Global analysis of a minimally extended scotogenic model

Huchan Lee

Seoul National University of Science and Technology (SeoulTech)
arXiv: 2606.26752

In collaboration with Prof. Sin Kyu Kang

Auguest 19, 2026

1/31



Table of Contents

@ Introduction



1. Introduction

The Standard Model has successfully described a wide range of phenomena with remarkable precision.
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1. Introduction

The main motivations for this work are as follows:

0 To construct a minimal extension of the SM that accounts for non-zero neutrino masses, provide a
viable dark matter candidate, and stabilizes the electroweak (EW) vacuum by investigating

@ bounded-from-below conditions
@ Vaccum stability
@ Renormalization-Group-deriven perturbative bounds

e To determine whether the normal or inverted mass hierarchy is further constrained within this
framework.

e To identify which flavor observables will be accessible in near-future experiments.
@ Muon anomalous magnetic moment and radiative £, — £g~ decays
@ (o — 3Lg decays and u — e conversion rate.
@ EW precision observable: oblique parameters

@ EW precision observable: leptonic decays of Z/H
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2. Model

The minimally extended scotogenic model is given in Table 1:

Fild | Qi wf df Li e |Nf|H n S
SUB)e | 3 3 3 111 1 1
sU@L |2 1 1 2 1]1|2 2 1
v [ T A A

Y |6 3 3 2 2 2

Z 101 1 1 1| -1|1 -1 1

Ul)x |0 0o o -1 1] 1|0 o -2

Table 1: Particle content of the minimally extended scotogenic model.

The Lagrangian with the field assignment is:
Lren = yuQiHuf — yaQiHd{ — yeLi HeS + gx LinN{ + gTRSN;:NiC +h.c.. 1)

And the scalar potential is:

" 1 "
Vien =~ HUH + pyn'n — p38°8 — 2pl (8% + 877
1 1
+ M HTE)? + 2o (') + X (HH)(n"n) + Xa(H'n)(n' H) ()

12 [T 4 e 4 A(S79) 4 Ar(HTH)(SS) + As(n m)(57S)



2. Model

After SSB, the scalar fields are:

ot +
H=

1
) ) = 1 . , S=— i )
\/§(U+¢HO+ZUHO) n (7R + inr) ﬁ(vs"!‘(i’s-i—zas)

vz

And the CP-even mass matrix reads:

1
e |z <74p‘§1 + 3)\11)2 + 2)\71)2) A7vvg
CP-even —

1 2 2 2 2
A7vvg 1 (74 (NS + IJ’sb) + 2707 + 3)\6113)
The diagonalization for the CP-even mass matrix is:

CP-even’

UMM venlU ™" = MGEES,, (hih2)" = Uy (6470, 65)" -

For the RH neutrino mass matrix diagonalization is:

1 . .
pgflavor _ = _gius, i,j=1,2,3 ,Ux,*Milavoar,T _ M;;ag‘

x V2

(3

4)

(5)

(6)



2. Model

2.1 Neutrino mass generation

The diagram for neutrino mass generation is (Z2 symmetry forbids tree-level v mass generation):

Figure 1: Neutrino mass generation at one-loop level
The flavor neutrino mass matrix at one-loop level is:
T
M, =gxMrgx

where M, is a complex symmetric 3 X 3 matrix which encodes loop functions and scalalr and fermion
mixing matrices.

3
i 1 * *
My = kz (Broop (115 k) = broop (11, k) (UX5)) (U @)
=1
here the loop function bioop is defined as bioop (6, k) = — My a2 e )
where the loop function 0; IS detined as 0 N = S 15 n . e
oop oop 1672 M; _ M)Izﬂ @ M)I?Q

3 % 3 Yukawa coupling matrix gx can be written using the Casas-lbarra parameterization:

g9x = UL DY 2UrDY *Ulyins, (DL = ULTMLUL)



2. Model

2.2 Neutrino mass hierarchies and DM candidates and constraints

In this model, there are three

Normal hierarchy Inverted hierarchy DM candidates:
‘ 1o range 30 range 1o range 30 range
R,I;X1 8
sing 0.308810: 0007 0.2893 — 0.3295 0.308810: 0007 0.2893 — 0.3295 nR. I, ®)
012/° 33.761542 32.54 — 35.03 33.767042 32.54 — 35.03 i
sind, 0.47079:917 0.432 — 0.587 0.55519:013 0.437 = 0.590 'l;]he eﬁpe(;lme.ntal valu; of
023/° 43271899 41.11 — 50.02 48.1575°75 41.40 — 50.21 t efr_(ei 'c ersm)l/ a(t: 6L8 o
; 5 ; confidence level (C.L.) is:
sing 0.0224979:99057 002070 — 0.02420 | 0.0226179:595°%  0.02001 — 0.02433 ( )
613/° 8.6270 11 8.27 — 8.95 8657011 8.31 — 8.97
; 2

scp/° 207122 114 — 405 283738 202 — 347 Qcpmh” = 0.1200 + 0.0012
Am%, 40.094 +0.094

e 7.53710:9%% 7.236 — 7.823 7.53775:9%% 7.236 — 7.822 Qepmh? = 0.1200 =+ 0.0120
A

ﬁ 252149928 2.454 — 2.592 —2.50079°028  _2.569 — —2.430

What we will fit in this work
. . . . is
Table 2: Recent neutrino experimental data given by NuFit 6.1 [1] @ Relic density
‘ Normal hierarchy ‘ ‘ Inverted hierarchy @ Proton

spin-independent cross

2 2 fm2 2 .
My mZ, + Am3, | my, mZ, + Am3, section
2 2 [2 2
My mi +Am3, | my, mi. + [Am3, |

myy | 107,207 |y, | (107,107

Table 3: Neutrino mass hierarchy implemented in this work. All masses are in
unit of GeV.
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3. Scalar potential constraints

3.1 Bounded-from-below conditions and vacuum stability

In order to derive the BFB conditions, it is enough to consider the quartic terms in the scalar potential:

1 1
Vi = M) 4 e (n'n)® 4+ A5 (HH)(n"n) + Xa(H ) (' H)

4
1 2,2 1 2 ©)
+ 2 [nf* H? & h.c.] + 7 26(59)% + A (HTHY(S™S) + As(nin) (57 S),
The derived BFB conditions are: The SM scalar potential is known to lie near the
N border between stability and metastability,
12,6 >0 primarily due to
1 @ the experimental uncertainties in the top
As + 2V A2de >0 quark mass
A7 + 1 /Mre > 0 @ the strong coupling constant [2, 3]
2
1 Ref [3] quantified this proximity using two top
Az + 9V A1z >0 quark mass determinations:
1 1 @ the pole mass M, = (172.4 £ 0.7) GeV -
Az + A1+ =V A1 A2 > = A5 It requires a 1.90 downward shift from its
2 2 central value to achieve stability
VALA 1
Aa 112 4+ A1 > = | 5] @ the MC mass
A6 2 MMC = (172,57 £ 0.29) GeV - a 5.10
shift.

where A\, is Furthermore, the strong coupling constant

3 A3 e X6 X6 a(ss) (Mz) requires a 3.7c upward shift from the
ZAG + Ve + A7 N + A8 72 PDG world average to stabilize the potential.




3. Scalar potential constraints

3.2 Renormalization-Group-driven perturbative bounds

It is important to determine up to which energy scale a given theory remains perturbatively valid.

0 Perturbativity must be maintained across the entire energy range over which the theory is
considered to be valid, not only at the scale where the initial conditions are imposed.

e In general, RG-improved perturbativity bounds place stronger constraints on the parameter space
than the conventional bounds g;,y; < V4m and \; < 4m.

N RG running (Gauge and Yukawa) os| RG running (Quartic)

o.
0 1 2 3 4 5 6 7 6 9 1011 1213 151516 0 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16
t=Logyo[E/Ane] t=Log;o[E/Ane]

RG running (Gauge and Yukawa) 14 RG running (Quartic)

T T 23 f 5 s 7T s s new wn e T 2§ 4 5 6 7 8 s 0w B
t=LogiolE/Aw] t=LogiolElw]

Figure 2: RG evolution of the SM (upper panels) and the scotogenic model under study (lower panels).
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4. Flavor and electroweak observables

4.1 Muon anomalous magnetic moment and radiative ¢, — {3~y decays

The muon g — 2 state has been updated as follows:

3: SM -9 =
Aay = aP —a," =(2.49+0.48) x 10 (5.10)
Aay, = afP —alM = (0.38 £0.63) x 107°,  (0.60),
Y
g o VA
. ' Xi \ 0

Figure 3: Diagram contributing to the muon anomalous
magnetic moment and the charged lepton flavor
violation (CLFV) £o — £+ decays.

Aa, = —4 “Re(c N
3
my B2 Bo |2
BR (o > £57) = e [l 1" + 137 *]

The muon g — 2 and the radiative decay can be
expressed in terms of the coefficient of the dipole
operator c%ﬁEBUM,,PRéaF“” + h.c. from an
effective field theory (EFT) perspective.

% = Too3 [Fz*rﬁ iz @+ Qo)

me,TE" T? 4+ m,, T%TS

+ 2z (F@) +Qa@)
7w27172a:1n(w)
f(z)—W’
_x—l—ln(:c)
9@ = =gt
~ 721 +31276z+176w21n(m)
fe)= 24 (z — 1) ’
a(w):x2—1—2m1n(a:)'

8(x —1)3



4. Flavor and electroweak observables

4.2 EW precision observable: oblique parameters

The oblique parameters quantify radiative NP corrections in BSM
frameworks. They are parameterized by six quantities:
S, T,U,V,W and X:

a o _ Azz(m) —Azz(0) 944, (p%) _ch — s 0442 (0°)
i3,e2, mg e I e R
Aww (0)  Azz (0)
al = ——5—— — ——5—
My mz
a o Aww (miy) — Aww (0) 2 Azz (m%) — Azz (0)
453, m¥, w m%
_ 2 0Ayy (PQ) _9es 0Ayz (1’2)
W wSw ———
op p2=0 op p2=0
v 9422 () Azz () —Azz )
ap? 22 my
pZ=m%
W = 2Aww (p*) _ Aww (miy) — Aww (0)
op? e, m,
o _ 94z (%) _ Ayz (m%) — Az (0)

SuwCu ap?

m2
p2=0 "z

Ay, represents the trans/verse
components of the V — V'
vacuum polarization tensors:

p"p”
p? >
p"p”
X Ay yr (PQ) + pTBVV/ (202) .

i, o) = (o -

The observables are defined as the
net contributions from NP:

AS = Spsm — Sswm,
AT = Tssm — TsMm,
AU = Upsm — Uswm-

The experimental bounds are:
ASexp = 0.021 £ 0.096,

ATexp = 0.040 £ 0.120,
AUexp = 0.008 £ 0.092.



4. Flavor and electroweak observables

4.3 EW precision observable: Z — £,45

The one-loop vertex correction topologies to the Z — Zazﬁ in this BSM model are seen in Figure 4.

Figure 4: One-loop Feynman diagrams for the Z — 2aéﬁ vertex corrections within this BSM model.

The one-loop amplitude for Z — Zagﬁ can be Considerations for the flavor calculations:
decomposed in terms of form factors: @ Feynman t'Hooft gauge { =1

2 (Z R Zaéﬁ) @ On-shell (OS) renormalization scheme
@ Anp = Apsm — Asm

= Fsrv (a1, meq) (v- € (p)) Pry (7(12’ mzﬁ) @ Afinite = Ave + Act

+ Fsrt (a1,meq) (v - € (1) Prto (—a2,me )
+ Frip (a1, me,) (a1 - €(p)) Poy (—Q27 m%)

+ Fry (g1, me,,) (q1 - €(p)) Pryp (—qz,meﬂ) ,



4.3 EW precision observable: Z — ¢,

4. Flavor and electroweak observables

Observable

‘ Experimental measurements ‘

SM prediction

83.91 + 0.12 MeV (LEP [4])
83.99 + 0.18 MeV (LEP [4])
84.08 + 0.22 MeV (LEP [4])
< 4.2 x 1077 (ATLAS [6])
< 4.1 x 107° (ATLAS [8])
< 5.3 x 107° (ATLAS [8])

83.965 + 0.016 MeV [5]
83.965 + 0.016 MeV [5]
83.775 + 0.016 MeV [5]
o (10*“‘) (FCC-ee [7])
16) (10*1”) (FCC-ee [7])
o (10*1“) (FCC-ee [7])

R (Z — €0)
Rre (Z — £0)
Rry (Z — £0)

1.0001 + 0.0024 (PDG [9])
1.0020 + 0.0032 (PDG [9])
1.0010 + 0.0026 (PDG [9])

1.0 [5]
0.9977 [5]
0.9977 [5]

T' (Z — Invisible)

499.0 £ 1.5 MeV (PDG [9])

501.45 & 0.05 MeV [5]

BR (H N ﬁ;f)
BR (H N #T*)

(2.6 +1.3) x 10~* (PDG [9])

(0,065,353 ) (PDG [9])

(2.17 £ 0.13) x 10~* [10]
0.0624 + 0.0035 [10]

Rep (H — £0)

230 + 146 (PDG [9])

288 [11]

Table 4: Comparison between SM predictions and experimental measurements for flavor-conserving (at 68% C.L.)
and flavor-violating leptonic Z/H decays. The lepton flavor universality ratio is defined as
Rap = BR(V — £5¢3)/BR(V — z;e;), where V = Z, H. Since the theoretical uncertainties for the SM
lepton universality ratios are neligible, only the central values are shown.



4. Flavor and electroweak observables

4.4 EW precision observable: Z — Invisible

m(nr) - va G+ e v

w+

+
w Vg vg

vg

Figure 5: One-loop Feynman diagrams contributing to the Z — Invisible decay in this BSM model.

Ve
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w+t
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Figure 6: One-loop Feynman diagrams contributing to the Z — Invisible decay in the SM.

3 3 1 3

Inp =Tpsm —Tsm =D WF(Z = vivy) = > T(Z = vi,Lvi,L), (10)
i=1j=1 kY i=1



4. Flavor and electroweak observables
4.5 EW precision observable: H — £,

Figure 7: One-loop Feynman diagrams for the h; — ZQZB vertex corrections within this BSM model.

The one-loop amplitude for H — £, 5 can be
decomposed in terms of form factors: 2 Re [At (hy = £0) (Aor (hy — M))*]
ree

2 j—
A(H = Taty) + [Asore (ha — £09) 2 =0
= Guw (g, meg) Puv (a2 me ) | Asote (b1 — £04) |* & | ABorn (h1 — £0) |*

Cc20 C11 Co2
+ GrY (g1, me, ) PrRY (—q:),meﬁ) . X ((ih e + TR + (o k)2) .




4. Flavor and electroweak observables
4.6 EW precision observable: H — Invisible

Vg 5 vg

Figure 8: One-loop Feynman diagrams contributing to the h; — Invisible vertex corrections within this BSM
model.

Since there is no tree-level Huv interaction, no counter-terms are required. The H — Invisible is a
purely NP effect.
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5. Numerical analysis

5.1 Neutrino mass hierarchies

The scanned neutrino mass spectra in both hierarchies are as follows:

Normal hierarchy Inverted hierarchy

Minimum value Maximum value Minimum value Maximum value

my, | 1.0008 x 107°  2.1409 x 107" | 4.9376 x 107! 4.9649 x 10~
mu, | 83196 x 1072 23129 x 107" | 5.0076 x 107**  5.0399 x 107"
Mg | 5.0332x 107" 55482 x 107" | 1.0005 x 107" 5.1159 x 107

S om,, | 5.8698 x 10711 9.9913 x 107! | 9.9453 x 107" 1.0000 x 10~ *°

Table 5: Minimum and maximum values of the neutrino masses obtained from the parameter scan, for both normal
hierarchy and inverted hierarchy. All retained points satisfy the neutrino mass-squared difference constraints at the
30 level.

The experimental bounds considered in this work are the following:

. 3 _
@ The cosmological upper bound on the sum of neutrino masses [12], 5 oy M <10 10 Gev
i=

@ The DESI BAO measurement to 23 My, < 6.42 X 107 GeV [13] - Inverted hierarchy is
i
likely to be ruled out



5. Numerical analysis

5.2 DM analysis

In this BSM model, there are three DM candidates: nr ;1 and x1, but only two of them - x1 and s -
remain viable given the resulting mass spectrum.

0.18 O

. =
. . . . 30 as
0.16 i 10
) lo
10747
% 014
[}
> X 1074
3 £
£ 012 S
° 5 10751
Q s
g 0.10 . 2ece
10771 —— XENONIT .
--- XENONNT
0.08 10755 { ~-- DARWIN
v-Floor
0.06,
100 200 300 400 500 600 100 200 300 400 500 600
DM mass [GeV] DM mass [GeV]

Figure 9: Scanned DM mass versus relic density (left panel) and spin-independent proton cross section (right panel).
In both panels, blue points correspond to the fermionic DM candidate X1, while yellow points correspond to the
CP-odd scalar DM candidate 7. In the right panel, the current experimental upper bound from XENON1T [14]
and future sensitivities from XENONnT [15], DARWIN [16], and the neutrino floor (v-floor) [17] are also shown.

@ The fermionic DM candidate x1 accounts for 29%, while the scalar DM n; accounts for 71%.
@ 1 ranges from 120 to 350 GeV, while n; ranges from 350 to 600 GeV.

@ A large number of points survive the constraints from the DM experiments.



5. Numerical analysis

5.3 Flavor observable analysis

O (Aay) = 107", e o
OB —em)=[07"710%], ] oo T
0.0050
— —26 25 25
O (B(r = ev)) = [1077,107%),
_ _o5 107y 205 X 2y
O (B(r — py)) = [1072%,1072%], 5 35 oo )‘ 153
_37 o8 10-54 -0.0025 ."
O (B(pn — e, Al)) = [10 ,107°%], 10 0.0050 3 10
O (B(p— 3e)) = [10736, 10728], 10764 05 ~0.0075 05
- . 0.0
O (B (1 — 3¢)) = [10—36 10728]» 107 106 10‘]25\ To-4  10-3 00109 010 ~0.005 oggu 0.005  0.010
O (B(r = 3u)) = [107*, 10777,
o <B (Z et ;)) _ [1074()" 10731]‘ Figure 10: Scanned results of the oblique parameters
0.220 - 0.220 -
. 30 . 30
© (B (Z - EiT;)) 0730]’ 0.215 20 0.215 T . 20
o . o |9 . 1o
o (B (Z — pi'rq:)) =[107%",107%9, §021o I Eo.zm =0 B
O(B (H%eiux)) _ 0*33], éozos ;0.205
o [-4
& = & k
o (B (H 5 ei‘r¢)) = [107%3,107%), 0.200 0.200
0.195 0.195
+_F 044 10720 1072 1070 1072 107 1072 1070 102 1072
o (B (H = peT )) 1077 BR (H - Invisible) BR (H - Invisible )

Figure 11: Scanned results of H — Invisible versus Z — Invisible. The left
panel is based on the world average experimental bound, whereas the right
panel is based on the recent ATLAS experimental bound [18]
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6. Conclusion

We perform a global analysis of a minimally extended scotogenic model motivated by observed non-zero

neutrino masses, viable dark matter (DM) candidates, and the instability of the Standard Model (SM)
vacuum at high-energies.

We examine the bounded-from-below conditions, vacuum stability, and RG-driven perturbativity bounds
arising from the extended scalar sector, alongside a comprehensive set of flavor and electroweak (EW)
precision observables.
Under these considerations, the main findings are as follows:
0 the DESI BAO bound would rule out the inverted hierarchy if confirmed by other experiments.
the oblique parameters are projected to be within the reach of future precision measurements.

e the viable fermionic DM candidate mass lies in the range 120 — 350 GeV, while the CP-odd scalar
is constrained to 350 — 600 GeV.

our result on Z — Invisible is compatible with the world average at the 3o level and is favored by
the recent ATLAS measurement at the 3o level.
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