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Abstract: Using the pinch technique, we compute the one-loop vertices of weak interactions in the B-LSSM and

incorporate their pinch contributions into the gauge boson self-energies. Compared to the definitions of the S, 7, and
U parameters in the Standard Model based on the S U(2), ® U(1)y group, the corresponding parameters in the local
B-L gauge symmetry (B-LSSM) are modified. We provide these redefined S, 7, and U parameters and demonstrate
the convergence of the results. In the framework of the low-energy effective Lagrangian for weak interactions, the S,
T, and U parameters can be expressed as functions of certain parameters in the B-LSSM. The updated experimental

and fitting results constrain the parameter space of the B-LSSM strongly.

Keywords: Pinch Technique, Electroweak Interaction, B-LSSM

DOI: 10.1088/1674-1137/ae5590 CSTR:

I. INTRODUCTION

The measurement results for the mass of the /' boson,
as reported by the ATLAS experimental group in 2023
[1], are in close agreement with the theoretical predic-
tions of the Standard Model (SM). This. high-precision
agreement provides a stringent benchmark for probing
theories beyond the SM. In particular, models with exten-
ded gauge sectors, such as the B-LSSM, must accom-
modate this result, which can lead to significant con-
straints on their parameter space. In comparison to the
SM, the inclusion of the additional U(1)z_, gauge group
in the B-LSSM leads to the emergence of a more substan-
tial Z' boson, which in turn modifies the original defini-
tion of the Weinberg angle. The electroweak radiative
corrections of observable quantities can be obtained
through the oblique parameter method, and the super-
fields in the B-LSSM exert a notable influence on these
oblique parameters. In this paper, we derive the gauge-in-
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variant gauge boson self-energies in the B-LSSM. Based
on experimental results, we impose constraints on the
parameters of the model.

The B-LSSM [2—18] is based on the gauge symmetry
group SUB)c®SUQR),®U(1)y®U(1)p_1, where B rep-
resents the baryon number and L represents the lepton
number. The B-LSSM not only provides an explanation
for the existence of a small mass for left-handed neutri-
nos but also offers a solution to the little hierarchy prob-
lem [19] in the Minimal Supersymmetric Standard Mod-
el (MSSM). The gauge invariance of U(1)p_; allows for
the conservation of R-parity, which is typically assumed
in the MSSM to prevent proton decay. When this sym-
metry is spontaneously broken, R-parity conservation can
still be maintained [20]. This model helps to understand
the origin of R-parity and the potential ways it could be
broken in supersymmetric models. Additionally, com-
pared to the MSSM, the B-LSSM provides more candid-
ates for dark matter [21, 22].

* The work was supported by the Natural Science Foundation of Guangxi Autonomous Region with Grant No. 2022GXNSFDA035068.The Natural Science Found-
ation of Hebei Province under Grant No.A2022104001,the Foundation of Baoding University under Grant No. 2023201

T E-mail: cuisk261@163.com
* E-mail: sunkesheng@126.com
$ E-mail: yychanghe@sina.com
# E-mail: jlyang@hbu.edu.cn
# E-mail: fengtf@hbu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP? and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd



Sheng-Kai Cui, Ke-Sheng Sun, Yu-Li Yan et al.

Chin. Phys. C 50, (2026)

The S, 7, and U parameters [23—33] present an exten-
sion of the method developed by Peskin [34], building on
the work of Kennedy and Lynn [35], to handle radiative
corrections in electroweak interaction processes. Al-
though the B-LSSM introduces an additional U(1)p_
gauge group compared to the SM, the oblique parameter
framework remains a powerful tool at the electroweak
scale. The new gauge sector modifies the observables dir-
ectly via tree-level gauge kinetic mixing and mass matrix
deformations, which can be elegantly encoded into the ef-
fective S, 7, and U parameters.

When calculating physical observables or consider-
ing physical processes, their gauge invariance is typically
taken into account. It becomes critical when extracting
physical information from S-matrix elements, as gauge
invariance cannot always be guaranteed. The oblique
parameters discussed in this paper must account for
gauge invariance. To address this issue, the pinch tech-
nique (PT), a well-established method based on the back-
ground field method (BFM), is employed. This technique
has found widespread adoption and application. For more
details, see references [36—49].

While many studies on oblique parameters rely heav-
ily on Standard Model Effective Field Theory (SMEFT)
global fits, it is important to recognize the conceptual dis-
tinction between these effective coefficients and the full
theoretical calculations. To provide a more fundamental
theoretical foundation, this work aims to avoid "over-fit-
ting" the full theory directly to these effective parameters.
Instead, we start from the formal theory of the B-LSSM
to rigorously derive the gauge-invariant analytic expres-
sions at the one-loop level, focusing on the physical
trends and sensitivities revealed by the theoretical calcu-
lation itself.

Based on this robust framework, our numerical ana-
lysis strategy focuses on characterizing the dominant new
physics sources. First, we systematically analyze how the
mass mixing in the key supersymmetric sectors (namely
the squark and neutralino-chargino sectors) influences the
electroweak precision observables at the loop level.
Second, for the additional U(1)_; gauge parameters, we
employ a complementary approach, utilizing the effect-
ive Lagrangian to impose direct constraints at the tree
level. This dual approach lays the necessary methodolo-
gical foundation and serves as a physical template for un-
derstanding how different symmetry-breaking sectors col-
lectively impact low-energy precision measurements.

The structure of this paper is outlined as follows: In
Section II, we provide a brief introduction to the B-LSSM
and the construction of the Z' boson. In Section I1I, we
present the gauge-invariant self-energies in the B-LSSM,
derived using the pinch technique. In Section IV, we in-
troduce the gauge-invariant S, 7, and U parameters in the
B-LSSM, and based on these results, we further con-
strain the gauge mixing angle s’ by incorporating effect-

ive Lagrangian techniques.In Section V, we proved the
divergence cancellation of two sectors. In Section VI, we
analyze the experimental data's constraints on the para-
meter space. Finally, in Section VII, we present our con-
clusions.

II. THE B-L SSM
The superpotential of the B-LSSM is given by

W= Y;JQAIﬁzl}]C +ﬂ]‘71ﬁ2 — Y‘IIJQAlﬁlDAj — Yéjl/:lﬁlEAj

+ Yv,i_fiiﬁ29; — Wi + Yo Vv, (D
where i,j 'are  generation indices, #; ~(1,1,0,-1),
fn ~ (1,1,0,1) are two chiral singlet superfields and ¥ are
three generations of right-handed neutrinos. The gauge
group of U(1)p_; spontaneously broke without the simul-

taneous breaking of R-parity. The soft breaking terms of
the B-LSSM are given by

| <~ <~ -
Losi=- 5 (M52 + MyJy i + M2 e+ 2M s iy 1
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The terms with tilde denotes the supersymmetric partner
of the corresponding chiral superfield. To obtain the
masses of the physical neutral Higgs bosons, The Higgs
fields are usually redefined as:

1
H| = —Z(V1 +ReH| +ilmH}),

NG
1

H} = — (v, + ReH? +ilmH3),
V2

- 1 IO

= $(u1 + Ref}; +ilmi,),
1 s

= E(uz +iRef}, +ilmi},) . 3)

In accordance with this definition, the majority of the
symmetries pertaining to the SUQ2),®@U(1)y®U(1)p_,
groups have been disrupted, with only the residual elec-
tromagnetic symmetry observed in the electromagnetic
symmetry groups U(1)z_; remaining intact. The group
U(1)p_; introduces new gauge boson Z’ and the corres-
ponding gauge coupling constant g,. In addition, two
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Abelian groups give rise to a new effect absent in the
MSSM or other SUSY models with just one Abelian
gauge group: the gauge kinetic mixing. Here, we write
the covariant derivative:

: g &8s Al
D,=d0,-i( Y Y, ><§BY - )(g; ) )
i

where A and A} denote the gauge fields associated with
the two U(1) gauge groups. Y and Yy denote the hyper-
charge and B- L charge respectively. It is easier to work
with non-canonical covariant derivatives instead of off-
diagonal field-strength tensors:

~ ~ Y
8§ 8vs )RTR Ay

Dy=5;1—i( v )<83Y 8s

)

We insert the unitary matrix into the definition equation,
which redefines both the coupling coefficient and gauge

fields:
R P
8By 8B 0 gs

AY AY
1%

R _ |= Nk (6)
Au Au

Now we can give the mass matrix in the basis
(A", B, A):

. & g gigy’
My = gl s @ g28vV’ NG
Q18 gy’ v+ gau?

The mass matrix defined in Eq. (7) can be diagonalized
by unitary matrix Ry:

cw —sy O 1 0 O
Ry = sw cw O 0 ¢ -¢
0 0 1 0 s ¢
cy —swc  sws
= sw cwC  —cws R ®)
0 s’ c

with

y AY
4 =R} B . )
A AB

If we do some inverse operations on the mass matrix:

0 0 0
% 0 G*»? -Ggyp?
0 —GgypV’  gipV* +4g5u®
1 0 O 0 0 O 1 0 O
= 0 ¢ =5 0 mi 0 0 ¢ ¥
0 s ¢ 0 0 m 0 -5 ¢

0 0

J2..2 2

0
= 0 ¢ mZ+s’2mZ, 2
0

c's'(m% —m3,) )

c's'(mi—mk) smi+c*ml,

(10)

e
where G is electroweak coupling coefficient G = P
wew
v2=vl+v3 and u? = ui +u3. Then, g and gyp can be rep-

resented by some observable measurements:

v = c's'(mi—m2) ¢n= G xmgmy (in
=055 8= 5 5
c’*mi+ s’ m3,’ 2 *mi+ 5P m,

1%
Where x = o

III. PINCH TECHNIQUE

The gauge-invariant self-energies of the Z and Z’ bo-
sons can be extracted from any neutral-current process.
Following the approach of Papavasiliou [49], we con-
sider the scattering process e*e” — u*u~, The S-matrix
element of this process should remain independent of the
gauge-fixing parameters & at any order of perturbative
calculation. The propagators for the gauge bosons y, Z
and Z which include the gauge-fixing parameters, are
given by:

—i e
AuvY(q) = ? {guv_(l _fy) 22 :| 5 (12)
—i 99y
AuvZ(Q) = ? |:g,UV_(1_§Z)q2 —ngm%:| > (13)
/ —i q.9y
A,uvZ (6]) = ? |:g,uv -1 _§Z’)q2 _gz’mél :| . (14)

Traditionally, the S-matrix element 7" can be decom-
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posed into three parts based on the Mandelstam variables
s, t and the external masses m,, m,. In terms of self-en-
ergy, vertex, and box contributions, Ty, T,, and T; cor-
respondingly contribute to the total expression:

T(s,t,m,,my,) = T1(t) + To(t,me,m,) + Ts(s,t,m,,m,) (15)

Although the total T is gauge-independent, the indi-
vidual components T, T, and T; are gauge dependent. By
employing the pinch technique, we recast these into
gauge-invariant quantities 7, 75, and T:

T(S’ Z, me,m/l) = fl (t) + fZ(t’ me’m,u) + fS(S, t,m,, m,u)~

(16)

From this, we derive the gauge-invariant self-energy
7).
The PT is a systematic approach. The form of the
Ward identity changes depending on the specific physic-
al process. For instance, when a gluon mediates strong in-

teractions, the Ward identity takes the form:

kp?’y =H=@+k-—m)—-@P-m;)
=S (p+k)-S;'(p). (17)

For charged W* or neutral Z bosons coupled to fermions,
the Ward identity becomes:

Ky, PL=KP, = @ +K—m)P,— Pr@p—m;) +m;P, —m;Pp
=S (p+ k)P~ S (p)Pg+m;PL—m;Py.
(18)

Here, Prr = % The terms S;'(p+k) and S;'(p) van-
ish on shell, leaving behind m;P; —m;Pr. When charged
W* couples to fermions, the masses m; and m; differ. For
the Z boson coupling to a fermion-antifermion pair of
equal mass, m; = m;.

Additionally, the vertex in Fig. 1(b) is decomposed
into two components:

F.UVQ = 1—‘55& + riva’ (19)
where

1
r;ljfa == [(6] + k)vgy(l + kugwy]’

&
rftm = zqygva - 251vgua -2k + Q)agyv
1
+(1 - E)[kvgpzy"‘(k"'Q)ygV(t]' (20)

e €

(d) () (£
Fig. 1.
butions to the S-matrix of the four-fermion process. Diagram

Diagram (a)-(c) show representative one-loop contri-

(a)1s the conventional gauge-dependent self-energy. The
pinch parts extracted from diagrams (b) and (c)—shown sep-
arately in (e) and (f)-are systematically absorbed into (a),
thereby converting it into the gauge-invariant effective self-
energy displayed in (d).

The term I%

pvae

satisfies the Ward identity

q”Fﬁm = A;V' (k,&) - A;V‘ (k+q,é). 2n

Gauge boson propagators depend on the gauge-fixing
parameters:

8,(@) = Z,,(@) - 2L Dicq), (22)
where
Digo)=—
= q* = &M}
i qu49v _i
@”V(Q) = [guv - ;\143 ]qz _ Mlz . (23)

2:,(q) are the W*, Z and Z' propagators (£ — o). Select-
ing the Feynman gauge(¢ = 1) can greatly simplify calcu-
lations[49]. Then, the pinch part of Fig. 1(c) vanished.
Furthermore, when extracting the Pinch contribution of
self energy, the following formula will be used:

gy =Nl (q.E)A; (g, &)
=N, (9.£)27 () —iq,q" Di(q,€),
qu == ilq’Di(q, E)qu + M7 ', (q,€), (24)

where
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I gy = ilg"(q* — M}~ q"q"). (25)
Ifi=y,
1 g4
N @ =gl + (1= T (26)
Y

In the B-LSSM, the pinch part of the self-energy of W= is
similar to the result in the SM, here are the results:

5w (q%) = —483(q° — My){syIwy (@)

+ e (Pl (@) + 5wz (@)}, (27)

Where,

d'k 1

(2 — 4-n
W= | oy G2 i+ 2 ]

(28)

The calculation of guage-independent self-energies of y,Z
and Z needs to utilize the following allocation:

g

5 HPp = (=i)sy(eye) —icyc' (eZe) +icys' (eZ'e),

(29)

Where (eZe) and (eZ'e) denote the vertex of the corres-
ponding particles. By combining Eq./(24) and-Eq. (29),
the following results can be obtained:

1 (4) = —4g3 53,4 Tww(q),

I7,(¢%) = =283 swewe 24" = M) Tvw(g),

7, (¢%) = —2g3swews 24 — Moy)yw(q),

2
17,(¢%) = ~4g5cic " (¢6° = MPIww(q),
2
1, (¢%) = —4g5cs (4" = M) Iww(q),

7, (¢*) = 2g5cy,s ¢ 2q* — My — M) Iyw(qP).  (30)

By utilizing PT, we successfully derive gauge-invariant
self-energies for the W*, Z, Z’ and y bosons, which are
essential for subsequent calculations.

IV. FORMALISM OF OBLIQUE CORRECTIONS

A. Formalism of S T U paramaters in the B-LSSM

The implementation of renormalization schemes that
utilize the number of observables equivalent to the num-
ber of free parameters may prove challenging in practice.
This is due to the necessity of solving a more extensive
set of equations than those encountered in the SM, which
may result in the generation of highly intricate and un-
wieldy analytical formulae [54].

The oblique parameters are the products of renormal-
ization under the SM, and thus warrant examination to as-
certain whether such a quantity remains well-defined in
the B-LSSM. A significant indicator is whether the diver-
gence of oblique parameters is cancelled. From a technic-
al standpoint, it appears that the requisite divergent elim-
ination is guaranteed by the symmetry of the group, since
Tr[T?Y]=0. As can be observed in the Table 1, the self-
energy functions, namely, the unrenormalized vacuum
polarisation functions with coupling constants factored
out, namely, the (IT's), will cancel out any divergence
after traversing all the superfields. It is therefore reason-
able to continue using the original definition of Peskin
and Takeuchi[34]:

as =4e’[I15;(0) - I1;,(0)],

eZ

2 2 =2 [
S Cwinz

aU =4¢°[11},(0) - 1%, (0)],

aT

I1,,(0) - II53(0)],

31)

>
where my" = ¢?m2 + s"*m2, .

In accordance with Peskin's approach, the one-
particle-irreducible (1PI) self-energies of the photon, Z
and Z’ in the B-LSSM are expressed as a linear combina-

Table 1. The charges and the mixed products of each superfield in the B-LSSM
0 L Hy H, d u e v n i
1 1 1 1 1 2
Y 5 -3 -3 3 3 5 -1 0 0
1 | 1 |
5 0 5 0 5 0 5 0
T3 2 . 2 | 2 : 2 1 0 0 0 0 0 0
1 | 1 1 | |
Yp 3 -2 0 0 -5 -5 2 2 -1 !
1 1 1 1
L0 -1 0 -1 0 1o
T3xY 12 . 2 X 2 X 2 1 0 0 0 0 0 0
0 -5 o ! 0o 1 0o -1
1 1
L0 -1 0
T3 xYp S S 0 0 0 0 0 0 0 0
0 -1 0 3
YxY, * 1 0 0 & -4 -1 0 0 0
B 36 4 18 9 2
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tion of the T5; — Q — B-mixed eigenstate self-energy.

Iy = €’ Tlgg. (32a)
exc’ )
HZA = (HgQ SWHQQ) + es'gEHQB. (32b)
SwCw
ezsl 2 ’
HZ’A = - (H3Q - SWHQQ) +ec gEHQB. (32C)
Swew
2 2
HZZ = ﬁ(n:{; — 2S€VH3Q + séVHQQ)
wCw
es'c ,
+2 gE(H3B_S€VHQB)+s 2géHBB' (32d)
SwCw
ers'?
HZ/Z/ = ﬁ(H% - ZS%VH3Q + SK‘%VHQQ)
w-w
es'c
-2 Swew ge(lzp— SWHQB) +c gEHBB
(32¢)
€2C s o 4
HZZ' = 73 — (153 — ZSWH_gQ + SWHQQ)
wsw
e(c/2 - slz) s
+2 gE(HSB_S%VHQB)"'C Sg%HBB-
SwCw
(32f)

Y
Where 8 =85+ YgYB, 0 indicates the electric charge,

B
T; indicates the charge of W; and B indicates the charge
of U(1)p_; group. The 1PI self energy of W* is given as:

2

e
-1y (33)
w

l_[WW =

We can linearly combine the above equations and
define effective self-energy HZA and sz as follows to
climinate the self-energys "containing" U, charge B:
Tlz4 = '(32b) — 5'(32¢), I = ¢’*(32¢) — 2¢' s’ (32i)+
5'%(32g). Combining with (32a), one can obtain:

HAA = eZHQQ. (343.)

HZA = (H3Q — SWHQQ)' (34b)
SwCw

T ¢ 2 4

I, = S%V (Hg3 2SWH3Q + SWHQQ). (340)

Combining the definition of oblique parameters Eq.

(31), Eq. (33) and Eq. (34), one can obtain the expression
of oblique parameters under the B-LSSM:

. 2
@S =4syeylTl,(0) - CW

WH'zy(O) -1, (0)],

2

I1,,(0 + H 0) + WH’ 0
M@ 7O 20+ TL,(0)
al =—— 2 ’
My mz
alU 4sW[H'WW(0) CWH’ZZ(O) 2chWH’Zy(O) sWH’ 0)].

(35)

B. The S T U paramaters in the effective-Lagrangian

For the case of Z couples with two fermions, neutral-
current of Z particle can be expressed as follows:

= [SL(F — O)C + g5 Y5S WhY" P

wClw

+[ ¢ (-
SwCw (36)

Y
Using Eq. (11) and ge =85+ A
B
coupling between the Z boson and SM leptons in the B-
LSSM can be written as follows:

grs, the neutral-current

,C's' (m5—m3)

=G g 2T )
Lyzss=Gle C,zmz 5,
~ s'(c3,c's'(m2 — mé,) )
XZV fy T* P - (s3, - 2 ;
fyy[ L (SW C,zmz + g mZ, )]f
(37)

Current experimental constraints on the Z’ boson im-
pose a lower bound on the ratio Mz /gg > 6 TeV [50, 51].
Theoretical analyses indicate that direct contributions
from Z’-mediated neutral currents to electroweak-scale
observables are suppressed to a precision level below
0(107%), as determined by the interplay of the Z’-boson
mass scale and its coupling strength. Consequently, these
neutral current effects can be safely neglected in calcula-
tions of electroweak precision parameters within the cur-
rent experimental resolution. This suppression arises
dominantly from the decoupling behavior of the heavy
Z’, whose contributions to low-energy processes scale as
~(M2%/MZ%)x g%. The stringent experimental bound on
M7 [gp ensures that such terms remain subleading com-
pared to SM electroweak radiative corrections. Using the
effective-Lagrangian techniques given by [52]

e aT -
Lyzee= —5(1+ T)Z”f’y#[]ﬂPL
W
asS &2 swiaT
=S
4(cw —SW) Cw” —Sw

— (s’ +



S, T, U Parameters in The B-LSSM

Chin. Phys. C 50, (2026)

s _ e a as &vaT
T sy HEA SR 26—
alU =
+ e WINPT, (38)
Where 53 and ¢}, are defined by
PN 1 SM
Swcwmyz = Eev = syewmy" . (39)
Comparing Eq. (37) and Eq. (38), one can obtain:
A oA N )
aT = 2[SWCW (=% C; (TZ/ Zmzz) —11,
SwCw c’“mz + s'“mz,
asS = 4cy sylaT +4(cy” — sy’ (sy, — s’
§ e3¢’ s (m% —m%) + xmzzmz/
3 c’*mi+ 5*m2, )
S asS &vaT
U=8s3*(— -1+ - . (40
e T s ST R

It can be demonstrated that the definition of ¢}y is indeed
equivalent to the the Sirlin definition [53], based on the
values of my and mz. In comparison to the intrinsic
definition of cy at the tree level, these can be connected
by means of the equation:

m
A2 4
Cy = PR
mz
2
m
2 _ w _ 2
Cw = 72 /22_] Sw

= 1= 5% +25WwAs = &2 + 25WAs.

(41)

By comparing the three equations in Eq. (41), one can ob-
tain:

2 A

2 Mz s
s 2(;722 -= —ZCAWZAS. (42)
yA w

Combining Eq. (40) with Eq. (42), the following results
can be derived through a perturbative analysis:

A
aT =222 _ 2, 43)
Sw
Cw Sy
aS +aU = 8syyAs—4s g3 (44)
25%2aS + (sy? — &y HalU
=462 swraT + 85w (siy? — Gy HAs. (45)

The aforementioned formulas are conducive to the ana-
lysis of relationship between s’, As and gp.

C. Gauge-invariant electroweak interaction
parameters

We have already provided the pinch contributions of
all self energy-graphs of gauge particles in Eq. (27) and
Eq. (30), and also provided specific expressions for the S
T U parameters in (34) and Eq. (35). Combining the
above four equations, we can obtain pinch parts of the S T
U paramaters. The gauge-invariant S 7' U parameters can
be represented as the sum of the pinch parts and the con-
ventional parts:

2.2 72 2)

()61 = a(S)c +8g5swewlyy(0)(c *ms + s> m3,

(46)

a(T)gr = aA(T)c +4g3[ 5% Twy (0) + iy ("> Iy £(0)

+ 5" Lyz(0)) = Lyw(0)]. (47)

a(U)g; = a(U)c + 1653,85{my, L5y, 1,,(0)
+ 3 (¢ 1,,(0) + 5T, (0))
— Ly (0)] = [ 53, Ly (0) + 5 (¢”* Iy 2(0)

+ 5" Iz (0) = Ty (O)]). (48)

The subscript C here follows the definition in the lit-
erature [55], the S, T and U parameters exclude the pinch
terms that ensure gauge independence.Formally speaking,
our results are extensions of Degrassi's results [55] based
on the SM. The divergences in both expressions cancel
out. This confirms the assertion made in the first subsec-
tion of this section.

V. THE DIVERGENCE CANCELLATION OF ST
U PARAMETERS IN THE NEUTRALINO-
CHARGINO SECTOR AND SQUARK SECTOR

In the context of one-loop diagram calculations, par-
ticularly in the context of renormalization, the elimina-
tion of divergences serves as a crucial indicator for the
verification of calculation results. This section presents
the divergence cancellation of the S, T, and U parameters
in the neutralino-chargino and squark sectors, with the
objective of further validating the theoretical framework.

A. Neutralino-Chargino sector

The calculation of the vacuum polarization diagrams
of fermions as loop particles is presented in Appendix B,
along with a processing of all the coefficients involved.
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As a consequence of the non-divergence of the derivative tions Eq. (34) and Appendix B, the divergences of the S T’

of the B, function, the divergence of the S and U para- and U parameters (divs, divy and divy) can be expressed
meters is directly proportional to C;. By combining equa- as:
|
G2 2 7
divs ~ = |- > WUHRURULUp+ ViV ViVi) + Y (N3N =NiyNiw)’1 =0.
ij ij
3G L
diVU ~ = W4 {Z[4U;1N12N1*2Ujl +2U72N,‘3Ni*3Uj2 +2 \/E(Uj]leN;gUJl + ]’lC) +4V;1N,‘2N[-*2Vj1 + ZV;ZNMN;VJQ
iJ
2
—2V2VyNo NV + he)l = [AU UnUnUsy + 4V Va Vi Viy + UnUnUnlUs + Vi Vi Vo Vi
ij

;
+264 (U Un UpUjp + Vi Va Vi Vi) + 21+ 255 (U Un U U 4 Vi Va Vi Vi)l = 3 (N5 Nis = Ny Nua)?) = 0.
ij
2

. G
leT ~ = @{ﬂ] —ﬂz}.

Where,
2,7
‘?{1 = Z(m;,i +m)2(9)[4U;71N,»2NI-*2Uj1 + ZU;ZNBN;;U]'Z +2 \/E(U;IN,QN;;U]] +l’l.C.)
o J

2
+4V NaNy Vi +2VaNaNGVip = 2V2(Vi No Ny Vi + he)l = Y (s + nig)l4cy, Uy Ua U Un

J
ij

+ C%ijzUiszzsz + ZC%VCZW(UJ*'] UnUpUp+h.c.) +4C€VV;1 VaVi Vi + C%wzvfzvﬂvi*zvﬂ

\
+ 2w (Vi VitV Via thac )l =D (o +mig )N j3Nis = NjyNa).

i,j

2,7
Fo= Y 2memp[4U; N2 Vi N = 2U N VipNu =2 V2U} N VipN 3y +2 V2U N Va N,
ij
+ANLUIN Vi + 2N UnpNyVio =2 V2N Uy N3y Vi + 2 V2N 3 U N3, Vit

2
= 2memy s (464U Un Vi Vi + Gy UnUnVip Vi + 263, cow(U5 U Vi Vi + hic)

i,j

7
+ 4C¢VV;I Vil Ujl U1*2 + C%WVJQVI'ZU/‘Z Ut*2 + ZC%VCZW(V;l ‘/,'1 sz Ut*2 + ]’lC)] — Z ZmX?mX?(N}}NB — N;4N,'4)2.

ij
Using the corresponding mass matrix diagonalization formula:
2 2 2
D UimViVime U =Y (My)ys Y UpUpViVimgemys = (M), (49)
i i ij

one can obtain:



S, T, U Parameters in The B-LSSM

Chin. Phys. C 50, (2026)

1 1
Ay = 16M3 + gav* + 24 +2g3v* + S8vsY 2 — A4S (AM3 + 2P) + 3y (4P + gavh) — Qu* + 28307 +3 gveV?)

= (16¢}, ~ 16)M; + (4chy, — D’ + (4cy + oy = g3V’

Ay = 2X [8M; + 4> + g3v* — (8¢, M3 + 2¢3y,11° +2¢h,Cowgrv?) + 2% ] = (16¢y, — 16)M; + (dcay, — 4 + (deyy + Coyy — 5)gav*

It can be seen from this that their divergence cancels out each other!

B. Squark sector

When squarks are loop particles in the one-loop self-energy diagrams, the cancellation of divergences in the S, 7,

and U parameters can be demonstrated as follows.

4
divg ~ — —
3a SwCw =

2 4
syewlCrr— WSy rzy —swew (Zzﬁf*z,i 2+4(ZZ,Z*Z,EZ :

6
+203 zRzRy1=0.

k=4

(Zz,’i*z
k=1

k=4

3 3
. 4 ] * * *
divy ~ ES%V[CZVW —53,CY — 2SWCWC 2y CWCZZ] = fs%‘,[—igg Z(Zj[-,’( Zh Z:(ZU ZD) + gz(kzl: Zbzly?

3
1 "
+ Zgi(zsz"zﬁ)z] =

divy ~ —[ZCWW(m +m2 )+ZCWWUm~ +ZCWWD

2
D/

c’2m2 +5

6
} : ~ZZU 2 2 :NZZD 2
/2m2 [ Cl ma + : Ca m};/_

2 ZCZZUm~ 42 ZCZZD -3 + ZCW (Z Czwmz + ZCZmez + = Zé”b/Um~ Zé;lw 2 )]

0

2
My

0

c’zm2 + s/zm%

=0.

The specific coefficients for this process have been
placed in Appendix A. In the demonstration above, we
utilized the unitarity relation of the transposed matrix:

Z(Zf/izfi*) Z(Zfiz ) =6

This work focuses on the neutralino-chargino and
squark sectors of the B-LSSM, which are expected to
provide the dominant new-physics contributions to elec-
troweak precision observables, and within this frame-
work we have constructed and verified the gauge-invari-
ant formalism. Although the Higgs sector involves non-
Abelian symmetry breaking and its mixing with Gold-
stone bosons, which introduces specific complexities in
maintaining gauge invariance, its loop contributions to
the S, 7, and U parameters have been shown to be ex-
tremely small already in the Standard Model. In the B-
LSSM, the Higgs fields associated with the additional
U(1) breaking typically acquire masses well above the
electroweak scale, further suppressing their contributions.
Moreover, for the Higgs sector to yield a significant ef-
fect, it would generally require mixing between different

[
generations of scalar fields, and such mixing is usually
suppressed by the large mass scales. Therefore, at this
stage of systematically studying the main sources of new-
physics contributions, we have not included the Higgs
sector in the detailed calculations.

VI. NUMERICAL ANALYSIS

A global fit of the S, 7, and U parameters incorporat-
ing recent top quark mass measurements from CMS has
been provided in Ref.[56]:

S =-0.04+0.10, T=0.01+0.12,
Pst = 093, Psu = —0.87,

U =-0.01+0.09,
prv =—0.70.

In order to study how the parameters affect the vaules
of the S, T and U parameters, we use the Mathematica to
calculate the oblique parameters of the B-LSSM. Some
parmeters we assumed are: A,=3TeV, A,=3TeV,

gy =-0.3, gz =0.5, tang =20 tanB = 1.5,
myz =4500 GeV, 1 =200 GeV, up =800 GeV,
mp =600GeV, mp, =800GeV  m; =200GeV  and

my =300 GeV. We use this set of data as a benchmark
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and run some of the variables respectively. Through a
parameter scan, we can identify which model parameters
are most sensitive to the S, 7, and U observables.

When we run my;, m, and u the
(200 GeV ~ 2000 GeV), (200 GeV ~ 800 GeV) and
(200 GeV ~ 800 GeV) intervals respectively, we find that
they are sensitive to the S and 7 parameters. The Fig. 3
shows that the S parameter gradually decreases with the
increase of my, m,, and x, while the T parameter shows
an upward trend with the increase of m; and m,. m; and
m, are the diagonal elements in the mass matrices of
neutralinos and charginos, and their increase weakens the
mixing of the matrices, which is the source of the contri-
butions of oblique parameters. m, isthe diagonal ele-
ment with the highest value in the mass matrices of neut-
ralinos and charginos, which explains its sensitivity to ob-
lique parameters relative to m;.

Fig. 4 illustrates the changes in the T and U paramet-

in

(b)

ers as the A, parameter varies from 1000GeV to
7000 GeV. The gray area indicates one standard devi-
ation of the experimental observations. As shown, the T
parameter increases with the rise in A;, while the U para-
meter exhibits the opposite trend. The observed changes
in the 7 and U parameters in Fig. 4 are primarily due to
the contributions from the Feynman diagrams involving
squark fields as loop particles. The A, parameter, origin-
ating from the off-diagonal elements of the squark mass
matrix, influences the mixing between the left-handed
and right-handed u squarks (u; and ug), which in turn
drives the squark sector's contributions to the oblique
parameters.

To genuinely highlight the distinctive features of the
B-LSSM as opposed to the MSSM, it is essential to illus-
trate how the extended gauge sector parameters influence
the electroweak precision observables. In Fig. 5, we
present the dependence of the S, 7, and U parameters on

XU

Fig. 2. Vacuum polarization diagram with Neutralino-Chargino sector
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Fig. 3. S and T parameters that are more sensitive to m,, my, and u.
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Fig. 4. T and U parameters that are more sensitive to A;.
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Fig. 5. The dependence of the oblique parameters S,7, and U on the B-LSSM distinctive parameters gys, gg, and mz . The SUSY-

breaking parameters are fixed at the benchmark point.

the unique B-LSSM parameters: the gauge kinetic mix-
ing coupling gy, the U(1)p_, gauge coupling gg, and the
extra gauge boson mass my , while keeping other super-
symmetric parameters fixed at the aforementioned bench-
mark point.

As shown in the panels of Fig. 5, varying mz from
3000 GeV to 6000 GeV leads to a smooth, monotonic
modulation of the oblique parameters. Because the Z’ bo-
son is heavy, its decoupling behavior ensures that the ab-
solute variations remain strictly perturbative. Further-
more, the figures demonstrate the pronounced effects of
the extra gauge couplings. While gp dictates the interac-
tion strength of the U(1)z_, sector, the parameter gy ex-
plicitly governs the gauge kinetic mixing between the
U(1)y and U(1)p_; groups. This kinetic mixing effect dir-
ectly modifies the Z—-Z mass matrix, systematically
shifting the 7" parameter closer to zero while slightly re-
ducing the S parameter. These results explicitly demon-
strate that while the loop-level sparticle mass patterns set
the baseline, the unique U(1)z_; extensions provide a fi-
nite and distinctive tree-level modulation.

We performed a random three-dimensional sampling
of the S, T, and U parameters in Eq. (43-45) based on the
probability distribution results obtained from the experi-
mental fits. Each randomly selected point corresponds to
a unique set of values for As, s, and gz. We then con-
ducted statistical analysis on the resulting As, s, and gp
values to generate probability histograms. As shown in

Fig. 6, the distribution of As does not exceed one stand-
ard deviation of the current experimental measurements,
making it challenging to extract further useful informa-
tion from the measurement of the Weinberg angle. Addi-
tionally, the probability distribution of gp exhibits a sharp
peak around gz =0.08, with a rapid decay for gz > 0.05.
Analysis reveals that the probability for 0.05 < gz <0.2
exceeds ninety percent when compared to the entire
range.

VII. CONCLUSIONS

Using the pinch technique, we derive the gauge-in-
variant self-energy of gauge bosons in the B-LSSM and
obtain gauge-invariant oblique parameters. This ap-
proach ensures gauge symmetry when extracting inform-
ation from S-matrix elements.

In models featuring an additional U(1) symmetry
compare to the Standard Model, the definitions of ob-
lique parameters remain applicable. From the perspective
of divergence cancellation, these definitions are compre-
hensive and can be extended to the models, which in-
clude various types of group expansion, thereby simplify-
ing the complex definitions and proofs associated with
the S, 7, and U parameters.

In this work, the contributions to the S, 7, and U para-
meters from two key sectors of the B-LSSM are calcu-
lated and the impacts of model parameters in the B-
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Fig. 7. Feynman diagrams with scalar loop-particle

LSSM are analyzed. The parameter space of the B-LSSM
we selected aligns well with the global fitting of the S, 7,
and U parameters reported in the experiments.

By comparing the effective Lagrangian with the mod-
el Lagrangian and incorporating constraints from experi-
mental fits, the coupling constant of the additional U(1)
group can be related to the S, 7, and U parameters. This
analysis allows us to derive effective constraints on these
coefficients.

Finally, comparing the loop-level =supersymmetric
contributions with the tree-level extra gauge effects re-
veals a distinct physical hierarchy within the B-LSSM.
Under current experimental precision, the globally fitted
electroweak observables impose significantly more strin-
gent constraints on the additional U(1)p_; gauge paramet-
ers (e.g., gg and my ) than on the detailed supersymmet-
ric mass spectrum. The latter, entering primarily via loop
corrections, is naturally suppressed by the decoupling of
heavy sparticles. In contrast, the extra gauge sector dir-
ectly modulates the observables through tree-level kinet-
ic mixing and mass matrix deformations. Consequently,
contemporary precision measurements act as a powerful
and direct probe of the extended gauge sector, validating
the necessity of investigating the distinctive gauge exten-
sions beyond the minimal supersymmetric framework.

APPENDIX A: INTEGRAL FORMULAS FOR
SOME FEYNMAN DIAGRAMS

We provide the integral formulas for the vacuum po-
larization diagrams, expressing them uniformly in terms
of the standard Passarino-Veltman A and B functions. We
define A fuctions:

By using the Monte Carlo sampling method and generating statistical histograms, the probability distributions of the three

1
G +m? —ie’
qu -0
2ym?—ie
q

ms .
Fam—ie = A, (AD

in*Ag(m) =p " / d"q
in* A, (m) =" / d"q

i A, (m) =" / d"q
and B fuctions:
.2 2 4-n n 1
in”By(p~smi,my) =u d 9
0u1
q .
‘]ﬁ = in” By (p*;my,m2) Py
n q}iqv
d it
dod,

+ By (p*smi,ma) g, ]

in® B, (p*smymy) =" / d"

i By (p*smy my) =g ™" / = in’[Byi(p*;my,ma)p,p,

(A2)

Where d, = ¢> + m? —ie and d, = (q+ p)* + m3 —ie. We can
list the divergence coefficients of these functions (The
coefficients of 2 —yz —Inx):

4
m
MMMM,MW~Z,Mﬁwm%L

1 1
Bl(P22m1,m2) ~ =, B2l(p2;ml,m2) ~ g,

2
mi+m;  p*
4 12

2

B22(p2;mlam2) ~ =

Using the above formulas, the amplitudes of Fig. (7)
can be represented as

M=~ Ca{4Bzz(P2;m1,m2)gw
+[By+4B; +4B;y, ](Pz;ml M) Pupy}s

M, =CpAo(m)gy - (A3)

C, and C, are the coefficients from the vertices. We ex-
pand and sum the coefficients of the involved graphs.
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3 6
~ 1 . +
CoH = = 361G +2e2) Yy _Zi 25, ~2G(1 ~ o) Y 7' Z; T,

k=1 k=4

3 6
~ 1 ’
CoP = = 3lG(-2=caw) N ZRZR+ G -cow) > ZRZRT,

k=1 k=4

3 6
~ 1
G = UG +2e0) Y ZLZ{P +126( - e Y 2" 2P

k=1 k=4

~ 1
CiP = E{[G(—Z—qW)ZzD*zk]z [G(l—czw)zzﬁ*zjz )

k=4
chY = Zz},ﬁ*zﬁk + Zz},{* NG +2¢,y) sz,{*zji 2G(1 - caw) sz,{* o,
k=1 k=4
ChP = - 15 sz,j*zﬁ( + Zz,’,?* NG(-2— czw)szk’*zj; +G(1 - CZW)ZZ,Q* AR
=1 k=4
2 6
chY = gelGa +2c2W)(Zz},{*z},{ 2-2G(1 - o> ZLZE ),
k=1 k=4
c’ —e[G( 2- Czw)(ZZD*ZD)Z +G(1 —czwxzz”*z 271,
k=1 k=4
Where, we mark cyy = ¢}, — 53, = cos26y and
C¥” = *C% -2 s C + 5°C*7, C7 = CP —5'C7, (A4)

APPENDIX B: SELF-ENERGIES OF CHARGINOS AND NEUTRALINOS

For the convenience of batch processing, we divid the calculation results of graphs into two parts M; and M,:

M——/ d°k A — B ! ](AB+AB)/de1[2k“ PR G+ R 202 + k- q)g" ]
=] oA T B G gy \ArB AxBr) | s G PR 2K V8

de 2m1m2 v
(27T)D d()dl

+(ALBg + ARBL)/

Where, A* = A; P;y" + AgPry*. We define

de 1 v v v
M =C, Wﬁ[zwqﬂ +2K°q" + 4Kk =20 + k- q)g"]
1—-In(2
= 16;})661{[4822@2) ~2DBx(q*) = 2Ba(g)q” = 2B1(¢)q1¢" +41Bi() + Bai (D)) ¢,
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d’k 2mmy ,, .1-In2n)e

= = 2 Bo(gH)g™”
M, =C, Q0P dod, 8 t lon2 Co2mymyBo(q7)g"
C1 = (ALBL +ArBg), Ca = (ALBr+ArBy). (B1)
We can analyze their divergences:
i , i . dAM@@=0) i 2
Mi(g" =0)~ 1= Cilmi +m)g”,  Mo(g’ = 0) ~ 25— Comimag"”, 7 T3S (B2)

We expand and sum the coefficients of the involved graphs.

c%sz
4
+4ViNoNy Vi + 2V NuN,y Vip =2 \/E(V}‘INI-ZN; Vip+h.c)l,
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2
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