Eur. Phys. J. C (2018) 78:324
https://doi.org/10.1140/epjc/s10052-018-5744-x

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

The extended BLMSSM with a 125 GeV Higgs boson and dark

matter

Shu-Min Zhao'#, Tai-Fu Feng'?, Guo-Zhu Ning'<, Jian-Bin Chen?, Hai-Bin Zhang'¢, Xing Xing Dong'

I Department of Physics, Hebei University, Baoding 071002, China

2 College of Physics and Optoelectronic Engineering, Taiyuan University of Technology, Taiyuan 030024, China

Received: 1 December 2017 / Accepted: 19 March 2018 / Published online: 21 April 2018

© The Author(s) 2018

Abstract To extend the BLMSSM, we not only add exotic
Higgs superfields (®yr, ¢nr) to make the exotic lepton
heavy, but also introduce the superfields (¥,Y’) having cou-
plings with lepton and exotic lepton at tree level. The obtained
model is called as EBLMSSM, which has difference from
BLMSSM especially for the exotic slepton (lepton) and
exotic sneutrino (neutrino). We deduce the mass matrices and
the needed couplings in this model. To confine the param-
eter space, the Higgs boson mass m ;o and the processes
' — yy, h® — VV,V = (Z, W) are studied in the
EBLMSSM. With the assumed parameter space, we obtain
reasonable numerical results according to data on Higgs from
ATLAS and CMS. As a cold dark mater candidate, the relic
density for the lightest mass eigenstate of ¥ and Y’ mixing
is also studied.

1 Introduction

The total lepton number (L) and baryon number (B) are good
symmetries because neutrinoless double beta decay or proton
decay has not been observed. In the standard model (SM), L
and B are global symmetries [1,2]. However, the individual
lepton numbers L; = L., L, L are not exact symmetries
at the electroweak scale because of the neutrino oscillation
and the neutrinos with tiny masses [3,4]. In the Universe,
there is matter-antimatter asymmetry, then the baryon num-
ber must be broken.

With the detection of the light Higgs h” (mg = 125.1GeV)
[5,6], the SM succeeds greatly and the Higgs mechanism is
compellent. Beyond the SM, supersymmetry [7,8] provides a
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possibility to understand the light Higgs. The minimal super-
symmetric extension of the SM (MSSM) [9] is one of the
favorite models, where the light Higgs mass at tree level is
m;l’“ = myg|cos2B| [10-12]. The one loop corrections to
Higgs mass mainly come from fermions and sfermions, that
depend on the virtual particle masses and the couplings with
the Higgs.

There are many papers about the gauged B and L mod-
els, although most of them are non-supersymmetric [13,14].
Extending MSSM with the local gauged B and L, one obtains
the so called BLMSSM, which was proposed by the authors
in Refs. [10-12]. The proton remains stable, as B and L are
broken at the TeV scale. Therefore, a large desert between the
electroweak scale and grand unified scale is not necessary. In
BLMSSM, the baryon number is changed by one unit, at the
same time the lepton number is broken in an even number.
R-parity in BLMSSM is not conserved, and it can explain the
matter-antimatter asymmetry in the Universe. There are some
works for Higgs and dark matters [15—17] in the BLMSSM
[18,19]. In the framework of BLMSSM, the light Higgs mass
and the decays W — yyand h® - VV,V = (Z, W) are
studied in our previous work [19]. Some lepton flavor vio-
lating processes and CP-violating processes are researched
with the new parameters in BLMSSM [20,21].

In BLMSSM, the exotic leptons are not heavy, because
their masses just have relation with the parameters Y, vy,
Y.;v,. Here v, and v, are the vacuum expectation values
(VEVs) of two Higgs doublets H, and Hy. In general, the
Yukawa couplings Y., and Y, are not large parameters, so
the exotic lepton masses are around 100 GeV. The light
exotic leptons may lead to that the BLMSSM is excluded
by high energy physics experiments in the future. To obtain
heavy exotic leptons, we add two exotic Higgs superfields to
the BLMSSM, and they are SU(2) singlets @7 and ¢y,
whose VEVs are vy and vyy [22]. The exotic leptons
and the superfields ® 1, ¢ have Yukawa couplings, then
vy and vy give contributions to the diagonal elements
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of the exotic lepton mass matrix. So the exotic leptons turn
heavy and should be unstable. In the end, the super fields
Y and Y’ are also introduced. At tree level, there are cou-
plings for lepton-exotic lepton-Y (Y’). It is appealing that
this extension of BLMSSM produces some new cold dark
matter candidates, such as the lightest mass eigenstate of Y
and Y’ mixing. The four-component spinor ¥ is made up
of the superpartners of ¥ and Y. In this extended BLMSSM
(EBLMSSM), we study the lightest CP even Higgs mass with
the one loop corrections. The Higgs decays h’ — yy and
h® — VV, V = (Z, W) are also calculated here. Supposing
the lightest mass eigenstate of Y and Y’ mixing as a cold dark
matter candidate, we study the relic density.

After this introduction, in Sect. 2, we introduce the
EBLMSSM in detail, including the mass matrices and the
couplings different from those in the BLMSSM. The mass
of the lightest CP-even Higgs 4° is deduced in the Sect. 3. The
Sect. 4 is used to give the formulation of the Higgs decays
h° — yy, h® - VV, V = (Z, W) and dark matter relic
density. The corresponding numerical results are computed
in Sect. 5. The last section is used for the discussion and
conclusion.

2 Extend the BLMSSM

The local gauge group of the BLMSSM [10-12]is SU(3)c ®
SUR) LUy ®U()p ® U(1)L. In the BLMSSM, the
exotic lepton masses are obtained from the Yukawa couplings
with the two Higgs doublets H, and H;. The VEVs of H,

and Hy are v, and vy with the relation , / Uu2 + U§ =uv ~ 250
GeV. Therefore, the exotic lepton masses are not very heavy,
though they can satisfy the experiment bounds at present.
In the future, with the development of high energy experi-
ments, the experiment bounds for the exotic lepton masses
canimprove in a great possibility. Therefore, we introduce the
exotic Higgs superfields ®; and ¢ with nonzero VEVs
to make the exotic lepton heavy. The heavy exotic leptons
should be unstable, then the superfields Y, Y’ are introduced
accordingly. These introduced superfields lead to tree level
couplings for lepton-exotic lepton-Y (¥').

In EBLMSSM, we show the superfields in the Table 1.

The superpotential of EBLMSSM is shown here

WesrLmssm = Wussm + We + WL + Wx + Wy,
Wi = Lalionr + rpESEsdyg
+)LNLNXN5&>NL +unLPNLONL
+ Yo, LaHg ES + Yy, LaH, NS
+ Yo LSH, Es + Yy LS Hy N5
+ Y, LH,NC 4+ Ay N NG + np®ror,
Wy = MLLEY 4+ AsNCNsY' + a6 ESEsY' + uyYY'. (1)
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Warssm is the superpotential of MSSM. Wpg and Wy are
same as the terms in BLMSSM [19]. Wy includes the terms
beyond BLMSSM, and they include the couplings of lepton-
exotic lepton-Y (/! — L' — Y). Therefore, the heavy exotic
leptons can decay to leptons and mass eigenstates of ¥ and
Y’ mixing whose lighter one can be a dark matter candidate.
From Wy, one can also obtain the coupling of lepton-exotic
slepton-Y (I! — L’ — ), where Y is the four component
spinor composed by the superpartners of Y and Y’. The new
couplings of I/ — L' —Y and I — L’ — Y can give one loop cor-
rections to lepton anormal magnetic dipole moment (MDM).
They may compensate the deviation between the experiment
value and SM prediction for muon MDM. The parameter
1y can be complex number with non-zero imaginary part,
which is a new source of CP-violating. Therefore, the both
new couplings produce one loop diagrams contributing to the
lepton electric dipole moment (EDM). Further more, if A4 in
A4LL° Y is a matrix and has non-zero elements relating with
lepton flavor, this term can enhance the lepton flavor violat-
ing effects. In the whole, Wy enriches the lepton physics to
a certain degree, and these subjects will be researched in our
latter works.

Because of the introduction of the superfields ® 1, ¢y,
Y and Y’, the soft breaking terms are written as

EBLMSSM _ pBLMSSM *
['suft - ‘csoft - mCDNL(DNLCDNL

mgngL(P;:JLQDNL + (ALL)\LZ4Z4E(PNL
+ALEAEEesDNL + ALNANLVSUS DN

+BNLUNLDPNLONL + h-C->
+<A4A4iZ§Y + A5)L5NC§5Y/
+ AgreeesY + ByuyYY' + hc) )

Here Lfolj‘c’t"l SSM s the soft breaking terms of BLMSSM,
whose concrete form is in our previous work [19]. The
SU(2)r doublets H,, Hy acquire the nonzero VEVs v, vy.
The SU (2) 1, singlets g, ¢p, Pr, o1, Py1, @1 Obtain the

nonzero VEVs vp, Up, vr, UL, UNL, UNL Tespectively.

H 1 Ud+H¢?+iPdo))’
Hy
1 0 0
(DB=_2<UB+¢B+1PB>7
1 /_ 0 -0
‘PB——Z(UB‘HPB‘HPB)’
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Table 1 The super fields in the

extonded BLMSSM Superfields SU@)¢ SU@2);L Uy U()g Uy,
(EBLMSSM) 0i 3 2 1/6 1/3 0
i 3 -2/3 -1/3 0
ds 3 1 173 ~1/3 0
Li 1 2 -1 0 1
é 1 1 1 0 -1
N¢ 1 1 0 0 ~1
0. 3 2 1/6 By 0
Us 3 1 -2/3 —By 0
DS 3 1 1/3 —By 0
0% 3 2 —1/6 —( + By) 0
Us 3 1 2/3 1+ By 0
Ds 3 1 —1/3 1+ By 0
L4 1 2 -1 0 Ly
E§ 1 1 1 0 L4
N§ 1 1 0 0 "
LS 1 2 12 0 —(3+ Lyg)
Es 1 1 -1 0 34 Ly
Ns 1 1 0 0 34 Ly
A, 1 2 12 0 0
A, 1 2 —12 0 0
dp 1 1 0 1 0
o8 1 1 0 -1 0
o 1 1 0 0 -2
oL 1 1 0 0 2
dyL 1 1 0 0 -3
ONL 1 1 0 0 3
X 1 1 0 2/34 By 0
X' 1 1 0 —(2/3+ By) 0
Y 1 1 0 0 2+ Ly
' 1 1 0 0 —(@2+Lyg)
2 2
) = %(UL + ) + i), Il + %wf —v2) +m3;, + Re[Bulcot f =0,
oL = %(UL +op + lF(Ii) g2 ®
1 . lsl® + S (W} = 0F) +m, — RelBpus]tan f =0,
¢NL:E(UNL+(DNL+1PNL)’ 6)
2
onL = %(vm + @R +iPyL). G lusl® = L} — 0F) +m?, — RelByunlcot s = 0.
Here, we definetan 8 = v, /vy, tan Bp = vp/vp, tan B = 2 2,2 2 %
5./up and tan Byg = Oni /UL, The VEVS of the Higes WL —28LVi +mo, — RelBrp]tan fr =0, ®)
satisfy the following equations el + 287 Vi + méL — Re[Brpp]cot B =0, )
R ) lunel® =387V} +m,, — Re[Byruyi]tan By =0,
lul> — — (v, —vg) + my, + Re[Bu]tan B =0, (10

“)
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lune|* +3g7 Vi +m¢NL Re[Bypunr]cot By =0,
(11)
2

with VL2 =v] — v% + %(U%\,L — UZZVL). Here, the Egs. (8) and
(9) are similar as the corresponding equations in BLMSSM,
but Egs. (8) and (9) have relation with the new parameters
vy and GNL We obtain the new Eqgs. (10) and (11) through

7 g‘z/u and 57—, with V denoting the Higgs scalar potential.

Here we deduce the mass matrices in the EBLMSSM.
Compared with BLMSSM, the superfields @ and gy are
introduced and they give corrections to the mass matrices of
the slepton, sneutrino, exotic lepton, exotic neutrino, exotic
slepton and exotic sneutrino. That is to say, in EBLMSSM,
the mass matrices of squark, exotic quark, exotic squark,
baryon neutralino, MSSM neutralino, X and X are same as
those in the BLMSSM, and their concrete forms can be found
in our previous works [23-25]. Though the mass squared
matrices of slepton and sneutrino in EBLMSSM are differ-
ent from those in BLMSSM, we can obtain the slepton and
sneutrino mass squared matrices in EBLMSSM easily just
using the replacement U% - v% — VL2 for the BLMSSM
results.

In the BLMSSM, the issue of Landau pole has been dis-
cussed in detail by the authors of Refs. [10-12]. Their con-
clusion is that there are no Landau poles at the low scale
due to the new families. In EBLMSSM, the parts of quark
(squark), exotic quark (exotic squark) are same as those in
BLMSSM. Therefore, the Landau pole conditions for the
Yukawa couplings of quark (squark), exotic quark (exotic
squark) have same behaviors of BLMSSM. The added super-
fields (®nr,¢nL,Y,Y") do not have couplings with the
gauge fields of SU3)¢, SU®2)L, U(1)y and U(1)p. So the
characters of gauge couplings g1, g2, g3 and gg in BLMSSM
and EBLMSSM are same.

The different parts between BLMSSM and EBLMSSM
are the terms including ® PNL> Y and Y'. The new terms
in the superpotent1al Wy are ALL4L590NL —H»EE Esdy+
ANLN4N5<I>NL + ,LLNLCDNLgDNL and they have correspond—
1ngrelat10ns with g Q4 Q5®B+XU U4 U5<pB+)LDD D5g03+
M3d>3<p3 in Wp by the replacements L4 RS Q4, L‘ PEY
QS,E‘ <~ U4,E5 <~ U5,N <~ D4,N5 <~ D5, qDNL <~
B, gz)N L < o 5. The correspondmg relations for Wy =
)L4LL°Y + )\.SNLNSY/ + )\6E°E5Y/ + ,bLyYY/ and Wy =
A QQSX + 2U0UsX’ + 23DDsX’ + ux X X' are obvi-
ous with L < Q,ig < Q0% EC o U Es < Us, N <
D¢, Ns < Ds, X < Y, X’ < Y. From this analysis, the
Landau pole conditions of gauge coupling g; and Yukawa
couplings of exotic leptons should possess similar peculiar-
ities of gauge coupling g and Yukawa couplings of exotic
quarks. In conclusion, similar as BLMSSM, there are no Lan-
dau poles in EBLMSSM at the low scale because of the new
families. The concrete study of Landau poles for the cou-
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plings should use renormalization group equation which is
tedious, and we shall research this issue in our future work.

2.1 The mass matrices of exotic lepton (slepton) and exotic
neutrino (sneutrino) in EBLMSSM

In BLMSSM, the exotic lepton masses are not heavy, because
they obtain masses only from H,, and H;. The VEVs of @y,
and ¢y are vyr and Uyr, that can be large parameters.
So, the EBLMSSM exotic leptons are heavier than those in
BLMSSM.

The mass matrix for the exotic leptons reads as

—%ALUNL, J%Yesvu )

By ) z
’ 1 1
e ( 4R SR) _7§Y€4Udﬂ J_EAEUNL

e/
X ( §L> + h.c.
esL

Obviously, Uy and vy are the diagonal elements of the
mass matrix in the Eq. (12). It is easy to obtain heavy exotic
lepton masses with large vy, and vy . If we take Uz and
unL as zero, the mass matrix is same as that in BLMSSM.
In fact, our used values of Uy and vy are at TeV order,
which produce TeV scale exotic leptons. Heavy exotic lep-
tons have strong adaptive capacity to the experiment bounds.
The exotic neutrinos are four-component spinors, whose
mass matrix is

(12)

1, — 1

L Ly

—Lm,a” _ (]_)/ 5 ) “/li LUNL, lﬁ vs Ud

v AR SR\ LYy, vu,  —=AnLunL
V2 v V2

U/
X ( ‘/‘L) + h.c.
VsL,

Similar as the exotic lepton condition, heavy exotic neutrinos
are also gotten.

In BLMSSM, the exotic sleptons of 4 generation and 5
generation do not mix, and their mass matrices are both 2 x 2.
In EBLMSSM, the exotic sleptons of 4 generation and 5
generation mix together, and their mass matrix is 4 x 4. With
the base (&4, €5", es, €5*), we show the elements of exotic
slepton mass matrix M% in the following form.

13)

-2 2
2 ~Ck ~ 2 Une | Y 2 2
g — 8
—%(vﬁ—vﬁ)—gimu)vz,
2
M(E5es) = A 2 +—|Ye§|2+M§5

g
+Zl(v§ — )+ g7+ LyVE,

-2 2 2
ML (@es) = 2 UNL | 8178

2 8 (vg = v,)
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2
Yd 2 2 2 2
+7|Ye4| +MZ4 +gLL4VLa
V2

MZ (~C>I<~C) — )\‘2 % _ ol )

+7d|Ye4|2 + M§4 — &2 L4V},

2 e «. UNL UNLVy
./\/lE(e4e5)—de )»E—z + ALY T
2 i~ o~
ME(€Seg): ﬁY65+A€5 65«/—

2 sc5 UNL
M (eges) = ,U«NL)\Eﬁ ALE)\Eﬁ

- UNL
M (6485 = —u )»L +ALLAL——
E 5 NL \/_ ﬁ
2~ ~c\ __
ME~(€464) = «/EY“ + Ae4 e4 \/—
ME@EE) = ~Yehg M oYy, ”Név". (14)

In Eq. (14), the non-zero terms M%(&;Eg), M%(Ejés),
M2 (Eg eg*) and MZE (e4es) are the reason for the exotic slep-
ton mixing of generations 4 and 5. These mixing terms all
include the parameters vy and vy . It shows that this mix-
ing is caused basically by the added Higgs superfields @y
and @y . Using the matrix Zz, we obtain mass eigenstates

with the formula ZJr M2 ZE = dlag(mEl , ZEZ, mZ
In the same way, the exotlc sneutrino mass squared matrix

is also obtained

2 2 2

i 8 t8
Mz( DERDE) = A7 %— 18 2 (v7 — )
+—d|Yv5|2 +M; — G+ LaVE,

2 2 2
81t+¢g
gL 4+ & 5 2(U§_U3)
v 2 2 2 2
+7”|Yv4| + M7 +8rLaVi,

M, (T504) =27

(1)5\)5) _)‘NL +gL(3+L4)VL

2

v
+ Vs P + M,
2
M?(/(Vfl*vfl)_)‘NL B _gLL4VL
2

+—“|YV4|2+M2

V4

NLVd UNLV,
M (T = i Yog 5t = ALY, 22,
~ ~ 1Y Uq
M%(”S”g) = M*\/_%YU5 + AV5YU5 7’

—em UNL UNL
ME (505) = Wy AN —= — ALNAN —=
N 4 NL \/E ﬁ

2
£ i)

Y e UNL NL

ME(B47E) = uhy; —=Ap — ALpAL —=,
N 5 NL «/5 ﬁ

m UNLU4  UyUNL

MG (5305) = A Yos —— = ”TANLY;;,
Vg
M2 (947) = p* + AyY, (15)
4 \/E V4 V4 V4\/§

For the exotic sneutrino, the mixing of generations 4 and 5 is
similar as that of exotic slepton. In the base (V4, V5", Vs, V5*),
we get the mass squared matrix of the exotic sneutrino, and

obtain the mass eigenstates by the matrix Zg through the
formula ZJf /\/12 Zy= dzag(m -, ?VZ’ m%ﬂ, m?w).

2.2 The lepton neutralino mass matrix in EBLMSSM

In EBLMSSM, the superfields (@7, ¢r, Pyr, ¢nr) have

their SUSY superpartners (Yo, , Vo, , Yoy, > Yoy, ). They
mix with A7, which is the superpartner of the new lepton type
gauge boson ZZ. Therefore, we deduce their mass matrix in

the base (IAp, Yo, Vo, Yoy Yonr)

2My  2vupgr —2vpgr 3unrgr —3UNLEL
2urgr 0 —KL 0 0
My =| 2018 —nur 0 0 0
3unrgr O 0 0 —UNL
—3unrgr 0 0 —UNL 0
(16)

The lepton neutralino mass eigenstates are four-component
spinors X9 = (K7, K7 )", and their mass matrix is diag-
onalized by the rotation matrix Zy . The relations for the
components are

i)\'L = Z}\;’LK?"_, 1pd)L = ZIZV!LK?,I" 1'0(;0L = Z%LKgi’
§ .
Yoy, =Zy KD Ven, = ZNL KD, (17)

In BLMSSM, there are no ¥'¢, » Yoy, » and the base of lepton
neutralino is (iAr, Vo, , ¥y, ), whose mass matrix is 3 x
3. EBLMSSM extends this matrix to 5 x 5 including the
BLMSSM results.

2.3 The Higgs superfields and Y in EBLMSSM

The superfields @, o1, Py, ¢y mix together and form
4 x 4 mass squared matrix, which is larger than the corre-
sponding 2 x 2 mass matrix in the BLMSSM. Diagonaliz-
ing the mass squared matrix, four CP even exotic Higgs are
obtained.

1 _ _
MG (@) ®)) = Eg% (6U% — 207 + 3y, — U12VL))
Lo 15
+§ML + qu)L’

1 _ -
M) = 551 (697 — 207 +3@%, — vin)

@ Springer
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1, 1

+ 2,U«L + 2m§0L’

1 27 9

250 @0 2 2 )
MG (P Pyp) = 28L< > UNL T 5 UNL +3(v] — UL)>
[ [

+ EMNL + zmcpNL’

1 27 9
M¢(¢NL€0NL) 2(2 Dy — 2“]2\’L+3(UL UI%))

1 2 1 m2

+ ZIU“NL + = 5 (PNL’
_ Brug
MG(@Lgp) = —4giuLn — ——,
M¢(q>%q>‘}\,L) = 68%ULUNL,
_ Byrunt

Mé(cD?vL(P?VL) = —98%UNLUNL - T,
M3 (@) 9N1) = 681 ULONL,
MG (@) @) = —687 DLUNL,
MG (D)) = —68[VLDNL. (18)
We use Z; to diagonalize the mass squared matrix in

Eq. (18), and the relation between mass eigenstates and the
comments are

0 1i 770 0 2i 770
®) = z) Y. o) =22 H),

O =Z) HY. el =275 Y. (19)

In EBLMSSM, the conditions for the exotic CP odd Higgs
P0 I30 are same as those in BLMSSM, and they do not mix
Wlth the added exotic CP odd Higgs P N I Pz(\)/ - Here, we
show the mass squared matrix for the added exotic CP odd
Higgs P,(\),L, PIQ,L.

1 9
M?J(PI(\)’LPI(\)JL) = ;8L ( vy — _UNL +3(vf — UL))

1 1 2
+_M L+2m¢NL’

N9}
N |

2
M2 (PO PO L s9 ., 9, 32 — 2
»(PypPyp) = 781\ 5VNL 2UNL+ (v —vp)
L, L,
+§MNL+§m‘PNL’
- BNLUNL
M2(PY PR = —— (20)

The scalar superfields Y and Y’ mix, and their mass
squared matrix is deduced here. This condition is simi-
lar as that of X and X', then the lightest mass eigenstate
of Y and Y’ can be a candidate of the dark matter. With
Sy = g% (2+Ly) V2, the concrete form for the mass squared
matrix is shown here. To obtain mass eigenstates, the matrix
Zy is used through the following formula, with the supposi-

: 2 2
tion my, < my, .

—uy By

i ((lnyl> + Sy ) <m§ 0 )
V4 7y — 1 i
Y( lur2=58y )"\ 0 md,

—uy By

@ Springer

iy _ ¢ Y
()

The superpartners of ¥ and Y’ form four-component Dirac
spinors, and the mass term for superfields Y is shown as

mass oy v l//Y’
L =uyYY Y = - . 22
Y ’ ( I//y ) ( )

The spinor Y and the mixing of superfields ¥, Y’ are all new
terms beyond BLMSSM, that add abundant contents to lepton
physics and dark matter physics.

2.4 Some couplings with 2° in EBLMSSM

In EBLMSSM, the exotic slepton(sneutrino) of generations
4 and 5 mix. So the couplings with exotic slepton(sneutrino)
are different from the corresponding results in BLMSSM.
We deduce the couplings of 42° and exotic sleptons

4 1 — 452 -
S EFEIRO| (Pusin p——s— (244 ZY
4s%vc E E

lis 1j
— 727
2 E E )
ij—=1 W

w* Qi 1] . 2 AEs 4ix 3]
Y"“ZEZ*ZE — vsin B|Y,,|76;; ——ZE’*ZE

2 V2
1 1 : 4
+2,\LYESZ /735y —Eygz‘g’szg*uNL)cosa
1—4s2, . vy
(2 W lix 71 Sdix 4]
(e UCOSIB—4S‘2,VC%V (ZE ZE ZE ZE)
vcos BV, 28 — AEs g2ix gl _ Wy is )
el W ﬁ E TE ﬁ STE “E
1 1
—EY*ZZJA z‘tl*uNL+zzll*Y*)\Ez UNL> sina].

(23)

In Eq. (23) different from BLMSSM, there are new terms
(1 ALYeSZ Z3’*‘ IY*Z4’A £Z¥*uN) cosa—(5 2L

2%es
Y;‘:)LEZE UNL— 2Y;ZZJ)\ Z4’*UNL) sin o besides themlx—
ing of generations 4 and 5 slepton. Obviously, these new
terms include vy and vy, which are the VEVs of added
Higgs superfields @y and ¢y . In the same way, the cou-
plings of #° and exotic sneutrinos are also calculated

2
i*x7j7,0 ¢ : lix71j _ Zdix 4]
Z N™*N/n [(4 %Vusmﬁ(ZN zl —z3z))
i,j=1
L ey L Z oy, — vsin BlY, Py — AN 72 7Y
24N TuANLLGUNL uldij = 2 Zy 2
* 1 ) .
%szzjv'*zN — Eyizfv-’uzj\.;*am) cosa
dix 4] _ Slix1]
( %V ucos,B[ZN Z,\”] 21\7 Zﬂ/]
ANs aix 3]
TY,,AZZ’*Z’ Ucosﬁ|YV5|28ij—\/§5Z;t~l’*ZN]
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1 3 1 ; 2j .
+2Y VA j)\.LZII*UNL + 2szz;$*)~N“ZNJUNL> Slna].

(24)

In this coupling, the new terms beyond BLMSSM are
( le*Y* )»NLZBlUNL—i-z ZZJ)LLZA“*UNL)COSO[—(2
Y, Z3JALZIJ*UNL +1 szzjé*)\chN unL) sina.
The h° — L — L coupling has the same form as that in
BLMSSM. While, the h° — b — ¥ coupling gets corrected

terms, but these terms are suppressed by the tiny neutrino
Yukawa coupling Y.

6
Z lji*f)jho[SiHOl\/_Yv th*Z(1+3)l
i,j=1
e lix
— i Bl AL
W W
+cosa<<chUL - —2)Y VALY ARR

—v sinﬂ|Y,)|28,-j>:|. (25)

Here, sw (cw) denotes sin Oy (cos Oy ), with Oy representing
the weak-mixing angle. The concrete form of 8122 is in Ref.

[91.
2.5 The couplings with Y

For the dark matter candidate Y7, the necessary tree level
couplings are deduced in EBLMSSM. We show the couplings
(Iepton-exotic lepton-Y') and (neutrino-exotic neutrino-Y)

2
L= 3 & (MWl 2y Pr = 26UE 2y PL) L s Y]
Q=1
6

-3 Z X3, (A Zhewh z,)* Py

a=1i,j=1

+asZ§ Uy Zz’*PL)N’HY;“ The. (26)

i

The new gauge boson Z, couples with leptons, neutrinos and
Y, whose concrete forms are

3 2
=—Y erzie'yue' = Y gL+ Loz} Yrio,Y;
=1 i,j=I
1
_Z Z gLZLXNa IQ*ZNﬁVp.PL
I=1a,B=1
+Zy 2y PR XY, + hec, 27)

@1 gives masses to the light neutrinos trough the see-saw
mechanism and &, @1, Py, N1 mix together produc-

ing lepton Higgs H}. Y Then the couplings of HBYY* and
Xy xyHY are needed

2 4
=Y Yete+Ly (77 - 737y

i,j=1k=1

3
1k 2k 3k
X(ULZ — UL Z ~|— 2 LZ(Z’NL
3
2 o

= Ak
inLZ )HLkYY

M“

6

(L+da 70438 72% 20
D awezZy Mz P2 %R P, HY, + hec.
B=

L
1

»
Il

la

(28)

3 The mass of 1°

Similar as BLMSSM, in EBLMSSM the mass squared matrix
for the neutral CP even Higgs are studied, and in the basis
(HY, H,?) it is written as

M= M§1+A11M§2+A12
even M12+A]2 M22+A22 ’

where M 121, M 122, M222 are the tree level results, whose con-
crete forms can be found in Ref. [19]

(29)

A — AMSSM+AB +A1L11
A = APSSM A + Alz’

The MSSM contributions are represented by A’l"{SSM

A%SSM and A%SSM . The exotic quark (squark) contribu-
tions denoted by Aﬁ, Afz and Agz are the same as those
in BLMSSM [19]. However, the corrections AlLl, A1L2 and
A§2 from exotic lepton (slepton) are different from those in
BLMSSM, because the mass squared matrices of exotic slep-
ton and exotic sneutrino are both 4 x 4 and they relate with
vy and vyp. Furthermore, the exotic leptons and exotic
neutrinos are heavier than those in BLMSSM, due to the
introduction of ® 7 and gy .

>

Al = GFY;;U“ . WAy, — MCOtﬂ)zg(m,c,l,mNz)
4272 sin” B (miw — m%}z)2
GrY vt { My Avs(Avs = ptan B)
4[71 cos2 B m? mfw _m,2§,4
x In mZ\”ﬂ AUS(AVS _Mtanﬁ)zg(m"3,M”4)}
ml\“,4 (mfgn - mi—]4)2 N N
GrYg vt {AM(AM —ptanp)  Mp
4f71 cos2 B m%l —m%z mzé_2
Ae4(A;4 - Mztanf)zg(mgl smg2) +1In mEl;nEZ }
(m%y —m%,) Mey
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GrYgu' (A — pcot )
4fn sin” B (mZE3 _m2124)2
GrYiv*  p(ucotp—Ay)

: 2 2

4272 sin? B my, —ms,

X{ln m}(ﬂ + AV4(AZU4 - /“L;Otﬂ)

mgo2 le _mﬁz
GrYgu'  p(uian g — A,,)
4frr cos? B m%, —m%

E! E?
x{ n mgi 4 Agy(Agy — ptan B)
mEz mz~

3 g(mgl,mgz)}
BT M
GrYyvt Cpu(ptan B — Ay)
4fn cos2 B mZ, —m>

N3 N3
+ AVS (A\JS

g(mps, mps),

L
Ap =

g(ml\”ll,m,\‘lz)}

x{ln e — wtan B)
m g m% ., —m>
GrYgu'  p(ucotp— Au)

4«[7r sin” B m%, —m%

E3 E*
X{lnmgs 4 Aes(Ags — pcot B)
mE4 m=

8(m1\73,m1§,4)}

g(mgg,m,;4)},

2
A\)4(Av4 — pncot B) In m1\71

m2~ - m2~ m2~

4272 sin” B o1 RE 2
A2 (A, — peot B)?
(mi?1 — m%ﬂ)2
mgim g } n GFY(iU4
m2, 4272 cos? B
2 (Aey — ptan p)?
(7, —m?,)>

GrpY*u?t
L v,
Ay = : {

gmgi, my2)

+In

g(mgi,mgs)

GrYiv! {AeS(Aes—ucotﬁ) "
4\/_71 sin” B m%3 —m%4 m%4

A2 (Ags — pucot B)?
(m%y —m%,)?
mEsm g } N GrY,v!

4272 cos? B

(A — ptan B)°
(m%y —m%,)?

glmpgs, mgs)

+In

2
I’I’le5

glmygs, mya). GD

4 The processes h® — yy, i - VV, V =(Z, W)
and dark matter Y;

4.1 hY decays

At the LHC, 0 is produced chiefly from the gluon fusion
(gg — h°). The one loop diagrams are the leading order

@ Springer

(LO) contributions. The virtual t quark loop is the dominate
contribution because of the large Yukawa coupling. There-
fore, when the couplings of new particles and Higgs are large,
they can influence the results obviously. For 1 — gg, the
EBLMSSM results are same as those in BLMSSM, and are
shown as [26-28]

GFotzm

64273
+ Z ghoqq

Tnp(h® — gg) =

Z 8nogqA1/2(xg)

2

Ao(xq) (32)

with x, = mio / (4m§). Here, ¢ and ¢’ are quark and exotic
quark. While, ¢ and ¢’ denote squark and exotic squark. The
concrete expressions for g0, 8r04¢» 8n0G5. 8nog (i =
1, 2) are in literature [19]. The functions A7 (x) and Ag(x)
are[28]

A =2[x + (= Dg@) /4

Ap(x) = —(x — g(x))/x?,

arcsin® /x, x <1
gx) = _[1 14+/1=1/x
T—Visi/x

2 33
m], x> 1. (33)

The decay h° — yy obtains contributions from loop dia-
grams, and the leading order contributions are from the one
loop diagrams. In the EBLMSSM, the exotic quark (squark)
and exotic lepton (slepton) give new corrections to the decay
width of 1% — yy. Different from BLMSSM, the exotic lep-
tons in EBLMSSM are more heavy and the exotic sleptons
of the 4 and 5 generations mix together. These parts should
influence the numerical results of the EBLMSSM theoretical
prediction to the process h° — yy to some extent.

The decay width of 1% — 'y can be expressed as [29]

GFOl m

Typ(h® = yy) =
NP( vy 128f 3

ZNchghO rrA12(xy)

2
m
W
N Ao Cope)

+ 8hoH+H-

2

+gnoww A1(xw) + Zgh‘)x,*x‘
i=1
x ¥ AaCe) + > NeQlgyo 7
my RO LR B ]
7
2 2
m
X —5Ao(xf)
mf, :

(34)

where gjow = sin( —«) and A (x) = —[2x2 + 3x +
302k — 1)g(x)]/x2.
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The formulae for hi° — ZZ , WW are

i’ — Ww) = 3etmo | PF
= S12m3sd, 1MW mho :

4

e Mnmjo
l"(h() — ZZ) = 204.8%|g]1022|

40 , 160 mz
7— Fl22),
x( 3sW—I- 9 sW> (mh0>

(35)

with g0, = gpoww and F(x) is given out in Refs. [30—
32]. The observed signals for the diphoton and ZZ, WW
channels are quantified by the ratios R,, and Ryy, V =
(Z, W), whose current values are Ry, = 1.16 & 0.18 and
Ryy = 1.197035 [33].

4.2 Dark matter Y

In BLMSSM, there are some dark matter candidates such
as: the lightest mass eigenstate of X X’ mixing, X the four-
component spinor composed by the super partners of X and
X'. They are studied in Ref. [18]. In EBLMSSM, the dark
matter candidates are more than those in BLMSSM, because
the lightest mass eigenstate of Y'Y’ mixing and ¥ are dark
matter candidates. After U (1), is broken by ®; and ®y,
72 symmetry is left, which guarantees the stability of the dark
matters. There are only two elements (1, —1) in Z2 group.
This symmetry eliminates the coupling for the mass eigen-
states of Y'Y’ mixing with two SM particles. The condition
for X is similar as that of Y, and it is also guaranteed by the
72 symmetry.

In this subsection, we suppose the lightest mass eigen-
state of YY’ mixing in Eq. (21) as a dark matter candidate,
and calculate the relic density. So we summarize the relic
density constraints that any WIMP candidate has to satisfy.
The interactions of the WIMP with SM particles are deduced
from the EBLMSSM, then we study its annihilation rate and
its relic density 2p by the thermal dynamics of the Universe.
The annihilation cross section o (Y1 Y|" — anything) should
be calculated and can be written as o v, = a + bvrzel in the
Y\Y 1* center of mass frame. v, is the twice velocity of Y
in the Y1Y{" c.m. system frame. To a good approximation,
the freeze-out temperature (7F) can be iteratively computed
from[15-17]

mp ~n |:0.038Mplmp(a+6b/xp)i|

Tr Neae ’
with xp = mp/TF and mp = my, representing the WIMP
mass. Mp; = 1.22 x 10! GeV is the Planck mass and g4 18
the number of the relativistic degrees of freedom with mass
less than Tr. The density of cold non-baryonic matter is
Qph? = 0.1186 =+ 0.0020 [33], whose formula is simpli-
fied as

(36)

XF = —

5 1.07 x 10%xp
Qph” ~ . (37
J&Mpp(a+3b/xp)GeV

To obtain a and b in the o'v;;, we study the ¥ Y}" dominate
decay channels whose final states are leptons and light neu-
trinos: (1) V1Y; — Z; — I'l1; @ vY} — Zp, — vIvl;
Q) Ny — o — ;@ Yy - L — 15 (5)
Yy - N — vl

Using the couplings in Egs. (26), (27), (28), we deduce
the results of a and b

a= ) IZ

l=e,u,T i=1

8§12+ Ly 15 11 21k 21
+ > {LT(Zi*Zy—Zy*Zy)

0
XNot:VesUM,Vr

S E— Wll,lzll/l*)‘ U21Z2]*|
(mD L’)

34
1
(I+3)a (I+3)a 2i
D) — (A ZU D 70 +3a 7 )
=1 io Gmp —mg,)
x (vpzZV — 5, Z% +§u z3i —35 z4 ’
L oL L oL 2 L oL 2 L oL
2 3
1 mpy/
+_ 1
ZZ 2 2
Tl o (mp +my)

=5>

I=e,p,T

7m3) 812+ L4)2

247 (4m3, —m7)

3 1 g} 2+ La)*m3,

+
967 (4m3, —mZL)2

0
XNQ:VQ,UMJ)'[

3
x (7 +1Y (Z}Vﬁj*z,’vﬂg - ngv”)“*zgfv“)“)
1=1

)

(38)

5 Numerical results
5.1 h° decays and m 40, m g0

In this section, we research the numerical results. For the
parameter space, the most strict constraint is that the mass of
the lightest eigenvector for the mass squared matrix in Eq.
(29) is around 125.1 GeV. To satisfy this constraint, we use
myo = 125.1 GeV as an input parameter. Therefore, the CP
odd Higgs mass should meet the following relation.

e mio(mzz —mio + A+ Ax) —mZZAA + Aﬁ -

Ar1A
4° —my, +m%cos?2f + Ap '

(39)
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Fig. 1 The results versus A, are shown. R, (solid line) and Ryy (dashed line) are in the left diagram. m 40 (dot-dashed line) and m o (dotted

line) are in the right diagram

where

Ap = sinz,BAn +c052ﬂA22 +sin28A13,

Ap = cos> BA11 + sin? BAx +sin2BA1 . (40)

To obtain the numerical results, we adopt the following
parameters as

Yu4 == 1~2th YMS == 0.6Yt,
g5 =1/3, hy=ig=05,
Ay = Ady = Ags = Aey = Aes = Ay, = Ay = 1 TeV,
Ao =04, g1 =1/6,

Yu, = Yy, =2V,

M, =Mos =My,

= mbs =my, = Mpy = 1TeV,
Yo, = 0.6,
tan By = tan B = 2,

AL=ANL=Ag=1,

=m05 =]/I/[54
UN[ = UL :Ab =3TeV,

mp =mg= 1.45;; TeV,

Aj =Ap =058;TeV (i, j=1,2,3), up =05TeV,

Apg = Apy = App = unL = ALL
=Arp=Ay=1TeV, Y, =Y,, =0.1,

=my =15TeV,

5

mp, =12TeV, By=Ly=15.

mp, =mp =mp =mg

(41)

Here Y; and Y}, are the Yukawa coupling constants of top
quark and bottom quark, whose concrete forms are Y; =
ﬁmt/(v sin8) and Y, = \/Emb/(v cos B) respectively.
To embody the exotic squark corrections, we calculate
the results versus A,; which has relation with the mass
squared matrix of exotic squark. In the left diagram of
Fig. 1, Ry, and Ryy versus A, are plotted by the solid
line and dashed line respectively with m Hy = Mg, =
1.2TeV, tang =14, A, = 1.7TeV,vg =3.6TeV, u =
—2.4TeV, tanpBp = 1.5and Y., = 0.5. In the left diagram
of Fig. 1, the solid line (R, ) and dashed line (Ryy) change
weakly with the A,5. When A, enlarges, R, is the increas-

@ Springer

ing function and Ryy is the decreasing function. During the
Ay region (—1700 to 1000) GeV, both R, and Ry y satisfy
the experiment limits. The dot-dashed line(dotted line) in the
right diagram denotes the Higgs mass mg (m(l)_l) varying with
Ay;. The dot-dashed line and dotted line increase mildly with
Ays. The value of m% is a little bigger than 500 GeV, while
the value of m(}{ is very near 500 GeV.

For the squark, we assume the first and second generations
are heavy, so they are neglected. The scalar top quarks are
not heavy, and their contributions are considerable. A; is in
the mass squared matrix of scalar top quark influencing the
mass and mixing. The effects from A, to the ratios Ry,
Ryv, Higgs masses m 40 and m yo are of interest. Asm 5. =
2.4TeV, mg, = 1.2TeV, tanB = tan fp = 2.15, vp =
41TeV, u = —2.05TeV, Y,, = 0.5and A,; = 1TeV.
R, (solid line) and Ry y (dashed line) versus A, are shown
in the left diagram of Fig. 2. While the right diagram of Fig.
2 gives out the Higgs masses m 40 (dot-dashed line) and m o
(dotted line). In the A; region (2-4.8) TeV, the R, varies
from 1.25 to 1.34. At the same time, the Ry y is in the range
(1.2-1.38). The dot-dashed line and dotted line are very near.
In the A; region (3000-4000) GeV, the masses of Higgs A°
and HY are around 1000 GeV. In this parameter space, the
allowed biggest values of A? and H? masses can almost reach
1350 GeV.

Y., is the Yukawa coupling constant that can influence
the mass matrix of exotic lepton and exotic slepton. We
use my. = my, = 1.2TeV, tanB = 2.3, tanfp =
1.77, A, = 1.7TeV, vp = 543TeV, u = —2.64TeV,
A, = 1TeV and obtain the results versus Y,, in the Fig. 3.
In the left diagram, the R, (solid line) and Ryy (dashed
line) are around 1.3 and their changes are small during the
Y,, range (0.05-1). One can see that in the right diagram
m 40 (dot-dashed line) and m go (dotted line) possess same
behavior versus Y,,. They are both decreasing functions of
Y., and vary from 1500 to 500 GeV. In general, Y,, effect to
the Higgs masses m 40 and m go is obvious.
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Fig. 2 The results versus A, are shown. R, (solid line) and Ryy (dashed line) are in the left diagram. m 40 (dot-dashed line) and m zo (dotted

line) are in the right diagram
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Fig. 3 The results versus Y,, are shown. Ry, (solid line) and Ryy (dashed line) are in the left diagram. m 4o (dot-dashed line) and m 0 (dotted

line) are in the right diagram

mg. andm {7, are the diagonal elements of the squark mass
squared matrix, and they should affect the results. Supposing
me. = mp = Mg, tanB = 2.1, tanfBp = 2.24, A, =
1.7TeV, vp = 395TeV, u = —-19TeV, Y, =
0.6, A,; = 1TeV, we calculate the results versus My and
plot the diagrams in the Fig. 4. It shows that in this figure the
solid line, dashed line, dotted line and dot-dashed line are all
stable. R,,, and Ryy are around 1.2. At the same time m 40
and m yo are about 1 TeV.

5.2 Scalar dark matter Y

Here, we suppose Y71 as a scalar dark matter candidate.
In Ref. [33] the density of cold non-baryonic matter is
Qph? = 0.1186 £ 0.0020. To obtain the numerical results
of dark matter relic density, for consistency the used param-
eters in this subsection are of the same values as in Eq. (41)
if they are supposed. Therefore, we just show the values of
the parameters beyond Eq. (41). These parameters are taken
as

ny = 1500GeV, Ais =1,

urp =B =By, =1TeV, tanp = 1.4,

By =940GeV, my, =m} z

o = Moy,
2 2
=my, = 3TevV~, Y, =0.5. 42)

With the relation A4 = A¢ = Lm, we study relic density Qp
and xr versus Lm in the Fig. 5. In the right diagram of Fig. 5,
the grey area is the experimental results in 3 o and the solid
line representing $2ph? turns small with the increasing L.
During the Lm region (0.7-1.4), Qph? satisfies the experi-
ment bounds of dark matter relic density. xr is stable and in
the region (23.5-24).

Taking Y., = 1.3,A4 = A¢ = 1 and the other param-
eters being same as Eq. (42) condition, we plot the relic
density(x ) versus Y, in the left (right) diagram of the Fig.
6. In this parameter space, during Y, region (0.1-2.5), our
theoretical results satisfy the relic density bounds of dark
matter, and x is very near 23.55. Generally speaking, both
the solid line and dashed line are very stable.

6 Discussion and conclusion

Considering the light exotic lepton in BLMSSM, we add
exotic Higgs superfields @ and ¢ to BLMSSM in order
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Fig. 6 The relic density and x versus Yes

to make the exotic leptons heavy. Light exotic leptons may be
excluded by the experiment in the future. On the other hand,
heavy exotic leptons should not be stable. So we also intro-
duce the superfields Y and Y’ to make exotic leptons decay
quickly. The lightest mass eigenstate of ¥ and Y’ mixing mass
matrix can be a dark matter candidate. Therefore, the exotic
leptons are heavy enough to decay to SM leptons and Y at tree
level. We call this extended BLMSSM as EBLMSSM, where
the mass matrices for the particles are deduced and compared
with those in BLMSSM. Different from BLMSSM, the exotic

@ Springer
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sleptons of 4 and 5 generations mix together forming 4 x 4
mass squared matrix. EBLMSSM has more abundant content
than BLMSSM for the lepton physics.

To confine the parameter space of EBLMSSM, we study
the decays i — yy and h® — VV,V = (Z, W). The
CP even Higgs masses m 0, myo and CP odd Higgs mass
mg are researched. In the numerical calculation, to keep
mpo = 125.1 GeV, we use it as an input parameter. In
our used parameter space, the values of R, and Ryy both
meet the experiment limits. The CP odd Higgs mass m 40
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is a little heavier than the CP even Higgs mass m go. Gen-
erally speaking, both m 40 and m go are in the region (500—
1500) GeV. Based on the supposition that the lightest mass
eigenstate Y| of ¥ and Y’ mixing possesses the character of
cold dark matter, we research the relic density of Y. In our
used parameter space, 2ph? of Y| can match the experiment
bounds. EBLMSSM has a bit more particles and parame-
ters than those in BLMSSM. Therefore, EBLMSSM pos-
sesses stronger adaptive capacity to explain the experiment
results and some problems in the theory. In our later work, we
shall study the EBLMSSM and confine its parameter space
to move forward a single step.
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