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Abstract: The deviation of the measurement of Rp (Rp~) from the Standard Model (SM) expectation is 2.30
(3.10). Rp (Rp~+) is the ratio of the branching fraction of B— D77, (B— D*77,) to that of B— DI7;, (B— D*It}),
where [=e or p. 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 Rp (Rp=).
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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
Ry (the ratio of the branching fraction of B— D77,
(B — D*17.) to that of B — DIv, (B — D*Ip,), where
l=e or p) 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 R, are: Rpg,, =0.299+
0.011 in Ref. [1], Rp,, = 0.29940.003 in Ref. [2],
Rpg,, = 0.300£0.008 in Ref. [3], Rp,,, =0.300+0.011
in Ref. [4], Rpg,, =0.29940.003 in Ref. [5], Rp-, =
0.25440.004 in Ref. [4], Rp- ,, =0.257£0.003 in Ref.
[5] and Rp-g,, =0.25240.003 in Ref. [6]. The relevant
experimental results for Ry (. are listed in Table 1.

Rp=0.40740.03940.024 and Rp-=0.3044+0.0134+0.007
exceed the SM predictions by 2.3¢0 and 3.1¢ 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

supersymmetry, BLMSSM, semileptonic decay
DOI: 10.1088/1674-1137/42/11/113104

[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 Ry 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 R
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 R 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 Rp«) and the effective Lagrangian with all
the four fermion operators. In Section 6, we show the
one-loop Feynman diagrams that can correct Ry). 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 Rp.).
observable experiment measured value
2012 BaBar 0.440+0.0584+0.042 [7, §]
Rp 2015 Belle 0.375+0.06440.026 [9]
2017 HFAG average 0.40740.039+0.024 [10]
2012 BaBar 0.332+0.0244-0.018 [7, §]
2015 Belle 0.293+0.038+0.015 [9]
2015 LHCb 0.336+0.02740.030 [11]
Rp~ 2016 Belle 0.302+0.03040.011 [12]
2017 Belle 0.270£0.03570-028 [13)
2017 LHCb 0.291+0.01940.026+0.013 [14]

2017 HFAG average 0.30440.0130.007 [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
(Q4,U£,D5,Q¢5,Us,Ds) are used to deal with the Bl

anomaly. The exotic leptons (L, ES,N¢,L¢, Es, N;) are
used to cancel the L anomaly. The exotic Higgs su-
perfields ) B,$p are introduced to break baryon number
spontaneously with non-zero vacuum expectation values
(VEVs). The exotic Higgs superfields ®,,$, are intro-
duced to break lepton number spontaneously with non-
zero VEVs. The model introduces the right-handed neu-
trinos Ny, so we can obtain tiny masses of neutrinos
through the see-saw mechanism. The model also includes
the superfields X to make the exotic quarks unstable.
The superpotential of the BLMSSM is [41]:

Warmssm = WaussmtWe+Wr+Wk,

Ws = AoQuQi® 5+ \UsUs@p+Ap DSDs ¢
+,UB(i)B¢7B+Yu4Q4ﬁuﬁz+}/¢i4é4ﬁdﬁz
+Yo, Qs HaUs+Ya, Q5 H,.Ds,

Wi = Yo, LaH ES+Y,, LH, Ni+Y, Lo H, Es
+Y, LSH Ns+Y, LH, N°+Aye N NG,
'HLL‘i’LSZ?La

Wy = )\1QQ§X+/\2UCUSX’+)\3DCD5X’+MXX)((1’5

where Wyssu is the superpotential of the MSSM.

The soft breaking terms L., of the BLMSSM can be
written in the following form [36, 37, 41]:

. MSSM 2 \TC* NTC 2 At A 2 fFrexyre 2 yex e
Loote = Loog - —(Mge) 17Ny Nj=mg, QiQa—mg U Ui—mp Di" Dy
2 Act e 2 TTHRTT 2 T 2 TItT7 2 ATCk NTC

—mQ5Q5 Q5—mg5U5 U5—m55D5D5—mL4L4L4—m§4N4 N4

2 Tacx Tac 2 TFetre 2 AT N 2 1% T 2 *
—mg, BT E{—mi Ls' Li—m; Ny Ns—mg ESEs—mg PpPp

—miB <pg(p3—méL‘I>zq>L—miL ()D*L(PL— (MB)\BABJ’_ML)\L)\L_'—I?“C-)

+{ A Y, QL U5+ A0, Yo, QuHaDS+ Auy Yoy Q5 HaUs+ As Y, Q5 H. D

+ABQ/\QQ4Q§(I’B+ABU/\UUEU5<PB+ABD)\DDZI~75<,OB+BBuB<I>BgoB+h.c.}

+{A€4Y€4E4HdEZ+AV4 Y, LuH NS+ A, Y., LiH, Es+A,.Y,, LSH, N,

+AVYVEHuNC+AVc)\VCNCNCQDL—i—BLMLCI)chL—i—h.c.}

+{Al)\lQQ;X—FAQAQUcU5XI+A3)\3DCD5X/+BX/,LxXXl+h.C.} . (2)

The SU(2),, singlets @, ., P, 05 and the SU(2),,
doublets H,, H, are:

1 1 —
1

, 1/ =
(I)B:E (UB+(I)OB+’LPg)7 @B:E(UB"FSDOB"‘zPOB)u
H;
H =
" ( (vu+H3+iP3))’

Hd_( (ud+Hg+in) )
Hy

Siatis

(3)

The SU(2); singlets ®., ¢, ®5, ¢p and the
SU(2)., doublets H,, H; should obtain non-zero VEVs
vL,Ur,VUp,Up and v,, v, respectively. Therefore, the lo-
cal gauge symmetry SU(2) QU (1)y&U (1) s&U (1)1, breaks
down to the electromagnetic symmetry U(1)..

3 Mass matrices for some BLMSSM par-
ticles

Lepneutralinos are made up of A, (the superpartner
of the new lepton boson), and ¢, and 1, (the super-
partners of the SU(2); singlets ®; and ¢, ). The mass
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mixing matrix of lepneutralinos My is shown in the
basis (iAr,vs, Y, ) [42-45]. X7, (i =1,2,3) are mass
eigenstates of lepneutralinos. The masses of the three
lepneutralinos are obtained from diagonalizing My by
ZN :

I

2ML 2ngL _21_)LgL
Mpy= 2uLgL 0 —HKr )
—20.9;, —ur 0
IN=Z0 K, e, =23 KO
3i 7,0 0 kgi
wapL:ZNLkLia XLi: ]*{:0 . (4)
L;

The slepton mass squared matrix becomes

((M‘g)u (M@m)’ 5

(M3)hr (M3)rr
which is  diagonalized by the matrix Zj.
(M2) L, (M2)Lr and (M3)gg are:
2_ 02} (2 —p2
(M = LG5, 0o
+ml2161(]+(m%)IJa
*’Uu Uy ’ v,
(M3 = 2 (V=5 (AD) i+ (A,

V2 V2

6IJ—gi(5i—Ui)51J

V2
gr (va—va)
4
+ml21(5”+(m%)”. (6)

<
[
S~—
=
o]

I

The mass squared matrix of sneutrino M; with "=
(7,N¢) reads [46]

(M2 (7 N5))T M2(Ng“N3) )

M2(5717y), M2(;N¢) and M2(N&*N¢) are:

v i+9; —
M) = P (03 =028+ g2 (T v )1

2
)
+7u(K,TK/)IJ+(m%)IJ7

-~ Vd

UrNS) = p*——

( I J) M \/5

)

+—=(ANn)rs (V)17

\/5( ~)1r(Y)rs

2
Uu

Mi(]\?f*]\?;) = _gi(ﬁi_viﬁu-i-?(yjyu)u

(YV)IJ_quL (YVT Ane )IJ

—|—2Ei ()\}LVC )\NC)JJ‘F(m?(;c)IJ
(Ane)rs(Ane)rs- (8)

v v
L 7% (Ane)rs— 7%
Then the masses of the sneutrinos are obtained by using
the formula Z;M%Z;:diag(mgl, M2z, M2, Mis, Mis,
2
mie).

The up scalar quark mass squared matrix in the
BLMSSM is given by
LR
, 9)
)RR

Zs.

(M) (M
(MZ)1r (M

SHS
SECESAS

which is diagonalized by the matrix

(MZ) L, (M%) Lr and (M?)gp are:

o e(vi—vl)(1-4cy,) vlY?

(Mg)rr = 20s% +— +HEmEKN)T
9% 2 2
+€(UB_UB)7
e*(vi—vz) vIY.? gz _
(MZ)rr = 6(22 5 +m?‘;—FB(”123—U123),
w
1 ! *
(M2) 5 = _E(Ud(Aquyuu )+UuAu). (10)

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

(M%) (M%) LR
((M%)LR (M2) ) )

RR
which is  diagonalized by the matrix Zp.
(MZ)LL, (M%) LR and (M?)gp are:
20,2 22 2 272
2 _ _6 (vd_vu)(1+20W) vd}/d 2\T
(Mg)rr = 243 2, + 5 +(mg)
_i_@( 2 52
o Vs 73),
eX(v3i—v?) ViY? 2
(M3)rr = — (1562 ) d2d —l—m%—%(v% %),
w
1
(MB)in = 5 (0u(= Ayt Yau' ) vads). (12)

In the basis (wyi ,wN%I), the neutrino mass mixing
matrix is diagonalized by Z, [46]:
v
0 _u Yu 1J
. ﬁ( )
Zu UV Vg, ZV
_(YVT)IJ _(ANC)IJ
V2 V2

=diag(m,), a=1...6.

P

w_ [ K.
vV = EO .
Na

v® 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, Z, =1, so the theoretical values at tree level are
consistent with those in the SM.

(13)
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4 Necessary couplings

In the BLMSSM, due to the superfields N¢, we de-
duce the corrections to the couplings in the MSSM. The
couplings for W-[-v and W-L-v read

L, = VVJr ZIO‘* “yt Pt 14

WYY L )
3

Ean? W#ZZ ZIlzIa L+((§L> §)~ )

I=1i,a=1

(15)

From the interactions of gauge and matter multiplets

ig\/iTi‘;.()\“z/JjAZ—j\“z/;iAj), the I-x%-L coupling is de-
duced here:

Loy i =V30eX8, (2K, ZE P =23 209 Pe )1 L +hec,

(16)
The v-x2-7 coupling is

o = V2024, Zlez )
—(Z%, AR +V29. 23, 6"
X ZUR Z O R Pyt e, (17)

We also obtain the y*-I-7 coupling and the y*-L-v
coupling;:

ﬁxim — Z Z (YIJZZJ* ZIa) Py

I,J=1a=1
L ZY(Z )+ YV”Zij(Zé”S)“)*]PL>Z"17“*
w

+h.c.

3 2 6
Loy == > > X (YV’JZii*ZgZy+3>a*PR

I,J=1i=1j,a=1
+ |:i ZliZ£j+KIJZ2iZéI+3)j:| Z;IQPL> Vaij
Sw
+h.c. (18)
The x°-7-v coupling in the BLMSSM becomes

e
\/§5WCW
N'<ZIaz£J+3)j*+zu+3>az:”’*>]

Lyos, = {ZZGZ;”* (Z¥sw—Z%cw)

IJ
4 v
V2

X X0 P, 77 +h.c.

(19)

All the other couplings used are consistent with the
MSSM.

5 Formulae

5.1 Observables
The observable R+ is defined as

BPY B(B—DWri,
Rpw=—Fm= (B ~ )' (20)
B; B(B—D™in,)

BP" | the branching fraction, is given by [4]:
) =, 2 pe
BE = [ Nppeal 287+ 52 e, (21)

where I =e or p, and ¢ denotes any lepton (e,u or 7).
g? is the invariant mass squared of the lepton-neutrino
system, whose integral interval is [m2,(Mp—Mp)?]. N,
the normalisation factor, is given by

TBG |Vcb|2 2

2
_ Mo

= . 22

N= 2563 M3 ( qz) (22)

Here 75 is the lifetime of the B—meson. Gp =
V2e?/8m?2, 52, is the Fermi coupling constant. |ppe|,

the absolute value of the D®) —meson momentum, is
given by

(M3)? (M;m) +(q%)?

2(M2M x )—I—MD( 2 +q2M3)

201, (23)
The expressions for af and ¢ are [4]:
o = s{ ML ey, et PyF + SR g, 4k
| (R (€4, 4 RCL Ly P (RICECE)+RIC 1Y) F P
| BB et g PR+ LR e, it ies | 1
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4MZ|po|® 2 zlppl? 2
o = s{muc 4 R~ 22 et e oy

IpDI 210t |2\R2 4|pD|2M 2
m? F.— 2)F2, 2

The full expressions for aP”, ¢?” and all form factors |6 Feynman diagrams
(Fr(¢®), F,(¢*) and Fo(g?), etc) are given in Refs.

[4, 47]. In the BLMSSM, the one-loop Feynman diagrams
5.2 Effective Lagrangian for the lepton sector that can correct the anomalies are

shown in Fig. 1 and Fig. 2
We use effective field theory to calculate the theoret-

ical values. The effective Lagrangian for the b — clv* 6,1 Penguin-type Feynman diagrams
process is

L™ = VAGRVa(CL 0040k €y Oy O The WES y i
CloOb 10l O 10l O 1ol O e one-loop Feynman diagrams in Fig. 1(a),(b),(c
* ?R ?R+ fL 5L+ iR iR—i— PL=PL and (d) are all UV divergent. Focusing on Fig. 1(a),
HCprOprHCrOr+CrrOrp), (26) the three lepneutralinos x% are new particles in the
where V,;,=0.04, and the full set of operators is [48]: BLMSSM, and they play very important roles in this
. decay process. So taking Fig. 1(a) as an example, the
Oy L =[er" B[y P, vr=[ev"b][0y, Prv], non-zero WCs in Eq. (26) are given as follows:
Ol =[ev"sb][fv. Prrt], Ofm:[ 0] (€7, Pr*],
¢ _ ¢ _ o BT AST AP A, 1
O, =le WPM] Osn=le MePRuf] ey = [Z S S A+
O =lestliPy], Oha=lontliFu) =V
0L, =[ea" b][lo,, PLvt], ¢ p=[co""b][lo,, Prv]. -y (xX% _ ,xis,xl—,g))} /(V2G V)
(27) !
gi
In the SM, C{,;, =—C%, =1 and all the other WCs vanish. =162 — = Ayy+finite terms,
In the BLMSSM, we calculate all the WCs at one-loop c c 28
AL(a) — T %VL(a)* ( )

level to obtain the theoretical values.

b et

W

(counter)

C

Fig. 1. The penguin-type Feynman diagrams that can correct R (.) in the BLMSSM.
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o
N

b e

Dy A Y L

c !
Xi

Fig. 2.

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

stj — ﬁngll\g;ZEs*v
3
A =3 (\@gL 7§ 217 (2N 73 29173

I=1
I+3)Bx*
XZ,EI+3)ZZ§, )8 )7

e

3
e
A== ZP 7, —_
’ T—1 \/§SW L \/iSW

Ayy=1/et+In(4rk?/A2 )—7,, < is an infinite term, the
mass scale « is introduced in the dimensional regulariza-
tion, Axp is the NP scale, and g is the Euler-Mascheroni

A4 = V;b . (29)

m

constant. x; represents Azi , and the concrete form of
formula Fy; (z1,2s,23) is given in the Appendix.

We can see that the inﬁnite terms of the WCs of

. e(IF e(IF o(IF

Fig. 1(a) are CV(L(Q)) = gk QAUV and CA(L(G)) = —CV(L(G)).
Similarly, the infinite terms of the WCs of the follow-
ing three diagrams (Fig. 1(b), (c) and (d)) are given as
follows:

0IF) € 0IF)
CVL(b) 64n2s3, (1 2CW)AUV7 CAL(b) = CVL(b)a
clar _ e? A CZ(IF) _ct

VL(C)_327T2 2 Uuv, AL(c) — VL(c)®

2 2\2

(IF) € (Y;) LIF) _

CVL(d) _(327TZS€V 3972 )AU‘/a CAL(d) __CVL(d)
(30)

The box-type Feynman diagrams that can correct R (.) in the BLMSSM.

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 [Zp/ W~

are necessary. The counter term formula for the vertex
W= is

e (,OS), _ —ie (5m2Z dm2—dmi, L 95e +(5le
Pviw 2v/ 25y myz—mg,
+5Z;I+5ZWW)~WPL, (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 dm?:

om3, e? e?
= 1-282 ) +——— | A
m {327‘4’255‘/6%‘,( sw) +167T20$/V] vV

18
{ZZFl(iUﬂjaiﬂaj)
j=1

+ Z (D eslFrles, or,) |- (32)

a,B=1

o2
St Civ

Through calculating the W boson self-energy diagram
(with sneutrinos and sleptons in the loop), we can ob-
tain:
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m3,  e*cl, e cW
:7 i F 1/ bl i /0
m% 32728y, ;;' Jial*Fa(@s, 2
o2 0?2 S8 .
5ZWW:_327T2S%V AUV+ 283‘/ ZZ|(77>W| F (If/a axii)' (33)
=1 a=1
The renormalization constant of charge is obtained from virtual sleptons:
e? 1, o
de=r—Avv—ge ;Fl(xii,xii). (34)

In the same way, we give the renormalization constants 5ZZI and §Z% " for neutrinos and leptons respectively:

2

— Y/!
sy — < ( Lo )2+(\/536ng)) ZZ' JailFa (5, ,20)

327253, \2c%, e priw
__ZZ| (PDail*Fa (1., o) 252, cz ZZ| (el Po(@, yg ),
i=1 a=1 W i=1a=1
—e? 1 S YI \/QSWQL
67y = o (o 1Ly ?)a
LT 3, 2CW+ H =) ) By

S ARl e

€ ZZ{QE I{ %M +§Re[(6’)jj(Df)ij]+|(cf)ij| } (DI)ZJ| F2}(xii=xx§?)
—ﬁﬁéf}&vPg£%£+§§RdW”maﬂ»»Hwﬂﬁﬂﬁg 2V@WMPE}@;@@), (35)

where the vertex couplings are given by

Y,/ ) )
(Ai)la (:W ZZZ*ZIa* (Bi)lazzizzéa*, (n)iazzgazgz,
Y Sw . .
I JI r7(J+3)ax ry2i% JI rzJax rzlix
(Pas=—L=0 2 20 720 7] 7 1,

* i i _\/§ i j YI
(=220 (ENsw—ZRew), (€)= =21V 23+,

Ii r73j5%
T

Z{’L . . \/QSWYI i ;
(Df)ijzﬁ(z}gswwﬁcwnie Lzt 7,
L, s Jpx_ (2 saf ' —\/§gL 1j* ry(I43)i /1 295w 1y 1
(g)aﬁ 2ZL Z 5 ’ (C )ij:TZNLZL ) (D )ij: ZNpZys
S C i i i a*
(¢ ai= \/—W T (V2gL 2N 2 20— 2N 2 AN 29, 23, ) 20T 2T, (36)

The functions F},F5, and F3 are as follows:
1

Fi(zy,z5) = m[6(171—3x2)xflnx1+6(3x1—xz)xglnxz—(:171—xz)(Sxf—22x1x2+5x§)],
1— T2
(22— )(xy—x1+2 Inzy )—23Ina,
F =
2(@1,72) 3272 (x—x5)? ’
249 | —1 —x2
Fy(ana) = D200, ) o 37)

3272 (2 —x5)3
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If 1 =u,, they simplify to

Inx, Inz, 1 1
1(71,72) 1872 5(w1,72) 327r2+647r2’ 5(71,72) 962z, (38)
Now, the WCs of Fig. 1(counter) read:
1/70m% om%Z—om? 0
) z oMy W 1 ve
== et +825 152 )
CVL(counteT) 2( m2Z mZ mW + + + + ww |
CgL(counteT) C\Z;L(counter) (39)
The corresponding Cf,(ii)oumer) and Ci(ii)ounm) are:
1 e? e?
clam) - —{{7 1-2 7%
V L(counter) 9 3272 SWCW ( SW) + 16#20‘2;[/ uv
e? e? e2c? m>
[ (192 )2 7)A _ WA } z
{(327#8%‘,02 (1=2sw) +167TQC€V V32282, T mZ—m2,
e? —e? 1 swYN\2 V25952
=a A [z () + () Jan )
tym v 327282, 0" +167T2SW 20W+ )t e vV
o1 o1
CA(L(F;)ounte'r) = _C\/(Lf;)ounter) (40)
It is easy to test that the infinite terms in the sum of Fig. 1(a),(b),(c),(d) and (counter) vanish: Ci}" = f,(if;))—l-

f}iﬁ,))%f}(iﬂ))%f}if;)%f}%ﬁ{mmT) 0, similarly, C,, S5 = (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), (¢), (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:
BM@B“ASJ.A ‘myomy, 1
CVL(E) = Z ZZ[ ) 6472

B,s=11i=1 j=1

CBITARBY ALY 1
Akp 12872

Fll(ffﬁﬂaxxgaxr}s@xi)

Fm(acwxg,wos’xxi)}/wicm (41)

BBZszs JAM m Ole 1

Cﬁ‘L(e) = Z ZZ[ 1 6472 Fll(xﬁﬂ"rx[}wﬁsvxxz’)

B,s=11i=1 j=1
BﬂhAuBsaABlJ 1
+ AZ, 12872

G = 3O

Fm(wﬁa,:@g,mm]/wiGFvcb), (42)

[AMA“A;JAM mym,, 1

Fii(xgs 1 Tx0H X, T;)

6412
B,s=11i=1 j=1
AﬂhBuBsaABlJ 1
e s B o g 0,0,/ (VEG V), (43)
4 AMlAu JAM m Omx 1
TL(E) [ Z ZZ 12872 Fll(xﬁﬂ"Tx?’xUs’xXi)

B,s=11:=1 j=1

/(V2G V), (44)

4 AﬂeiAis_BﬂeiBis)Angfljm oMy, 1

1 2 1 2 X5 i
PL(e) - Z ZZ[ A4NP - 12872 Fll(‘r557xX?7xUs7‘rXi)

B,s=11=1 j=1
AﬁthsBSJABZJ 1
AZp 6472

le(xflﬂ, O,IU, ) /(\/_GF cb) (45)
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(A A BB AT AT ey,

(LYY

B,s=1i=1 j=1

14
CPR(e)

4
ANP

Fll(.Il—,B,IX(]),IUS,.IXi)

12872

/(\/EGF‘/cb)v (46)
and all the other WCs in Eq. (26) vanish. In Eqgs. (41-46),
3
A=z af, Ap=Y (2 a2 ) Vi,
I=1
. 24/2e
sJ_ Z5szlj Y2z2sz4j
3 3CW N>
B85 : 1Bx rzI0 1 U 10 r7(J+3)B (I+3)¢r7JB
i= {Z 71 (ZY sw—Z% )+ ( Z4(Z1Z 98 4 g1+ g ))}
! ; \/_SWCW N Z \/5
3 3
Bf“:—Sizf*Zﬁﬁ—Z(Yffzf*Zg”W*), By==Y (Y7 ZL"Z*")Vys,
w =1 =1
. 1 .. . o
Byi—— \fchW 228(3Zﬁ*sw+zﬁ*cw)—yjzgszg‘g*. (47)

The formulae Fy;(21,22,23,24) and Fy (21,%s,23,24) are
given in the Appendix.

7 Numerical results

For the numerical discussion, the parameters used
are:
m;=400 GeV, M;=2000 GeV, u;,=1600 GeV,
tanf,=0.1, v,=1260 GeV, Ayc=1, Axp=1000 GeV,
(m%)“:(m%)ii:(m%)ii:(m%c)ii:3x106 GeV?,
(A)ii=(A)):=300 GeV, (Ay)ii=(Anec);;=500 GeV,
and (A,)i=(A4)ii=(A))ii=(A}); =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,/ are of the order of
1078~1075; 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 m,+ ~(1000~2000) GeV
and the masses of neutralinos m,o ~ (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 m? (or m%) on Ry

We now focus on the effects of parameters m?2 (or
m%) on Ry . First, we set the parameters as follows:
tanfs = 10, my = pu = 1200 GeV, gr = 0.1, and

(m%)gg = (m%)33=3>< 108GeV2.

To study the impacts of these parameters on Ry, we
use the parameters (m? )y =(m%)11=(m3 )2 = (Mm% )=
3x10° GeV?, where £ 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 Rp and the right-hand diagram shows Rp-«.

We know the measurement of Ry, (which implies
l=e in Eq. (20)) is approximately equal to that of
Rpeo, (I=p in Eq. (20)). This is the reason why we
set (m3 )11 = (m%)11 = (M3 )22 = (M%)22. To solve the
problem of R, ), we should violate lepton flavour sym-
metry for generations 1(2) and generation 3. Therefore,
we suppose (m? )s3=(m%)ss# (M7 )n

It is easy to see from Fig. 3 that Rp(.) decreases as £
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 Ry cannot explain the experimen-
tal values well, and our goal is to increase the theoretical
values. From the numerical analysis, the following rela-
tior21a1 expression should be set u2p: (m3 )1 = (M%) =
(M3 )2 = (M%)22 < (M%)s3 = (M%)ss. We need to se-
lect a set of reasonable parameters, and finally choose:
(m3 )11 = (Mm% )11 = (M2 )22 = (M% )22 =5.5x10°GeV?, and
(m?2)ss = (m%)ss = 3x10°GeV?. Up to now, our theo-
retical values of Rp(.) are only a little bigger than those
of the SM, so we also need to study the effects of other
parameters on Rp).

7.2 Effect of parameter g;, on Ry

Based on the above analysis, we use the following pa-
rameters:
tanS=10, my,=p=1200 GeV,
(m%)ll = (m%)ll = (m%)gg = (m%)zz =5.5X 105GeV2, and
(m%)gg = (m?—%)gg =3X 108G6V2 .
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Fig. 3. Rp (left) and Rp« (right) versus ¢ with (m

(m%)%:(m%):’,:’,:i’)x 108GeV?2.
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Fig. 4.

gz, is the coupling constant of the vertexes lx%i and
vx% 0. As a new parameter in the BLMSSM, g, should
affect Ry, which is of interest. The obtained numeri-
cal results are plotted in Fig. 4. The left-hand diagram
shows Rp and the right-hand diagram shows Rp«.

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

7.3 Effects of parameters tang, m, and pon Ry

We also research the effects of parameters tang,
me and p on Rpy. With the supposition g = 0.45,
(mzi)u = (M%) = (M3)22 = (M%) = 5.5x10°GeV?,
(m3)ss = (M%)ss = 3x10°GeV?, and my = p = M, we
scan the parameters of M, versus tanf in Fig. 5.

All the points in Fig. 5 can make Rp (Rp«) reach
0.304 (0.261), and some particular points can bring Rp
(Rp~) 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

Rp =0.29940.003 [5] and Rp- = 0.25740.003 [5], our

[l

0.261 - B

Rp in BLMSSM
0.260 [ 1
———-RpinSM
0.259
o
@
0.258
0.257
0.256 [ 1
50 55 6.0 65 7.0 75 8.0
¢
_ 2 _ 2 _ 2 _ '3 2
= (mR)u = (mi)zz = (mé)zz = 3x 10> GeV~, and
0.260 [ ]
0.259 [ ]
& 0258} Rp in BLMSSM ]
———-RpinSM
L g iy g g
0.256 [ ]
. . . . . . . .
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

[/}

Rp (left) and Rp= (right) versus gr.

theoretical value of Rp (Rp+) can reach 0.308 (0.265),
when we take the biggest value of the SM prediction.
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Fig. 5. The allowed parameters in the plane of M,

versus tanf with gr, = 0.45, (m%)u = (m2—)11 =

(mQ- )22 = (m2—)22 = H.h X 105GQVQ7 (mijgg
(mR)33:3><101§GeV2.

8 Summary and future prospects

The SM cannot explain the experimental data for
Ry 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
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from these are the keys to solve the anomalies in Ry ).
For instance, the three lepneutralinos x% are new parti-
cles in the BLMSSM, and the Feynman diagram with x%
can give new contributions to R ).

We find that the parameters (m?2);; and (m%),; influ-
ence the theoretical results to some extent, and R+, is
approximately equal to Ry, only if there is a certain
relationship between parameters (m3); and (m?%);. Af-
ter that, the effect of parameter gy 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 Rp (Rp+) to 0.305 (0.262). Taking into
account the SM uncertainty and adopting the biggest
value in the SM, our result for Rp (Rp~) can reach 0.308
(0.265).

Appendix
The formulae for the one-loop integral are:
(2mk)* P /de 1
im? (p?—m3)(p*—m3)(p>—m
(271'/{)47D /dD p2
in? M=) P —md) (7 —m

In this paper, we use effective field theory to compute
Ry« in the BLMSSM. The one-loop corrections to Ry
have an effect and the theoretical values can be increased
(though they are not big improvements). We notice that
the measurements of Rp« (see Table 1) are not as large
as the original measurements. This suggests that Rp«
perhaps is not so large. From the trend of experimental
measurement, the experimental values of Ry might be
smaller in the future. In fact, without considering this
case, the measurement of Rp (Rp+) shows 2.30 (3.10)
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 Rp (Rp+) should be further
researched both experimentally and theoretically in the
future.

1

)Z—ATF11(50171327133)7
NP

1
:E—7E+1n(4ﬁl€2//\iP)—|—1—F21 (:El,l’z,l’g),

(2mr)* P D 1 _
in2 /d P =m0 —md) (P —md) pP—m3)

——Fui(z1,22,23,24),

S
in? (p*—m3)(p*—m3)(p>—m

:——F21($1,LE271E37ZL’4)7

Fur(w1,22,03) — z1lnz, xrolnzo z3lnzs
T (i) (v1—as) | (wa—w)(wa—ws) | (ws—a1) (s —2)’
2 2 2
rilnxy r5lnzs r3lnxs
Foi(x1,22,23) = ,
(@1,2,73) (r1—m2)(w1—x3)  (T2—m1)(T2—T3)  (T3—71)(T3—72)
z1lnx, x2lnzo
F =
n(mnee s ) = o —ea)(@1—21) | (@a—e1)(@a—vs)(@a—21)
z3lnxs n Talnzy
(z3—a1)(z3—22)(T3—24)  (Ta—71)(T4—T2)(T4—T3)’
2 2
zilnx z3lnzo
I -
2 (@1,52,3,24) (@1—22) (@1 —23) (@1—21) | (22—21)(@2—23) (22 —1)
z2Inxs zilnwy

(13—$1)($3—$2)(SE3—SE4)
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