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Abstract: The deviation of the measurement of RD (RD∗) from the Standard Model (SM) expectation is 2.3σ

(3.1σ). RD (RD∗) is the ratio of the branching fraction of B→Dτντ (B→D∗τντ ) to that of B→Dlνl (B→D∗lνl),

where l=e or µ. This anomaly may imply the existence of new physics (NP). In this paper, we restudy this problem

in the supersymmetric extension of the Standard Model with local gauged baryon and lepton numbers (BLMSSM),

and give one-loop corrections to RD (RD∗).
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1 Introduction

The Standard Model (SM) is the most successful par-
ticle physics model to date. It gives accurate predictions
for a significant number of experiments. However, for
some experiments, it cannot give a good explanation.
In the last few years, the experimental measurements of
RD(∗) (the ratio of the branching fraction of B→Dτντ

(B→D∗τντ ) to that of B→Dlνl (B→D∗lνl), where
l=e or µ) show deviations from the SM theoretical pre-
dictions – these measurements are larger than SM expec-
tations. Therefore, in order to explain these anomalies, it
is necessary for us to try some new physics (NP) models.

The SM expectations for RD(∗) are: RDSM
=0.299±

0.011 in Ref. [1], RDSM
= 0.299±0.003 in Ref. [2],

RDSM
= 0.300±0.008 in Ref. [3], RDSM

= 0.300±0.011
in Ref. [4], RDSM

= 0.299±0.003 in Ref. [5], RD∗
SM

=
0.254±0.004 in Ref. [4], RD∗

SM
= 0.257±0.003 in Ref.

[5] and RD∗
SM

=0.252±0.003 in Ref. [6]. The relevant
experimental results for RD(∗) are listed in Table 1.

RD=0.407±0.039±0.024 and RD∗=0.304±0.013±0.007
exceed the SM predictions by 2.3σ and 3.1σ respectively.
These anomalies have caused physicists to seek a variety
of ways to explain the experimental data [15–35]. Most
physicists tend to seek the solutions in NP models. So,
various NP models have been used, such as charged Higgs

[30–32] and lepton flavor violation [33–35]. The super-
symmetric extension of the SM is a popular choice in
various NP models. In fact, theorists have been fond of
the minimal supersymmetric model (MSSM) for a long
time. However, baryon number (B) should be broken
because of the matter-antimatter asymmetry in the Uni-
verse. The neutrino oscillation experiments imply that
neutrinos have tiny masses, therefore lepton number (L)
also needs to be broken. A minimal supersymmetric ex-
tension of the SM with local gauged B and L (BLMSSM)
[36, 37] is more promising. Thus, we try to deal with the
anomalies of RD(∗) in the BLMSSM.

In our work, we use effective field theory to do the
theoretical calculation. The effective Lagrangian is de-
scribed by the four fermion operators and the corre-
sponding Wilson coefficients (WCs). NP contributions
with non-zero WCs are possible solutions to the RD(∗)

anomalies [38]. After considering all the 10 independent
6-dimensional operators and calculating the values of the
corresponding WCs at one-loop level, we obtain the the-
oretical values of RD(∗) in the BLMSSM.

This paper is organised as follows. In Section 2, we
introduce some content of the BLMSSM. In Section 3, we
give the mass matrices of the BLMSSM particles that we
use. In Section 4, we write down the needed couplings.
In Section 5, we provide the relevant formulae, including
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observables RD(∗) and the effective Lagrangian with all
the four fermion operators. In Section 6, we show the
one-loop Feynman diagrams that can correct RD(∗) . At
the same time, NP contributions of some diagrams are
given by WCs. In Section 7, we present our numerical
results. Finally, we summarise our findings in Section 8.
Some integral formulae are shown in the Appendix.

Table 1. The measurements of RD(∗) .

observable experiment measured value

2012 BaBar 0.440±0.058±0.042 [7, 8]

RD 2015 Belle 0.375±0.064±0.026 [9]

2017 HFAG average 0.407±0.039±0.024 [10]

2012 BaBar 0.332±0.024±0.018 [7, 8]

2015 Belle 0.293±0.038±0.015 [9]

2015 LHCb 0.336±0.027±0.030 [11]

RD∗ 2016 Belle 0.302±0.030±0.011 [12]

2017 Belle 0.270±0.035+0.028
−0.025 [13]

2017 LHCb 0.291±0.019±0.026±0.013 [14]

2017 HFAG average 0.304±0.013±0.007 [10]

2 Some content of the BLMSSM

As an extension of the MSSM, the BLMSSM in-
cludes many new fields [39, 40]. The exotic quarks
(Q̂4,Û

c
4 ,D̂

c
4,Q̂

c
5,Û5,D̂5) are used to deal with the B

anomaly. The exotic leptons (L̂4,Ê
c
4,N̂

c
4 ,L̂

c
5,Ê5,N̂5) are

used to cancel the L anomaly. The exotic Higgs su-
perfields Φ̂B,ϕ̂B are introduced to break baryon number
spontaneously with non-zero vacuum expectation values
(VEVs). The exotic Higgs superfields Φ̂L,ϕ̂L are intro-
duced to break lepton number spontaneously with non-
zero VEVs. The model introduces the right-handed neu-
trinos N c

R, so we can obtain tiny masses of neutrinos
through the see-sawmechanism. The model also includes
the superfields X̂ to make the exotic quarks unstable.

The superpotential of the BLMSSM is [41]:

WBLMSSM = WMSSM+WB+WL+WX ,

WB = λQQ̂4Q̂
c
5Φ̂B+λU Û

c
4 Û5ϕ̂B+λDD̂

c
4D̂5ϕ̂B

+µBΦ̂Bϕ̂B+Yu4
Q̂4ĤuÛ

c
4+Yd4Q̂4ĤdD̂

c
4

+Yu5
Q̂c

5ĤdÛ5+Yd5Q̂
c
5ĤuD̂5 ,

WL = Ye4 L̂4ĤdÊ
c
4+Yν4L̂4ĤuN̂

c
4+Ye5L̂

c
5ĤuÊ5

+Yν5L̂
c
5ĤdN̂5+YνL̂ĤuN̂

c+λNcN̂ cN̂ cϕ̂L

+µLΦ̂Lϕ̂L ,

WX = λ1Q̂Q̂
c
5X̂+λ2Û

cÛ5X̂
′+λ3D̂

cD̂5X̂
′+µXX̂X̂

′,
(1)

where WMSSM is the superpotential of the MSSM.
The soft breaking terms Lsoft of the BLMSSM can be

written in the following form [36, 37, 41]:

Lsoft = LMSSM
soft −(m2

ν̃c)IJÑ
c∗
I Ñ

c
J−m2

Q̃4
Q̃†

4Q̃4−m2
Ũ4
Ũ c∗

4 Ũ
c
4−m2

D̃4
D̃c∗

4 D̃
c
4

−m2
Q̃5
Q̃c†

5 Q̃
c
5−m2

Ũ5
Ũ∗

5 Ũ5−m2
D̃5
D̃∗

5D̃5−m2
L̃4
L̃†

4L̃4−m2
ν̃4
Ñ c∗

4 Ñ
c
4

−m2
ẽ4
Ẽc∗

4
Ẽc

4−m2
L̃5
L̃c†

5 L̃
c
5−m2

ν̃5
Ñ∗

5 Ñ5−m2
ẽ5
Ẽ∗

5 Ẽ5−m2
ΦB

Φ∗
BΦB

−m2
ϕB
ϕ∗

BϕB−m2
ΦL

Φ∗
LΦL−m2

ϕL
ϕ∗

LϕL−
(

MBλBλB+MLλLλL+h.c.
)

+
{

Au4
Yu4

Q̃4HuŨ
c
4+Ad4Yd4Q̃4HdD̃

c
4+Au5

Yu5
Q̃c

5HdŨ5+Ad5Yd5Q̃
c
5HuD̃5

+ABQλQQ̃4Q̃
c
5ΦB+ABUλU Ũ

c
4 Ũ5ϕB+ABDλDD̃

c
4D̃5ϕB+BBµBΦBϕB+h.c.

}

+
{

Ae4Ye4 L̃4HdẼ
c
4+Aν4Yν4L̃4HuÑ

c
4+Ae5Ye5 L̃

c
5HuẼ5+Aν5Yν5 L̃

c
5HdÑ5

+AνYνL̃HuÑ
c+AνcλνcÑ cÑ cϕL+BLµLΦLϕL+h.c.

}

+
{

A1λ1Q̃Q̃
c
5X+A2λ2Ũ

cŨ5X
′+A3λ3D̃

cD̃5X
′+BXµXXX

′+h.c.
}

. (2)

The SU(2)L singlets ΦL,ϕL,ΦB,ϕB and the SU(2)L
doublets Hu,Hd are:

ΦL=
1√
2

(

υL+Φ0
L+iP

0
L

)

, ϕL=
1√
2

(

υL+ϕ
0
L+iP

0

L

)

,

ΦB=
1√
2

(

υB+Φ0
B+iP

0
B

)

, ϕB=
1√
2

(

υB+ϕ
0
B+iP

0

B

)

,

Hu=

( H+
u

1√
2

(

υu+H
0
u+iP

0
u

)

)

,

Hd=

( 1√
2

(

υd+H
0
d+iP

0
d

)

H−
d

)

. (3)

The SU(2)L singlets ΦL, ϕL, ΦB, ϕB and the
SU(2)L doublets Hu, Hd should obtain non-zero VEVs
υL, υL, υB, υB and υu, υd respectively. Therefore, the lo-
cal gauge symmetry SU(2)L⊗U(1)Y⊗U(1)B⊗U(1)L breaks
down to the electromagnetic symmetry U(1)e.

3 Mass matrices for some BLMSSM par-

ticles

Lepneutralinos are made up of λL (the superpartner
of the new lepton boson), and ψΦL

and ψϕL
(the super-

partners of the SU(2)L singlets ΦL and ϕL). The mass
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mixing matrix of lepneutralinos MLN is shown in the
basis (iλL,ψΦL

,ψϕL
) [42–45]. χ0

Li
(i = 1,2,3) are mass

eigenstates of lepneutralinos. The masses of the three
lepneutralinos are obtained from diagonalizing MLN by
ZNL

:

MLN=







2ML 2vLgL −2v̄LgL
2vLgL 0 −µL

−2v̄LgL −µL 0






,

iλL=Z
1i
NL
k0
Li
, ψΦL

=Z2i
NL
k0
Li
,

ψϕL
=Z3i

NL
k0
Li
, χ0

Li
=

(

k0
Li

k̄0
Li

)

. (4)

The slepton mass squared matrix becomes
(

(M2
L̃
)LL (M2

L̃
)LR

(M2
L̃
)†LR (M2

L̃
)RR

)

, (5)

which is diagonalized by the matrix ZL̃.
(M2

L̃
)LL, (M2

L̃
)LR and (M2

L̃
)RR are:

(M2
L̃
)LL =

(g21−g22)(v2d−v2u)
8

δIJ+g
2
L(v̄

2
L−v2L)δIJ

+m2
lIδIJ+(m2

L̃
)IJ ,

(M2
L̃
)LR =

µ∗vu√
2
(Yl)IJ−

vu√
2
(A′

l)IJ+
vd√
2
(Al)IJ ,

(M2
L̃
)RR =

g21(v
2
u−v2d)
4

δIJ−g2L(v̄2L−v2L)δIJ
+m2

lIδIJ+(m2
R̃
)IJ . (6)

The mass squared matrix of sneutrinoMñ with ñT=
(ν̃,Ñ c) reads [46]

(

M2
ñ(ν̃

∗
I ν̃J) M2

ñ(ν̃IÑ
c
J)

(M2
ñ(ν̃IÑ

c
J))

† M2
ñ(Ñ

c∗
I Ñ

c
J)

)

. (7)

M2
ñ(ν̃

∗
I ν̃J),M2

ñ(ν̃IÑ
c
J) andM2

ñ(Ñ
c∗
I Ñ

c
J) are:

M2
ñ(ν̃

∗
I ν̃J) =

g21+g
2
2

8
(v2d−v2u)δIJ+g2L(v2L−v2L)δIJ

+
v2u
2
(Y †

ν Yν)IJ+(m2
L̃
)IJ ,

M2
ñ(ν̃IÑ

c
J) = µ∗ vd√

2
(Yν)IJ−vuvL(Y †

ν λNc )IJ

+
vu√
2
(AN )IJ(Yν)IJ ,

M2
ñ(Ñ

c∗
I Ñ

c
J) = −g2L(v2L−v2L)δIJ+

v2u
2
(Y †

ν Yν)IJ

+2v2L(λ
†
NcλNc)IJ+(m2

Ñc)IJ

+µL

vL√
2
(λNc )IJ−

vL√
2
(ANc)IJ (λNc)IJ . (8)

Then the masses of the sneutrinos are obtained by using
the formula Z†

ν̃M2
ñZν̃ =diag(m2

ν̃1 , m2
ν̃2 , m2

ν̃3 , m2
ν̃4 , m2

ν̃5 ,
m2

ν̃6).

The up scalar quark mass squared matrix in the
BLMSSM is given by

(

(M2
Ũ
)LL (M2

Ũ
)LR

(M2
Ũ
)†LR (M2

Ũ
)RR

)

, (9)

which is diagonalized by the matrix ZŨ .
(M2

Ũ
)LL, (M2

Ũ
)LR and (M2

Ũ
)RR are:

(M 2
Ũ
)LL = −e

2(v2d−v2u)(1−4c2W )

24s2Wc
2
W

+
v2uY

2
u

2
+(Km2

Q̃
K†)T

+
g2B
6
(v2B−v̄2B),

(M 2
Ũ
)RR =

e2(v2d−v2u)
6c2W

+
v2uY

2
u

2
+m2

Ũ
−g

2
B

6
(v2B−v̄2B),

(M 2
Ũ
)LR = − 1√

2

(

vd(A
′
u+Yuµ

∗)+vuAu

)

. (10)

The down scalar quark mass squared matrix in the
BLMSSM is given by

(

(M2
D̃
)LL (M2

D̃
)LR

(M2
D̃
)†LR (M2

D̃
)RR

)

, (11)

which is diagonalized by the matrix ZD̃.
(M2

Ũ
)LL, (M2

Ũ
)LR and (M2

Ũ
)RR are:

(M 2
D̃
)LL = −e

2(v2d−v2u)(1+2c2W )

24s2W c
2
W

+
v2dY

2
d

2
+(m2

Q̃
)T

+
g2B
6
(v2B−v̄2B),

(M 2
D̃
)RR = −e

2(v2d−v2u)
12c2W

+
v2dY

2
d

2
+m2

D̃
−g

2
B

6
(v2B−v̄2B),

(M 2
D̃
)LR =

1√
2

(

vu(−A′
d+Ydµ

∗)+vdAd

)

. (12)

In the basis (ψνI
L
,ψNcI

R
), the neutrino mass mixing

matrix is diagonalized by Zν [46]:

ZT
ν







0
vu√
2
(Yν)

IJ

vu√
2
(Y T

ν )IJ
v̄L√
2
(λNc)IJ






Zν

=diag(mνα), α=1...6.

ψνI
L
=ZIα

ν k0
Nα
, ψNcI

R
=Z(I+3)α

ν k0
Nα
,

να=

(

k0
Nα

k̄0
Nα

)

. (13)

να denotes the mass eigenstates of the neutrino fields
mixed by the left-handed and right-handed neutrinos.
In this paper, we deal with the neutrinos by an approxi-
mation, Zν≈1, so the theoretical values at tree level are
consistent with those in the SM.
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4 Necessary couplings

In the BLMSSM, due to the superfields Ñ c, we de-
duce the corrections to the couplings in the MSSM. The
couplings for W -l-ν and W -L̃-ν̃ read

LWlν=−
e√
2sW

W+
µ

3
∑

I=1

6
∑

α=1

ZIα∗
ν ν̄αγµPLl

I , (14)

LWL̃ν̃=−
ie√
2sW

W−
µ

3
∑

I=1

6
∑

i,α=1

(ZIi

L̃
ZIα

ν̃ )(L̃+
i (
−→
∂µ−←−∂µ)ν̃α).

(15)

From the interactions of gauge and matter multiplets
ig
√
2T a

ij(λ
aψjA

∗
i − λ̄aψ̄iAj), the l-χ0

L-L̃ coupling is de-
duced here:

Llχ0
L
L̃=
√
2gLχ̄

0
Lj

(

Z1j
NL
ZIi

L̃
PL−Z1j∗

NL
Z(I+3)i

L̃
PR

)

lIL̃+
i +h.c.

(16)

The ν-χ0
L-ν̃ coupling is

Lνχ0
L
ν̃ =

[√
2gLZ

1i
NL
ZIα

ν ZJj∗
ν̃ δIJ

−(Z3i
NL

(λIJ
Nc+λJI

Nc)+
√
2gLZ

1i
NL
δIJ)

×Z(I+3)α
ν Z(J+3)j∗

ν̃

]

χ̄0
Li
PLν

αν̃j∗+h.c. (17)

We also obtain the χ±-l-ν̃ coupling and the χ±-L̃-ν
coupling:

Lχ±lν̃ = −
3
∑

I,J=1

6
∑

α=1

χ̄−
j

(

Y IJ
l Z2j∗

− (ZIα
ν̃ )∗PR

+

[

e

sW
Z1j

+ (ZIα
ν̃ )∗+Y IJ

ν Z2j
+ (Z(I+3)α

ν̃ )∗
]

PL

)

lJ ν̃α∗

+h.c.

Lχ±L̃ν = −
3
∑

I,J=1

2
∑

i=1

6
∑

j,α=1

χ̄+
i

(

Y IJ
ν Z2i∗

+ ZIj

L̃
Z(J+3)α∗

ν PR

+

[

e

sW
Z1i

−Z
Ij

L̃
+Y IJ

l Z2i
−Z

(I+3)j

L̃

]

ZJα
ν PL

)

ναL̃+
j

+h.c. (18)

The χ0-ν̃-ν coupling in the BLMSSM becomes

Lχ0ν̃ν =

[

ZIα
ν ZJj∗

ν̃

e√
2sW cW

(Z1i
N sW−Z2i

N cW )

+
Y IJ
ν√
2
Z4i

N (ZIα
ν Z(J+3)j∗

ν̃ +Z(I+3)α
ν ZJj∗

ν̃ )

]

×χ̄0
iPLν

αν̃j∗+h.c. (19)

All the other couplings used are consistent with the
MSSM.

5 Formulae

5.1 Observables

The observable RD(∗) is defined as

RD(∗)=
BD(∗)

τ

BD(∗)

l

=
B(B→D(∗)τ ν̄τ )

B(B→D(∗)lν̄l)
. (20)

BD(∗)

ℓ , the branching fraction, is given by [4]:

BD(∗)

ℓ =

∫

N|pD(∗) |(2aD(∗)

ℓ +
2

3
cD

(∗)

ℓ )dq2, (21)

where l= e or µ, and ℓ denotes any lepton (e,µ or τ).
q2 is the invariant mass squared of the lepton-neutrino
system, whose integral interval is [m2

ℓ ,(MB−MD(∗))2]. N ,
the normalisation factor, is given by

N=
τBG

2
F |Vcb|2q2

256π3M 2
B

(1−m
2
ℓ

q2
)2. (22)

Here τB is the lifetime of the B−meson. GF =√
2e2/8m2

Ws
2
W is the Fermi coupling constant. |pD(∗) |,

the absolute value of the D(∗)−meson momentum, is
given by

|pD(∗) |=

√

(M 2
B)

2+(M 2
D(∗))2+(q2)2−2(M 2

BM
2
D(∗)+M

2
D(∗)q2+q2M

2
B)

2MB

. (23)

The expressions for aDℓ and cDℓ are [4]:

aDℓ = 8

{

M 2
B|pD|2
q2

(|CℓV L|2+|CℓV R|2)F2
++

(M 2
B−M 2

D)
2

4(mb−mc)2
(|CℓSL|2+|CℓSR|2)F2

0

+mℓ

[

(M 2
B−M 2

D)
2

2q2(mb−mc)
(R(CℓSLCℓ∗V L)+R(CℓSRCℓ∗V R))F

2
0+

4M 2
B|pD|2

q2(MB+MD)
(R(CℓTLCℓ∗V L)+R(CℓTRCℓ∗V R))F+FT

]

+m2
ℓ

[

(M 2
B−M 2

D)
2

4q4
(|CℓV L|2+|CℓV R|2)F2

0+
4|pD|2M 2

B

q2(MB+MD)2
(|CℓTL|2+|CℓTR|2)F2

T

]}

, (24)
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cDℓ = 8

{

4M 2
B|pD|2

(MB+MD)2
(|CℓTL|2+|CℓTR|2)F2

T−
M 2

B|pD|2
q2

(|CℓV L|2+|CℓV R|2)F2
+

+m2
ℓ

[ |pD|2M 2
B

q4
(|CℓV L|2+|CℓV R|2)F2

+−
4|pD|2M 2

B

(MB+MD)2q2
(|CℓTL|2+|CℓTR|2)F2

T

]}

. (25)

The full expressions for aD
∗

ℓ , cD
∗

ℓ and all form factors
(FT (q

2), F+(q
2) and F0(q

2), etc) are given in Refs.
[4, 47].

5.2 Effective Lagrangian

We use effective field theory to calculate the theoret-
ical values. The effective Lagrangian for the b→ cℓν̄ℓ

process is

Lb→cℓν̄ℓ

eff =
√
2GFVcb(CℓV LOℓ

V L+CℓV ROℓ
V R+CℓALOℓ

AL

+CℓAROℓ
AR+CℓSLOℓ

SL+CℓSROℓ
SR+CℓPLOℓ

PL

+CℓPROℓ
PR+CℓTLOℓ

TL+CℓTROℓ
TR), (26)

where Vcb=0.04, and the full set of operators is [48]:

Oℓ
V L=[c̄γµb][ℓ̄γµPLνℓ ], Oℓ

V R=[c̄γµb][ℓ̄γµPRνℓ ],

Oℓ
AL=[c̄γµγ5b][ℓ̄γµPLνℓ ], Oℓ

AR=[c̄γµγ5b][ℓ̄γµPRνℓ ],

Oℓ
SL=[c̄b][ℓ̄PLνℓ ], Oℓ

SR=[c̄b][ℓ̄PRνℓ ],

Oℓ
PL=[c̄γ5b][ℓ̄PLνℓ ], Oℓ

PR=[c̄γ5b][ℓ̄PRνℓ ],

Oℓ
TL=[c̄σµνb][ℓ̄σµνPLνℓ ], Oℓ

TR=[c̄σµνb][ℓ̄σµνPRνℓ ].
(27)

In the SM, CℓV L=−CℓAL=1 and all the other WCs vanish.
In the BLMSSM, we calculate all the WCs at one-loop
level to obtain the theoretical values.

6 Feynman diagrams

In the BLMSSM, the one-loop Feynman diagrams
for the lepton sector that can correct the anomalies are
shown in Fig. 1 and Fig. 2.

6.1 Penguin-type Feynman diagrams

6.1.1 The WCs

The one-loop Feynman diagrams in Fig. 1(a),(b),(c)
and (d) are all UV divergent. Focusing on Fig. 1(a),
the three lepneutralinos χ0

L are new particles in the
BLMSSM, and they play very important roles in this
decay process. So taking Fig. 1(a) as an example, the
non-zero WCs in Eq. (26) are given as follows:

CℓV L(a) =

[ 6
∑

β,s=1

3
∑

j=1

Bℓsj
1 Aβℓj

2 Aβs
3 A4

m2
W

1

64π2
(∆UV +1

−F21(xχ0
Lj

,xL̃s
,xν̃β ))

]

/(
√
2GFVcb)

=
g2L
16π2

∆UV +finite terms,

CℓAL(a) = −CℓV L(a). (28)

b

c

ν̃β

χi

χ0
j

b

c

χi

χ0
j

L̃s

b

c

L̃s

ν̃β

χ0
Lj

b

c

χ0
j

L̃s

ν̃β
W−

W−

W− W−

eℓ

eℓ

eℓ

eℓ

ν̄ℓ ν̄ℓ

ν̄ℓν̄ℓ

(a)

(c)

(b)

(d)

b

c

W−

(counter)

eℓ

ν̄ℓ

Fig. 1. The penguin-type Feynman diagrams that can correct RD(∗) in the BLMSSM.
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b

c

χi

χ0
j

ν̃β

b

c

χi

χ0
j

L̃tD̃s

b

c

χi

χ0
j

L̃t

b

c
χi

χ0
j

D̃s ν̃β

Ũs

Ũs

eℓ eℓ

eℓ eℓ

ν̄ℓ ν̄ℓ

ν̄ℓ ν̄ℓ

(e) (f)

(g) (h)

Fig. 2. The box-type Feynman diagrams that can correct RD(∗) in the BLMSSM.

Here, we use the unitary characteristics of the rotation
matrices. In Eq. (28),

Bℓsj
1 =

√
2gLZ

1j∗
NL
Zℓs∗

L̃
,

Aβℓj
2 =

3
∑

I=1

(√
2gLZ

1j
NL
ZIℓ

ν Z
Iβ
ν̃ −(2λII

NcZ
3j
NL

+
√
2gLZ

1j
NL

)

×Z(I+3)ℓ
ν Z(I+3)β∗

ν̃

)

,

Aβs
3 = −

3
∑

I=1

(
e√
2sW

ZIβ
ν̃ ZIs

L̃
), A4=−

e√
2sW

Vcb. (29)

∆UV =1/ǫ+ln(4πκ2/Λ2
NP

)−γ
E
, 1

ε
is an infinite term, the

mass scale κ is introduced in the dimensional regulariza-
tion, ΛNP is the NP scale, and γE is the Euler-Mascheroni

constant. xi represents
m2

i

Λ2
NP

, and the concrete form of

formula F21(x1,x2,x3) is given in the Appendix.
We can see that the infinite terms of the WCs of

Fig. 1(a) are Cℓ(IF )

V L(a) =
g2L

16π2∆UV and Cℓ(IF )

AL(a) = −Cℓ(IF )

VL(a).
Similarly, the infinite terms of the WCs of the follow-
ing three diagrams (Fig. 1(b), (c) and (d)) are given as
follows:

Cℓ(IF )

V L(b)=
e2

64π2s2W c
2
W

(1−2c2W )∆UV , Cℓ(IF )

AL(b)=−CℓV L(b),

Cℓ(IF )

V L(c)=
e2

32π2s2W
∆UV , Cℓ(IF )

AL(c)=−CℓV L(c),

Cℓ(IF )

V L(d)=(
e2

32π2s2W
+
(Y ℓ

l )
2

32π2
)∆UV , Cℓ(IF )

AL(d)=−CℓV L(d).

(30)

Now we should deal with the UV divergences by renor-
malization procedures.

6.1.2 The counter term in the on-shell scheme

Considering the final state lepton and neutrino are
both real particles, we use the on-shell scheme to elimi-
nate the infinite terms. To obtain finite results, the con-
tributions from the counter terms for the vertex lIνIW−

are necessary. The counter term formula for the vertex
lIνIW− is:

δV
µ (OS)

lIνIW−
=

−ie
2
√
2sW

(δm2
Z

m2
Z

−δm
2
Z−δm2

W

m2
Z−m2

W

+2δe+δZ l
L

I

+δZν
L
I+δZWW

)

γµPL, (31)

Following the method in Refs. [49–51], we obtain the
needed renormalization constants in the BLMSSM.

We calculate the Z boson self-energy diagram (loop
particles are sneutrinos or sleptons) and get the renor-
malization constant δm2

Z :

δm2
Z

m2
Z

=

[

e2

32π2s2W c
2
W

(1−2s2W )2+
e2

16π2c2W

]

∆UV

− e2

s2W c
2
W

{1

4

6
∑

j=1

F1(xν̃j ,xν̃j )

+
6
∑

α,β=1

|(G)αβ |2F1(xL̃α
,xL̃β

)
}

. (32)

Through calculating the W boson self-energy diagram
(with sneutrinos and sleptons in the loop), we can ob-
tain:
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δm2
W

m2
Z

=
e2c2W

32π2s2W
∆UV−

e2c2W
2s2W

6
∑

i=1

6
∑

α=1

|(η)iα|2F1(xν̃α ,xL̃i
),

δZWW =− e2

32π2s2W
∆UV +

e2

2s2
W

6
∑

i=1

6
∑

α=1

|(η)iα|2F1(xν̃α ,xL̃i
). (33)

The renormalization constant of charge is obtained from virtual sleptons:

δe=
e2

16π2
∆UV−

1

2
e2

6
∑

i=1

F1(xL̃i
,xL̃i

). (34)

In the same way, we give the renormalization constants δZν
L

I and δZ l
L

I
for neutrinos and leptons respectively:

δZν
L

I =
−e2

32π2s2W

( 1

2c2W
+1+(

sWY
I
l

e
)2+(

√
2sWgL
e

)2
)

∆UV−
e2

2s2W c
2
W

4
∑

i=1

6
∑

α=1

|(ζI)αi|2F2(xν̃α ,xχ0
i
)

− e2

s2W

2
∑

i=1

6
∑

α=1

|(PI)αi|2F2(xL̃α
,xχ

−

i
)− e2

2s2W c
2
W

3
∑

i=1

6
∑

α=1

|(ζ ′I )αi|2F2(xν̃α ,xχ0
Li
),

δZ l
L

I
=

−e2
32π2s2W

( 1

2c2W
+1+(

sWY
I
l

e
)2+(

√
2sWgL
e

)2
)

∆UV

− e2

s2W

6
∑

α=1

2
∑

i=1

{

|(Bi)
Iα|2F2+xeI

[

|(Bi)
Iα|2+|(Ai)

Iα|2+2Re[(A†
i )

Iα(Bi)
Iα]
]

F3

}

(xν̃α ,xχ
−

i
)

−e2
4
∑

j=1

6
∑

i=1

{

xeI

[ |(DI)ij |2
2s2W

+

√
2

sW
Re[(CI)†ij(DI)ij ]+|(CI)ij |2

]

F3+
1

2s2W
|(DI)ij |2F2

}

(xL̃i
,xχ0

j
)

−e2
3
∑

j=1

6
∑

i=1

{

xeI

[ |(D′I)ij |2
2s2W

+

√
2

sW
Re[(C′I)†ij(D′I)ij ]+|(C′I)ij |2

]

F3+
1

2s2W
|(D′I)ij |2F2

}

(xL̃i
,xχ0

Lj
), (35)

where the vertex couplings are given by

(Ai)
Iα=

Y I
l sW
e

Z2i∗
− ZIα∗

ν̃ , (Bi)
Iα=Z1i

+Z
Iα∗
ν̃ , (η)iα=Z

Jα
ν̃ ZJi

L̃
,

(PI)αi=
−Y J

l sW
e

ZJI
ν Z(J+3)α∗

L̃
Z2i∗

− −ZJI
ν ZJα∗

L̃
Z1i∗

− ,

(ζI)αi=Z
Jα∗
ν̃ ZJI

ν (Z1i
N sW−Z2i

N cW ), (CI)ij=
−
√
2

cW
Z(I+3)i

L̃
Z1j∗

N +
Y I
l

e
ZIi

L̃
Z3j∗

N ,

(DI)ij=
ZIi

L̃

cW
(Z1j

N sW+Z2j
N cW)+

√
2sWY

I
l

e
Z(I+3)i

L̃
Z3j

N ,

(G)αβ=
1

2
ZJα

L̃
ZJβ∗

L̃
−s2W δαβ , (C′I)ij=

−
√
2gL
e

Z1j∗
NLZ

(I+3)i
L , (D′I)ij=

2gLsW
e

Z1j
NLZ

Ii
L ,

(ζ ′I)αi=

√
2sW cW
e

(
√
2gLZ

1i
NLZ

JI
ν ZJα∗

ν̃ −[2λJJ
NcZ3i

NL+
√
2gLZ

1i
NL]Z

(J+3)I
ν Z

(J+3)α∗

ν̃ ). (36)

The functions F1,F2, and F3 are as follows:

F1(x1,x2) =
1

288π2(x1−x2)3
[6(x1−3x2)x

2
1 lnx1+6(3x1−x2)x

2
2 lnx2−(x1−x2)(5x

2
1−22x1x2+5x2

2)],

F2(x1,x2) =
(2x2−x1)(x2−x1+x1 lnx1)−x2

2 lnx2

32π2(x1−x2)2
,

F3(x1,x2) =
x2
1+2x1x2(lnx2−lnx1)−x2

2

32π2(x1−x2)3
. (37)
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If x1=x2, they simplify to

F1(x1,x2)=
lnx1

48π2
, F2(x1,x2)=−

lnx1

32π2
+

1

64π2
, F3(x1,x2)=

1

96π2x1

. (38)

Now, the WCs of Fig. 1(counter) read:

CℓV L(counter) =
1

2

(δm2
Z

m2
Z

−δm
2
Z−δm2

W

m2
Z−m2

W

+2δe+δZ l
L

ℓ
+δZν

L

ℓ+δZWW

)

,

CℓAL(counter)
= −CℓV L(counter)

. (39)

The corresponding Cℓ(IF )

V L(counter) and Cℓ(IF )

AL(counter) are:

Cℓ(IF )

V L(counter) =
1

2

{[ e2

32π2s2W c
2
W

(1−2s2W )2+
e2

16π2c2W

]

∆UV

−
[( e2

32π2s2W c
2
W

(1−2s2W )2+
e2

16π2c2W

)

∆UV−
e2c2W

32π2s2W
∆UV

] m2
Z

m2
Z−m2

W

+
e2

8π2
∆UV−

e2

32π2s2W
∆UV +

−e2
16π2s2W

[ 1

2c2W
+1+

(sWY
ℓ
l

e

)2

+
(

√
2sWgL
e

)2]

∆UV

}

,

Cℓ(IF )

AL(counter) = −Cℓ(IF )

V L(counter). (40)

It is easy to test that the infinite terms in the sum of Fig. 1(a),(b),(c),(d) and (counter) vanish: Cℓ(IF )
V L =Cℓ(IF )

VL(a)+

Cℓ(IF )

V L(b)+Cℓ(IF )

V L(c)+Cℓ(IF )

V L(d)+Cℓ(IF )

VL(counter)=0, similarly, Cℓ(IF )
AL =0. Therefore, the divergences are completely eliminated. Note

that the infinite terms in the sum of Fig. 1(a), (b), (c) and (d) can be eliminated by the counter terms. However, a
single diagram in Fig. 1(b), (c), (d), such as Fig. 1(b), cannot be counteracted individually in the on-shell scheme.

6.2 Box-type Feynman diagrams

Taking Fig. 2(e) as an example, the corresponding WCs are given as follows:

CℓV L(e) =
6
∑

β,s=1

2
∑

i=1

4
∑

j=1

[Bβℓi
1 Bis

2 Asj
3 Aβℓj

4 mχ0
j
mχi

Λ4
NP

1

64π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)

−B
βℓi
1 Ais

2 Bsj
3 Aβℓj

4

Λ2
NP

1

128π2
F21(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (41)

CℓAL(e) =
6
∑

β,s=1

2
∑

i=1

4
∑

j=1

[Bβℓi
1 Bis

2 Asj
3 Aβℓj

4 mχ0
j
mχi

Λ4
NP

1

64π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)

+
Bβℓi

1 Ais
2 Bsj

3 Aβℓj
4

Λ2
NP

1

128π2
F21(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (42)

CℓSL(e) =
6
∑

β,s=1

2
∑

i=1

4
∑

j=1

[Aβℓi
1 Ais

2 Asj
3 Aβℓj

4 mχ0
j
mχi

Λ4
NP

1

64π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)

+
Aβℓi

1 Bis
2 Bsj

3 Aβℓj
4

Λ2
NP

1

64π2
F21(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (43)

CℓTL(e) =
[

6
∑

β,s=1

2
∑

i=1

4
∑

j=1

Aβℓi
1 Ais

2 Asj
3 Aβℓj

4 mχ0
j
mχi

Λ4
NP

1

128π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (44)

CℓPL(e) =

6
∑

β,s=1

2
∑

i=1

4
∑

j=1

[

−
(Aβℓi

1 Ais
2 −Bβℓi

1 Bis
2 )Asj

3 Aβℓj
4 mχ0

j
mχi

Λ4
NP

1

128π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)

+
Aβℓi

1 Bis
2 Bsj

3 Aβℓj
4

Λ2
NP

1

64π2
F21(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (45)
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CℓPR(e) =
[

6
∑

β,s=1

2
∑

i=1

4
∑

j=1

−
(Aβℓi

1 Ais
2 +Bβℓi

1 Bis
2 )Asj

3 Aβℓj
4 mχ0

j
mχi

Λ4
NP

1

128π2
F11(xν̃β ,xχ0

j
,xŨs

,xχi
)
]

/(
√
2GFVcb), (46)

and all the other WCs in Eq. (26) vanish. In Eqs. (41-46),

Aβℓi
1 =−Y ℓ

l Z
2i
−Z

ℓβ
ν̃ , Ais

2 =

3
∑

I=1

(−e
sW

ZIs∗
Ũ
Z1i

++Y I
u Z

(I+3)s∗

Ũ
Z2i

+

)

VI3,

Asj
3 =

2
√
2e

3cW
Z5s

Ũ
Z1j

N −Y 2
uZ

2s
Ũ
Z4j

N ,

Aβℓj
4 =

3
∑

I=1

{

ZIβ∗
ν̃ ZIℓ

ν

e√
2sW cW

(Z1j
N sW−Z2j

N cW )+

3
∑

J=1

(Y IJ
ν√
2
Z4j

N (ZIℓ
ν Z

(J+3)β∗

ν̃ +Z(I+3)ℓ
ν ZJβ∗

ν̃ )
)}

,

Bβℓi
1 =− e

sW
Z1i∗

+ Zℓβ
ν̃ −

3
∑

I=1

(Y ℓI
ν Z2i∗

+ Z(I+3)β
ν̃ ), Bis

2 =−
3
∑

I=1

(Y 3
d Z

Is∗

Ũ
Z2i∗

− )VI3,

Bsj
3 =− e√

2sW cW
Z2s

Ũ

(1

3
Z1j∗

N sW+Z2j∗
N cW

)

−Y 2
uZ

5s
Ũ
Z4j∗

N . (47)

The formulae F11(x1,x2,x3,x4) and F21(x1,x2,x3,x4) are
given in the Appendix.

7 Numerical results

For the numerical discussion, the parameters used
are:
m1=400 GeV, ML=2000 GeV, µL=1600 GeV,
tanβL=0.1, vL=1260 GeV, λNc=1, ΛNP=1000 GeV,
(m2

Q̃
)ii=(m2

Ũ
)ii=(m2

D̃
)ii=(m2

Ñc)ii=3×106 GeV2,

(Al)ii=(A
′

l)ii=300 GeV, (AN )ii=(ANc)ii=500 GeV,
and (Au)ii=(Ad)ii=(A

′

u)ii=(A
′

d)ii=500 GeV,
where i=1...3. If not otherwise noted, the non-diagonal
elements of the parameters used should be zero. The
Yukawa couplings of neutrinos Y IJ

ν are of the order of
10−8∼10−6; their effects are tiny and can be ignored.

At present, all supersymmetric mass bounds are
model-dependent. Based on the PDG [52] data, we con-
sider the limitations on masses of the charginos and neu-
tralinos (the strongest limitations are 345 GeV). In our
work, the masses of charginos mχ±≃(1000∼2000) GeV
and the masses of neutralinos mχ0 ≃ (400∼ 2000) GeV,
all of which can satisfy the mass bounds. The limits for
the sleptons are around 290 GeV∼450 GeV [53], which
can be satisfied easily. The masses of squarks in this pa-
per are larger than 1000 GeV, so the limits for squarks
are also satisfied. In other words, the parameters given
above and the parameter space to be discussed below can
all satisfy the mass bounds.

7.1 Effects of parameters m2
L̃
(or m2

R̃
) on RD(∗)

We now focus on the effects of parameters m2
L̃

(or
m2

R̃
) on RD(∗) . First, we set the parameters as follows:

tanβ = 10, m2 = µ = 1200 GeV, gL = 0.1, and
(m2

L̃
)33=(m2

R̃
)33=3×108GeV2.

To study the impacts of these parameters on RD(∗) , we
use the parameters (m2

L̃
)11=(m2

R̃
)11=(m2

L̃
)22=(m2

R̃
)22=

3×10ξ GeV2, where ξ is a variable. After calculation
we obtain Fig. 3. Here, we used the central value of the
SM prediction in our calculation. The left-hand diagram
shows RD and the right-hand diagram shows RD∗ .

We know the measurement of RD(∗)e (which implies
l = e in Eq. (20)) is approximately equal to that of
RD(∗)µ (l= µ in Eq. (20)). This is the reason why we
set (m2

L̃
)11 = (m2

R̃
)11 = (m2

L̃
)22 = (m2

R̃
)22. To solve the

problem of RD(∗) , we should violate lepton flavour sym-
metry for generations 1(2) and generation 3. Therefore,
we suppose (m2

L̃
)33=(m2

R̃
)33 6=(m2

L̃
)11.

It is easy to see from Fig. 3 that RD(∗) decreases as ξ
increases. Obviously, our results satisfy the decoupling
rule. When the sleptons are very heavy, the BLMSSM
results are very near the SM predictions. In fact, the
SM predictions of RD(∗) cannot explain the experimen-
tal values well, and our goal is to increase the theoretical
values. From the numerical analysis, the following rela-
tional expression should be set up: (m2

L̃
)11 = (m2

R̃
)11 =

(m2
L̃
)22 = (m2

R̃
)22 < (m2

L̃
)33 = (m2

R̃
)33. We need to se-

lect a set of reasonable parameters, and finally choose:
(m2

L̃
)11=(m2

R̃
)11=(m2

L̃
)22=(m2

R̃
)22=5.5×105GeV2, and

(m2
L̃
)33 = (m2

R̃
)33 = 3×108GeV2. Up to now, our theo-

retical values of RD(∗) are only a little bigger than those
of the SM, so we also need to study the effects of other
parameters on RD(∗) .

7.2 Effect of parameter gL on RD(∗)

Based on the above analysis, we use the following pa-
rameters:
tanβ=10, m2=µ=1200 GeV,
(m2

L̃
)11=(m2

R̃
)11=(m2

L̃
)22=(m2

R̃
)22=5.5×105GeV2, and

(m2
L̃
)33=(m2

R̃
)33=3×108GeV2.
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Fig. 3. RD (left) and RD∗ (right) versus ξ with (m2
L̃
)11 = (m2

R̃
)11 = (m2

L̃
)22 = (m2

R̃
)22 = 3×10ξ GeV2, and

(m2
L̃
)33=(m2

R̃
)33=3×108GeV2.

Fig. 4. RD (left) and RD∗ (right) versus gL.

gL is the coupling constant of the vertexes lχ0
LL̃ and

νχ0
Lν̃. As a new parameter in the BLMSSM, gL should

affect RD(∗) , which is of interest. The obtained numeri-
cal results are plotted in Fig. 4. The left-hand diagram
shows RD and the right-hand diagram shows RD∗ .

From Fig. 4, we can see that RD and RD∗ both in-
crease gently with increasing gL. This is easy to under-
stand: larger gL improves the effects from NP. In order to
get larger theoretical values of RD(∗) , we need to choose
a larger gL. After considering the reasonableness of the
range of parameter gL, we use gL=0.45. In this case, our
numerical results are further improved.

7.3 Effects of parameters tanβ, m2 and µ on RD(∗)

We also research the effects of parameters tanβ,
m2 and µ on RD(∗) . With the supposition gL = 0.45,
(m2

L̃
)11 = (m2

R̃
)11 = (m2

L̃
)22 = (m2

R̃
)22 = 5.5×105GeV2,

(m2
L̃
)33 = (m2

R̃
)33 = 3×108GeV2, and m2 = µ =Mξ, we

scan the parameters of Mξ versus tanβ in Fig. 5.
All the points in Fig. 5 can make RD (RD∗) reach

0.304 (0.261), and some particular points can bring RD

(RD∗) to 0.305 (0.262). The theoretical values are im-
proved, but they are not as big as we expected. However,
our results are still better than those in the SM. All of
the above discussions only consider the central values in
the SM. If we consider the uncertainty of SM predictions
RD = 0.299±0.003 [5] and RD∗ = 0.257±0.003 [5], our

theoretical value of RD (RD∗) can reach 0.308 (0.265),
when we take the biggest value of the SM prediction.

Fig. 5. The allowed parameters in the plane of Mξ

versus tanβ with gL = 0.45, (m2
L̃
)11 = (m2

R̃
)11 =

(m2
L̃
)22 = (m2

R̃
)22 = 5.5× 105GeV2, (m2

L̃
)33 =

(m2
R̃
)33=3×108GeV2.

8 Summary and future prospects

The SM cannot explain the experimental data for
RD(∗) well, so we hold that SM should be the low en-
ergy effective theory of a large model. We think the
BLMSSM is promising for testing in the future. Com-
pared with the MSSM, there are new particles and new
parameters in the BLMSSM, and the new contributions

113104-10



Chinese Physics C Vol. 42, No. 11 (2018) 113104

from these are the keys to solve the anomalies in RD(∗) .
For instance, the three lepneutralinos χ0

L are new parti-
cles in the BLMSSM, and the Feynman diagram with χ0

L

can give new contributions to RD(∗) .
We find that the parameters (m2

L̃
)ii and (m2

R̃
)ii influ-

ence the theoretical results to some extent, and RD(∗)e is
approximately equal to RD(∗)µ only if there is a certain
relationship between parameters (m2

L̃
)ii and (m2

R̃
)ii. Af-

ter that, the effect of parameter gL is important, and we
can further raise theoretical values when it takes some
appropriate values. Finally, using the central value of the
SM prediction we scan the parameter space, and bring
the value of RD (RD∗) to 0.305 (0.262). Taking into
account the SM uncertainty and adopting the biggest
value in the SM, our result for RD (RD∗) can reach 0.308
(0.265).

In this paper, we use effective field theory to compute
RD(∗) in the BLMSSM. The one-loop corrections to RD(∗)

have an effect and the theoretical values can be increased
(though they are not big improvements). We notice that
the measurements of RD∗ (see Table 1) are not as large
as the original measurements. This suggests that RD∗

perhaps is not so large. From the trend of experimental
measurement, the experimental values of RD(∗) might be
smaller in the future. In fact, without considering this
case, the measurement of RD (RD∗) shows 2.3σ (3.1σ)
deviation from its SM prediction, and our theoretical val-
ues are still better than the predictions given by SM. On
the whole, the problem of RD (RD∗) should be further
researched both experimentally and theoretically in the
future.

Appendix

The formulae for the one-loop integral are:

(2πκ)4−D

iπ2

∫
dDp

1

(p2−m2
1)(p

2
−m2

2)(p
2
−m2

3)
=−

1

Λ2
NP

F11(x1,x2,x3),

(2πκ)4−D

iπ2

∫
dDp

p2

(p2−m2
1)(p

2
−m2

2)(p
2
−m2

3)
=
1

ε
−γE+ln(4πκ2/Λ2

NP
)+1−F21(x1,x2,x3),

(2πκ)4−D

iπ2

∫
dDp

1

(p2−m2
1)(p

2
−m2

2)(p
2
−m2

3)(p
2
−m2

4)
=−

1

Λ4
NP

F11(x1,x2,x3,x4),

(2πκ)4−D

iπ2

∫
dDp

p2

(p2−m2
1)(p

2
−m2

2)(p
2
−m2

3)(p
2
−m2

4)
=−

1

Λ2
NP

F21(x1,x2,x3,x4),

F11(x1,x2,x3) =
x1 lnx1

(x1−x2)(x1−x3)
+

x2 lnx2

(x2−x1)(x2−x3)
+

x3 lnx3

(x3−x1)(x3−x2)
,

F21(x1,x2,x3) =
x2
1 lnx1

(x1−x2)(x1−x3)
+

x2
2 lnx2

(x2−x1)(x2−x3)
+

x2
3 lnx3

(x3−x1)(x3−x2)
,

F11(x1,x2,x3,x4) =
x1 lnx1

(x1−x2)(x1−x3)(x1−x4)
+

x2 lnx2

(x2−x1)(x2−x3)(x2−x4)

+
x3 lnx3

(x3−x1)(x3−x2)(x3−x4)
+

x4 lnx4

(x4−x1)(x4−x2)(x4−x3)
,

F21(x1,x2,x3,x4) =
x2
1 lnx1

(x1−x2)(x1−x3)(x1−x4)
+

x2
2 lnx2

(x2−x1)(x2−x3)(x2−x4)

+
x2
3 lnx3

(x3−x1)(x3−x2)(x3−x4)
+

x2
4 lnx4

(x4−x1)(x4−x2)(x4−x3)
.
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