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Set of new fermionic fields ISS (p, q)

Field content of Inverse Seesaw (ISS):

- ‘ Vlay Q=€[,T ‘ — ordinary left-handed flavor neutrino

- ‘ Npr,. a=1,p|- right-handed neutrino with only Dirac mass term ~ Mg

—|Srp b=1,q]|- chiral singlets with small Majorana mass term ~ 1

7‘6133855 = Y(ZL&))VR + MR%SR + ggﬁg;gR + H.C.7
where mp ~ fLUEW, Mp = fr - A(Mg), = fs-Ap)

Naturalness condition

[| Mg > ||mb|| > ||| — A(MR) > vew > A(u)
where A(Mp) - New Physics scale, A(u) - small scale of lepton number soft-breaking
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Effective neutrino mass operator m,

1 O3x3  mp3xp Osxq v§
— = T T
Liss = §(VL, v, S%) | ™MD pxs @jgxp MR pxq vg | +Hec
Qqgxs My pxq M axq Sr

Write mass matrix in seesaw I-like form with notation: mp = (mp,0)

M — (~T@ 3x3 /;%D 3x(p+q) > where X — ( ©Tp><p Mpg p><q)
Mp (p+q)x3 (p+a)x (p+a) Mpg gxp M axq

My, 0 0 ) )
My = UPMNS( 0 ma, 0 )U;MNS = mp (MRluilMIj?:) mg S ‘\(H)(u\b(%};))_
0 0 myy,

Constraints on p and q —

- Model ISS (p, q) generates min (p, g,3) non-zero active neutrino masses on
tree-level.

- If p > q then det X = 0 and X is non-invertible. Numerical results shows that
for p > q there is heavy active neutrino with mass ~ vgw and large mixing.
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Pseudo-Dirac heavy neutrino

Ve U =UV, (U'=U"1) « to phys. states
U=|VR UTMU = diag (mv,, my,, My,, Mi,...) < Takagi decomp.
‘NI =Nir+ (Nrgr)° ‘ < Majorana

‘Vi =vir + (ViL)*

"Almost Dirac” structure of ISS mass matrix M leads to uniform mixing in pairs of
Majorana states \1111\45” ((\Iﬂl‘“;J)c = \1111\45”)

1 . . . .

VP S, () = m() mm(8)
2

ISS (p,q) with p < gq:

3 5 yMaj p x NFD (p—aq) x Nﬁéil

m(VMa) ~ 001 & m(NFP) ~ A(Mp)  m(Npil) ~ A(p)
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Neutrino spectrum for various ISS (p, q)

p<q
1SS(2,3)

AlMp)=1.7x10% [GeV], AMp)=1.x10° [GeV], A(w=1.x 107 [GeV]

p>q
1SS(3,2)

AMp)=1.7x10% [GeV], AMp)=1.x10° [GeV], A()=1.x10°° [GeV]
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Active-sterile mixing ISS (p,q), p < q

The mixing between active and sterile states can be encoded into
0= (01,92) = ThDX_l.

p+q
£ = L., [ZUMVl—f—Z (0u) kJNJ]W~+Hc
\/§ =1 J=1
g p+q
e = [ () kJN,}%PL{ZUam ...]Z“
Cw J=1 i=1
_ -1 _ vewA(p)
01 = mMmp (MR,LL 1M£) X W, Hmy” X 01’UEW
_ v
92 = GIMRM L 0.8 A(m) > 91. Ur?nix X |92|2

The matrix U is determined by the mass matrix pattern of the sterile sector X' and
has nontrivial features with p £ q. For p = q it looks like a block rotation with
/4 angle.
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Grand Unification Theory - source of Left right
symmetry

High-energy source of LRSM:
Gauge group of LR-minimal symmetric model Gs221 appears in SO(10) GU-model (or Es
GUT from triangularity Gssz = SU(3). x SU(3)r x SU(3)r gauged model).

Notation:
gs1 = SU(B)xU(1)
g5 = SU(5)

Gps = SUM@)cxSU((2)LxSU(2)Rr
Gaz1 = SUM@)cxSUQR)LxU()p-L
O3221 = SU@B)cxSUR)LxSUR)RpxU(1
3211 = SUB)cxSU@)LXUQ)RXU(1);

Possible symmetry breaking chains 16126

of SO(10) theory to Gsas.
[Fig. from M.Pernow,"Models of SO(10) Grand

Unified Theories 2021, Doctoral thesis]
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Model (D)LRSM: Field content for 1SS(3,4)

LRSM-gauge group: Grr = SU(3)e X SU(2)r x SU(2)L x U(1)B-1
(D) means using of Higgs Doublets xr and xr in addition to bi-doublet ®.

Field SU(3)C SU(Q)L SU(?)R U(l)B_L
+
- (55) 1 2 1 2
oL
()
XR = 0 1 1 2 2
Ok
0 ¥
o= < L ¢5) 1 2 2 0
¢35 P2

Qay, = Z:z) 3 2 1 i
Qap = Z“R) 3 1 2 i
AR
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(D)LRSM vacuum and symmetry breaking

=5 o) =(s) o= (a)

SU(2)r x SU@2)L x UL)s—r X8 SU@)L x UL)y X U(1)g

(@)
) B-L _Y Y
Quantum numbers:  Tj + £5%& = & TE+Y =qQ
Charged gauge bosons W), — W), mixed with angle ¢
4 2
tan |2¢] = 22 ging ~ 212
UR UR

Neutral gauge bosons mixing

4gB—L (k% + k%) [¢0)] (291/1/)
gu¥, cos? By tan (20y)

tan [2¢] ~ {arXiv:2508.01220 [hep-ph]}

{Another LRSM version is model with Higgs triplets Ar, Agr and
bi-doublet ®. For more details you are welcome to Elena Fedotova’s talk
»’Lepton number violating processes ...’ (May 19th) }
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Yukawa interaction

Neutrino - Bi-doublet & Neutrino - Doublet interaction:

Lyuiawa O YLLO®Lg + YLr®Ly + Y LX1Sk + YeLrXrSE + H.c.,

Soft-breaking term of AL = 2 violation:
LD —ZuSESk, 1 <vgw {See e.g. [Phys. Rev. D 83, 093009]}
Discrete LR-symmetry P : ® <+ &1, L; < Ly leads to

y =YT y =Yyt w=pl
Mass matrices for neutral and charged leptons

T T c 1 ——cc
—Lmasses D mD(ﬂVR +EVL) + ml(lLlR + lRlL) + MRrURSE + QMSRSR
1

V2

1

V2

my (?’m + YF&2) mp (Ym —+ f’rﬁz) Mg = YR?L2

V2
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Benchmark simple scenario

Benchmark

- (62 from xr, is inert scalar field)
=] 1 = TR = e

- - so called Manifest LRSM condition

Simplified mass matrix for charged leptons is m; = )N’”ET‘Q’ and for neutrino in
basis (1§, vr, Sg) is

~or, ISS-(D)LRSM scales:
(0 Yuew [0] A = o
— | YT vew 0  Ygur A(p) = O (10 keV)
V2 (0] Yior 1< Y, <1076
~UL (Y )ab ~1

Masses of gauge bosons:

m2(W) ~ 921)4]2-3W m2(Z) _ Zz;(‘g/vg
m2 (W/) ~ 92:% mz(Z/) _ (W’) ggz sz . m2(W) (tan(29w)-*2'4) tan® Oy
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Dark matter candidate

From ISS: the new scale A(u) of soft AL = 2 violation appearing in the theory
generates small neutrino masses at a relatively low scale A(Mg) ~ 1 — 100 TeV
and under natural assumptions about the Yukawa coupling Y ~ 1 — 1073,

From LRSM: New heavy vector and Higgs bosons lie in a region potentially
accessible to experiments (compared to High energy seesaw type |, which requires
a scale Mp ~ Mgyt ~ 1014 GeV).

From cosmology: Warm dark matter with a mass of several keV solves some
problems of gravitational structure formation within the Cold Dark Matter
paradigm: “Too big to fail", “Missing Satellites Problem".

Key idea:

TO IDENTIFY cosmology Warm Dark Matter mass WITH AL = 2-vialoation scale in
ISS models Mpwm ~ A(p) ~ O (10 keV) and A(p) in LRSM fraemwork.

{See also Abada, Lucente, Nucl. Phys. B 885 (2014) 651 }
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X-ray bounds on DM mixing

GL M} 2 27

— Y“rVDMm — 27aEm P A— 2

]-—‘N1~>31/ - 9673 UDM’ FN*)’YV - A FN1~>3V7 UDM = Z |Ua4|

a=e,1,T
A(w=10keV, Yukawa couplings: [Y|~0.1-1
Case with L. — L, asymmetries 109 i
10-% overproduction

108
107 <

A(Mp), GeV
5
%

11 Lunderproduction

10! 10 " 5 .:.3.::‘&
m fkeV] ! s SRS
Akita, Hamaguchi, Ovchynnikov 2507.20659 [hep-ph 1ol < iciaciaaaddansay !
2 2 0.001 0.010 0.100 1 1000
sin” 20=4U"py ms=Mpwm A(mp), GeV

2 2
U2y ~ Yu (”fw) €107,107"  m, ~Y? <”f—w) €[107% &V, 1072 &V]
R R

For pu=10keV, vg =10 TeV: 10 <2 <1072, 0.01<Y <0.1
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Possible collider signatures [phys. Rev. D 105, 115007]

{Fig. from [Arun et al. Phys. Rev. D 105, 115007]}

q 4 q J4

(a): My > My (b) My < My (C)Z My > My
KS-process (Keung-Senjanovic’): {Phys. Rev. D 97, 115018}
Canonical KS-process is suppressed osame/Toposite ~ f1/Vr ~ 1077

® (Samessign): pp = Wr(Wg) =1+ N = l+1l+Wr—1llqgq

® (Oposite-sign): pp — Wr(WE) =1+ N = 1+1+W —11qq (Arun et al.)
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Br(u — e7) [from arXiv:2508.01220]

LFV:
Br(p —ey) < 1.5x 10713

Br(u — ey) <6 x 107

[MEG-11 (2025)]
[MEG-II future]
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Conclusions

High-energy motivation:

® | ow-scale phenomenology without unnatural small Yukawa interraction
and/or extreme fine-tuning;

® Naturalness of small neutrino masses.

® Connection to perspective GUT-models such as SO(10), Eg.

® Connection of model scale with cosmology warm dark matter mass

Low-energy signatures:

e Heavy Higgs scalars and heavy vector bosons W’ and Z’ with masses
x vp ~1—10 TeV.

® 1 — ey with g~ 10 keV and vg = 10 TeV with Yr ~ 1 is close to projected
sensitivity of MEG-II.

® Oposite sign leptons and jet from boosted W: pp — Wr(W3) =11 q q -
inverse seesaw probing

® X-ray DM bounds: if DM is light neutrino Niight and vg = 10 TeV, then an
additional hierarchy of Yukawa constants is required Ypyr ~ 0.001 and
Y = 0.1 (for dominant Yukawa constants in m,,).
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BACKUP: Higgs potential

Vxe,xg,®) = —piTrdid — pj (XTLXL - XTRXR)
A1 (Tr 1) + 2, Tr o100 d
1 . . 2 1 . . 2
+5%s (Trqﬂcb n Tr<I>T<I>> + M (Trqﬂcb - Tr<I>T<I>>
.1 .
25 Tr @001 D + 2Ag [Tr ' ppTP + H.c.]
i )2 to)? bt
+p1 ((XLXL) + (XRXR) ) + P2X L XLXRXR
+oy Tr oo (XTLXL + X%XR) + ag (XTL‘I’@TXL + XJ}{(I)T(I)XR)
+as (XTL‘i)(i)TXL + x}‘f@m)

For details see also: {arXiv:2508.01220 [hep-ph]}
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