenerate state

Values |T'y|? and |T2|? are closely connected:

M\|Ua | +Mo|Up P = |T1 P + Do
= (JA[*+|A2|*) cosh(2y) 423 [A] A2¢™"] sinh(2y)
= ‘mee‘ COSh(Z(y _ye))7 (21)
M|Ua | =Mo|Un* = [Ti[* =2
= (JU]* = |M|*) cos(2x) — 2R [A] Are™] sin(2x)
= |mee|cos(2(x—x.)), (22)

One can notice that for all x,y:

’M1’U61|2_M2’U62|2‘ < ‘mee‘ (23)
MUt P +M|Up > > |mee| (24)

Similar inequalities can be written for mixing with other two flavours as@

well.
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2HNL: pseudodegenerate state
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Figure 2: Available region for M;|Uq|* and M>|Ug|?, where a C {e,u, 7} ﬁ?
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2HNL: pseudodegenerate state

Pseudodegenerate limit:

My |Uy1 |> = M |Una|*| < My |Uet|* + Mo | U | (25)

That leads to: M;|U,|? =~ M;|U,|?. This limit is automatically achieved
for big values of M|U|*:

Mi|Ugi|* +Ma|Uga |* > |mge| > [Mi|Ugi|* — Ma|Uga || (26)

In this limit:

S [AidaeV] £ (1M + [ AP)

sinh(2y) ~ —2M1|Uel|2 2
ee

~ Fcosh(2y)

¢
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2HNL: pseudodegenerate state

Obviously, these expressions are related to |mgql:
[Mee|* = ((|).1|2+ A2]?) —23 [lflzei"’]) ((|7Ll|2+ |22]?) +23 [lf?tzei"’]) .
This allows to find the ratio:

el (PP +122P) 723 [A{226])
OulP = ((mP+1mP)F23 [nime]) (27)
el (P +IEP) 723 [E&e])

This ratio is a function of  and v, but doesn’'t depend on @ or even HNL
mass. It allows to draw triangular graphics of \Ua,i|2/|U,0t,~\2 where

2 _ 2 2 2
Utoril® = |Ueil* + [Upil = + Uil
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2HNL: pseudodegenerate state

.2 0.
\kO. 1.1‘/ L 0.
1 0

1.4 Z
0. 0.2 0.4 0.6 0.8 . 3 0.2 0.4 0.6 0.8 1.
Uei21U;2 Uei®1U;
(a) Normal ordering. (b) Inverted ordering.

Figure 1: Allowed range of U2/U? in the n = 2 model for arbitrary parameter choices (hashed
region) and in the symmetric limit (filled region) for normal ordering in Panel (a) and inverted
ordering in Panel (b) of light neutrino masses. For an experiment with the sensitivity of
NA62, the minimal model with n = 2 predicts the U2 /U? to lie within the filled areas. Mixing
patterns in the extended hashed regions can only be made consistent with light neutrino
oscillation data for total U? x M;/GeV < 10711, cf. Figure 2. The stars mark the benchmark
scenarios given in Table 3a.

Figure 3: Fig. 1 from Ref. 1801.04207. @
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2HNL: pseudodegenerate state

Our results mirror the results obtained in Ref. 1801.04207, both in pictures
and in formulae. The crucial difference, though, is that in that work they
studied the much stricter “symmetric limit": M; = M, |Ug1|*> = |Un2|*.
We check that the pseudodegenerate limit given by eq. (25) results in the
same allowed region as for the limit (26).

The difference is defined by a new parameter

Ki=4/1— %,0 <k <1,k =1 corresponds to the limit (26).
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2HNL: pseudodegenerate state

1
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Figure 4: The available regions (|U.|?,|Uy|?) in pseudodegenerate limit. @
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2HNL: pseudodegenerate state
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Figure 5: The available regions (|U,|?,|U¢|?) in pseudodegenerate limit. @
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2HNL: pseudodegenerate state
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Figure 6: The available regions (|Uy|?,|U¢|?) in pseudodegenerate limit. @
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2HNL: conclusions

® We have obtained that the minimal value of mixing angle with a
given flavour o € {e, 11, T} can be expressed as L,I“}jl That means
that if in future experiments for given mass range Mgy we have no
evidence of mixing angles higher than the value % these
experiments would rule out see-saw with two HNL in said mass range.

® We state, that, should any evidence of HNL be found in the near
future, it would ineveitably mean realization of the pseudodegenerate
case (assuming the two HNL scenario is correct). Therefore, the
relation to mixing with other flavours would be known to a certain

extent and will be the same for both HNLs.
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3HNL: parametrization

U =ixdiag{£l,+1,£1} x

M
A2
A3
I
Iy
I
I3

255
n

Upyns,;isd = 1,2,3
VmiArici +/maAsysy,
Vm3Aszg, )
—/miAys) +/maAsc,
Aicr + Aasa,

Ay — Aisa,

Azcs +Tyss,

Cyc3 —A3s3,

Overall, we have 9 unknown real parameters.
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3HNL: minimal mixing

We study:

1 1 1
U, = U >+ Uy |+ |Us1 > = —|T 2+ — D) + — |32
e = [Un|™+|Un|"+|Us| M1’ 1 +M2| 2| +M3\ 3]

One can find the same limit as in 2HNL case:

1
Uezmm = M_’mlA%l +myA3) +m3A3, | =
max

1
2 2 2 2 —
Uﬂmin = M_ ’mlAlz + m2A22 —+ m3A32| =
max
1
U2 = |miAT + myAdy +m3Ad;| =

Timin M
max
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3HNL: minimal mixing
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Figure 7: The available values of |m,,| as a function of m;ighses -
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3HNL: minimal mixing
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Figure 8: The available values of |my,| as a function of mygzes -
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3HNL: minimal mixing
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3HNL: minimal mixing
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Figure 10: Experimental limits and our see-saw lower boundary for different values

SeV @
&
(INR RAS) HNL lower limit & pseudodegenerate state

DA



3HNL: minimal mixing

0.01
"normal hierarchy, mj Me;(=0.01 meV.
normal hierarchy, Mjjgyeq=0.08 eV
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Figure 11: Experimental limits and our see-saw lower boundary for different values
of myigness and usually adopted in literature limit %. @
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3HNL: minimal mixing
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Figure 12: Experimental limits and our see-saw lower boundary for different values
of myigness and usually adopted in literature limit %. @
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3HNL: pseudodegenerate state

One can notice:

|M2|Ue2’2 _M3|Ue3’2| - ‘mee‘ S Ml |Uel ‘2’ S M2|Ue2‘2+M3|Ue3’2+ ’mee’
(41)

M, |Ui /i + 1

Mg [UglP/Ime)

M [Ui/meq - 1§

M, U] - 1 M [Us /g + 1

Mg Uyl imggl
Figure 13: Available region for M>|Ugz|? and M3|Uqs|?, where o C {e,u,r}.@
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3HNL: pseudodegenerate state

Pseudodegenerate limit:
Mo |Uga|* = M3|Uas[*| < Ma|Uga | +M3|Uas|? (42)
It is achieved automatically when:

M|Ug1 > < Ma|Uga|* 4 M3|Ugs (43)
|maa|<<M2‘Ua2|2+M3‘Ua3|2 (44)

One can obtain once again ratio |Up|* : |Uyi|? : |Uz|* as a function of
0,04,00 and z1,z; that doesn't depend on zz and HNL mass M;.

¢
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3HNL: pseudodegenerate state

— my<10meV
— my<imeV

—— my,<0.1meV.
— m,<00ImeV
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Fig. 11: U2, /U? (in percent) for different upper limits of 1y, (see legend). Solid (dashed) lines delineate the 1o (20) contours, for
cussed in footnote 12, these constraints apply to those heavy neutrinos that can

normal (left) and inverted hierarchy (right). As dis
be found experimentally.

U

Figure 14: Ref. 1908.02302.
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3HNL: pseudodegenerate state
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Figure 15: The available regions (|U,|?,|Uy|?) in pseudodegenerate limit (normal

hirearchy) @
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3HNL: pseudodegenerate state
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Figure 16: The available regions (|U,.|?,|U¢|?) in pseudodegenerate limit (normal

hirearchy) @

Krasnov I. V. (INR RAS) HNL lower limit & pseudodegenerate state 10.04.2023 31/53



-
3HNL: pseudodegenerate state
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Figure 17: The available regions (|Uy|?,|Uz|?) in pseudodegenerate limit (normal

hirearchy) @
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3HNL: pseudodegenerate state
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Figure 18: The available regions (|U,|?,|Uy|?) in pseudodegenerate limit (inverted

hirearchy) @
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3HNL: pseudodegenerate state
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Figure 19: The available regions (|U,|?,|U¢|?) in pseudodegenerate limit (inverted

hirearchy) @
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3HNL: pseudodegenerate state
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Figure 20: The available regions (|Uy|?,|U|?) in pseudodegenerate limit (inverted

hirearchy) @
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3HNL: conclusions

® We have found the minimal line Uy;,,, = ‘m‘ml |mao| depend on
Miighiest and can take zero value. Determmatlon of neutrino mass
hierarchy, neutrinoless double beta decay searches and independent
restrictions on the sum of neutrino masses can greatly restrict the
available region of HNL mixing parameters.

® We have shown that either mixing angle for electron or muon have
“solid” boundary 5 m "“’“ , reaching which would allow to rule out
see-saw mechanlsm in a studied HNL mass region.

® We state that the discovery of HNL signal can provide an insight of
where to look for its mixing with other flavours and a hint for the
search of another HNL.

¢
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Conclusions

® We have found the seesaw lower limit Uy;,,, = |m°‘“‘ , both for two-
and three-HNL cases, which lay significantly Iower than currently
adopted see-saw limit.

® We have shown that the new limit can turn to zero for certain values
of myjgniess and neutrino CP-violating phases, but either \U,,. |*
|Uy,..|* are guaranteed to be non-zero depending on neutrino mass
hierarchy.

® We have found that for areas significantly above this limit the
pseudodegenerate limit is achieved automatically. In that case the
mixing angles are closely related to each other and fixing one mixing
angle’s value puts boundaries on the values of other mixing asngles.

® \We have shown that results obtained for symmetrical limit, already
studied in literature, can be generalized to the pseudo-degenerate
limit.
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Thank you for attention!
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Mass hierarchy

For the normal hierarchy we have:

mp = Mijghtest
my = ./m? + Am?
2 lightest 21
_ 2 2 2
m3 = \/ My gpes + AN + [Am3, |,

and for the inverted hierarchy:

m3 = Mijghtest
_ 2 2 2
mp = \/ My ghest — A1 + [Am3, |
_ 2 2
my = \/mlightest + |Am32|'

¢
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Upmns

Of utmost importance is mixing angle that describes the relation of flavour

basis to mass basis described using Pontecorvo-Maki-Nakagawa-Sakata
matrix Upyys:

Vi

Ve
_ g7t
Vo | =Upyns | Vu | (45)
V3 VT

Here U;MNS =

U(

TN TN
6130126 7 (—ensi—spsizene 0)e 2 (53812 — cazsizcine 0)el
—i8y ,i% _isy %
ci3sine’?  (cxcnn —sasisine )T (—syzcin — cazsizsine 0 )el
id
S13€

$23C13 €23C13

(46)

¢
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where ¢;; and s;; stand for cos 6;; and sin6;;, with i,j =1,2,3,i < j
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2HNL: minimal mixing

243 = (Mc — 7tze""”s)2 + (/11s + 7tzei"’c)2 = AP+ A7
m=0 — 112 F22HY = (maAn ) + (VimaAs) e (47)
%

ms =0 ).22 2iy _ = /_A11)2+( /m2A21)Zei(oc2—oc1) (48)
T?+13 = |m1A € 4 myA3 e +m3A§1| (49)

It doesn't depend on ®.
The expression |me,| = [m1A3 e +myA3 e'® +m3A2, | itself is also a
known entity that appears as an effective neutrino mass in neutrinoless
double beta decay searches.

=0— |2 = T2+ T3] = |meel.

=0— |1 = T2 +T3| = |me.|.

¢
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If My = M, =M the mixing angle is:

(14117 -+ A2|*) cosh(2y) +23 [A] Are™] sinh(2y)) .
(50)
U, doesn't depend on x anymore. The y =y, extremum condition is:

1 1
2 2 2

U= — (|1 + |1 [
€ M(| 1| | 2|) M

(|41 % +|A2|*) sinh(2y, ) +23 [A{ 22¢"Y] cosh(2y,) = 0 (51)

Mixing angle U, can be, therefore, written as:

U = e JUM R PR~ 4(8 [ A eosh 20y )
= e cona(y-3.) (52)

We obtain the same expression |m,.|/M and the minimum is achieved at
Y =Y, giving us the same result. @
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2HNL: pseudodegenerate limit

Once again:
My |Uy1 |> = Ma|Usa|*| < My|Upt|> + Mo |Upa | (53)

Then sinh(2y) =

_ 2M1 |U31 ‘223 [ll*lzei‘”} + (Mq |2 + |12|2)\/(2M1 ’Uel |2)2 — ’I’I’leel2
|Mee|?

(54)

cosh(2y) =

2M|Uar P[] + [22]?) 423 [A Aoe™] / (2M) [Ue[*)? — el

PE (55)

¢
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3HNL parametrization

1

11
U= %M,;IY = iM, Rmi Uy (56)
Aij = Ubyys, i =123 (57)
M = miArcr + mAzs (58)
12 = \/I’I’l3A31 (59)
A = —mAs) +mArc (60)
I = Aica+ls (61)
F4 = 1262 — 7L1 52 (62)
I = A3c3+T4s3 (63)
I's = T4c3—A383 (6

(
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m
n2
n3
F
Fy
I 2)
F3

= miAnc +/maAns
= mAxn

= —/mAps +/mAxnc
= Mic2+Ms2

= Me2—M1s2

= M3+ Fas3
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One can note that A2 + A§ = m A}, + myA3, does not depend on z;. In the
same way I + I = A? + A7 does not depend on z; and I3 +T13 =173 +17
does not depend on z3.

The mixing matrix can be expressed as:

1 1 1

U =ixdiag{£l,£1,+1} x J_M7F2 sz mGz (81)
1 1 1
vnts Rt RO

¢
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