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Abstract: In the N-B-LSSM, we calculate the electric dipole moments (EDMs). of leptons and the neutron at the
one-loop level using the Mass Insertion Approximation (MIA). In the Standard Model (SM), charge-parity (CP) vi-
olation originates solely from the single phase of the Cabibbo—Kobayashi-Maskawa (CKM) matrix, and the pre-
dicted EDMs of leptons and the neutron are well below the current experimental upper limits. Thus, EDMs serve as
sensitive probes of CP-violating phases in new physics. The N-B-LSSM extends the Minimal Supersymmetric
Standard Model (MSSM) by introducing right-handed neutrino superfields and additional singlet Higgs superfields,
thereby enriching the particle spectrum and the sources of CP violation. We derive one-loop analytical expressions
for lepton and quark EDMs and show their dependence on model parameters such as gyg, 6,,, 61/, 0gp, and tang.
Numerical analyses demonstrate that EDM measurements strongly constrain the CP-violating parameter space of the
N-B-LSSM and reveal the sensitivity of lepton and neutron EDMs to the extended gauge interactions and supersym-
metric parameters. This study provides a systematic theoretical tool and numerical reference for exploring CP viola-
tion and new physics within the N-B-LSSM.
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L. INTRODUCTION niques have significantly strengthened constraints on the

_ o EDMs of leptons and the neutron. The current limits on
The SM of particle physics is highly successful. In the these EDMs are as follows [7—11]

SM, the only source of CP violation arises from a single
phase in the CKM matrix [1-5]. This source predicts ex-

tremely small EDMs for fermions, with values far below |d, |<4.1x107° e.cm, CL = 90%

current e)'(perimental limits. This motivates searches for |d,|<1.8%107 e.cm, CL = 95%
new physics beyond the SM (BSM). BSM models can in-
troduce new CP-violating phases, which can enhance the |d. |<1.03%1077 e.cm, CL = 95%

EDMs of leptons and the neutron [6].
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In recent years, improvements in experimental tech- [ dy 1< 1.8x 107 e.cm, CL = 90% M
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These stringent experimental results impose strong con-
straints on new CP-violation mechanisms in BSM mod-
els and motivate precise calculations of EDMs in such
models.

Supersymmetry (SUSY) is a well-known extension of
the SM that naturally introduces new CP-violating
phases. Examples include the phase 6; of the gluino mass
term m, and the phase 6,, of the Higgsino mass term py.
These phases can support electroweak baryogenesis
(EWB) [12-17]. At the same time, they can substantially
enhance lepton and neutron EDMs [18]. Therefore,
achieving sufficient CP violation while suppressing EDM
contributions remains a central issue in SUSY model
building [19].

This work considers extensions of the MSSM
equipped with a local U(1)p_; gauge symmetry, which in-
troduces a broader symmetry structure. Our central ob-
ject of study is the N-B-LSSM, a next-to-minimal super-
symmetric theory with an intrinsic B—L gauge sector,
whose gauge group is SUQ3)c xSUR), xU(1)y x U(1)p_y.
This model introduces right-handed neutrino superfields
and additional singlet Higgs superfields on the basis of
the Minimal Supersymmetric Standard Model (MSSM).
On the one hand, light neutrino masses can be explained
by the seesaw mechanism [20]. On the other hand, the va-
cuum expectation value (VEV) of the singlet field can
generate an effective u term, thereby alleviating the u
problem [21]. Importantly, gauge kinetic mixing between
the two U(1) factors is a characteristic feature of this
class of models [22]. It modifies the mixing structure and
interactions of gauge bosons and neutral gauginos and
can therefore affect the dominant EDM contributions
[23].

In the N-B-LSSM, new physics contributions to
lepton and quark EDMs are mainly induced by supersym-
metric loop diagrams. Lepton EDMs receive contribu-
tions from neutralino—slepton and chargino—sneutrino
loops. Quark EDMs and CEDMs are dominated by
gluino—squark loops as well as neutralino—squark loops
[8, 18]. The extended degrees of freedom include addi-
tional neutralinos and singlet Higgs states. New CP-viol-
ating phases are associated with soft-breaking parameters
and parameters related to the effective u couplings. To-
gether, these features significantly modify the magnitude
of EDMs [24]. These additional CP-violating sources en-
rich the EDM phenomenology of the N-B-LSSM and al-
low EDM observables to probe the characteristic features
of the extended gauge and neutralino sectors. Meanwhile,
current EDM measurements provide stringent constraints
on the CP-violating parameter space of the model [6, §, 9,
25].

This paper aims to compute lepton EDMs and the
neutron EDM, induced by quark EDMs and CEDMs, in
the N-B-LSSM using the mass insertion approximation
(MIA). The MIA provides an intuitive understanding of

parameter dependence, which helps identify the main
sources affecting the EDM predictions. In particular, we
focus on several CP-violating phases and systematically
analyze the impact of parameters including gg, gys, and
the additional soft mass terms mgp and mp on the EDMs.
Through numerical scans, we show that viable parameter
space exists in which the lepton and neutron EDMs satis-
fy the current experimental upper bounds, thereby provid-
ing effective constraints on the model parameters.

The structure of this paper is as follows. In Section 2,
we briefly review the N-B-LSSM. Section 3 details the
calculation of lepton and neutron EDMs using the mass
insertion approach. In Section 4, we present numerical
results and discuss their implications for lepton and neut-
ron EDMs, along with the relevant physical explanations.
Finally, conclusions are provided in Section 5.

II. THE N-B-LSSM
The local gauge group of the N-B-LSSM is [26]

SUB)eXxSUR),xU()yxU(1)p_y. (2)
Relative to the MSSM, the model introduces additional
superfields, including three singlet Higgs superfields ¢,
%2, and §, along with their corresponding fermionic part-
ners (Higgsinos) and an additional U(1)z, gaugino, A5 .
After symmetry breaking, the singlet field S develops a
nonzero VEV. Consequently, the superpotential term
AS H,H, generates an effective u parameter.

/lVS

Het = 5 )
which alleviates the u-problem of the MSSM.
Throughout this work, we assume R-parity conservation,
which is automatically preserved in the N-B-LSSM by
the gauged B— L symmetry. In the presence of the sing-
let sector, the neutral CP-even scalar fields of H,, H,, x1,
X2, and S mix into a 5x5 mass-squared matrix. The most
significant impact on the EDM is that the additional sing-
let and gauge sectors alter the neutralino and Higgs mass
spectra, as well as the associated couplings, thereby intro-
ducing new CP-sensitive contributions to the one-loop
EDM amplitudes.
The superpotential of the N-B-LSSM is

W=- YdquI:Id - Ytéiﬁd - /125')21)?2 + /lSA I:Iuﬁd

+ gsss + Y, g, + Y, 90,9+ Y,90H,. o

Here, Y, 4., denote Yukawa coupling matrices, whereas
A, A, and x are dimensionless couplings. The fields
%1, %2, and § are singlet Higgs superfields. A term of
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the form Y/9IS is forbidden by gauge invariance, because
the sum of the corresponding U(1)y charges of ¥, I,
and S is nonzero. In the following EDM analysis, the
gaugino and soft terms may carry complex phases after
field redefinitions, providing potential sources of CP viol-
ation.

The VEVs of the Higgs fields H,, H;, x1, x2, and S
are denoted by v,, v4, v,, vz, and vg, respectively. Two
angles are defined by tan8 =v,/v, and tanp, = v;/v,. The
explicit expressions for the neutral components of the two
Higgs doublets and three Higgs singlets expanded around
their VEVs are

1
ngﬁ(ﬁd-i- \/_Vd-i-l\/_
HO—LQS +— ! Vyt+i—= !
Y, MRV A, i
1
Xl—@¢1+\/— \/—
1 1
Xz:ﬁ¢2+ \/_V,]+l\/§
1 1 1
\/_¢5+ \/_Vs"l‘l\/_ (5)

In the EDM calculation, the aforementioned VEVs affect
the neutralino—Higgs mixings and thus enter the coup-
lings relevant to the one-loop neutralino—slepton and
chargino—sneutrino contributions.

The soft SUSY-breaking terms-of the N-B-LSSM are

T o
_ pmssm_ Lk g3 -
Lsoft =Loft - ?S + EijT/lSHdHu + T2SX1X2
o i~ 21 12
=Ty ikX1 VRV + €T viiH, VR L — mylxil
2112 21a2 2 ek o~
_mﬁl)(2| —mg|S| —Mm, ;iVRiVR.j

1 -
— 5 (ZMBB’B/IE/ +6ijMBL/l%,) +h.c.. (6)

Here LM3M denotes the soft-breaking terms of the
MSSM, with Ty, T,, T,, T,, and T, denoting the trilinear
soft-breaking parameters. In our EDM analysis, the dom-
inant CP-violating phases arise from complex soft-break-
ing parameters, specifically the gaugino mass parameters
M, M,, and Mp,, the mixing mass parameter Mpp , and
complex trilinear terms. Az denotes the gaugino field as-
sociated with the additional U(1)z_, gauge symmetry.
This field enlarges the neutralino sector and participates
in the mixing induced by the U(1)y — U(1)p_; gauge kinet-
ic mixing. These phases generate CP-odd couplings and
chirality flips in loop amplitudes, and the relevant chiral-
ity-changing insertions are treated within the framework
of the MIA.

The particle content and charge assignments are sum-

marized in Table 1. In chiral superfield notation,

H, = (A, )" and H, = (AY,A;)" denote the MSSM-like
Higgs doublet superfields. The superﬁelds g and [ repres-
ent the left-handed quark and lepton doublets, respect-
ively, whereas 2, d, &, and § correspond to the right-
handed up-type quark, down-type quark, charged lepton,
and neutrino singlet superfields, respectively.

Table 1. The superfields in N-B-LSSM.

Superfields U(l)y SUQ), SUQB)c U(l)s,,
q 1/6 2 3 1/6
i =1/2 2 1 -1/2

H, -1/2 2 1 0
1/2 2 1 0
d 1/3 1 3 -1/6
b -2/3 1 3 -1/6
2 1 1 1 1/2
9y 0 1 1 1/2
X 0 1 1 -1
{2 0 1 1 1
3 0 1 1 0

The gauge groups U(1)y and U(1)p_, generally exhib-
it gauge kinetic mixing, which can be induced through
renormalization group equations (RGEs) even if it is set
to zero at Mgyr. A basis transformation can be per-
formed using an orthogonal rotation matrix R (R'TR=1)
[23, 27-29]. The covariant derivative can then be ex-
pressed as

_ . gv,  &'vs B,’ly
Dﬂ_aﬂ_l( Y’ B_L>< ’ ’ )(B’BL ’
8By, &§B-L #
™)

where ¥ and B-L denote hypercharge and the B-L
charge, respectively. A basis can be chosen such that

8y» 8 vB RT = 81, 8vB , (8)
g'sy, &B-1L 0, gs

Consequently, the U(1) gauge fields are redefined as

B}/[BL BEL

In the neutralino sector, the mass matrix, expressed in
the basis (B, W°, HY, H°, 3., %1,%2,5), is given by

u’
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1 1
PM, 0 —581Va EgIV”
0 Iy 1 1
2 282Vd 282Vu
1 1 1
~581Va 58V 0 —@ﬂvs
1 1 1
78V TH8&Vu ﬁ/l"s 0
e = 1 1
Mpp 0 —58vBVd EgYBVu
0 0 0 0
0 0 0 0
1 1
0 0 -——Ay, ——=Ay
V2 V2
This matrix is diagonalized by the unitary matrix N,
N*moN' = miif'g. (11)

III. ANALYTICAL FORMULA

A. The Lepton EDM

By applying the on-shell condition to the external
leptons, the lepton EDM is obtained from the effective
Lagrangian as follows [30-32]:

i -
Loow = =5l yslF,. (12)

where F,, is the electromagnetic field strength tensor,
and / denotes the lepton field. This effective Lagrangian
explicitly violates CP symmetry and therefore cannot
arise at tree level from the fundamental interactions.
However, in a CP-violating electroweak theory, it can be
generated at least at one-loop order.

The Feynman amplitude corresponding to the process
l; = I;+7v is dominated by a set of CP-violating dimen-
sion-6 operators. Their contributions are much larger than
those of higher-dimensional operators, which are sup-
pressed by a factor of m? /M2 ey ~ (1077,107%). After im-
posing the on-shell conditions for the external leptons,
only the specific operator combinations 05’56 contribute
directly to the lepton EDM, with magnitudes determined
by the corresponding Wilson coefficients C5%¢. These op-
erators are constructed from the covariant derivative
D,=9d,+ieA, and the chiral projection operators
Prr = (1F7s5)/2. The explicit forms of these dimension-6

Mpp 0 0 0
0 0 0 0
1 1
_EgYBVd 0 0 _@/lvu
! 0 0 L A
S8vBVu ——=AVy
2
L o
Mg, —8BVy 88V 0
1 1
—8BVy 0 —E/lzv‘g —%/lzvn
1 1
8BV _$/12VS 0 —%/bvn
1 1
0 —%/lzv,-, —%/12\/,] \/EKVS

operators are given by [33]

L -

ort = (4m)? 0Dy Pral, O = (Z%z DY F - TPl
g €0f - . Lr_ €Qr - v
R _ F. P = F P

0" (477)21 oy PLr(iD,]), Of an? I(0"F )y PRl
R_ M L. & _ Qs

05" = (4n)? WDy Prgl 0:" = (4m)? ZF.(TPL,RZ.(B)

In the N-B-LSSM, the one-loop corrections to the
lepton electric dipole moment primarily arise from loop
diagrams involving sleptons and gauginos, such as the
neutralino x° and chargino y*, together with new-phys-
ics parameters. Moreover, the introduction of right-
handed neutrino superfields makes the sneutrino mass
spectrum and mixing structure more complicated and
may provide additional sources of CP violation. The
EDM contributions are generally not proportional to a
single mass ratio; instead, they are constrained by mixing
matrix elements. Their magnitudes are highly sensitive to
new CP-violating phases and to model parameters such as
tanB. To clarify this parameter dependence, it is particu-
larly convenient to employ the MIA [34], which ex-
presses the EDM contributions analytically as functions
of the model parameters and thereby highlights the origin
of CP violation. Fig. 1 shows the Feynman diagrams for
the lepton EDM obtained using the MIA.

The MIA provides a powerful framework for analyz-
ing supersymmetric CP-violating observables. The EDM
contributions from neutralino-slepton, chargino-sneut-
rino, and gluino—squark loop diagrams have been extens-
ively studied within the MSSM framework [35-37].
Compared with the MSSM, the N-B-LSSM contains ad-
ditional CP-violating sources, including the additional
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((1/) (b) (C)
éL,a—.‘\\ éR éR,’—_~‘\ éL ,a"‘\\
’ N ’ N 4 A
’ \ ’ \ / \
1 \ 1 \ ! \
> 1 i > > 1 & 1 > 1 o 1
B()\g,) E[O B()\gz) B()‘BT/) [:[O
(d) (e) i
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/z \\ , \\
’ \ / \
1 \ 1 \
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Fig. 1.
lines in all possible ways.

U(l)p_; gaugino mass (Mp.), the mass mixing term
(Mp) between the U(l)y gaugino and the U(1)p .
gaugino, and the mass and mixing terms of the superpart-
ners of the Higgs singlets x|, x», and S. Furthermore, the
new gauge coupling parameters gz and gyp can signific-
antly affect the EDM corrections. Below, within the N-B-
LSSM and using the MIA, we present the explicit analyt-
ical forms of the one-loop contributions to the lepton
EDM.

a. One-loop contributions from B-&,-8; and Ay -@r-

€R.
dga)(éLaﬂéR’ E)
2
e L
- \/xlxlxyﬁe’{" e tan Bl (x1, X~ , % ). (14)
Msysy LT CR
~ o~ e(gyp+88)(28yp +&5)
d\" @, ep, A5) = o NEe=
SUsY
x &1 e tanBl (x4, X , x> ).
e’ Ve
(15)
|mi|2
Here, xi = ———, where M;ysy denotes the supersym-
Msysy

metric mass scale.
The function 7,(x,y,z) is defined as

1 B2 +yz+x(y+z
Li(x,y,2) = { Y2+ Xy +2)

3277 U (x—y)P(x—2)7?
2x[x* = 3xyz+yz(y +z)] log x
(x=y)(x—2z)}
_ 2xylogy  2xzlogz }
(x=yP0-2 (x-2°@E-y)"

(16)

b. One-loop contributions involving B-H°-&; and A -
H-25.

Feynman diagrams for generating the lepton EDM within the MIA. The external photons are attached to the charged internal

d[(b)(é/R’;iO’E)

2
e o

-1 \/xlx,xﬂHe’ele’g“H tanBL(x, x,,;, % ). (17)

Msysy R
d(b)(v HO P _eg1(2gvp+8n) i,

1 (€g, 117, B,)—mdhg?ﬂxy”e

e tanﬁlz(xb,x,,ﬁ,x;R). (18)
>

¢. One-loop contributions from B-H°-, and A;-H°-
er.
d (@, H', B)

egy

= - \/xlxlx#He’G‘ b tan B (x1, Xy, X5 ).
2Msysy L

(19)

eg1(gyp+8p)

dif @, H' ) === T

6"
[ X X1 Xy, €01
/lB’ 1My

N tanﬁlz(xh,xuﬁ,xa).
o

(20)

d. One-loop contributions from W°-H°-, .

d'@,, H, W)

g
2Msysy

XXXy, €% " tan B (x», Xyup X, ). (21)

The function I,(x,y,z) is defined as

1 -32)z+x(y+z 2xzlogx
L(x.y.2) = {(y )z + x(y ), g

R2r L (x-220-2?* (x-yx-2)?°
_ 2z[xy(x+y)=3xyz+z’]logz }
(x=23(=y+z2)?

2yzlogy
(=x+y)(y—2)°

(22)
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e. The one-loop contributions from the Aj-B-&;-2x and B-A;-&; -8 diagrams.

©c5 > o eg1(gyp+8n) 0 i)
d(er,er, A5, B) = T OMgpsy VXpp Xy €77 € tan X | /xlx/l;f(xBB’»xl»x';L,x';R) —8(xpp, X1, 25, %5 ) |

@~ ~ P _ egi(2gyp+gs) 0 i6)
d(er,er, B,Az) = T Mgy, \XBB X €5 % tan B x /xlxﬂ;f(xBB,,xl,xf;L,xng) —8(xgp, X107, x5 )

The functions f(x,y,z,t) and g(x,y,z,t) are defined as follows:

Foopat) = 1 { 18 + xy(x +y—31)]logt B x[x3 +1z(t+z-3x)]logx Y[y} +ez(t+2—3y)]logy
T 1en? U (1=xP (=)t -2) (1= x> (x—y)(x—2)? (t=yP(x=y)(y-2)°
22+ xy(x+y-32)]logz 1 tx+tz+xz—3x2_ty+tz+yz—3y2]}.
(t=2(z-x)P(z-y) 2x=y) (t=xP(x—2? (t=yPy-2?* )’
1 [(xBxX—tx—tz—xz=) Y[ty +2)+y(z—=3y)] [ (x+y)—3xy + x*y*]logt
T {2@— PENE- 200 | -0 —-2)
zZ[x%y* + xz%(z—3y) +yz’]logz N X[ +1z(t4 2= 3%)]logx Y[y’ +12(t + 2= 3y)]logy }
(t=2)(z—x)P(z-y) (1= xP(x=p(x—2)° (t=yrP(x-y»0-27°

f. One-loop contributions arising from W*-H*-7/ and W*-H*-7%.

2

N 17+ SN €83 iy i6,

dy(W*,H*,v, = T Mever VXXX e e tan I3 (X2, X5 X,1).
J + + ~R\ _ i0) i,

d;”"(W*,H ,Vf) = _2MSUSY XXX, e e tan,813(x2,xl,,,,xv§).

The function I;(x,y,z) is defined as

L59.2) 1 {2z2[x2+x(y—3z)+y2—3yz+3zz]logz 27%log x 27%logy x(y—3z)+z(5z—3y)}
3(X,¥,2) = -

+ +

327 (x=2*(z-y)’ (x=-»x-20° (x-»O-2)7° (x=2?%(y-2)7
The one-loop contributions to the lepton EDM can be expressed as

& =d¥ +d)",

A =~ d@,,ep, B) +d@p,er, A5) +d @, HO, B) + ) @r, H, A5)

+dl(C)(EL3 ﬁ(), E) + dEC)(EL’ ﬁo’/l’é;) + d;d)(gln ﬁo, WO) + dl(E)(evL9ER9 /I’B;,E) + dEE)(éLaERa §9 /IE),
d = dD(WE HE ) +dD (W HE ).

(23)

24

(25)

(26)

@27

(28)

29

(30)

B. The Neutron EDM

G* is the gluon field-strength tensor.
The neutron EDM can also be obtained from the ef-

[
bution is described by the operator gT“c,,ysqG%, where

a

The one-loop diagrams that generate the neutron

fective Lagrangian in Eq. (12). The neutron is a compos- ~ EDM and CEDM based on the MIA are shown in Fig. 2.
ite particle consisting of quarks and gluons. Its EDM Fig. 1(e) and Fig. 2(d), (e) differ from the other one-
arises not only from the quark EDM but also from im-  loop diagrams because they involve two distinct neutral
portant contributions from the quark CEDM. This contri- gauginos connected through the soft-mixing mass para-
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. . dy, (i) (e) dr(iip)
dr(tr).-e~_ dg(ug) PRy -
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L " L Py 1 o 1
B(A\y) B(\z) HY H}  B(\g)
(d) (e) -
o o o o (f) dy(iy)
dr(ur) - ¢~ _ drlir) dp(ar), - ¢- _ dp(i}) SNy
l/ \\ , \\ ,/ \\
! \ 1 \ N \
> o—1 e L » —1 o L
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W (n ~
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1 o 1 > 1 L »
we o H, B

Fig. 2.

Quark Feynman diagrams contributing to the generation of neutron EDMs and CEDMs under the MIA. External photons are

attached to charged internal lines in all allowed insertion configurations, whereas external gluons couple to the colored internal lines in

the loop diagrams.

meter Mpp. In the N-B-LSSM, Mpp is-a distinctive
parameter and represents an important feature of the
N-B-LSSM compared with the MSSM.The presence of
Mpp gives rise to additional contributions associated with
the extended neutralino sector. Accordingly, when the
relevant couplings and mass parameters carry complex
phases, this class of diagrams induces additional CP-viol-
ating contributions associated with the extended gauge
sector, which are absent in the MSSM. Therefore, these
diagrams constitute an important component of the com-
plete EDM calculation in the N-B-LSSM.

a. The one-loop EDM contributions to the up and
down quarks induced by the E-qL-qR and A3-G.-Gr loop
diagrams are given by

dg(a)(aLs aR’ E)

2
es i i

:_AqﬂTslusy VXXX e [y (3, x ,x),

(31)
dg(a)(aL’aR’/]'E;)

_ e(gys+8p) i 6, v

—qu R XX e e (X ),
(32)

with g=u, d, A;=tanB, A, =4, B;=(-2gyp+gp)tanps,
and B, = _2(4gYB+gB)'
The one-loop CEDM contributions for the up and

down quarks induced by the B-§;-gz and A% -GL-Gr loop
diagrams are given by

A5 (1. Gr. B)

2
8381 i, if

Y/ wH (X, %=, %)
q xl'qu[l[-[e e 1 A1, > s
9MSUSY qL’ 4qr

(33)

(G, Gr. A
83(8v5+85)

-_B
! 18Msysy

i if
[Xp Xy Xy, € e [ (X, X~ , ).
/lB’ q-VHH 1( /13/9 q.’ lZR)

(34

b. The one-loop EDM contributions to quarks (the u
and d quarks) induced by the B-H°-gG, and A;-H°-G,
loop diagrams are given by

"G, H°, B)

2
€81 0, if
XXXy, e e Iz(xl,xyH,quvL);

—_— 35
18 M;ysy (33)

=C
dg(b)(aL’H()?/lE?)

e(gys+gn)

=-D
1 18]‘45USY

it/ 6, .
[Xp XgXy, €1 L (Xae, Xy, X )5
B B qL

(36)

with C, =tang, C, = -2, D, = gygtang, and D, = —2g;.
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The one-loop CEDM contributions to the up and

down quarks induced by the B-H°-g, and A5 -H'-§, loop
diagrams are given by

dg(b) @G, ﬁO B’)

-c, g3gl me Ielgﬂﬁlz(xl,xymx~ )- (37)
"6Msusy "

&0 G, B, )

g3(gva+85) o i,
=D =—" " - HH [ ~ s X ).
T 6Msysy V X XK €€ ! Z(X/IR’ Yo qu)
(38)

¢. The one-loop EDM contributions to quarks (the u
and d quarks) induced by the B-H°-g; and A5 -H-Gg
loop diagrams are given by

47 (G, H", B)
eg 2

1 0 iy
=E, VXX Xy e e’ ;le(x,,xHH,x;R), (39)
IMsysy

dZ(C)(,qu’i:iO’/lgf/)

e
-F,— /xhx X, e’el &% (X e X,y X~ )
q ISMSUSY q B,’ HH> g/

(40)

where E;=tang, E, = -4, F;=gyp(—2gyp +gp)tanB, and
F,=-2g(4gyp +gp)-

The one-loop CEDM contributions to the up and
down quarks induced by the B-H-dy, §—ﬁ0—€1R, and A3 -
H°-Gr loop diagrams are given by

d%9 (G, H, B)

2
4 £381 VXXX, e’gle’%tanﬁlz(xl,x,m,)h).
3Msysy ar

(41)

A5 (gr HO, 15)

83 ) .

=r, Y 6Msusy /xA;qu#He le “HIz(xA;,x#H,qu).

(42)

d. The one-loop EDM and CEDM contributions to the quarks (the # and d quarks), induced by the /l;,—E—E]L—Z]R loop

diagrams, are given by

egi(gyr+8p)

&G, qr, A5, B) = ~E.
0 (4L qr, A5, B) TV

8381(gva+¢&r)

d*(§,,qr, A=, B) = E
2qr.qr.A5,B) = E, 6Msusy

if), i6), .
\/quBBfXHHeI BB o'un tanﬂx |: /XIX/INf(XBB/,)Cl,X’L}’L,XZR) —g(xBB/,xl,x;L,X'qu)} N
B

(43)

iOppr i,
VX XBE Xy €% €4 X { /xlxﬂgf(xBB/,xl,quvL,x;R) —g(xBB/,xl,x;L,quvR)} . (44)

The one-loop EDM and CEDM contributions to the u and d quarks induced by the E—/lg,—c}L—Z]R loop diagrams are

given by
dy(e)(CIL,CIR,B Az)=-G, 361‘;;1[] X Xpp Xy €5 € { Mf(xBBr,xl,x;L,x;R) —g(xBB/,xl,x;L,x;R)} : (45)
di’(e)(CIL,C]R,B A5)=G, IZi;f:jsy \/meiﬁw et x {\/XITA;]C(XBBHM,X;L,X;R)_g(xBB/,XI,X;L,X;R)} ) (46)
with G, = (—2gys + gs)tanB and G, = —8(4gys +&s). a5 (G, HO, W)

f. The one-loop EDM and CEDM contributions to the
quarks (the u and d quarks) induced by the W°-H°-g,
loop diagrams are given by

4D (gy, H°, W°)
eg% i6r 16,
=H, VX2 Xy Xy, €7 e Iy (Xa, Xy, X ) (47)
6Ms USY qL

2383
"2Msysy

02 i)
VX2 Xg Xy €2 € D (X, Xy X ). (48)

with H; =tanB and H, = 2.

The one-loop EDM and CEDM contributions to the u
and d quarks induced by the W*-H- *-g. loop diagrams are
given by
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~ T+ Iyt 2 i ;i 2 1
&g, W*,H*) =1, I XX X, e e {§I5(x2,xﬂH,x;L) + 214()62,)6,1,,,)6;])} , (49)
SUSY L
(@~ T+ T+ 2838% iy 6,
i (qr, W=, H") =1, XXy Xy, €2 e Is(x;L,xz,xHH), (50)
SUsy
1 .
where I; = tang and 1, = 5 The functions I,(x,y,z) and Is(x,y,z) are defined as follows:
LGry.2) = 1 { 2x[2x°y + 2 (x = Sy)z+y(x + )2 Tlogx  2y[2xy° +y*(=5x +y)z + x(x +y)z*] logy
P50 (=P (=2 (x—yP (2"
(x+ Y2 +4xy +y)72 + 2x39%] = xy(5x% + 2xy + 5y*)z + (2 — 6xy +y*)Z°
(x=y)*(x-2*(-2)?
L 220yt y) —dxyz+ (x+y)2] log Z} , (51)
(x=2P(z-y)}
1 2] 2] 2xy —z(x +y)]1
I5(x,y,2) = > { ey L S+ Y 08y > —Z[ ad Z(;C V) Zogz < } (52)
lo* ((y—x)(x—2)* (x=y)y-2) (x—2)*(y—2) (x—2)(z-y)

The one-loop contributions to the EDMs and CEDMs of quarks (the « and d quarks) induced by the AE-aL-aR loop

diagrams are given by

2
W~ ~ 1N _ €g3 017 0 .
d’ly (CIL,QRs/lg) - Hq 18MSUSY A /qu}lH'x/l';e e 311 (x/};qu’qu)r (53)
gh) ~ ~ g_% 6, i0 1 3
d, (qL,qR,/l;) = —qu /XqXHHX,:E 1 '8 X 611 (xTx;L,x;R)+ ilé(x’*jx?ﬂx;g) . (54)
The function I(x,y,z) is defined as
I ) 1 { 2[5 (X2 — xy + 1) — xyz(x +y) +y*2*logx  2[x%y — xz(y +2) + yz*]logz
X,¥,2) = - -
TR S (x=P(x=2) (=2 =2 )

L O =20 +yQ2y—9)llogy 2% —x2(Sy+2) +x(7 +4yz+2) +yz(y— 31)}

(x=yy(y—2)

We define the parameters that may have CP-violating
phases as follows:

mg =M, =M, """, myo = M= = My = |Male"™*,

(56)
/]'VS I 0
Mu = ﬁ =M, =IM,,le O m/l; =Mp = |M/z;|€ 0‘,
i*0pp %6 |Mi|2
My = |Mpp|e™™, m, =|M;le"™, xj=——.
M5y
(57)

6y, 63, 6,,, 61, and Oy are the CP-violating phases.
Both the quark EDM and CEDM contribute to the

(x=yP(x=2(y-2)

neutron EDM. We use the following expression [38]

d,=g4d, +ghds+gpd,+1.1e(0.5d, +d;) . (58)
Using lattice QCD [39] at a renormalization scale of
2 GeV, the tensor charges have been obtained as g4 =
-0.233(28), g4 = 0.774(66), and g5 =0.009(8). To im-
prove the reliability of the results, the authors also calcu-
lated these quantities at a renormalization scale of 2 GeV
using QCD sum rules [40]. The results obtained from the
two approaches (lattice QCD and QCD sum rules) differ
[41], which may slightly affect the coefficients in
Eq.(58). Nevertheless, this does not qualitatively influ-
ence the results. For the neutron EDM, we can safely
neglect the corrections from the CEDMs of heavy quarks.
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Even the contribution from the strange quark can be
safely neglected because g§ < g4.

IV. NUMERICAL ANALYSIS

In our previous work [42], we numerically compared
the MIA and mass-eigenstate results in detail for the
muon anomalous magnetic moment within the frame-
work of the BLMSSM. For different parameters varied

MIA _  ME
T4 0
MIA <10%.

Within the common range of values, the re/iative error is
not larger than 5%. In this work, the relative error
between the MIA results and the mass-eigenstate results
lies in the range 2.5% ~ 5.0%. Overall, the MIA is reli-
able.

When performing the calculations, the following ex-
perimental constraints are taken into account.

1. The experimental constraint on the lightest CP-
even Higgs mass, 125.20+0.11 GeV, is considered [11,
43, 44].

2. The Z’' boson mass should be larger than 5.1 TeV.
The ratio between M, and its gauge coupling, M /gz,
should be not smaller than 6 TeV [45].

3. The new angle B, is constrained by the LHC as
tang, < 1.5 [46].

4. The constraints on the particle masses are as fol-
lows [47-52]. The neutralino mass is constrained to be
greater than 116 GeV, the chargino mass is constrained to
be greater than 900 GeV, and the slepton masses are of
order TeV. The squark mass should not be smaller than
1500 GeV. The gluino mass should be larger than
2000 GeV.

5. The experimental results for B — X,y impose strin-
gent constraints on the value of tanfB. The Yukawa coup-

m
ling of the bottom quark reads Y»= v/ 2(1+tanzﬂ)7h~

With the parameter values m, ~4.18 GeV and v=
246 GeV, we require tanf8 <40 to satisfy the condition
Y, <1.

To obtain the numerical results in this work, the rel-
evant parameters are set as follows. vy =2 TeV, 1=0.25,
Msysy = 1500 GeV,  myo =900 GeV, m;, = 1800 GeV,
mg, = 2000 GeV.

over wide ranges, the relative error

05

0.4

g

¢ 0.3

e tanB=20
o

> o2k _etT ] e tanB=30
s

0.2

0.3 0.4

(a)gvs

A. Numerical analysis for lepton EDM

Leptons are elementary particles. Their EDMs  dir-
ectly characterize CP-violation effects in fundamental in-
teractions and depend strongly on the lepton masses. The
7-lepton, the heaviest lepton, is the most sensitive to CP
violation. The electron, the lightest lepton, has an ex-
tremely weak EDM signal that requires sophisticated de-
tection techniques. The u-lepton lies in the intermediate
response range. Within the MIA, the EDM can be ex-
pressed as an analytic combination of various mass inser-
tion parameters and the imaginary parts of CP-violating
phases. Thus, it exhibits clear parametric responses to the
gauge coupling constants gyg and gg, the Higgs vacuum
structure tanf; and the independent CP phases 6,,, and 6.

1. The tau EDM

Fig. 3(a) shows the variation of |d.| with gyp for dif-
s
ferent values of tang. The phase is set to 8y, = 3 and the

other phases are set to ; = 6, = 0;, = Oz = 0. In the range
0 < gyp £0.60, |d;| exhibits an approximately linear in-
crease with gyp, indicating that this gauge interaction en-
hances the EDM of the 7 lepton. For the same value of
gyp, Increasing tanB leads to an overall increase in |d,|.
Fig. 3(b) presents the variation of d. with 6,, for differ-
ent values of tanB. The other phases are set to 6, =6, =
6y = 0gp = 0. d, exhibits a sinusoidal dependence on 6,
with a period of 27, with zeros located at 6, =0,7,27.
As tanf increases, the oscillation amplitude increases sig-
nificantly, whereas the zero-crossing positions remain un-
changed. This indicates that tanB does not change the
phase structure but affects only the contribution of the
phase-dependent term to the total amplitude. 6,,, provides
a new CP-violating source independent of the CKM
phase in the SM. The obtained values of d, are consistent
with current experimental constraints, being approxim-
ately three orders of magnitude below the experimental
upper limit.

2. The muon EDM

Figure 4(a) illustrates the variation of |d,| with |gys|
for different values of tang. The phase 6, is set to 7, and

tanp=20
tanB=30
tanp=40

0.5 1.0

(0)8,,, /10

20

Fig. 3. Effects of gy, 6,,, and tang on d,

-10
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B

<

2L
S tanB=10
o

X o04F S e tanpB=20
A U i p—— tanf=30
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Fig. 4. Effects of gy, 6,

the other phases are setto 6, =6, =6,, =0, =6y =0. In
the range 0 <|gys| < 1.0, |d,| first increases slightly and
then decreases to zero as |gys| increases. This behavior in-
dicates a mutual cancellation effect between the contribu-
tions of different loop diagrams within this parameter
range. For |gys| €[0.4,1.0], |d,| resumes a monotonically
increasing trend, and the growth rate accelerates with in-
creasing tanB. Figure 4(b) depicts the dependence of d,
on the phase 6, for tan8 = 20,30,40. The other phases are
set to 6, =6, =6, = 6pp = 0. Similar to the case of the 7
lepton, d, exhibits a typical sinusoidal oscillation with a
period of 27 as 0, varies, with zeros at 6, = 0,x,2r. This
behavior reflects the periodic dependence of amplitude
interference on this CP-violating phase. Increasing tanf
significantly enhances the oscillation amplitude.. This
demonstrates that tan does not alter the phase structure
itself but enhances the observable strength of the CP-viol-
ating effect by increasing the relevant Yukawa couplings.
As a CP-violating source independent of the CKM phase
in the SM, the sizable signal induced by 6; in the lepton
EDM provides a promising avenue for probing new phys-
ics CP phases in higher-precision experiments.

3. The electron EDM

The experimental upper limit on the electron EDM
(d.) is highly stringent. To ensure that the d, values pre-
dicted by the N-B-LSSM within the framework of the
MIA satisfy this constraint, three commonly used sup-
pression mechanisms are adopted: (1) choosing small CP-
violating phases; (2) increasing the masses of the relev-
ant new particles to suppress loop amplitudes; and (3) ex-
ploiting internal cancellations among contributions from
distinct phases, thereby reducing the imaginary-part con-
tributions without violating the phase structure.

a. Small CP-violating phases Fig. 5 depicts the beha-
vior of the electron EDM |d,| for a small CP-violating
phase. In this case, 6 = I(ZTW’ and the other phases are
set to 6, =6, =0, =6z =0. As shown in the figure, as
gp increases from 0 to approximately 0.6, |d,| decreases
monotonically and reaches a minimum at gp ~ 0.6. This
indicates that increasing g changes the relative weights
of the various loop contributions, thereby suppressing |d,|

E
S
3& tanB=20
2 PR~ = e tanf=30
- SN S [p— tanB=40
-10
0.0 05 1.0 15 20
OL
,and tang on d,,.
2.0
15}
3
o ~
K S~ag
g 10l TS / tan=8
% Ry IEEETITEEE tanB=10
s b T e A e tanp=12

0.4

0.5 0.7 0.8
[z}

Fig. 5. Effects of gz and tang on d,.

within this region. Beyond gz ~ 0.6, |d,| increases signi-
ficantly, demonstrating that gz has a crucial influence on
|d,| in the small-phase-angle limit. Different values of
tanfB (8, 10, 12) affect only the overall magnitude of |d,|
at each gp, without changing the overall trend.

b. large-mass approach In Fig. 6, we perform calcu-
lations using the large-mass approach (m_- = 13000 GeV,
m = 14000 GeV) for tanf =5, 10, and 15. The phases
are set to 6, =6, =6, =0z =0. The electron EDM d,
still exhibits sinusoidal oscillations with a 27 period as a
function of 0, consistent with the patterns observed for
the 7 and u leptons. However, the oscillation amplitude is
extremely small. Heavy sleptons reduce only the mag-
nitude of d, without eliminating the phase effect. Slepton
masses of order 10 TeV, combined with a normal phase,
can satisfy the experimental constraints on d,. Neverthe-
less, this conflicts with the principle of naturalness.

¢. The phase cancellation mechanism In Fig. 7, we il-
lustrate the phase cancellation mechanism by scanning

B

5

Si’ tanpB=5
S P~ = e tanp=10
T S [ tanp=15

1.0
B4/
Fig. 6. Effects of 9, and tang on d,.

2.0
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Fig. 7. Effects of mj and tang on d,.

the mass parameter mj. In this case, the phases are set
to 61 = 20 Oy = 20° and 6, =6, = 0pp = 0. The electron
EDM d, exhibits a clear V-shaped distribution, with a
near-zero optimal cancellation point around mg =
1100 GeV. As tanB decreases, the V-shaped structure
generally becomes deeper and wider. This indicates that
smaller values of tang increase the relative weight of
phase-related terms in the total amplitude. Thus, this can-
cellation mechanism can accommodate CP-violating
phases of typical size while keeping the particle masses in
the TeV range. The resulting predictions are also more
likely to satisfy the experimental limits.

B. Numerical analysis for neutron EDM

Leptons are fundamental particles, whereas neutrons
are composite particles. In contrast to lepton EDMs, the
neutron EDM arises from CP-violating interactions at the
quark and gluon levels and receives contributions from

[

oly @it NIy

|da|x10%6(e.cm)

2000 2500

(a)ymz/GeV

1500 3000

quark EDMs and CEDMs. Consequently, it has more in-
tricate dependencies on the model parameters.

In Fig. 8(a), we study the dependence of the neutron
EDM |d,| on mz. The CP phases are fixed as 6, =6; =
6., =61 = 0pp =0, with only the CP-violating phase 6,
retained. We find that |d,| decreases monotonically with
increasing my for different values of ;. The phase 6,
mainly affects the overall magnitude of the EDM, where-
as the dependence on mj remains unchanged. The de-
crease in |d,| with increasing mj can be attributed to the
mass suppression of the loop contributions, indicating de-
coupling behavior. Fig. 8(b) shows the dependence of |d,,|

T T 7

on the gluino mass m, for 65 = 10°15° 20° where the oth-
er CP phases are set to 6, =6, =6,, =0 =0z =0. The
neutron EDM increases with m,, and a larger 6; leads to a
larger value of |d,|. The rate of increase gradually de-
creases. This indicates that the gluino-related contribu-
tion 1s sensitive to the CP-violating phase 6;. The shaded
region denotes the experimentally allowed range of the
neutron EDM, which constrains the relevant parameter
space of the N-B-LSSM.

Fig. 9(a) shows the dependence of the scaled neutron
EDM, d, x 10%, on the CP-violating phase 6; for differ-
ent values of tang, with 6, =6, =6,, =0,y =gy =0. The
neutron EDM exhibits periodic oscillatory behavior as 6;
varies from 0 to 27. The EDM vanishes at 6; = 0,7, 27,
corresponding to the CP-conserving points. Furthermore,
the oscillation amplitude increases with tang, indicating
an enhancement of the CP-violating contribution to the
neutron EDM. The shaded region denotes the experi-

|d|%1028(e.cm)

3000 3500

mgy/GeV

0 .
2000 2500 4000

Fig. 8. The effects of my and 6,, as well as m, and 65, on d,,.
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mentally allowed range. Fig. 9(b) presents the depend-
ence of the neutron EDM on the CP-violating phase 6,
with 6, =6, =0, = 6; =0z =0. The EDM shows simil-
ar periodic behavior with respect to 6,.. However, the os-
cillation amplitude is much smaller than that induced by
;, indicating that the contribution associated with ;. is
relatively suppressed in the neutron EDM calculation.

Fig. 10 presents the allowed parameter regions in the
m,, — 6 plane for different ranges of the neutron EDM
d,. The different colors correspond to different intervals
of the predicted EDM values. The neutron EDM is sensit-
ive to the CP-violating phase 6;,. Relatively large values
of d, are mainly located in the region 6;, ~ (0.37—0.7n),
where the CP-violating contribution is enhanced. When
0, approaches the CP-conserving regions, the predicted
EDM values are suppressed. In addition, the region with
larger EDM values becomes narrower as m,._ increases,
indicating suppression due to the heavy mass.”

As shown in Fig. 11, for the CP-violating phase
61 =% and the other phases 6, =6;=8,, =6, =60 =0,
the larger EDM values (green region) are mainly distrib-
uted in the parameter region with relatively small my and
my . When both mass parameters are small, the corres-
pondmg supersymmetric loop contributions are less sup-
pressed, resulting in larger neutron EDM values. As m~

dr,
or my. increases, the predicted d, gradually decreases, in-
d1cat1ng that larger masses suppress the relevant loop cor-
rections. The different colored regions in Fig. 11 repres-

ent the predicted neutron EDM values for different com-

64/1T

md-R/GeV

binations of my and my. . By imposing the current experi-
mental upper bound on "the neutron EDM, the parameter
regions predicting relatively large EDM values (green re-
gion) can be excluded, leading to further constraints on

the allowed ranges of my and my .

V. CONCLUSION

Within the framework of the N-B-LSSM, we system-
atically calculate the one-loop contributions to the lepton
and quark EDMs via the MIA and perform a comprehens-
ive numerical analysis. This study reveals the modulat-
ory effects of kinetic. mixing parameters and new CP-vi-
olating phases on EDMs.

In the lepton sector, the coupling parameter gyz can
modify the relative weights of different one-loop contri-
butions and induce regions of destructive interference.
Phase parameters of the #-type exhibit typical periodic
oscillations of EDMs with a 27 cycle. In contrast, tan8
increases the overall magnitude of EDMs primarily by
enhancing the weights of chiral mixing, without chan-
ging the distribution of EDM zero points. Under strin-
gent experimental constraints, the electron EDM can be
effectively suppressed by small phase values, high mass
scales, or phase cancellation mechanisms. Notably, the
phase cancellation mechanism allows large CP-violating
phases to exist even when the particle mass is at the TeV
scale, thereby improving the viability of the model.

The neutron EDM receives contributions from quark

® 0<d,<8x10"28
+ 8x107%<d,<1.8x107%7
o 1.8x10%7<d,<1.8x10"28

m 0<d,<6x10°%7
o 6x1027<d,<1.8x10-28
® 1.8x10°

1600 1800 2000 2200 2400 2600 2800 3000

(a)ym d~L/GeV
Fig. 11.

Dependence of d, (in units of e-cm) on my and mg with m, = 2500 GeV and m,_ = 3000 GeV.
pt
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EDMs and quark CEDMs, leading to richer parameter-
dependent features. tan8 has a stable enhancement effect
on the neutron EDM, whereas the newly introduced mass
scale shows a suppressive trend. The strong phase 6; usu-
ally dominates the structure of CP interference, while oth-
er phases, such as 6/, constitute secondary but independ-
ent sources of CP violation.

EDM experiments impose stringent joint constraints
on the kinetic mixing coupling parameters and new CP-
violating phases in the N-B-LSSM. In particular, high-
precision measurements of the electron and neutron
EDMs provide a clear observational window for testing
this class of U(1)p_; extended supersymmetric models.

With a reasonable selection of parameters, the N-B-
LSSM can simultaneously satisfy the current experiment-
al upper limits on lepton and neutron EDMs, and certain
parameter spaces can even approach the detection sensit-
ivity of future experiments. The MIA is well suited to this
model and enables a clear elucidation of the roles of CP-
violating phases and various coupling parameters in
EDMs. This work establishes a complete analytical
framework and numerical benchmark for the systematic
study of EDMs in B-L extended supersymmetric models
and provides solid theoretical support for probing CP-vi-
olating phases in new physics through future high-preci-
sion EDM experiments.
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