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The Belle I experiment and other ongoing and projected lepton facilities are expected to greatly enhance
the sensitivity to the electric dipole moment (EDM) and anomalous magnetic moment (g — 2) for the tau
lepton, making it timely to explore models that predict these observables. In this work, we study a class of
models in which the tau mass is generated radiatively. As a result, sizable EDM and g — 2 of the tau lepton
arise as a natural consequence of the radiative mass generation mechanism at the electroweak scale. We
present two benchmark models with different hypercharge assignments. The first model contains neutral
fermions and charged scalars. We find that the model can predict a large signal of the tau EDM,
d, = O(10"%)ecm, and g—2, a, = O(1073), which are within the reach of future updates of their
measurements. In contrast, the second model, containing a charged fermion and neutral scalars, yields a
similar magnitude but different sign for g — 2, and predicts a comparatively smaller EDM signal. Our
models serve as well-motivated benchmarks for new physics scenarios in which radiative tau mass

generation leads to sizable tau dipole moments.

DOI: 10.1103/rnrt-9gjy

I. INTRODUCTION

Searches for the electric dipole moment (EDM) and
anomalous magnetic moment (g — 2) of charged leptons are
driven by their key role as precision probes of fundamental
laws of nature. These quantities are sensitive to quantum
effects, making them powerful tools to test the Standard
Model (SM) and to search for signs of new physics,
complementing direct searches at colliders and offering
insights into symmetries such as CP and lepton flavor.
They are related to form factors in the effective photon-
charged lepton coupling,

. oq
LEq) = Fi(a)r =+ [iF(g) + F3(@)rs) =, =

(1.1)

where £ = e, u, 7 indicates the charged lepton with mass
my, ¢ 1is the four-momentum of the photon, and
o™ = i[y*,y”]/2. At the leading order, each form factor
can be found as
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(1.2)

while loop corrections and CP violation give nonzero
results for F, and F5. The g —2 and EDM are defined in
terms of F, and Fj, respectively, with on-shell photon
2

q- =0,

-2 e
angfT:Fz(O)v df:_z_mf&(())’

(1.3)
where g, is the g factor of a charged lepton Z, and a,
receives the Schwinger correction at the one-loop level,
Oem/(2m) =~ 1.16 x 1073 ecm [1] with the fine-structure
constant &, ~ 1/137. The SM contributions to the electron
and muon g — 2 are precisely calculated [2] and compared
with experiments [3,4]. For the latest review on the muon
g — 2, see Ref. [5] and references therein. On the other
hand, a nonzero EDM requires CP violation, which arises
predominantly from the phase in the Cabibbo-Kobayashi-
Maskawa matrix within the SM, resulting in extremely
suppressed predictions for charged lepton EDMs.
Therefore, the discovery of a nonzero EDM indicates the
existence of physics beyond the SM. In fact, precise
measurements of the electron EDM [6,7] already put
stringent constraints on a wide range of new physics
models (see, e.g., Refs. [§—10] and references therein for
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implications on supersymmetry). While the current upper
limit on the muon EDM [11,12] hardly gives a constraint by
itself, the projected experiments [13—16] will reach the
sensitivity to explore new physics at the electroweak scale.

The dipole moments of the tau lepton are currently much
less constrained than those of the electron and muon due to
the tau’s short lifetime, but they will provide a valuable
window into new physics effects that scale with lepton
mass. The SM contribution to the tau g —2 is precisely
calculated and found as a3™ = (117717.1 +£3.9) x 1073,
including updates of the hadronic vacuum polarization
contributions [17,18]. On the other hand, its measurements
at the Large Hadron Collider (LHC) are still not as
|

—1.85x 1077 ecm < Re(d,) < 0.61 x 1077 ecm (95%CL),
-1.03 x 1077 ecm < Im(d,) < 0.23 x 1077 ecm (95% CL),

|d,| <2.9x 107" ecm (95% CL).

precise [19,20],

ATLAS: —0.057 < a, < 0.024(95% CL), (1.4)

CMS: —0.0042 < a, < 0.0062(95% CL). (1.5)

The SM contribution to the tau EDM is tiny. At the quark
level, the leading contribution is given at the four-loop
level, & = O(10~#")ecm [21-23], while the hadron level
long-distance effect enhances the contribution to dM ~
—7.32 x 10738 ecm [24,25]. The current experimental
upper limits are [7,11,20,26]

(1.6)
(1.7)

(1.8)

Note that the complex form of the limits is due to the off-shell photon in the e™e™ — 777~ process. There is also an indirect
limit on |d,| from the electron EDM constraint via the three-loop light-by-light mechanism [27], which is [6,7]

1.1x 10718 ecm
d.| <

4.1x 107 ecm

providing a stronger constraint compared with the direct
bounds. Although measurements of the tau g—2 and
EDM remain experimentally challenging, we can expect
improved sensitivities for these observables by ongoing
and projected experiments such as the Belle II experiment
[28-30], Beijing Electron-Positron Collider [31-33], and
Circular Electron-Positron Collider [34,35]. They will reach
the sensitivities of |a,| ~ 1075 and |d,| ~ 107! ecm [36-38].
Given such expected improvements in experimental sensi-
tivity, it is natural to ask what kind of new physics models
can be probed by measurements of the tau g — 2 and EDM.

New physics contributions to the dipole moments of a
charged lepton are scaled by 1/A%p with a new physics
mass scale Ayp, as the corresponding operators are effec-
tively dimension six, due to a Higgs field insertion for
chirality flipping. Generally, the contributions are sup-
pressed by a loop factor as well as the charged lepton mass.
However, as discussed in Ref. [39], we can avoid a loop
suppression when the charged lepton mass is radiatively
generated, because a loop factor is effectively absorbed into
the mass in their expressions. In such a model where the tau
lepton mass is generated radiatively, naive dimensional
analysis indicates that the same loop-induced chirality
structure generically leads to a, = O(107) and d, =
O(107")ecm for Axp at the electroweak scale. In the
present paper, therefore, we investigate a class of radia-
tively generated tau mass models and their predictions for

for |d,| < 1.1 x 1072° ecm,

for |d,| < 4.1 x 107° ecm,

(1.9)

the tau g — 2 and EDM, aiming to identify the tau g — 2 and
EDM as sensitive probes of the underlying mass generation
mechanism." Our models contain new exotic particles that
exclusively couple to the tau lepton, realizing the radiative
mass generation mechanism in a minimal setup.” A new
source of CP violation arises from generally complex
couplings whose phases cannot be completely removed
by field redefinition. We explore two benchmark models
with different hypercharge assignments of new particles,
which lead to distinct predictions for the tau dipole
moments, allowing future measurements to discriminate
between the two setups.

The rest of the paper is organized as follows. In Sec. II,
we describe our model setup and show detailed predictions
for the tau g—2 and EDM. We start with a model-
independent discussion and then consider concrete models.
Section III discusses relevant experimental and theoretical
constraints. In Sec. IV, we numerically explore viable
parameter regions to give sizable tau g—2 and EDM,

'Reference [40] presented a scalar leptoquark model for the tau
g—2 and EDM. Collider searches for leptoquarks [41-43]
require their masses to be heavier than O(1) TeV, leading to
smaller predictions for the tau dipole moments.

The radiative tau mass model has been discussed in Ref. [44],
which explored constraints from the Higgs and electroweak
measurements as well as dark matter phenomenology.
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TABLE I. Charge assignments for the relevant particles in the
radiative tau mass model. L] and 7 represent the third generation
of the left- and right-handed leptons and H is the SM Higgs field.
L. and X are Z, symmetries associated with the tau number and
the exotic particle number, respectively, while S, is a softly
broken Z, symmetry to forbid the tree-level tau Yukawa
coupling.

Ly TR H 43 YR ¢ n
SU(2), 2 1 2 1 1 2 1
Y _% -1 % Y, Y, Y, + % Y, +1
L. — - + + + - -
X + + + - - - -
A\ + - + + + + -

which can be tested at future measurements. Section V is
devoted to conclusions and discussions. Appendixes sum-
marize some formulas used in the main text.

II. MODEL SETUP

As discussed in the case of the radiative muon mass
model [45], we consider new particles coupling to the tau
lepton, whose charge assignments are summarized in
Table I. The radiative mass for the tau lepton can be
obtained by the following two Yukawa terms:

‘Crad = _y¢L72¢+WR - anL’/[TR +H.c., (21)
where these terms always exist in any choice of Y,,. Note
that the two Yukawa couplings y, , can be real and positive
by using rephasing degrees of freedom. Here, we also need
a mixing between ¢ and 7, which is
Ve D aHn'¢p + He., (2.2)
with a mass dimension one parameter a in the scalar

potential. The radiative tau lepton mass can be then
obtained as

. Yoy
mPd = lgﬂg F mdis

(2.3)

where F g 1s a model-dependent part with mass dimension
1, which is expected to be scaled by the mass of y; g, due
to mass flipping from the inner y; p line, and also depends
on the mixing angles for exotic particles. We emphasize
that F 4 is generally complex, originated from the mixing
of w; g or ¢ and 5, which arrows us to parametrize it as
Fmdl = |Fma|e?-. The phase 0, is equivalent to the phase
of m# due to real values of y,, ,. The absolute value of m
should be the measured mass of the tau lepton, and hence,
we have the following relation:

YoYy  m7"

1671'2 N |’7:mdl

. (2.4)

which is the main essence for generating large g — 2 and
EDM in the radiative mass model [39,44,45]. Note that
compared to the case of the radiative muon mass model, the
radiative tau mass model tends to predict larger Yukawa
couplings, y,, y,. From Eq. (2.4), one can easily see that
g

‘Fmdll

Yoy, = 1677 ~ 10, (2.5)

due to the heavy mass of the tau lepton, m;"’ =

1.77693 GeV [46]. Here, we assume that the masses of
exotic particles are O(100) GeV, and the exotic mixing
angles give 1/4 — 1/3 suppression factor on |F 4|, which
becomes an enhancement factor on y,y,. Therefore, if we
need to focus on a parameter space where the exotic mass
scale is O(100) GeV to obtain large tau g — 2 and/or EDM,
the bound on y,y, < 4z will constrain the parameter space
severely.
The dipole operators are defined as

e . e e
'Cdipole = _ECT(QZ)(TG ﬁT)Faﬂ - ECT’<q2)(nG ﬁ75T)Faﬁ’
(2.6)

where g and F,; are the four-momentum and the field
strength of the photon, respectively, and relevant diagrams
to Cr(¢?) and C(g?) in the radiative tau mass model are
shown in Fig. 1. The phase 6, of the tau lepton mass can be
removed by a chiral rotation,

7 — e”0rs/2g, (2.7)
which also affects the dipole operators. The final results for
the tau g —2 and EDM are then given by

€ = -0 i =
Edipole = _mar(ro{/}T)Faﬁ - EdT(TG /}75T)Fa/3’ (28)

T

a, =2m (Cr(0)cosO, + C(0)sinb,), (2.9)

d, = e(Cy(0)cosO, — Cy(0)sin6,). (2.10)
It is useful that sin@, and cos @, can be determined by
Fndl aS

Im(F )

_ Re(F ma)
|~7:mdl| ’

sing, = cosf, = .
f i |‘7:mdl|

(2.11)

To obtain only the desired terms in the model, we impose
three discrete Z, symmetries: L., X, and S,. The last one,
S, plays arole to forbid the tree-level tau Yukawa coupling
and is softly broken by the terms in Eq. (2.2). On the other
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FIG. 1. Diagrams relevant to Cr(¢*) and Cy(¢*). ¢ = p; — p; is the four-momentum of the photon, and ¢; and y, are mass

eigenstates for the exotic particles.

hand, L, and X, which are associated with the tau number
and the exotic number, respectively, allow appropriate
Yukawa terms with exotic particles and the tau lepton
exclusively. The L, symmetry forbids lepton-flavor violat-
ing (LFV) processes associated with 7 decays, e.g., 7 — £y
and 7 — zf,{ijk with Z; ; = e, u. Since the left-handed
doublet lepton Lj is charged under L, it is problematic to
reproduce the observed neutrino mixing angles. Therefore,
for the neutrino sector, we need an extension of the model,
as discussed in Ref. [39].% In the present paper, we expect
that this extension does not give a relevant effect on our
numerical analyses.

A. Majorana fermion model

Let us now consider a concrete model for the radiative
tau lepton mass. We choose the hypercharge Y, in Table I
to be 0, and hence, we have SM singlet fermions, which can
be Majorana. Then, we call it as the Majorana fermion
(MF) model.

The Lagrangian and scalar potential of the MF model are

- o _ m _ X

Lyg D <—)’¢LZ¢TWR — YyWLNTR — MpY YR — #Wﬁlli
Mpp ——

- %W[CQWR + HC> - vscl,MFa (212)

G+ ot
= <%(0H+h0+iGo)>’ ¢= <%(a¢+ia¢)>’

Vscl,MF = §

s=H.p;n
+ Ay (H H)(1"n) + A4y () (")
+ Ay (H ) (¢ H)

s 1SS g ) 9)

+ (aHnTgb + %” (H' ) + H.c.) : (2.13)

Due to rephasing degrees of freedom, all couplings except
for one of mp,my;, mpr can be real and positive. The
physical phase of the MF model is then

1 mppm 1
Opiys = 512 (7%1%) RR) =5 (0, +0r=20p).  (214)

where 0, ; g are phases of mp, m;, and mpgg, respectively.
Note that the left- and right-handed Majorana fermions can
be defined as y¥ =y + (wr ). We assume that
two exotic scalars ¢ and  have zero vacuum expectation
values (VEVs). This leads to no mixing between H and
¢,n, and hence, all scalars in the MF model can be
parametrized as

n=n", (2.15)

where vy = 246.22 GeV is the SM Higgs VEV, G* and G° are Nambu-Goldstone modes, and 4° is the SM Higgs

boson.

In order to obtain the mass eigenvalues for all exotic particles, we need to diagonalize the corresponding mass matrices
for (w,.wg), (64.a4) and (¢™,5"). The details are discussed in Ref. [39], which shows

3Recently, the authors in Ref. [47] explored models with global U(2) . symmetry in the context of proper neutrino observables as well

as LFV and lepton anomalous magnetic moments.
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1
mil B (mLL + mig + 2|mp|* - Ami), (2.16)
1
my, = 5 (m7, + myg + 2|mp|* + Amy), (2.17)
A, = J (= ) + 4o 55+ e 5 (2.18)
2 . .
sin2a = |m’§|‘mLLe"9£> T mgge’m|, (2.19)
myp; — npg
tan 9MF = — m tan 9?)/1'111;75’ (220)
for the Majorana fermion sector and
1
= [M;+M,3 - /3 - a2 —|—2a21112L,J, (2.21)
1
m =2 M3+ M3+ \ (M3 = M3)? 42003, (2.22)
sin 20 = f‘”"’z , (2.23)
mcoi My

. . 2
for the exotic charged scalar sector, with M 35 n = qué.n + v%,. The relations between flavor states and mass eigenstates

are given by
WL = WiCq +WhseeTNE g = —yris,eT ey, (2.24)

¢ = @ico+@3se. N = —@isy+ @icy. (2.25)

Note that the exotic neutral scalars do not mix with the neutral component of H, and moreover, 6,4 and a,, also do not mix
with each other, due to no CP violation in the scalar potential. Therefore, their mass eigenvalues can be found as

! "
g T Ang 5

l//
5 Vi, m2 M2 + 1,

m2, =M+ , T 2, (2.26)

By substituting the mass eigenstates into the original Lagrangian (2.12), the relevant terms for calculating the radiative
mass and effective Yukawa coupling as well as the dipole operators of the tau lepton are

L _ L A'k B
Lyp D (=1 TLo7wa — YR wae  tr + Hee) — ﬁhofpj e (2.27)

with the explicit forms of y{’fR and A, in Table II. The radiative mass and effective Yukawa coupling of the tau lepton in the
MF model can be obtained by replacing 4 — 7 in the corresponding expressions of Ref. [39],

eff
Lo D —m™7, 74 — %mRhO 1 Hec., (2.28)
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TABLE II. Yukawa couplings for the tau lepton and exotic particles (left block) and scalar trilinear couplings
(right block) in Eq. (2.27).

(. a) e K (js k) Aj

(1, —YpCoSqe O —VySoCa (LD —asyy + \/EUH(AH(/,cé + AryS5)
(1,2) Y¢pCoCa —y”SgSaeigMF (152) acyg + \/EUH(}'H(]& - j’Hﬂ)SHCH

2.0 — Y SgSqe O Yy€oCa 2,1 acyy + V205 (A = Ay)Seco

(2,2) Y¢pSoCa ynC‘gSaeigMF (2’2) asog + \/EUH(/’{H(]}S% + /IHqC‘%)

o 2 2 0\ 2 2 2
L yieyie my, By(0,m,, ,m,, ) m(p;BO(O, m(p;, m(pj)
mz= = lo2 v 2 2 -1
ja O Mye = My,
YoYn 520524
Y000 5205 X ), 2.29
1622 4 ME(X 115 X125 %215 X2.2) ( )
Jja. ka
VL YR Ajik
02\ J 2 2 2 .2 0
ye (pho) = —;Wm%Co (m,, Pio» Mz, My, m‘ﬂf’ m#’[)' (2.30)
J.k.a
[
Here p;p is the four-momentum of the SM Higgs boson, By, where
and C are loop integral functions defined in Appendix C,
and Colm, . m2,) = Colm2.0.m2.m, .2 .2
J J 7
FMe(X1 10 X120 %215 %2 2) ~ (0,00, m‘%’a’mi,*’m(i,*)’ (2.35)
- —-i6
=m, e "M [Irad(xl,l)_lrad(XZ,l)]
. " C, (mi om2) = Ci(m2,0,m2 ml  m?  m?.)
- my,e ME [Irad(xl,Z) - Irad(x2.2)] s (231) ‘ i ‘ ?i i
~C(0,0,0,m2 ,m>..m%,), (2.36)
. @ Ut e
with x;,, = m;/+ /m;, and ;Y
are loop integral functions whose definitions are summa-
X . . . . .
Loa(x) = lln X. (2.32) rized in Appendix C, and the last approximations can be
x —

As expected in Eq. (2.3), Fyp(xy,1, %12, X2,1, X22) is scaled
by m,, ,. From Eq. (2.29), the size of y,y, depends not only
on the scale of m,_ but also on the mixing angles for
the Majorana fermion and exotic charged scalar sectors.
Therefore, sy, ~ s29 ~ 1 and |Fyr(xy1, %12, %1, X22)| 2
O(100) GeV are required.

In the MF model, C7(g?) and C7(g?) can be estimated
by the left diagram of Fig. 1,

Re[y)'vk]
aF0)=>" o2 M. [Co (e mi;)

j.a
+2C, (m,.m2.) |. (2.33)
Im(y}'vi]
C]}/!F(O) - Z 16Lﬂ.2R My, [CO (mza’ mi]*)
J.a
+2C (m2,, mi;)} : (2.34)

applied when m? < m2+, my, . In this limit, we find the
J

following simple analytical form:
CU (msla P mi;r ) + 2Cl (mgla s qul)T)

- 1 x%a—l—zxj‘,alnxj"a

miu 2(1 —xj,a)3

(2.37)

B. Real scalar model

As an another explicit model, we choose the hypercharge
tobe Y, = —1 and follow the same steps as those of the MF
model. In this case, we have one real singlet scalar, and
therefore, we call this model the real scalar (RS) model.

The Lagrangian and scalar potential are similar to those
of the MF model,

Lrs D (=yyLi ¢ wr — ywrnte — myyryg + He.)

- Vscl.RS’ (238)
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Vscl.RS = Z

s=H.,pn
+ ﬂHq(H TH)P + gy (@ D)
up(H ) (TH)

{m?s"’s + % (S"_s)z} + dug(H'H)(#" ¢)

1

A1y
+ <—aH17¢+ 2

2 (Hp)? +H.c.>. (2.39)

In this model, 7 is the real scalar and hence, one of phases
of a and A, cannot be removed, which leads to the

physical CP phase of the RS model,

Mo
Os = arg< 2 > =0y, —20,. (2.40)
where 6’,% y and 0, are the phases of /1’,;45 and a, respectively.

As in the case of the MF model, we assume that ¢ and
do not acquire nonzero VEVs, leading to the following
parametrizations for doublet scalar fields:

b= (\}E(U(/:; iaf/)))’
(2.41)

G+
= (ﬁ(vH+h°+iGO)>’

where G* and A°, G° do not mix with ¢* and 6, a,. 7,
respectively. We obtain the mass for ¢ and the mass-
squared matrix for exotic neutral scalars in the basis of

(04)7 n, a¢)7

Ay + 4
m3. = my + (2.42)
mj, + '% vy Re(a)vy - —lm(;”"’) vy
M3 =| Re(a)vy 2m}+Ay,vy; —Im(a)vy |,
- Im(i 1) vy —Im(a)vy  my 4% L

(2.43)

where 1, = Ang £ Re(4y,). By using a 3 x 3 orthogonal
matrix R, we can diagonalize M3 as

RTMZR dlag(m(/h ’ mglz’ méz)’

(2.44)

and the flavor eigenstates can be written in terms of the
mass eigenstates ¢; as

3 3 3
Op = ZRU%', n= ZR2J(/’J" ag = ZR3j(/’j-
J=1 Jj=1 J=1

(2.45)

TABLE III.
define R{\"

Scalar trilinear couplings defined in Eq. (2.46). We
= R,jRpr + Ry Ryj and j # k in the second row.

Aj; SR, + 2_R3; + 224, R3;) vy + Ry jRy;Re(a)
—R21R3J Im(a) - Im(/lllli¢)leR3jUH
. 3 = 2
Ajk (A4 RyjRy + A_R3jRy; + 224, R jRoy ) vy + R<zlc 'Re(a)
~R':Y Im(a) — Im(2%, )R v

Note that the assumption of VEVs for ¢ and # results in no
mixing between 7 and y, and hence, the mass of y is solely
parametrized by m,, in Eq. (2.38).

By using the mass eigenstates, we obtain Yukawa
couplings of the tau lepton to ¢; and scalar trilinear
couplings. We write the relevant terms as

()
YL ()
Lgs D <_%TL§0./'V/R — YR WL@;TR + H~C~>

— A1, (2.46)

where y<Lj) =y,(Ry; — iRs;) and yg) =y,R,;, and Ay is
summarized in Table III. From these couplings, we can
calculate the radiative mass and effective Yukawa coupling
of the tau lepton for the RS model,

eff

Yoo o~
Lo D —m™%, 75 — =7, 7xh° + H.c., 2.47
it LTR N LTR ( )
S
‘ p 116\/_71
mZ By(0,m%, md) — BO(O m m(%,j) |
X —
méj - mg,
y(/)yn
=" Frelx1, %, x3), 2.48
16\/§ﬂ2 RS( 1,42 3) ( )
() (k)
off (2 Vi YR Ajk
Yo (pp) ==) — mmy
%; 167
X Co(m%, pflo, mz, my,. mé, ,mf,k), (2.49)
where Fgg(xy, X2, x3) is defined by
3
Frs(x1, %2, x3) Em.,,z Ry; — iR3;)Ryjla(x;), (2.50)

J=1

with x; = mij/mg,. Note that Frg(x;,x,,x3) is scaled by
m,, as expected in Eq. (2.3). By using orthogonal con-
ditions, >3 | RjuRim = jx = >3 RyjRuu. the abso-
lute value of Fgrg(xy,x,,x3) is given by

035001-7
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| Frs (X1, %2, x3)| = \/|7:Rs(x17x2,x3)|2
= my, (R R3y[Iraq (%1) = Traa(x2)]?
+ R R [Lraa(x2) = Traa (x3)]?
+ R33R5) [T1aa (x3) = Traa(x1)]7) /2.
(2.51)

Cr(0) and C1(0) in the RS model can be calculated
from the right diagram of Fig. 1,

3 () ()

2 m2 mZ)

—+=Em,Cy(m?,0,m? Mg, L My, my,

(2.52)

m[yy

16v27

()
Rz]ml,,Cl( 2,0,mz, mg, my, my,).

CR3(0) = Z
(2.53)

Note that in the limit of m?2 < m mé ,

the analytlcal expression of C,(m2,0,m2, m

C,(0,0,0,m} mﬁ,, my,) as

we are able to find

2 .2 2
»; My M) R

_ 13-

4x +1- 2x2 lnx
4(1-x;)? ’
(2.54)
|

Ri3R3 — R1pR33 = Ry,

As aresult, a, and d; only depend on R5; 5, »3 in addition to
the exotic masses. Due to the orthogonal condition
R3, + R%, + R, =1, only two of them are independent
parameters, which leads to one remaining free parameter in
R. Note that we numerically check that C,(j) > C,(k)
when m,, < m,,, and I;,4(x) is the monotonically increas-
€10) = C (0] ) -
which results in a negative

Pi>
ing function, and therefore,
Iaa(x)] < O for m,, <mg,,
value of a, in the RS model.

III. PHENOMENOLOGY

We here discuss experimental constraints on our model,
which will restrict its parameter space for generating large
tau dipole moments a, and d,.

A. Higgs decay to tau leptons

The current experimental result on branching ratio of
h® — 777~ reported by ATLAS in 2023 is [48]

Ri1R33 — Ri3R31 = Ry,

With Egs. (2.9), (2.10), (2.52), and (2.53), the dipole
moments a, and d, can be expressed as

)
a. =
‘ | Frs(x1, X2, 23)|

x {Rglez [Ci(1) - Cl(zmlrad(x])
+ R3,R%[C1(2) = C1(3)][Iraa(x2) —
+R 21 [Cl( ) (I)M rad(x3)

— Iraa(%2)]
rad(x3)}

rad(xl)}}7
(2.55)

€X
myP

d,=—

R21R22R23I];S(x1,x2,x3), (2.56)

|:FRS(xl’x2ax3)|2

2

where C,(j) = v

Appendix C, and we deﬁne

Ci(mz, m, ,my,) with Cy(m?, mg, . mj,) in

Cl(l>[lmd(x2) - Irad(x3)]
+ Cl (2)[lrad(x3) - [rad(‘xl)]
—+ Cl (3)[1md(~x1) - Irad(x2)]'

Igs(xl’xz,ﬁ%) =

(2.57)

Here, for d,, we have also used the following identities for
the orthogonal matrix, in addition to the orthogonal
conditions,

RisR31 — Ry 1R3 = Rys. (2.58)
I o

BR(h0 — ¢+¢7) = 127 — 00607099 (3.1)
hY total

which is quite perfectly predicted by SM, because its
uncertainty is much smaller than that of the h° — ptu~
channel. This means that our effective Yukawa coupling

ye'(m,) should not largely deviate from the SM Yukawa

coupling of the tau lepton y>M, which will be a strong
constraint on our parameter space.

In our model, the decay width of W0 > 7t~ is esti-
mated as

Fho—yr*r‘ = it - 4’721%
167 mi,
4 2
X Kl _ e >(Reyetf) + (ImyeM)2 |, (3.2)
mh0

In the limit of 4m? < m?,, we can simply get

hOs
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th

~ off |2, 33
et (33)

Fho—w*r’
The total decay width of Higgs from SM prediction is given
by ISM —=4.115 MeV, when Higgs mass is m =

h° total

125.2 GeV [49]. According to the ATLAS result, we find
the region of I'jo_, .+ .- € (0.216,0.281) MeV for 1o interval
of the experimental result in Eq. (3.1).* The constraint of
|y¢f| is given by

|y$ff(mio)| €(0.93,1.06) x 1072. (3.4)

Clearly, the SM value ySM = \/2m, /vy ~ 1.02 x 1072 also
lies in this region.

B. Higgs invisible decay

Since our models have couplings between the SM Higgs
and new exotic particles, some parameter space suffers

from the constraint of the Higgs invisible decay, whose
bound is [46]

0.
MLV 0.107(95% CL).

1O total

(3.5)

mo 4m? 4m? . .
] Z [(1 _—m;l>(Reys;{)2 T (moyey],

Fho,il’lv - rhﬂ_w/lwl - —16]7; Cho_v,l 1 -

where Cjo,, = 1/2(1) for the MF (RS) model is the sym-
metry factor, y; = y for the RS model, and y&" can be esti-
mated by replacing m, <> m,, and y; < yg in Egs. (2.30)
and (2.49). Note that due to this replacement, y$" will be
small, because it is proportional to m,, instead of m,,. It is
emphasized that only when m,, < myo/2 or m,, < m/2,
these invisible decays are kinematically allowed.

C. Collider bounds on charged particles

In both models, we introduce new U(1),, charged
particle(s), namely, charged scalars in the MF model or
a charged fermion in the RS model. The masses of new
charged particles are constrained by collider searches. The
LEP experiment puts a bound on the charged scalar mass,’
my+ > 94 GeV at 95% CL [53], for the case of BR(H" —
7tv) =1 in type-II two Higgs doublet model (2HDM).
They also concluded that my+ < 80 GeV is excluded for

“To obtain this 1o range, we also use the SM prediction of
BR(h® — 7777) = 0.0624 for m;» = 125.2 GeV in Ref. [49], in

order to subtract the SM contribution of #A° — 7Tz~ from Fi}}’ltolal.

’If the new charged scalar couples to the quark sector,
other bounds should be considered. See, e.g., Refs. [50,51] for
my+ < m, and Ref. [52] for my+ > m,.

Using the total decay width of the SM Higgs, the constraint
can be [y, < 0.493 MeV, if |yf| ~ ySM. When using
the obtained range of [y¢| in Eq. (3.4), the bound
becomes I'jo;,, < 0.488-0.496 MeV.

The MF and RS models have the following couplings
which are relevant to I'jo;,,: tree-level scalar trilinear
couplings of °p7 ¢ or h°;¢;, and one-loop couplings
of W%y, or h%ny. The lightest scalar ¢, or fermion
w1 (y for the RS model) can be lighter than the SM Higgs,
and hence, these couplings lead to decay processes of
h° = @, or h° = yry,. The decay width for the former
process is given by

Ay 4m;
Doy = Dhosgp, = 32amy 1 - - 0‘, (3.6)
I

where A;; depends on the model and can be found in
Tables II and III for the MF model and RS model,
respectively. On the other hand, the decay width for the
latter process can be found in a similar manner as
in Eq. (3.2),

(3.7)
hO

I
the type-II 2HDM, for any value of BR(H" — 7tv). These
bounds will be relevant to the MF model.

A new charged fermion is also constrained by the LEP
experiment. The lower bound on a new charged fermion
mass is 100.5-102.6 GeV, depending on the charge assign-
ment of the new fermion [54]. In addition, the CMS
experiment gives a bound on the vectorlike lepton
mass [42]. The singlet vectorlike lepton case in their
analyses is relevant for the RS model, and gives the
exclusion range of 125 GeV < m, < 150 GeV. Here, 7/
is a new singlet vectorlike lepton, which corresponds to y
in the RS model.

We can also consider constraints from searches for stau
production at the LHC [55-60]. The direct stau production
constrains a region for the stau mass below 480 GeV,
depending on the neutralino mass up to ~215 GeV [61].
This constraint should be applied to the parameter space of
the MF model, since there are staulike ((plil) and neutra-
linolike () exotic particles in the model.

D. Lepton-flavor universality of Z boson decays

Since our exotic particles exclusively couple to the tau
lepton, the decay width of Z — 7~ is modified in our
model. Due to this, the ratio between the Z — eTe™, upu~

035001-9
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Z

TL.R L
Di

TL,R
Dy

FIG. 2. Additional diagram related to Z — 77~ decay process
for the RS model. Due to the Z boson coupling structure, only
J # k cases contribute to the decay process.

and Z — 77t~ decay widths may restrict our parameter
space. The current experimental status for these ratios
is [62,63]°

[(Z-7h)

—— = = 1.0020 £ 0.0032 .
Rz erer) = H0020+00032 (3.8)
[(Z—-1tt)

—— - =1.0010 £ 0.0026. .
F(Z o ) = 10010:400026 (3.9)

We call these bounds lepton-flavor universality (LFU)
constraints.

The tau lepton couplings to the Z boson can be para-
metrized as

g _
L; > -=%y[(g5 + 865 )PL + (g, + 09%)Pr]TZ,

w

(3.10)

where ¢ denotes the SU(2), gauge coupling, c,, is the
cosine of the weak mixing angle 6y, and g; = —%4— 52,
gk = 52 with s,, = sin 0y, are the tree-level tau couplings to
the Z boson in the SM. In our models, new physics
contributions d6g; p are induced by each dipole diagram
replacing the photon to the Z boson. For the RS model,
Z—@; — @i (j # k) couplings exist, and hence, an addi-
tional diagram shown in Fig. 2 should be considered. The
ratios can be then estimated as

where g{’ r = Y1 are the universal lepton couplings to the
Z boson in the SM, and we assume the new physics contri-
butions are smaller than those of the SM, 69} r < g7 g-
Therefore, |62| must be less than O(1073): —0.0012 <
87 < 0.0036 (—0.0042 < &% < 0.0062) is required for
within the lo (20) range to satisfy both constraints in
Egs. (3.8) and (3.9). The full expressions for ég; p are
summarized in Appendix B.

E. Electroweak precision measurement

Since our exotic particles are coupled to the SM gauge
bosons, there are additional loop corrections to the propa-
gators of the gauge bosons. This leads to nonzero con-
tributions to oblique parameters S, 7', U and finally results
in a possible deviation of the W boson mass from the SM
prediction. The current bounds on these quantities can be
found in Ref. [64] as

§~0.09 + 0.10, (3.12)
T ~0.10 £ 0.12, (3.13)
U ~0.01 = 0.09, (3.14)
my ~ 80.3692 + 0.0133 GeV, (3.15)

where the W boson mass is taken from Ref. [46]. In the MF
model, only exotic scalars contribute to these quantities,
because exotic fermions y, are totally singlet under the SM
gauge groups. On the other hand, in the RS model, all
exotic particles have contributions to them. In Appendix A,
we summarize details of contributions to S, 7, U param-
eters for each model.

IV. RESULTS

In this Section, we show the numerical results in both the
MF model and RS model. In our analyses, we focus on the
on-shell photon case, g*> = 0, although collider experi-
ments can extract the information of the form factor with
the off-shell photon. We will comment on this in Sec. V.

| V4 - 2¢°Re(8g° 2¢%Re (845
( - T+T_) ~ gL e( ng + g{}f ze( gR) = 1 +5f’ A. MF mOdel
[(Z—-¢7¢) (gL) +(QR) .
For the numerical analyses of the MF model, we choose
(3.11) the relevant parameters as
|
M; = (200 GeV)Z, a =120 GeV, mp = 200 GeV, mpr = 200 GeV, Qg/lﬂl;s = 0.8,

(150 GeV)? < M2 < (450 GeV)?,

5 GeV < my; < 150 GeV.

(4.1)

®Here, we show the averaged results in Ref. [46] and use them for numerical analyses.
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a, [107°]

180+

160+

140+

my;: [GeV]

120+

.400

1001
LEP bound

124 126 128 130 132 134 136 138
my, [GeV]

|d,] [107"° e-cm]

180} 15 YoYn > 41T
A
160+
s N
()
0] °
5 140 N2
g
N
120+ Vv
o\
\
»L)!
N
100»3 Coa?
LEP bound

124 126 128 130 132 134 136 138
my, [GeV]

FIG. 3. Numerical predictions of a, (left panel) and |d,| (right panel) in the MF model with Eq. (4.1) and (150 GeV)? < M,Z] <

(450 GeV)? and 5 GeV < m;; < 150 GeV. Each black contour shows the predictions of a, and |d,

, while the gray dashed line is the

contour for the combination of Yukawa couplings, y,y,. The shaded regions are excluded by the LEP bound (red), y,y, > 4x (gray) and

the LFU constraint (cyan) by setting y; = y,.

Note that for this parameter choice, relevant constraints on
the parameter space will come from: (i) the LEP bound on
the charged scalar, (ii) the constraint on the combination
Y¢Yy < 4r. The other constraints can be imposed by setting
other parameters, y, (O ¥,), Ay Ary» Ay ¢ and 2, b which
do not affect the results of a, and |d,|.

Figure 3 shows the numerical results in the MF model
with parameters in Eq. (4.1), in the (m,, ,m, ) plane. The
left panel is predictions of a,, while the right one is |d,|.
The red shaded region is the LEP bound on the charged

scalar mass, and we take a conservative limit, mye >

100 GeV. The gray dashed lines are the contours for the
combination of Yukawa couplings, y,y,, and the gray
shaded region corresponds to y,y, > 4z. We also plot the
LFU constraint on the model by setting y, = y,, as shown
in the cyan shaded region.

From the left panel of Fig. 3, a,~(2-3) x 107 is
predicted in the whole allowed parameter space, and there-
fore, our model with the parameter choice in Eq. (4.1) will
be tested in future experiments. The right panel of Fig. 3
shows that a large |d;| > 107! ecm can be obtained for
my, ~124-133 GeV with 100 GeV < m,+ <155 GeV,
and future measurements of |d,| will be able to probe this
region. Importantly, the value of |d,| is close to the indirect
bound in Eq. (1.9), and the region of |d,| > 107! ¢ cm can
be also tested by electron EDM measurements. Note that
this result is consistent with Ref. [39] for the muon EDM,
which gives |d,|~ 107> ecm for m,, ,m, =720 GeV:
the expected value of |d,| is then |d,| ~ |d,| x (m./m,) x
(720 GeV/130 GeV)? ~2 x 10719 ecm.

It is clear that the constraint of y,y, < 4z is crucial for
the viable parameter space in the MF model. As mentioned
in Sec. II, this is because we reproduce the tau lepton mass
in the current work, which is about 17 times heavier than
the muon mass. Moreover, we focus on the lighter mass
region for the exotic particles, O(100) GeV, and hence,
Y¢Yy 1s roughly two orders of magnitude larger than that in
the radiative muon mass model [39], which will be also
expected in the RS model. For a heavier m,,+ region that is
obtained for a larger M7 with fixed M f,) and a, the value of
Y4y, increases, because the mixing angle 6 decreases. This
can be understood from the definition of each mass eigen-
value in Eqs. (2.21) and (2.22): when M} > M}, avy, each
2~ M(i and m?, ~ M%, and therefore,
1 P
sin 26 decreases by ~1/ M,ZI. The m,, dependence of y,y, is,
on the other hand, not so simple, although sin 2a decreases
when my; > mpg, mp. In the plot region of Fig. 3, how-
ever, Sp, ~0.89 ——0.98 due to the parameter choice in
Eq. (4.1). Therefore, y,y, mainly depends on the size of
|‘FMF(XI.1 »X12: X215 XQ.z) ‘, which can be estimated by

mass eigenvalue is m

|fMF(xl,1vxl,27x2$l,x2.2)‘

= \/ml%,ll% +my, I3 = 2my, m,, I 1, cos 20y, (4.2)

with Ia = Irad(xlqa) - Irad(xz,a) < 0. (43)
Here, Oy is determined by Eq. (2.20), and hence, it decreases
when m;; =5 GeV — 150 GeV with mpgr = 200 GeV,
leading to cos 29MF - 1. Then, |FMF(-xl,l’ xl,z,xz’l ,X2,2)|
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decreases when m;; increases within the range of
myy, < mgg. This results in a large y,y, for the region
of heavy m,, .

We have comments on the other constraints on the plots.
The LFU constraint depends on the choice of a ratio
ry = Y4/, wWhich is r, = 1 in the plots. We checked that
the r, ~ 1 is required for a large viable parameter space,
because the dominant parts of dgj , are proportional to
Yj, ¥y» tespectively, as explained in Appendix B 1. It is
emphasized that the value of ratio r, ~ 1 is also expected
from the point of view of large y,y,: in most of the viable
parameter space, y,y, = O(10), and individual couplings
V¢ Yy are favored to be less than \V4r. Other constraints,
e.g., the effective tau Yukawa coupling y¢ and the
oblique parameters, can be satisfied by choosing quartic
couplings, Agg, Apys /1’H¢, and /1’1’145. We checked that
(Atigs Atigs Augs Arg) = (0.15,0.18,0.2,0.3) gives |yeff|
0.00966-0.0104,  §=~0.0043-0.0133, T ~—0.0032-
0.0023, U ~—-0.00022-0.00056, which are within the
experimental bounds. Moreover, since the lightest exotic
|

y(/) = 2, /1H(ﬁ = 07, /1;_145 = 0,
m,, =200 GeV,  m, =300 GeV,
70 GeV < m,,, < 180 GeV,

and mé m3, 251405 lal, anq Qgsys are reproduced by this
parameter set. Note that y, is determined by the radiative
tau mass in Eq. (2.48).

a, [107%
250 ' '

I Y B

200

19 041
20060~ 9 nd

my+ [GeV]

__LEP bound

80 100 120 140 160 180
my, [GeV]

particle is heavier than m,o /2, there is no constraint from
the Higgs invisible decay.

B. RS model

Among 14 new parameters in the Lagrangian and scalar
potential, the following 11 parameters are independent and
relevant to our analysis of the RS model:

Yo Vs My Mg 1y, A Ay || Aegs lal O, (44)
where Gghsys is defined in Eq. (2.40). For the scalar sector,

we can choose mass eigenvalues and mixing matrix
elements R, as our input parameters for numerical analy-
sis, instead of using the parameters in the Lagrangian.
According to the expressions for a, and d, in Egs. (2.55)
and (2.56), we use My, My s My, s My, R>1, Ry, as inputs for
numerical predictions of dipole moments. To investigate a
viable parameter space, we need to fix remaining param-
eters, y, (or y,), one of R and quartic couplings. For the
current analysis, we choose R3; as an input parameter, and
each input is chosen as

w1y = —0.15,
R21 — 03,
85 GeV < m,, <250 GeV,

R22 - 04, R31 — 06,

(4.5)

Numerical predictions for the tau g —2 and EDM are
shown in Fig. 4. The horizontal axis is the lightest neutral
scalar mass m,, , and the vertical one is the mass of m,,.

|d¢| [107"° e-cm]

250+

N1

FIG. 4. Numerical predictions of a, (left panel) and |d,| (right panel) in the RS model with Eq. (4.5). Each black contour shows the
predictions of a, and |d,|, while the gray dashed lines are the contours for the combination of Yukawa couplings, y,y,. The shaded

regions are excluded by the A% — 77~ bound (magenta), the LEP bound (red), Y¢Yy > 4m (gray), and the LFU constraint (cyan).
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Black solid lines correspond to contours for a, (left panel)
and d, (right panel) in unit of 10~ and 107'° ecm,
respectively. The shaded regions are excluded by several
experimental bounds that are coming from h° — 777~
(magenta), the LEP bound (red) and the LFU con-
straint (cyan).

Compared with the MF model, there are several
differences for the numerical results. First, |a,|=
O(1073) is predicted in the RS model with negative value,
which is positive in the MF model. This difference is
coming from the sign of U(1),, charge of the charged
exotic particle in the loop diagram. This model-specific
prediction is useful to distinguish the radiative mass
models. Second, the constraint on |y¢f| from 7 — zt¢~
appears, mainly because we are exploring a larger region
compared with the MF model. It is important to note that
we can remove it from the current plot by tuning Ag,,
without changing predictions of a, and |d,| as well as other
constraints. We leave it here to show the bound can exclude
smaller m,, , although it is weaker than the LFU constraint.
Third, the predictions of a, and |d,| are almost fixed by m,,
except for m, ~140-180 GeV region of d.. This mass
dependence is expected from Egs. (2.55) and (2.56) and the
fact that | Frs(xy, X, x3)| & m,,, which is clearly shown in
the left panel of Fig. 4. For the m,, > 140 GeV region, the
mass degeneracy between m,, and m,, gives suppression
for |d,|, originated from the I%5(x,x,,x3) function in

|

Eq. (2.57): m,, ~m,, gives I3 (x|, x5, x3) ~ 0. As aresult,
my, ~m, ~ 100 GeV leads to large |d,| for the RS model,
although it is smaller than the prediction in the MF
model by one order of magnitude. Lastly, the constraint
of y,y, < 4x is milder than the MF model and is weaker
than that of the LFU constraint. This is because
|Frs(x1, X2, x3)| does not have much enhancement for
Y4y, With the input values in Eq. (4.5). Note that the mass
dependence of y,y, can be understood from its analytical
form in Eq. (2.48): smaller m, leads to larger y,y,,
with fixed m,,, and R,;. We have also checked that
| Frs(x1, X2, x3)| is a decreasing function with respect to
m,, , and therefore, y,y, « 1/|Fgs(x;,x,,x3)| increases
when m,, becomes heavy.

Finally, we comment on the other constraints on the plot.
The oblique parameter and W boson mass constraints are
still less important, even though there are additional fer-
mion contributions that are absent in the MF model. We
checked that the current parameter region gives S~
0.0021-0.0150, T ~—0.0168-0.0073, U ~ —0.00099-
0.0052, which are within the experimental bounds. In
addition, we should check whether the value of |4,| is
allowed by the theoretical bound, namely, the pertur-
bative unitarity bound. From Eq. (2.43) and discussions
in Sec. 1IB, |43, can be expressed only by m
and R,; as

P123

om3,\ 2 om?,\ 2 Sm?, dm?
|H¢|—\/<1—R%2>2( m2) (1= () 2R, - ) P

2
H

where we define 6m7; = mg, —m2 (j = 2,3).Inthe whole

plot region of Fig. 4 we obtamed || = 0.273-0.639,

which will be safe for the bound. Furthermore, all exotic
particles are heavier than m,o /2 in the parameter space of
Fig. 4, and hence, the Higgs invisible decay constraint is
trivially satisfied.

V. CONCLUSIONS AND DISCUSSIONS

We have explored two scenarios within a class of
radiatively generated tau mass models, where new exotic
fermions (y) and scalars (¢, 17) couple to the tau lepton and
the SM Higgs. A physical CP-violating phase, unremov-
able by field redefinitions, naturally arises from these
interactions and induces significant contributions to the
tau EDM as well as the tau g—2. The models are
categorized according to the hypercharge assignments of
the new fermions, leading to distinct phenomenological
implications.

In the MF model obtained by setting the hypercharge

Y,, = 0, the relevant exotic particles are charged scalars and

(4.6)

2
H H H

|
neutral fermions. This setup can predict large tau EDM and
g — 2, reaching up to a, ~ O(1073) and d,; ~ O(1071?)ecm,
providing clear targets for upcoming experiments like the
Belle II. These predictions lie just below the indirect limit
|d.| < 4.1 x 107! ecm derived from electron EDM con-
straints via the three-loop light-by-light mechanism. For
this reason, the MF model will be also tested by future
updates of electron EDM searches. In contrast, the RS
model obtained by the hypercharge Y,, = —1, which has a
charged fermion and neutral scalars as relevant exotic
particles, can predict the tau g — 2 with the same order
but the tau EDM one order of magnitude smaller than that
of the MF model due to the suppression from the
degeneracy of the exotic scalar masses. Another important
signal is the sign of the tau g — 2, as a model discriminator:
a,; > 0 favors the MF model, while a, <0 for the RS
model. Our study demonstrates that radiative mass gen-
eration models for the tau lepton can produce testable
signals in future experiments, and the precise measure-
ments of the tau EDM and g — 2 offer a promising avenue
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for uncovering new sources of CP violation and probing
physics beyond the SM.

In both models, we have a dark matter (DM) candidate
that is stabilized by the unbroken X symmetry: the lightest
Majorana fermion y; in the MF model or the lightest scalar
@, in the RS model. Unless the symmetry is broken, the
relic abundance should be equal to or smaller than the
observed DM abundance. If we apply the numerical result
in Ref. [39], the observed abundance may be explained via
a coannihilation process in the lighter exotic mass region,
my, ,m, ~O(100) GeV, although such light DM mass
can be excluded by experiments, e.g., collider searches and
direct and indirect detection bounds. Detailed DM phe-
nomenology will be studied in a future work.

Before closing, we have comments on the dipole
moments of the tau lepton in the experiments. In our
analyses, we only focus on the on-shell photon, while the
experiments can extract the information of the tau dipole
moments via the eTe™ — 77~ process with momentum
transfer g> = EZ,; for the off-shell photon. There are some
studies for optimizing the analysis methods for this process
[65-67] and for using transverse-momentum-dependent
factorization formalism to probe the dipole form factors
via the quasireal photon at future lepton colliders [68], like
the Super Tau-Charm Facility (STCF) [69,70], or at ultra-
peripheral heavy ion collisions [71]. There are also studies
discussing the light new physics contribution to 7 dipole
moments, through the interpretation of asymmetry mea-
surements in ete” — 77~ [72,73]. In addition to the
off-shell photon mediation, e*e™ — t7¢~ is also realized
by the Z boson mediation, which is related to the weak
dipole moments (WDMs). These are measured by the LEP
experiment [74,75], and similar constraints as the tau g — 2
and EDM are obtained. Although it is expected that the
WDM predictions are smaller than the tau g—2 and
EDM due to the size of Z-scalar and Z-fermion couplings
[76-78], the recent study for ete™ — Z/y* - t77~ in
several collider experiments [79] showed that the sensitiv-
ities for these dipole moments are significantly improved.
Note that the analytical expressions for amplitudes of these
processes can be found in, e.g., Ref. [80], including one-loop
radiative corrections. When we apply the current analyses to
the off-shell photon and/or the WDMs, we may be able to
find another footprint of the radiative mass models.
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APPENDIX A: OBLIQUE PARAMETERS

The Peskin-Takeuchi parameters S, 7, U [81], also
known as the oblique parameters, are usually used in
testing electroweak precisions by modifying the propaga-
tors of the gauge fields. The definitions can be generally
expressed as

4522 1- 452 _
§— S CWS, T=-T, U:ﬂU, (Al)
a a a
where
5= sz(mz) - sz(()) Cy — Sy 5H2y(612)
B m% Cy Sy 3q2 ¢*=0
oL, (g%
”(zq ) : (A2)
aq 4*=0
= _ Hyw(0) Tz (0)
= ) 2 (A3)
My mz
7= Myw(miy) — Myw(0) ¢, anzy(qz)
N mi, Sw o 04> |pg
AL, (g% _
”(Zq | _as (Ad)
aq ¢*=0

Here, ITyy(g?) is the coefficient of ¢* in the vacuum
polarization tensor for VV' = WW, ZZ, Zy, yy with ¢ being
the four-momentum of the gauge boson. For the radiative
mass models in the present work, we have two kinds of
contributions from exotic particles: the contribution of
exotic scalars ¢,n and that of exotic fermions y .
Therefore, each parameter can be divided into

S=8+S;, T=T+T; U=U;+U; (AS)
where subscriptions show the scalar contributions (s) and
the fermion contributions (f). Note that there will be some
divergent parts in S r, T ¢, and Uy ;, but they are canceled
with each other individually.

The W boson mass is modified by the S, T, U parameters
from the SM prediction as

a 1 C2 —S2

My bred = My s [1 +m <—§S+ AT+ ”Zsz = Uﬂ )
w w W

(A6)

The general forms of S,/ T, U, are studied and
summarized in Refs. [82—-84]. Note that we focus on the
contributions at the one-loop level in the following dis-
cussion as well as in our numerical analyses.
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1. MF model

In the MF model, all exotic scalars contribute to the
oblique parameters, while the exotic fermions do not, due
to their SU(2), x U(1)y charges. Then, S;, T, U, =0,
and only scalar contributions are considered. In order to
obtain these contributions, we need to diagonalize all mass
matrices for neutral and charged scalars. Following
Refs. [82,83], the relevant diagonalizing matrices can be
found as

0 0

1 0 0 i1
u:( ) :( ) (A7)
0 ¢y s¢ 0 0 1

and the mass eigenvalues are given by

m? = {0, m? L +} (A8)

{O th’ mgd)’ mz (Ag)

where the only mixing comes from exotic charged scalars,
as mentioned in Ref. [39]. The first components in m?2 and
3 correspond to the masses for the Nambu-Goldstone
modes, G* and G°.

2. RS model

In the RS model, all exotic particles contribute to the
oblique parameters. The scalar contributions can be
obtained by the same way as in the MF model, and the
relevant diagonalizing matrices are

(0 1)
U= ,
0 1
v (i 1 0 0 0 )
- \0 0 Ry+iRy Ryp+iRy Riz+iRy)
(A10)
and the mass eigenvalues are given by

mg = {0,m3. }, (A11)

J(2/539 (MF)
55 = -2 i |: %5F
g 3072 (gZ ) S ( )

2
Yo
+32ﬂ [ces25G<< )>( )—l—seszéG

y2

3220

+

(320G + chezscy) +

+ c2or (m3)] -

sésgéGggr) +

uz =0, mflo,m2 m2 ,m? }

o> My Mgy 5 - (A12)
The fermion contributions can be calculated by following

Ref. [84], and the results are obtained as

8s

v — H(m,,0)], T,=0,

(A13)

where we define

H(M2, M2) = /01 dxx(1 = x) In [M? = M2x(1 = x)].

(A14)

The above results are consistent with those in Ref. [84]. The
vanishing result of 7' is coming from the dependence of
the four-momentum of the external Z boson.

APPENDIX B: Z -t -7 COUPLINGS

Our exotic particles contribute to the Z — 7 — 7 couplings
at the one-loop level. The general couplings of the Z boson
to scalars and fermions can be derived from the kinetic
terms, |D,¢|* and iyry*D,y, and are given by

scalar: <. ¢' (T3 — ngv)é_,:fﬁ - ZH, (B1)
c

w

fermion: - - w(T;
CH/

— Osp)raw - Z-, (B2)

where ¢70,¢ = ¢ (0,¢) — (0,¢7)¢. After applying our
charge assignments and rotations, we can calculate the Z
boson couplings to our exotic particles in both models.
Using these couplings, corrections to the Z —7 — 7 cou-
plings defined in Eq. (3.10) are calculated via the on-shell
renormalization scheme [85,86].

1. MF model

The corrections to the Z — 7 — 7 couplings in the MF
model can be obtained as

YpYn$2052a (MF)
g 0M
641>

> (MF
(mZ) + cgczéG(( >)( 2)+ sécgéG(L(zy)z)(m%)}

cgsiéG(MF)} s

) (2.2)
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22

- Yns 7 YpYn$2052a -
50 = + 5522 (9% — g 2P\ (m3) + 2P (m3) | - ZTL22 g s O
Yy ~(MF ~(MF ~(MF
+ 32” [ o 1215G(( ))( 2)+ cécgéG;(lé)(m%) + sgsgéGgm,)l)(m%) + C§S(215G§e(2;)(m%)}
2
Yo
+3 2‘; S 0k [cgs%;ac‘ [+ 53526G) + c3e2sGT) + sécgéGg[;)}, (B4)
where g7 = 1/2 — 52, ¢, = —s2, and each function is defined by
(MF) : j
5Fa (qz) = ;1(_1)]-”((:00(’”%7 ‘]27 m%v m%/aa mif? mz}zr)v (BS)
‘/’ =

5M<MF)52mTCOSQMF|: (By(m2, m2, m ) By(m?,m .m?,))

v lI/l ’ qp;
= g (Bl ) = B ) (B6)
(MF) mia - m;+
6G, ;) = T J (Bo(mz,mg,a,mi;) - Bo(O,mf,a,mi;))

— (m? +my, —m L )By(m2, mﬁ,,mi) (B7)

/ J

(MF) 2 (MF) 2 2 2

861 k)0 (1) = I 900, + 201y Br (e, s, )

— 460" Coo(m?. g* 2 3, mif, mi, ). (BS)
with relevant Passarino-Veltman integrals defined in Appendix C. Note that due to gf = —g¢% and ¢, = —g%, all the above
functions do not have UV divergent parts. Moreover, in the limit of m?/m2 ,m%/m2 <1, SM™P), 5GEZ{;) and

5G(( )>< >(mz) give subleading contributions, and the dominant part of SF'" )( 2)is

X2 X ,(x1 0 —=2))x1 4 X3 x40, —2))x0,
Bl
4(x1,a - 1) (xl,a - x2,a) 4(x2,a - 1) (xl,a _x2,a>
1 1 1 me - m;
_ _ _I_O< T ’Z>_ B9
2 Axi—1) Alx,—1) my, my, )

The leading part of this result is consistent with that in Ref. [44].

2. RS model
The corrections to the Z — 7 — 7 couplings in the RS model can be obtained as

2
T Y S
55 = — 2 g§[<1—R%1>6F123< 3)+ (1= R3,)FSS) (m3) + (1 - R,)SF\) %)}

3272
Vg (ks RN ) IR
- "ERR&M —§ 1—R2 ”§ (m%2), (B10
8V Y 64’ £ " S e B0
3 3
Y4y A7
- ¢ 1 § Ry Ry 5Mig> ( E m%) 4— 1= R3,)6G 35y, (m3).  (B11)

=1 j=1
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where g"Zs = 1/2, and each function is defined by

RS
1117 J%< 2) = (m mg/’m ) 2C00(m‘t7q mrvml%/’mgajzvméjg)
+2Co0(me. sz, iy mi, miy, ) + 2Co0(mz, g7 mz, miy, g, mg, ), (B12)
RS
oM, (4?) = mem, [gz( "B (m2,m3, m2) + g Co(m T,qz,m%,mé,mi,,mi)] (B13)
RS ~(Ri
5GEI)_2(R)]-(C]2) i )5GE AY S 4 2g% [5G22)A)( 2 +2m2C(m2, >, m2, mg, N mi)}, (B14)

(1)Jj @ Ty

+2C1(m3,qz,mﬁ,méj,rnﬁ,,mﬁ)}, (B15)

RS T ~(RS
5G§2)}‘(R)J(q2) = gL(R)5G< ) - Zggm% |:C0(m%7 q27 m‘[7 m2 m2 m%/)

with g%, = +s2 and auxiliary functions 5@515’82;_ L R)].(qz) begin defined as

2 2
~(RS) _ My — My,
6GEI)].) = T’ (Bo(mf, mﬁ,, m ) By(0, m,,,, m2 )) — (m? + ml%, - mZ,j)B()(m%, m%,, mg,j), (B16)

T

~ (RS
5G* 4)(q2) = B,(m2, m&,,m )+ By(q?, mv,,m 2) — 2C00(m$,q2,m$,mé mi,mg,)

- (m} - mq,j)CO(m,, q*, m2, mé .ml. md). (B17)

In the limit of m%/mj, .m%/mj, <1, 5F§ ]2) ;,(m%) give leading contributions, while others are subleading ones, and

therefore, d¢g; is relevant to the corrections to the Z — 7 — 7 couplings. Note that the dominant part can be expressed as

2 2
SRS (n2) _ % (x;, = 1) +x;,(x;, =2) Inx;, N 1 <xj2 Inx;, xj, lnxh)
Jedds Z(le - 1>2 Z(sz _xj3) Xjy — 1 Xjp — 1
x2. Inx.: 21 2 2
- Y5 ( L “xlk> +O<m—§,m—§>. (BI8)
k=7rjs (o, = x) \ %, = Xk — w My

APPENDIX C: PASSARINO-VELTMAN INTEGRALS

We here summarize Passarino-Veltman integrals [87] relevant for our numerical analyses. The self-energy type integrals
are

1 —x(1 = 2 2 1— 2
Bo(pz,m%,m%):Ae—/o dxln[ 1 =xp +:2ml+( x)mo}, (C1)

0 I x(1 =x)
Bl\(p2, m2, m2) = —— By (p2, 2’2:/(1 , Cc2
O(p ny ml) apz ()(P g ml) 0 x—x(l _x)p2+xm%_~_(1 _x>m% ( )

1 1 —x(1 = 2 2 11— 2
Bi(p*,m},m3) = —§A€+/ dxxln[ X1 -x)p +x2n11 + x)mo}’ (C3)
0 H
and the triangle type integrals are
1—x;

Co(p3. 4%, p3. m3, m3, m3) / dxl/ x2 (C4)
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2 2
C()()(P]»q pz»mo’mlva

with C3 = x(x; +x, = 1)p7 + x5 (x) + 25 = 1)p3 = x1x00¢7 + xymi +x,m3 + (1 = x; —x3)mg and ¢°

/ dx, / - dlen{ } (C5)

Here, A, indicates the UV divergent part, which is defined as

A, =

1—x;
(pz - P1)2-
2

2

with € = 4 — D and the Euler-Mascheroni constant y ~ 0.5772. Note that when ¢*> = 0 with p? = p3 and m} = m3, C,

and C; functions can be simplified as

1
2 2 .02 2 2y
Co.1(p1.0, p1, mg, mi, m7) = —
0

. 1.
Co.1(pi, mg, mi) = Wco,l(l’%m%,m%)’ (C8)

1

where Cy(p3, m§,m}) and Co(p}. m§, m7) are dimensionless functions,

2

A 1 (1 —x)m} m

c2,2,25—/d g —2Co(p}. m3. m? C9
o(pi.mgy. my) o x—x(l S - —x)m% m? o(pt.mg, mi), (€9)

. 1 /1 (1 —x)>m3 m?

C , 2, 2 ——/d 0 OC 2, 2, 2. C10
(P, mg,m3) 2 /, x—x(l—x)p%—l—xm(z)—f—(l—x) % m? (pi. mg. my) (C10)
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