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Feynman rules for neutrinos and new neutralinos in the BLMSSM
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Abstract: In a supersymmetric extension of the Standard Model where baryon and lepton numbers are local gauge

symmetries (BLMSSM), we deduce the Feynman rules for neutrinos and new neutralinos. We briefly introduce the

mass matrices for the particles and the related couplings in this work, which are very useful to research the neutrinos

and new neutralinos.
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1 Introduction

In quantum field theory, the Standard Model (SM)
is a theory concerning the electromagnetic weak and
strong interactions. Though the lightest CP-even Higgs
(myo ~ 126 GeV) was detected by the LHC, the SM is
unable to explain some phenomena and falls short of be-
ing a complete theory of fundamental interactions. In
the neutrino sector, the observations of solar and atmo-
spheric neutrino oscillations [1-4] are not incorporated
in the SM, which provides clear evidence for physics be-
yond the SM. Furthermore, the authors think that a well-
motivated dark matter candidate emerges from the neu-
trino sector [5-7].

Physics beyond the SM has drawn physicists’ atten-
tion for a long time. One of the most appealing theories
to describe physics at the TeV scale is the minimal super-
symmetric extension of the Standard Model (MSSM) [8—
11]. The MSSM includes necessary additional new par-
ticles that are superparters of those in the SM. The
right-handed neutrino superfields can extend the next-to-
minimal supersymmetric standard model (NMSSM), and
these superfields only couple with the singlet Higgs [12—
15]. In R-parity [16] conserved MSSM, the left-handed
light neutrinos are still massless, leading to a failure to
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explain the discovery from neutrino oscillations. There-
fore, theoretical physicists have extended the MSSM to
account for the light neutrino masses and mixings.

As an extension of the MSSM which considers the
local gauged baryon (B) and lepton (L) symmetries, the
BLMSSM is spontaneously broken at the TeV scale [17—-
20]. In the BLMSSM, the lepton number is broken in
an even number while baryon number can be changed
by baryon number violating operators through one unit.
The BLMSSM can not only account for the asymme-
try of matter-antimatter in the universe but also explain
the data from neutrino oscillation experiments [21-23].
Compared with the MSSM, the BLMSSM includes many
new fields such as new quarks, new leptons, new Higgs,
and the superfields X and X’ [24-26]. In this work, we
mainly study the Feynman rules for the neutrino and
new neutralinos in the BLMSSM.

In the BLMSSM, the light neutrinos get mass from
the seesaw mechanism, and proton decay is forbid-
den [17-20]. Therefore, it is not necessary to build a large
desert between the electroweak scale and grand unified
scale. This is the main motivation for the BLMSSM.
Many possible signals of the MSSM at the LHC have
been studied by the experiments. However, with the
broken B and L symmetries, the predictions and bounds
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for the collider experiments should be changed. From
the decays of right handed neutrinos [19, 20, 27], we
can look for lepton number violation at the LHC. Sim-
ilarly from the decays of squarks and gauginos, we can
also detect baryon number violation at the LHC. For ex-
ample, the channels with multi-tops and multi-bottoms
may be caused by the baryon number violating decays
of gluinos [19, 20].

After this introduction, we briefly summarize the
main contents of the BLMSSM in Section 2. The mass
matrices for the particles are collected in Section 3. Sec-
tions 4 and 5 are respectively devoted to the related cou-
plings of neutralinos and neutrinos beyond the MSSM.
We give some discussion and conclusions in Section 6.

2 Main content of the BLMSSM

Extending the MSSM with local gauged baryon (B)
and lepton (L) numbers, one obtains the BLMSSM,
and at the TeV scale the local gauge symmetries
are spontaneously broken. In this section, we briefly
review some features of the BLMSSM. SU(3)c ®
SUQ2)L@U(l)y @ U(1)g ® U(1)L[19, 20] is the basic
gauge symmetry of the BLMSSM. The exotic leptons
Ly ~ (1,2,—-1/2,0,L,), ECN (1,1,1,0,—L,), Njw
(1,1,0,0,— L), T ~ (1,2,1/2,0,—(3+ La)), Bs ~ (1,1~
1,0,3 + L), N5 ~ (1,1,0,0,3 + Ly) and the exotic
quarks Q4 ~ (3,2,1/6,B,,0), U ~ (3,1,—2/3,—B,,0),
D5 ~ (3,1,1/3,—B4,0), Q5 ~ (3,2,-1/6,—(1+ By),0),
Us ~ (3,1,2/3,1+ B4,0), D5 ~ (3,1 —1/3,1+ B,,0) are
introduced to cancel L and B anomalies respectwely
The exotic nggs superfields @L ~ (1,1,0,0,-2), @y, ~
(1,1,0,0,2) and N (1,1,0,1,0), o ~ (1,1,0,—1,0)
are introduced respectively to break lepton number and
baryon number spontaneously The exotic Higgs super-
fields @L, oL and @B, (P acquire nonzero vacuum expec-
tation values (VEVs), then the exotic leptons and exotic
quarks obtain masses. The model also includes the su-
perfields X ~ (1,1,0,2/34B,,0) and X' ~ (1,1,0,—(2/3+
B,),0) to make heavy exotic quarks unstable. Further-
more, the lightest mass elgenstate can be a dark matter
candidate, while X and X' mix together. Anomaly can-
cellation requires the emergence of new families. How-
ever there is no flavour violation at tree level since they
do not mix with the SM fermions and there are no Lan-
dau poles at the low scale due to the new families.

The BLMSSM superpotential is given by [28]

= Wussm +Wg + Wi + Wk, (1)

WBLMSSM

where Wyssm represents the superpotential of the
MSSM. The concrete forms of Wy, Wi, and Wx read
as follows

We = /\QQ4QE¢B + AUU:U?)@B + /\DDZD5¢B
+upPp o + Y., QuH U +Y,, 0, H DS
+Yu5 Qgﬁdﬁs + YdS Qgﬁuﬁf}v

Wy =Y., LaH B+ Y, LaH, NS+ Y. LEH, By
+Y, LSH,Ns+Y, LH,N°+ \ye NNy,
g,

Wy =M QQ:X + U U X'
+XsDDs X+ px X X' (2)

The soft breaking terms L., of the BLMSSM are
generally shown as [17, 18, 28]

Loty = Lo — (m. %C)I(]N;*Nj_m%‘LQZQAL

—myg U Us —m% Dy Ds—m? Q5 Qs
—m?—]S U:U; — m%s D:D;s— m%4 LiL,
—m?, N Ni—m2 B¢ E§—m? Li'Lg
—m,z;5 ]\7;]\70 - m§5E§E5 — m;BQEQB
—mg Pppn —my, PLPL—mi, oL

— (mB/\B)\B —i—mL/\L/\L +hC>

{40 Y, QuHL U5+ A0, Yo, QuHaD;
+Au5 Yusc}ngU5 + Ads Yvds QgHuD5
+ApqAQQRuQ5Ps + Apu Av U Us o
+ABD)\DDZD5(;0B + BB,LLB@B(;OB + hC}

+{ .,

+A.. Y. LH,Es+A,.Y, L:HyN;
+AY,LH, N+ Ay A\ye N°N€oy,

+BL,LLL¢L(;0L + hC}

Y,,LiH,ES+ A,,Y,, L, H,N;

+{A1)\1QQ§X+A2)\2U“U5X’
+A3A3DC[75X'+BXuXXX'+h.c.}, (3)

where LM3SM represent the soft breaking terms of MSSM,
and Ag and Ap are the gauginos of U(1)s and U(1)y, re-
spectively. The SU(2);, doublets H,, Hy; and SU(2)y,
singlets g, g, P, 1 acquire the nonzero VEVs v, vy
and vg, U, Uy, Uy, respectively,

H+
H,= 1
b E(Uu‘FHS‘f‘in) ’
1 0 s PO
oo ﬁ(vd—i_Hd—’—lPd)
d— 9
Hy
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1
QSB E(UB +¢0 +1P0)
1
B = E(UB-HPB'HP)
1 .
QL E(’UL—FQE—'—IPB),
1 0 50
L= E(UL+<PL+1PL)- (4)

Therefore, the local gauge symmetry SU(2),@U(1)y ®
U(1)p®U (1)1, is broken down to the electromagnetic sym-
metry U(1).. In Ref. [28], the mass matrices of exotic
Higgs, exotic quarks and exotic scalar quarks are ob-
tained. In the BLMSSM, because of the introduced su-
perfields N ¢, the tiny masses of the light neutrinos are

produced. Another result is six scalar neutrinos in the
BLMSSM.

3 Particle mass matrices

Lepton neutralinos are made up of A;, (the superpart-
ner of the new lepton boson), g, and 1, (the super-
partners of the SU(2);, singlets @1, and ¢;,). The mass
mixing matrix of lepton neutralinos is shown in the basis
(iAn, Ve, ,¥e,. ) [29, 30]. Then 3 lepton neutralino masses
are obtained from diagonalizing the mass mixing matrix
My n by ZNLu

2ML 2’ULgL _26LgL
My = 21}LQL 0 — UL )
=209, —pL 0

: 1i 1.0 __ 721 1,0
l)\L—Z k ) ’l/)q&L _ZNLkLi’
_ 73t 1.0 0
- ZNLkLIW L

K
Xi:<,5151 )
L

xt, (i =1,2,3) are the mass eigenstates of the lepton neu-
tralinos.

Ap (the superpartner of the new baryon boson), e,
and v, (the superpartners of the SU(2);, singlets &5
and ¢p) mix together producing 3 baryon neutralinos.
Using Zy,, one can diagonalize the mass mixing matrix
Mgy, and obtain 3 baryon neutralino masses,

Vo (5)

2Mpg —vUBgs UBYB
Mgy = —UrYgB 0 —UB
UpYgB —pB 0

i)\B—Zh ko i 1/}45B:Z12\;;Bkgi’

MZEB_<

2 2 2 a2
M, COS ﬂB—FmA%sm Oz,

(m2ZB + mi%) cos g sin B,

) kS
Yo = Z?\}Bk%iv X%i = ( Elsl ) : (6)
B;

The mass eigenstates of the baryon neutralinos are rep-
resented by x% (i=1,2,3).

In this work, because neutrinos are Majorana parti-
cles, we can use the following expression. In the base
(@[’u{,@/}N&I), the formulas for neutrino mixing and mass
matrix are shown as

) 0 \U/_%(YV)IJ
A Vu ivryig UL 1J Zm.
E(Yv ) 75()\1\@
=diag(my=), a=1,...,6.
Vg = 20K vy = 26K

(7)

kO
0 Nq
Xva = | 7 :
" <k?\ra )

X%, denotes the mass eigenstates of the neutrino
fields mixed by the left-handed and right-handed neu-
trinos.

The introduced super-fields Ne¢ lead to six sneutrinos.
From the superpotential and the soft breaking terms in
Egs. (2,3), we deduce the mass squared matrix of sneu-
trinos (M) in the base 7”7 = (¥, N°). To obtain the mass
eigenstates of sneutrinos, Z5 is used for the rotation.

2 2
s + _
M2 (Djvy) = 579 3 % (v — ”2)51J +gi.(v7

—UL)51J+ (Y Y, )”—l—(m%)”,

M%(N;*Ni) = _QE(UL UL)(SIJ +
vy (/\J]r\rc Ane)rs+ (mNc)IJ

()‘NC) _E(ANC)IJ()\NC)IL

— 0,0, (Y Ane ) s
Uy,
+—=(An)1s(

Y. ).
V2 J1s
2 2

( N17m?(]27m?§737m?(]47m1{757m1{76)- (8)

(YTY )1y

+ML
NG

M2 (NS = e 2%

\/i(yv)u

ZIMLZ, =

The superfields &% and % mix together, and their
mass squared matrix is

(m%, + mi‘% ) cos Bg sin O )

2 102 2 2
my_ sin BB—i—mA% cos? g
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752 0 14 0 0 21 0
U, = \/U]23+U137 Mzg = gBUB,, ¢B:Z¢;HB“ (pB:Z¢;HBi7 (9)

with my, representing the mass of the neutral U(1)g
gauge boson Zg. Z,, is the rotation matrix to diago-
nalize the mass squared matrix M3, and HY (i = 1,2)

denotes the mass eigenstates of the baryon Higgs.

In the same way, we obtain the mass squared matrix
for (@1, 1)

.9 .
M — < m3, cos® ﬁL—i—mig sin® B, (m2ZL+mi%)cosﬁLs1nﬁL )
EL —

(m%, + mig) cosfsinf, m3, sin®f+ mig cos? B

— -2
v, =4/ V2 +75,

Here, my, is the mass of the neutral U(1);, gauge bo-
son Zy,. Zg, is used to obtain mass eigenvalues for the
matrix M? . Hp (i = 1,2) are the lepton Higgs mass
eigenstates.

4 Couplings of neutralinos beyond the
MSSM

4.1 New MSSM neutralino couplings

From the superpotential W, in Eq. (2) and the inter-
actions of gauge and matter multiplets igv/2 (A Af—
5\“1/_)iAj), we deduce the couplings of MSSM neutralino-
exotic lepton-exotic sleptons:

e - 35 el (G (i

Iy OB LU 2R 2 )Py
(v zrwe

€ ) * 7 * / [k *
—\/522}3 w2 Z2k )PR] L, E*

| (vaovzyzz
1 . o
s Cay- Sz )

+Y: Z!k*zﬁ*WﬁPR} N! Nk

V4 TVy i+3% "4

L (Ve Z8 22
1 . ) )
(i)

+(vznzyor

€ E3 % rk
+V2-2"U; Z;:)PR} XJEE

Mz, =2gL0L,,

B = ZY HY b =72 HY . (10)

+N'iis KKSW}VZ’*Z?V? Z)

1 | AN
75 (SZ% - gz}g)wﬁ*zgf;)&

+Y Z%’;Zf({*Ufj*PR] X;?N;j} +he  (11)

The matrices Uy, and W, are used to diagonalize the
exotic charged lepton mixing matrix [24-26], and L ;
are the mass eigenstates of the exotic charged leptons.
The exotic slepton mass eigenstates are denoted by N 4.5

and Ei,s with the rotation matrices Zy, , and Zz, ;. In
the MSSM, there are couplings for MSSM neutralino-
neutrino-sneutrino which should be transformed into
BLMSSM with the rotations of the neutrinos and sneu-
trinos in Egs. (7, 8).

In W; there is a new term Yvﬁﬁuﬁc that can
give corrections to the couplings of MSSM neutralino-
neutrino-sneutrino. These new couplings are suppressed

by the tiny neutrino Yukawa Y.,
Lo (XNXON*)
3 4

6
—— > Xw. (Yv”zfg ZNZST Py
=1 j=1

I,J=1 i

+1@”*Zéf*zj“;*zﬁv‘i+3“*PR) XIN +hee. (12)

In the same way, the couplings of MSSM neutralino-
exotic quark-exotic squark are obtained:

2 4
ccd=3 3 {| (v
j=1 i,k=1
2V
C

PR 1 e i
3 Zzl\r U;jUALk G (;ZJQ\T

V2

18 . ’ / .
+§EZ]1\}"L)UltjU;k_YUALUij?\}"LU;k)PL
w ya7t 3k T 1 (e o

+\ Yo, Wi, Zy U4k+ﬁ SZn
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16 1% ’ * * * 7% 4
+§EZ]1\7 )Wlt]UBk _YU4U1kZ;4\7 W2tj

62\/— Tk * *
= 2N WU ) }Mu

+x° KYd Ut Z3 Dy,

1 (e, o le, i, ’
s Szt )unn,

Yo, D3, Z5UL + = ¢ \/_Z”Ub/D* )P

1 (e, ..
= _Zz’b*
A=

le . ’ ’ .
lix b * * b Ai* *
__EZN leD3k_Yd5W1jZN D4k

+ <ng D 23 W —

_E £ 25wy D;k> pR] o, D } +he. (13)

In the mass basis the exotic quarks are t' and b’, and
their rotation matrices are W ,U* W and U*". U and
D are the exotic scalar quarks with their diagonalizing
matrices U and D.

4.2 Lepton neutralino couplings

At tree level, lepton neutralinos not only have rela-
tions with leptons and sleptons, but also act with neu-
trinos and sneutrinos:

L) = Z Z XNOL(|:_()‘§\TJC

o,j=11,J,j=1

I @ i J j *
A )Z}ij’) AV A
+V2quZN 73 ng*a,(]] P,

—\/_QLZzl\rZEZ(HJ)MZ(JJH;)]’%S JPR> XL?Nj*

3 6
+2. 0 Vanxu(ZN 20 R

i, I=1j=1
— 23 2 PRy LT 4 hee. (14)

The couplings for lepton neutralino-exotic lepton-exotic
slepton and lepton neutralino-exotic neutrino-exotic
sneutrino read as

LOOUT) Z Z {L4\/_ngLo(Z” Uiz Py

=1 j,k=1

_Zjlvz; Z2k*w2j PR)L/ Ek*

€4 Jj+3

+LiV2gu%00 (2N, UV Z38" Py

— 2\ 22 W PR)N N
+V2(3+ La)guxy, (Zx, 22U Py

LYW 2 P

3%
k+3E

+V2(3+La)gxy, (Zx Z U P

N, s

~ZEWE L PN e (15)

From the interactions of gauge and matter multiplets,
we write down the couplings of lepton neutralino-lepton
neutralino-lepton Higgs

3 2
E(XLXLHO*) 2\/§QL Z ZZIlViL (Z%IJZ;]E*

i,j=1 k=1

-Z3 Zgi*)xgﬁxgj HY" +h.c. (16)

4.3 Baryon neutralino couplings

Baryon neutralinos interact with quarks and squarks,
and their couplings are in the following form:

3 6
L£(x0qd) = z z{ o Xus (24 2597 P,

- 2
Pr)ulUr + V2 guXeo(Z5, 2P,

Tix ry(I4+3)j*
_ZNBZU ’ 3

— 2N 28 Pr)d! D; }+h . (17)

Similarly the couplings of baryon neutralino-exotic
quark-exotic squark are deduced here:

L(xzd'7)

zzz{mt |- (0

=1 j=1 k=1

+BO)WUs Zx + AUy, Wi Z3

AW Z3 Uy +B4U2ng;*z};B> P,
+ (B4U1t;*U1jZ]1\,i; + (1 +B4)U4jU§;*Z}Vig
AU Uss 2307 — )‘*UUZJ’U;I;*Z%Q) PR] xXu,Us

+V2g5b 115 [ ()‘QDIJ' Wi z3,
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—B4D,; Wi Zy, —(1+ B4)W1b];*D3j Zy,
AW Z3, D4j> P+ <A5Uf;*D3j 7z
AU Dy 235+ (14 By) Doy U 23

+Uf;*D1ijg) PR] X%, D; } +h.c. (18)
Besides the baryon neutralino-baryon neutralino-baryon
Higgs couplings, there are also interactions among
baryon neutralinos and X fields:

3 2
LOGXSHs)=V2g5 > > (2%, Z)%

i,j=1 k=1

35 rr2kx\ 7li 0 770
_ZNBquB )Z]\;BXBjPLXBiHB:7

. 2 LA N
L(xphxX) = (g +B4) \/igBZ ZZ}\IZBXOBi (23" Py

i=1 j=1

—Z¥" Pplvx X +hec. (19)

5 Couplings of neutrinos beyond the
MSSM

Because of the non-zero masses and mixing angles
of light neutrinos, physicists are interested in neutrino
physics which implies lepton number violation in the Uni-
verse. In the MSSM, the neutrino couplings are obtained,
so we deduce the neutrino couplings beyond the MSSM
in this work. From the supperpotential Wi, and the inter-
actions of gauge and matter multiplets, we obtain £'(v)
and £%(v). L£'(v) includes the neutrino couplings with
Higgs: 1. neutrino-neutrino-neutral CP-odd Higgs; 2.
neutrino-neutrino-neutral CP-even Higgs; 3. neutrino-
lepton-charged Higgs; 4. neutrino-neutrino-lepton Higgs

2

6
o= [ v g, hhy

I,J=1 N a=1 j=1

M

6
1 i
=D D NI I IR P, A
,B=1 j=1

6

N

1 : -
) Y2l 2 2R Py, HY

a,B=1j=1

6 3
(I+3)a (J+3)8 2i —
S S NLZ g PLX?VBHEI}

a,B=11=1
+h.c. (20)
L£%(v) is composed of the couplings: 1. neutrino-

sneutrino-MSSM neutralino; 2.  neutrino-sneutrino-

lepton neutralino; 3. neutrino-slepton-chargino:

4
{-Se(wazzarorn

I,J=1 a,j=1 i=1

YL 2 2 P )i,

3
30| Vanah, 28 20 - (08 M0 22,

i=1

+\/§QLZ}\;L 5”> ZI(\{ja)aZwE/(]ng)j*] )_(LiPLX(])Va N

2
SV, P L e (21)

i=1

These neutrino couplings are favourable for the study of
neutrinos in the BLMSSM.

6 Conclusion

In this work, we have briefly introduced the main con-
tent of the BLMSSM, which is an extension of the MSSM
with local gauged B and L. In this model, there are new
neutralinos and right handed neutrinos compared with
the MSSM. We deduced the Feynman rules for neutrinos
and neutralinos, and these can be used to further study
neutrino masses and neutralinos in the BLMSSM. We
also showed the mass matrices of particles such as lep-
ton neutralinos and baryon neutralinos. Diagonalizing
the corresponding mass mixing matrices one can obtain
3 lepton neutralino and 3 baryon neutralino masses.

We deduced the new couplings of the MSSM
neutralinos, including MSSM neutralino-exotic lepton-
exotic slepton, MSSM neutralino-neutrino-sneutrino and
MSSM neutralino-exotic quark-exotic squark. The cou-
plings of lepton neutralinos were obtained from the su-
perpotential and the interactions of gauge and mat-
ter multiplets: lepton neutralino-lepton-slepton, lep-
ton neutralino-exotic lepton-exotic slepton and lepton
neutralino-lepton neutralino-lepton Higgs. The baryon
neutralino couplings were deduced in the same way:
baryon neutralino-quark-squark, baryon neutralino-
exotic quark-exotic squark, baryon neutralino-baryon
neutralino-baryon Higgs, and baryon neutralinos-X-t.
Finally, we obtained the couplings of neutrinos beyond
the MSSM, which can be divided as: neutrino-neutrino-
neutral CP-odd Higgs; neutrino-neutrino-neutral CP-
even Higgs; neutrino-lepton-charged Higgs; neutrino-
neutrino-lepton Higgs; neutrino-sneutrino-MSSM neu-
tralino;  neutrino-sneutrino-lepton neutralino; and
neutrino-slepton-chargino. The obtained couplings are
favourable for the study of neutrinos and processes re-
lating to neutralinos in the BLMSSM.
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