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Article info Abstract:
Recieved: The lepton flavor violating decays h — ebietf, Z— ebief, and
18/7/2024 ep = ey in a two-Higgs-doublet model have been discussed
Revised: in (T. T. Hong et al, 2024). Still, only the normal order (NO)
15/8/2024 scheme of the neutrino oscillation data was used for numerical
Accepted: investigation. In this work, we will show numerical results
25/8/2024 corresponding to the inverted order (I0) scheme and compare
them with those predicted by the NO scheme. In addition, we
Keywords: focus on the dependence of all lepton flavor violating decays
Higgs boson decay, FLV decay, 2HDM. as functions of the heaviest active neutrino masses, which

was not shown in detail previously. Our results confirm the
consistency with a recent work (T. T. Hong et al, 2024) in all

allowed values of the heaviest active neutrino mass.
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Thong tin bai viét

Tém tat:

Ngay nhan bai:
18/7/2024

Ngay hoan thién:
15/8/2024

Ngay chap nhan:
25/8/2024

Tu khoéa:
Ra boson Higgs, Ra vi pham so lepton thé
hé, Mo hinh hai ludng tuyén Higgs.

Céc qua trinh ra vi pham s6 lepton thé he (LFV) h — eife],
Z — ebief, VA e, — €47y trong mo hinh Hai ludng tuyén Higgs
da dugc thao luan trong mot nghién citu gan day ctia ching
toi (T. T. Hong et al, 2024). Tuy nhién, ching toi chi méi
khéo sat s6 cho trudng hgp neutrino phan bac thuan (NO)
tir dit lisu thyc nghiém vé dao dong neutrino. Do d6, trong
bai bdo nay, ching toi sé khao sat them truong hgp con lai -
truong hop neutrino phan bac nghich (I0) va so sanh ching
v6i cac du doan tir trudng hgp NO. Ngoai ra, ching toi tap
trung khao sat sy phu thuoc ctia tat ca cac qua trinh ra LFV
nhu 13 céc ham ctia khdi lugng neutrino hoat dong ning nhét,
diéu nay chua dugc trinh bay chi tiét trude do. Két qua ching
toi thu duge xac nhan tinh nhat quan véi cong trinh truse
d6 (T. T. Hong et al, 2024) trong tat ci céc gia tri duge phép
ctia khoi lugng neutrino hoat dong nang nhat.

1 INTRODUCTION

The Standard Model (SM) of particle physics is
to this day an accurate description of the elemen-
tary particles and their interactions. Nevertheless,
there are still problems that the SM cannot ex-
plain, such as the lepton flavor violating (LFV) de-

cays, the origin of the neutrino mass and the lep-

18]

ton flavour violation in the neutrino sector, charged
lepton anomalies (g — 2).,,. Besides, neutrino os-
cillation experiments have shown it has mass and
mixing flavours. Therefore, expanding the SM with
the Beyond the SM (BSM) theories is indispensable
work. A recent work (T. T. Hong et al, 2024) stud-
ied all LF'V decay satisfying two experimental data

of (g — 2) anomalies, namely
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o The latest data of a, = (g — 2),/2 was given
in (Aguillard, D. P. et al. [Muon g-2], 2023),
which shows a clear discrepancy from the SM
prediction of a;™ = 116591810(43) x 10~
(Aoyama, T. et al., 2020). The deviation be-
tween experiment and SM prediction used
here is

Aah’ = aS®—a M = (2494 0.48) x 107 °(5.10).
(1)

Similarly, the discrepancy between experi-
mental and SM for (g — 2). data is:

AalF = a®P — M = (3.4 +£1.6) x 10713,

e

where aS*P corresponds to the recent experi-
mental data given in (Fan, X., Myers, T. G.,
Sukra, B. A. D., Gabrielse, G. , 2023).

The decay rates such as charged LFV
(cLFV), LFV Higgs (LFVh) decays, and LFV
Z-boson (LFVZ) decays are constrained ex-
perimentally given in the Table 1 (Aubert,
Bernard et al. [BaBar], 2010, Baldini, A. M.
et al. [MEG], 2016, Abdesselam, A. et al.
[Belle], 2021).

cLFV Br(r — e7v)

(2)
Branching ratio | Most recent Future sensitivity
(Br)
Br(1 — py) < 4.4 x 107 (Aubert, Bernard et | < 6.9 x 1079 (Baldini, A. M. et al.

al. [Belle], 2021)

al. [Belle], 2021)

al. [BaBar], 2010; Baldini, A. M. et | [MEG II], 2018; Altmannshofer, W.
al. [MEG], 2016; Abdesselam, A. et | et al. [Belle-11], 2020)

< 3.3 x 1078 (Aubert, Bernard et | < 9.0 x 1079 (Baldini, A. M. et al.
al. [BaBar], 2010; Baldini, A. M. et | [MEG II], 2018; Altmannshofer, W.
al. [MEG], 2016; Abdesselam, A. et | et al. [Belle-11], 2020)

LFVh Br(h — Te)

[CMS], 2021)

[CMS], 2021)
Br(h — pue)
LAS], 2020)

Br(pu — ey) < 4.2 x 107!3 (Aubert, Bernard et | < 6 x 1074 (Baldini, A. M. et al.
al. [BaBar], 2010; Baldini, A. M. et | [MEG II], 2018; Altmannshofer, W.
al. [MEG], 2016; Abdesselam, A. et | et al. [Belle-II], 2020)
al. [Belle], 2021)

Br(h — ) < 1.5 x 1073(Sirunyan, A. M. et al. | orders of O(10™%) (Qin, Q. et al.

< 2.2 x 1073(Sirunyan, A. M. et al. | orders of O(10™%) (Qin, Q. et al.

< 6.1 x 107°(Aad, G. et al. [AT- | orders of O(107%) (Qin, Q. et al.

2018; Barman, R. K., Dev, P. S.
B., Thapa, A., 2023; Aoki, M.,
Kanemura, S., Takeuchi, M., Za-
makhsyari, L., 2023)

2018)

2018)

LAS], 2022)

LFVZ| Br(Z — t*e¥) | < 5.0 x 107%(Aad, G. et al. [AT- | 107% at HL-LHC (Dam, M., 2019)

LAS], 2022)

2023)

Br(Z — 7%u¥®) | < 6.5 x 107%(Aad, G. et al. [AT- | 107% at HL-LHC (Dam, M., 2019)

Br(Z — pre¥) | 2.62x1077(Aad, G. et al. [ATLAS], | 7x 1078 at HL-LHC (Aad, G. et al.

and 107 at FCC-ee (Dam, M.,
2019; Abada, A. et al. [FCC], 2019)

and 107? at FCC-ee (Dam, M.,
2019; Abada, A. et al. [FCC], 2019)

[ATLAS], 2022) and 10~ at FCC-
ee (Dam, M., 2019); Abada, A. et
al. [FCCY, 2019)

Table 1. The latest experimental constraints and future sensitivity of Brs in the cLFV,

LFVh, and LFVZ decay processes.

19



Nguyen Hua Thanh N Vol 10. No 4 _August 2024| p.17-25

Our work is arranged as follows. In section 2,
we will investigate the three LFV decay classes,
namely e, — e,v, Z — el:)'teff7 and h — eljte:a': in
the 2HDMNp, r framework, concentrating on the
regions of the parameter space accommodating the
1o range of the (g — 2)c,,, experimental data. The
numerical investigation will be shown in Sec. 3,
where we focus on the dependence of LFV decay
rates on the heaviest active neutrino masses. Fi-
nally, we summarize important results in the sec-

tion conclusion.

2 THE 2HDM WITH INVERSE SEESAW
NEUTRINOS

2.1 Particle content and couplings

In this work, we will study the model discussed in
(T. T. Hong et al, 2024) discussed recently to
explain experimental data of (g — 2).,, anomalies,
where all LF'V processes mentioned above will be
discussed, namely the particle content is of the lep-
tons and Higgs sector is listed in Table 2, which is a
particular model (2HDMN}, r) mentioned in (Hue,
L. T. et al, 2023).

The quark sector is omitted, see reviews in (Mon-
dal, T., Okada, H., 2022; Branco, G. C. et al, 2012).

The Yukawa Lagrangian of leptons is (Mondal, T.,
Okada, H., 2022)

LY =LpyeHier + L fHyNg + NpyXerx ™

— —A
+ NLynNry + (NL)CTLNLSDQ +h.ec,

()

where Hy = iooHs | ye, f, YN, yX, and A\, are 3x 3

matrices respectively correspond to y¢.ab, fabs Gabs

and Ar o with a,b = 1,2, 3. The five-dimension ef-

fective matrix puy generates small Majorana values

consistent with the ISS form.

Regrading to the LFV decays, including LFVh,

LFVZ, and cLFV decays. All needed formulas for
decay rates Br(h — epe,), Br(Z — epe,y), and
Br(e, — e47) were determined in (T. T. Hong et
al, 2024), therefore we do not repeat here. We just
focus on the main ingredients to establish the 10

scheme for numerical investigation.

The branching ratios of the cLFV decays are for-
mulated as follows (Lavoura, L., 2003; Hue, L. T.,
Ninh, L. D., Thuc, T. T., Dat, N. T. T., 2018; Criv-
ellin, A., Hoferichter M., Schmidt-Wellenburg, P.,
2018):

4872

T
Br(ey — €q7) :W (‘C(ab)R‘z + ’C(ba)RIQ)

x Br(ey — €.Va), 4)
where Gr = ¢%/(4v2m%,), Br(u — evr,) ~ 1,
Br(r — every) ~ 0.1782, Br(r — pw,v,) ~ 0.1739
(Workman, R. L. et al. [Particle Data Group],
2022), and all relevant analytic formulas were given
in detail in previous research (T. T. Hong et al,
2024). We only comment here on important relat-
ing to the IO scheme of the neutrino oscillation
data that is necessary for numerical investigation
in this work. The non-zero values of c(;)r and
Cba)r With b # a may give large contributions to
the cLFV rates, especially the main contribution

to ae, is from the two singly charged Higgs boson

analytic formula

2
Gpma

= N

cki, denoted as a,, o(ct) expressed by the following
Utglcasa

x Re { \/ima
X [z1fo(x1) — z2fo(x2)]}

)

aea,()(c

UPMNSiylj/ZyX:|

(5)
with 2, = Mg/m2, and
z,= 1w — xoxdiag (mnl, 1, %) , To = Mna
Ho Mp, My, Ho
(6)

Symmetry || Ly | eg | No | Nr || H1 | H2 | ¢ | x
SU(3)c 1 1|1 1111
SU(2)L 2 1 1 1 2 2 |1 1
U(l)y —2]l-1]10 1|0 11 2]o0]1

Zo — - + + - + |+ | -
Table 2. Particle content of the 2HDMUN, g

20|
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This formula with b # a will result in unaccept-
able values of cLF'V decay rates excluded by recent
experimental constraints. According to this discus-
sion, c¢(apyr,0 Will be chosen in the diagonal form
to derive the Yukawa coupling matrix yX at the

beginning of our numerical investigation

172
C(ab)R,0 Upmnsiy/*yX
a

b o 5ab- (7)

In particularly, yX is derived in terms of a diagonal
matrix y?¢ defined as follows:

1/2
Upnmns X diag <mnl 1 mn3> yX

My, My,

= yd = diag (yiip yg% ygS) ) (8)

where my, < m,, < my, with respect to the in-
verted order of the neutrino oscillation data will
be selected in the numerical examination. We em-
phasize that Eq.(8) was defined for the IO scheme,
which is completely different from the NO scheme
with m,, < m,, < mp, mentioned previously in
(T. T. Hong et al, 2024). In contrast, the analytic
formulas for main contribution a., , is the same as
that given ine (Hue, L. T., Carcamo Hernandez, A.
E., Long, H. N, Hong, T. T., 2022)

Grpm?2.\/zg vtglcasa .
e = 2 R
Gead V2r? e V2m, Y
X [21 fo (1) — 22 fo(z2)], 9)

while formulas with m,, must be replaced with

My, , especially the quantity

Mn,

Ho

defining the ratio between the active neutrino mass
and the ISS scale po. To be consistent with the right
experimental ranges of (g —2).,,, it was shown that
xo must be large enough, namely 2o > O(1077).

3 NUMERICAL DISCUSSION FOR
THE 10 SCHEME

In the IO scheme corresponding to my,, < mn, <

Mp,, We choose experimental data as follows

(Workman, R. L. et al. [Particle Data Group], 2022)

5T, = 031870016, 535 = 0.57870 010,
575 = 2.225T0568 % 1072, § = 284725 [Deg],
Am3, =T7.5T22 x 107°[eV?],

Am3y = —2.52750% x 1073 [eV?].

(11)
The active mixing matrix and neutrino masses are
determined below

. 2)1/2

my = (ml,

— / 2 2
= diag < m2, — Am3,, Mn,, \/m2, + Am32> s

UpmNs =

0.817
—0.389 + 0.0914

0.409 + 0.0784

0.558
0.521 + 0.06217
—0.641 + 0.053¢

0.752
0.642

(12)

0.036 + 0.145i)

where Upninsg is chosen at the best-fit point, while
three active neutrino masses are functions of my,,-
the heaviest. In addition, values of m,,, must sat-
isfy two conditions including the constraint from
Plank2018 (Aghanim, N. et al. [Planck], 2020) that
Z?:a My, < 0.12 eV and m;, > |Am3,| derived
from Eq.(12), leading to the allowed range of the
heaviest m,, € [0.0505,0.0526] eV. The depen-
dence of the sum of three active neutrinos on differ-
ent neutrino masses is shown in Fig. 1, where the
left (right) panel relates to my, (my,). We can see
that m,,, can small down to the zero value. While
the respective maximal one is about 0.015 eV. Be-
cause if we use m,,, as a variable to investigate, the
Eq.(8) will be more difficult to define the inverse
matrix with one zero diagonal entry. Therefore, we
will choose my, for convenience in numerical in-
vestigation. The non-unitary of the active neutrino
mixing matrix (I — %RRT) Upnns is constrained
very strictly by n = % ‘RRT‘ o &, o xg in the ISS
framework (Mondal, T., Okada, H., 2022).

The well-known numerical parameters are (Work-
man, R. L. et al. [Particle Data Group|, 2022)

g =0.652, Gp = 1.1664 x 107° GeV, 53, = 0.231,
ae = 1/137, e = Vira,, my = 80.377 GeV,
my = 91.1876 GeV, my, = 125.25 GeV,
I, =4.07 x 1072 GeV, T'z = 2.4955 GeV,
me =5 x 107* GeV, m,, = 0.105 GeV,

m, = 1.776 GeV. (13)
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10: mp3<mnt<mp2

0.120

0.115

0.110+

0.105 & . i . -
0.0505 0.0525 0.0530

. i
0.0520

00510  0.0515

mn2[eV]

10: mp3<mpq<mp2

0.125

0.120

0.115

0.110

0.105

0.100

5.x107* 0.001 0.005 0.010

mn3[eV]

Figuer 1. The sum of three neutrino masses as functions of the heaviest (lightest) mass in
the left (right) panel. The dashed-red line shows the upper bound from Plank 2018 results
(Aghanim, N. et al. [Planck], 2020).

To constrain effectively the most strict allowed
ranges of entries of the matrix y?, we release some
conditions to determine the crude allowed ranges.
Firstly, the most strict experimental constraint of
Br(p — ey) results in the suppressed |yfy| and
|y, as indicated in previous works (T. T. Hong et
al, 2024).

For the free parameters of the 2HDMNy, g model,
the numerical scanning ranges are chosen in general

as follows

M, € [0.051,0525] eV; Mo, m,, , € [1, 10] TeV;
)\17 |)\4|,|/\5| € [0, 471’]; tﬂ S [5,30],
zo € [107°,5 x 107*] ; ¢ € [0,7];

lyd,| < 3.5Va,b=1,2,3. (14)

In the numerical investigation, we remind all
Yukawa and Higgs self couplings must satisfy addi-
tional conditions of perturbative limits and Higgs
potential constraints indicated precisely in (T. T.
Hong et al, 2024).

Firstly, we consider the simplest case that only two
entries of ygb are non-zeros, which are enough to ac-
commodate two (g—2).,,, data, namely y¢,, yg, # 0.
This case nearly satisfies the experimental con-
straints of cLFV decays Br(e, — e47), namely,
the experimental constraint from Br(u — evy) gives
strictly allowed regions of parameter space, espe-
cially when it combines with two allowed 1o ranges
of (g — 2)e,,. We confirm that all results are con-
sistent with the conclusion given in (T. T. Hong
et al, 2024), even when m,, changes in the al-
lowed ranges. The numerical illustrations is shown
in Fig. 2, where just focus on the dependence of all
(9 -
that this dependence was not shown in previous

22|

2)e,, and LFV decay on my,,. We emphasize

work. We list here some allowed ranges of parame-
ters that are more strict than the general scanning
ranges given in Eq.(14):

ts < 13.6; 0.02 < |yf;] < 0.12, 0.99 < |yd,| < 2.5.
(15)
In addition, the upper bounds of LFV decay rates
are predicted to be suppressed when comparing
with the future sensitivities given in Table 1:
Br(t — ey) < 4 x 107!, Br(t — uy) < 10712,
Br(h — pe) < 1.2 x 1072, Br(h — 7¢) < 3 x 1077,
and Br(h — 7u) < 7.4 x 1075, On the other hand,
the LFVZ decay rate is large enough to reach the
expected sensitivities: Br(Z — pe) < 1.2 x 1077,
Br(Z — 7€) < 2.1 x 107°, Br(Z — 7p) < 5.3 x
1078,
The second numerical results will focus on the re-
gions with non-zero y%,: 0 < |yd,| < 0.5 for all
(ab) # (11),(22), (12), (21). Different from the code
used in (T. T. Hong et al, 2024), some interesting
numerical results are discussed as follows. Fig. 3
shows also the dependence of all mentioned LFV
decays on my,. It is shown that all cLF'V decays
ep — eqy can reach the present constraints from
experiments given in Table 1. The maximal values

of LEFVh and LFVZ decay rates predicted in this
case are:

Br(Z — pFTeT) <412 x 1078 Br(Z — 7FeT) < 2.08 x 1078,

Br(Z — 75uF) < 6.49 x 1076 Br(h — pe) < 2.6 x 1011,

Br(h — 1e) < 1.8 x 1073, Br(h — 1) < 1.5 x 1073,
(16)

This also means that only the LFVh decay h — pe
is still invisible in the incoming experimental sen-
sitivities listed in Table 1. To end this section, we
conclude that our results are consistent with those
discussed in (T. T. Hong et al, 2024) in all allowed
ranges of m,,,. Furthermore, the LFV decay rates
do not depend strongly on m,,.
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Figuer 2. (g — 2).,, anomalies and LFV decays as functions of m,, in the simplest case of
only y{y,ys, # 0.
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Figuer 3. (g — 2)., anomalies and LFV decays as functions of m,, in the general ranges of
yd, # 0 with two non-zero entries (ab) # (12), (21).

4 CONCLUSIONS

In this work we investigate the allowed parameter
space satisfying all experimental data of neutrino
oscillation, LFV decays of h, Z, and charged lep-
tons, and (g — 2).,, anomalies. Different from (T.
T. Hong et al, 2024) that paid attention to the NO
scheme of neutrino oscillation data, our results fo-

cus on the IO scheme with all allowed ranges of
the heaviest active neutrino masses. We have shown
that the two schemes IO and NO predict the same
results of LFV decay rates. In addition, they do not
depend strongly on the particular values of heaviest

active neutrino masses.
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