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Abstract. We study the FCNC problems in 3-4-1-1 model in a way different from the previous
work. The sources of FCNC at the tree-level in the 3-4-1-1 model come from both the gauge
and scalar sectors. We show that the most stringently bound on the tree-level FCNC interactions
comes from the meson oscillations. The lower bound on the new physics scale is imposed more
tightly than in the previous work, My, > 221eV. On the allowed value domain of the new physical
scale, we show that the contribution of the tree-level FCNC interactions to the Br(Bs — u ™) is
negligible.
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I. INTRODUCTION

The standard model (SM) is incomplete since it cannot solve many crucial questions of
nature: the neutrino masses, dark matter, cosmic inflation, matter-antimatter asymmetry... The
answer to these questions, we have to study beyond the SM. A common feature of the electroweak
extension of the SM is an extension of the Higg sector and gauge symmetry. Among a class of
models based on the extended gauge symmetry, the models that include B-L as a gauge charge
have intriguing features. The models contain non-commutative B-L, the dark and normal-matters
non-trivially unified in gauge multiplets. The discrete symmetry, which protected stability of the
dark matter (DM), appears naturally as the residual B — L charge [1-8]. The U(1)p_ breaking
field successfully inflates the early universe, cosmic inflation [2, 8] and its vacuum expectation
value yields a mass for right-handed neutrinos. Thus, this kind of extended SM can explain small
neutrinos masses through the exchange of heavy right-handed neutrino, well-known as seesaw
mechanisms [8]. The model having a higher weak isospin symmetry SU (P),, can offer both natural
solutions for the questions of generation number [1, 9] and multicomponent DM for P > 4 [9,
10] due to a non-trivial structure of the residual gauge symmetry relevant to the existence of
multi B-L charges. In this direction of expansion, the minimal realization of multicomponent
DM corresponds to the gauge symmetry, SU(3)c x SU(4)L x U(1)x x U(1)y (3-4-1-1). In this
model, the fermion generations transform differently under the gauge symmetry. Thus it creates
the tree-level FCNC.

The new physics contribution to the FCNC processes is bounded strongly. Especially the
processes related to B—physics. SM contributions to the meson mixing systems are almost match-
ing the observed quantities. Thus, such studying gives stringent constraints on the FCNC inter-
actions. Bound on new physics scale from FCNC interactions has been studied previously in the
3-4-1-1 model [9]. The result was insufficient because they have studied only the B? — BY mixing
from contributions of new neutral gauge bosons. Source of new scalar sectors and SM contribu-
tions were not considered. Therefore, the lower bound on the new physics scale indicated in [9]
is a few TeV. In this work, we study the FCNC problems in the 3-4-1-1 model in a way different
from previous works [9]. We will include both SM and all the tree-level contributions (both gauge
and scalar fields) to study some FCNC processes, namely the meson mixing and rare decay of
B-meson. We can obtain new results.

We organize our paper as follows. In Sec. II, we give a brief overview of the 3-4-1-1 model.
The FCNC interactions in the 3-4-1-1 model, including both scalar and gauge fields, are derived in
Sec. III. In Sec. IV, we concentrate on studying the mass difference of mesons and the rare decay
By — ppu. Our conclusions are given in Sec. V.

II. A SUMMARY OF THE 3-4-1-1 MODEL

The model naturally provides multi-component dark matter is based on the gauge symmetry
SU3)e xSU(P)L xU(1)x x U(1)n, where SU(3)c is the color group, SU(P),, is an extension of
the SU(2),, weak-isospin. The minimal realization of multicomponent dark matter corresponds to
P = 4, called the 3-4-1-1 model. The last two factors, U(1)x,U(1)y determine the electric charge
Q and B — L as follows [10]

Q=T+Pl+yNis+X, B-L=>bTz+cli5s+N, ey
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where the coefficients have been determined in [9, 10] as

1 1 2 1
— g+ 1), y=—=(q-3p—1)b=———(n41), c=—(m-3m-2).
B \/g(q ) Y \@(q p—1) \/§< ) \@( ). @
The fermion and scalar contents under gauge symmetry are given as
+g—1 m+n—-2
WaL:(v7€7E7F)ZLN(1747p Z ) 4 )7
vaRN(171707_1>7 eaRN(1717_17_1)7
. ptg+ti ntm+3
QOCL:<d7_u7J7K)TN(374 y 4 37_ 4 3)OCL7
21 11
~3,1,=,= ), dag~ | 3,1,—=, =
UgR < ) 7373>a aR < y by 313>
g+p+3 ntm+ 12 1 2
Q3L:<u7d7J7K)§LN(3747 4 37 4 3 )7 JaRN 3717_q_§7_n_§ ’
J 3,2 +2 +4 K 3,1 : 2 K 3,1 —|—2 —|—4
3R y 454 3,” 3 s BAaR y L, =P 37 m 3 s A3R LD Sam 3 )
EaRN(1717Q7n)7 FaRN(lalap7m)7 (3)

where a = 1,2,3, oo = 1,2 are the generation index. The scalar sector, which is necessary for
realistic symmetry breaking and mass generation, consists of the following Higgs fields [9, 10]

p+qg—1 m—l—n+2>

n’ =1, M2, M3, M4) ~ <174,

4 ’ 4
p—3g—1 m—3n—-2
1" =00 20,2, 24) ~ 1,4, , ,
4 4
qg+p+3 m+n+2
pT:(pl7p27p3ap4)N 1741 ) )
4 4
T = = = = q—3p—1 n—3m-2
B =(E],8,,83,54) ~ | 1,4
( 15=24y=3, 4) (7 ) 4 ) 4 )

¢=(1,1,0,2). “4)

The electrically-neutral scalars can develop vacuum expectation values (VEVs),

A
<¢>_E' 5)

0 u 0 v 0 w =0
<N >:ﬁ’ <Py >:ﬁ’ <X3 >:ﬁ’ <y >=

The scheme of the gauge symmetry breaking is summarized
SUB)c@SU4),oU(1)x@U(1)y
WAV
SUB3)c®@SUQR)LU(l)y @P
du,v
SUB)c@U(1)o®P.
The multiple matter parity takes the form as

n

v
\/27
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This symmetry makes “wrong B — L particles” become stabilized, see [10]. The consistent condi-

tion for the VEVsis [10] A>w,V > u,v, u? +v? = 246% GeV?. The scalar potential is given [10]
as follows

Vatiges =i M+ u3p o+ 151 2+ HiETE+ (0™ N) + A2(pp)* + A3 (T 2)* + M(ETE)?
+ (™M) (Asp" o + e 2+ METE) + (07p) (Asx T + METE) + Aio(x 1) (ETE)
+Anmp) (e n) + A ) (') + A E)EN) + Malp 2) (X p)
+Ms(pTE)(EP) + Ais (X "E)E ) + (MrmpxE+H.c.)+V(9), (7)

where the last term is the potential of ¢ plus the interactions of ¢ with 1, p, ¥, and &,

V($)=p>0"0+2A(0"0)> + (0"0)(Misn n+Liop p + Aoox % + A1 ETE). )

We expand the neutral scalar fields as

1 _ _ T 1 T
n=<ﬁ(u+51+m1),n2,n§,ni’> ; p=<pl+ﬂ(v+Sz+zA2),p§“,pi’“> :

1 . A S | r
x_<X1 7%2 )\/E(W+S3+IA3)7X£ q) 7:':<:‘1p7:‘2p 7‘:‘63] 7\/§(V+S4+ZA4)> 5
1
=— (A+Hy+iGy). 9
¢ \/5( v +iGy) )

We assume A > w,V such that the scalar field ¢ is decoupled. Therefore, Hy is identified as
the heavy Higgs, which can play a role of the inflaton field [2], while the pseudo-scalar field,
Gy, is a massless Goldstone bosons associated with U (1)y breaking. After integrating ¢ out, the

remaining scalar quadruplets are mixed. The physical scalar states are related to the gauge states
as given in [10]

Hy ~ce, 81+ 50,82, Hy~50,81 —¢a,S2,  H3>=¢CqS3— 50,84, Hy~ 50,53+ g S,
A 50, A1 + A2, Gz~ caAl —SaA2, Gz, ~ SqA3 — A3,
+ + + + + +
G23 = C(XgA?: _SO!3A47 GW = SO!zp] _caznz ) % =~ CO(zpl +Sa2772 )

+(g— —~t(g— +(g— + + + —t +(g+1 1
A @=p) g 0 E (g—p) FCosds (9 P)7 GW?3 ~ 1 a GWﬁ ~ & r GW£3q+ ) ~ ~ % +(q+ )
+1 +1 +(g— —~+(g— +(g— + +
Gwz(p )~ ~E; +(p )7 ngz P) ~ Car B (a-p) — o (q p)) A 9 n; a %@ ~ 774 ’
+(g+1 +(g+1 +(p+1 +(p+1
jﬁ (g+1) ~p; (q+ )7 % (p+1) ~p, (p+ )’ (10)
where, the o;,i = 1,2,3 are defined by tan20y = %, tanop = 7, tanaz = ;. The fields

Gy are identified to the Goldstone bosons that are eaten by gauge bosons X. The remaining
scalar fields are physical state and their masses are given in [10]. The mass spectrum of gauge
bosons including the kinetic mixing term was considered in [9]. If assuming the hierarchies,
u,v < w,V < A, the kinetic mixing term between two U (1) gauge bosons can be ignored. The
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physical neutral gauge bosons are related to the gauge states as follows

t

Ay =swAszy +cw <BIWA8u + YiwAisy + ti/Bu> ) (11)
t

Zlﬂ :CWA3u —Sw (BtwAgﬂ + ’}’twA15# + ;;/B#) R (12)

/ 1 2,2 2 Bty
Zy=—F—=1|(1-8 IW)AS,u_ﬁWWAISu_TB,u , (13)
\/1- B, X
1
Zy, =——— (Aisu — ¥1xBy) (14)

1+ 753

with the corresponding masses are given in [10]. The non-Hermitian gauge bosons are denoted as

1 . + 1 + 1 .
WE=— (AluFids), Wil =—(AsutAsy), W' =—(AouLildion),
f ﬁ( 1u FiAoy) 3 \/5( au £ Asy) 1ap ﬁ( ou £ iA1oy)
1 . 1 ) - 1 .
Wossl =5 (AeuFid7u). Wagt = ﬁ(AnuilAlzu)aWﬁff p):\ﬁ(ABﬁFlAMu)-

The Yukawa interactions have a following form

1., _ _ _ _ o
PAukawa = Efavb VERVOR® + Yy War Vg + h Warpepr + iy War X Ebr + 1y War EFpr

+ 14,03 Nuar + 1 Qs P tar + 13,0310 dar + heyQurn* dur
+ 13031 xJ3k + M3 031 EK3R + h{x/; Qar X" Jgr+ h’;,g QurZ'Kgr+H.c. (15

After symmetry breaking, the fermion fields receive mass. The up-and down-quarks mass matrices
derived from the Yukawa (15)

1 1 1
Mo = ﬁhgzav? M3y = —ﬁhZu, My = —ﬁhﬁmu, ms, = _ﬁhgav‘ (16)
The exotic quarks do not mix with the SM quarks, and their mass matrix has a form
w Vv
mhy, = —h, mo=—hl—, m=—nS—, mf,=—nk,—. 17
3 =—hy—7 \[ ap b’ /5 33 $ 75 ap NG )
The charged leptons have a Dirac mass m, = —h, \V[ while the neutrinos have both Dirac and
Majorana masses m —h), \”f Vab = f1,A. Thus, the mall neutrino mass can be explained

via a see-saw mechamsm.
To close this section, we would like to note that the up-quark and down-quark mass matrices
are not flavor-diagonal. They can be diagonalized by the matrices V,,, ,,Vy, , according to

V muV %M — Diag(mul amuzymu3)7 VijdVdR = 'ﬁd = Diag(md1 7md27md3>7 (18)

ur,

and the mass eigenstates are related to the flavor states by
r / / T _ vt T
urr _(MIL,R’MZL,R>I"3L,R) = VuL7R (u1Lr,U2L R UBLR)" 5

dpg =(dip dppdir)” =V, (diLg dorr,dig)" (19)
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The CKM matrix is defined as Vegm = VJL Vg, - The flavor states e, are related to the physical states
e/, by using two unitary matrices U} j, as

ea. = (UD€, ear = (Ug)avehy- (20)

III. THE FCNC INTERACTIONS

Because the third generation of quark transforms differently from the two first generations,
it causes FCNC interactions at the tree-level. The scalar neutral current arises from the Yukawa
interactions (15)

u

h h
gNC Dﬁﬂﬂ (M—I—Sl —i—iAl) UgR — ﬂﬁaL (V+SQ — iA2) UgR

scalar f
2 \/i
—|—73 d (V—|—S +'A2)d + —=d ( + 81 —iA )d (21)
l u l .
\[ 3L 2 aR \f oL 1 1 aR

Changing Eq.(21) to the physical eigenstates, we obtain the scalar FCNC interactions as follows

LENE = S5 (G dp+ T ) Hy + 5~ (T dg =i D) f +Hec.,  (22)
my my

,d :
where F;‘j are given as

2
Fftj S (VJL)l:?‘ (VML )3/<muk (VJR)/CG(VMR )aj’
SZOCQ
2 . .
I, =— 5 (V)i3(Va,)36ma, (Vv (Vg )aj- (23)
o)

The vector and axial-vector FCNC interactions were studied in [9]. The FCNCs couple only the
ordinary quarks to 73,7i5. In the mass basis, the tree-level FCNC interactions have a form as
follows

L — Y (V)3 (Var)sj (81210 + 82Z0u + 83730 +84Zay) , i#j. (24)

with, ¢’ denoting v’ = (u},u},u}) either ¢ = d’' = (d},d},d}). In the limit, A > w, V, the couplings,
gi,i=1,...,4, can be written as follows

V2 1+ (V2B +7)13
g1=0, 822% Co — nvap }/)qu) ,g3:g2(6<p—>5<p,s¢—>—c<p),
6\ \/1-p22 1+ 922
(25)
where ¢y = cos @, sy = sin@ and @ is determined by
a2 [1—y (V2B —7) ] /1+ (B2 +7)5}
tan2¢ = (26)

W2 |7 P(2V2B — 1) + (862 +4V2BY+ 613 | —9V2(1+73)
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IV. CONSTRAINS ON NEW PHYSICS FROM FCNC INTERACTIONS AT THE
TREE-LEVEL

IV.1. Meson mixing at the tree-level

At the tree-level, both new scalar and gauge boson fields mediate the FCNC interactions.

From Egs. (22, 24), after integrating the heavy fields out, we obtain the effective interactions
describing the meson mixing as follows

2 2
” « 2 & 8 7 2
ZFE(J,%C == [(VqL)3i(VqL)3J’] <m22 + 23 > (‘IQLV“‘/J'L)
Z Z3

2
8 q\2 1 1 1 \2 q*\2 1 1 11 \2
+ 8 | = — = | (@hdn) + T2 —— — —— | (Gd
4 ‘2)[/{( Ij) ( %11 %{) (qlLQJR) ( jl) %11 2Q{ (quQJL)

2
. o1 i . o1\ i
o {F(j’il—‘?j (mz + )(qﬁLCI}R)(QERQQLHT?iF?j (m +— )(qﬁRQ}L)(CJELq}R)},
w o

%{1 mey
27

The above effective Lagrangian has a form as given in [5, 11], thus the mass difference of
the meson systems has the same general form as follows

il (&8 5¢° 2 ) (L] me \'\,,
(Amg )41, 9?{36)12 (m%z +m%3 +48m%, ((r‘i’z) + (%)) ) 20, ) g mg fi

mHl

_m{gzﬁ;‘b (ml%ﬁ + m%/) (é + (msﬁ%ndV) }mel%a
(5,01 =m{§@%3 (52% + nf) bty (P i) <mﬁ% - m%/) (nﬂw)z}mfz
(Amp,)3411 29?{5(9%3 (”fzi + ”ﬁ;) + 42512%/ ((I‘ﬁ)z + (1"2’3)2) <m12H1 - m%y) (n&)z}m&ﬁi

pdspd. [ 1 1 m

813123 Bs 2

— R 2= =2 = . 28
{ 4m3, <m%1,1 + m2, 6 * (mg +my )2 mg, [, (28)

where, ©;; = (V;L)3,-(VqL)3j. Noting that the constraint for contribution of the new interactions to
the meson systems must be determined by

(Ampg)341y = (Amy )Exp — (Amyr)g - 29)

The SM contributions to the meson mass differences (Amys)gy, and their experimental values
(AmM)EXp can be found in [12,13]. We emphasize that the previous studies [9] were insufficient in
the sense that only the new physics from gauge bosons analyzed, that sources of the scalar sector
and SM have not been included. Hence, the bound on the new physics scale is low. Let us consider
the role of each contribution. The new physics contributions to the meson mass differences can be
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divided into two parts: (Amg g, B,)s41; = Am?BZf B, T Amgll}/? p,- The first term is the contributions

from the new gauge bosons while the second one comes from the contribution of the new scalars.
From Eq.(28), we obtain

H],‘(?{ 2 2
Amyg g g, my Mz,
—KBBa b . (30)
AmZg,Zg m2 m2

K.By.By W "o H,

If the new scalar fields have a mass of the same order as that of the gauge bosons particles, the
contribution from the scalar fields H;,< to the meson mass differences is insignificant. The

constraint on the new physics scale from the contribution of the new gauge bosons considered as
follows

Amigiy < (Amg BB, )gxp — (Amk BB )M (3D

As mentioned in [12, 13], the strongest bound comes from Bg — E? mixing. The Egs. (28), (29)
lead to the bound as follows

2 2
. 2( & 83 32
(Vi) (Vaw)ss) (m% m%3> 10 (TeV)?

By taking Vexm = V;LVdL = V1, we draw contour condition (32) in Fig. 1. The allowed
region is blue. The new physics scales require the following constraints: w > 25TeV,V > 20TeV.
This bound is more constrained than the previously known one [9].

50f"

35+

V-TeV

30+

25 \

20 (- L L L L L T
20 25 30 35 40 45 50

Fig. 1. The constraints for w and V obtained from the condition given in Eq.(32).
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IV.2. By —utu~
Recent measurements at the LHC [14, 15] have given
Br(By — 1 )exp = (3.27]3) x 107°. (33)
The SM prediction (including the effect of By — By oscillations) [16,17] is
Br(B, = putp”) g, = (3.56+0.18) x 10~°. (34)

This decay channel leads to stringent constraints on physics beyond the standard model (BSM).
Let us consider the new physics of the 3-4-1-1 model contributed to the rare By — u+u~ decay.
At tree-level, it is mediated by both new gauge bosons Z,,Zy and new scalars Hy, <. Thus, the
effective Hamiltonian for this process is presented via six operators as follows:

4Gp .
Hi=——VoVi | Y Gwaw)+ Y. Cw)oiu) ), (35)
V2 i=9,10,5,P i=S,P
where the operators are defined by
82 32 -
O =2 (WP, = 5(EWbb)I¥'71),
e - e _
Os = ( 4n)2(sPRb)(ll), Op = e (5PrD) (Iysl)
O —i(‘P b)(1l) Op = e (5P.b) (I7s!) (36)
57(47[)2SL ) P7(47T)2 Sry, Ysi) -

The SM contribution to the Wilson coefficients can be found in [18] while the contributions coming
from the 3-4-1-1 model have a following form

Z V/
C3411:®23 miy 82<_g28v2(f)_g38v3(f)>’

2 )
ewVinVis e? 8 My, 8§ myz,

CHt =~y & (_gzg?m _ gzg?(f))

cwVip Vi €2 g m%z g m%3
i d \* 1
31 _875 1 F§’3Faa C/3411 _ 8m* 1 (F32) oo
S e2 thv* m%[l ’ 62 thv* m%][ )
d \* Al
C%411 :_87772 1 l—gSAixa C’34” _ 8n* 1 (F32) Ao 37)
e Vs mi 2 VgV omd

V/ . . . . .
where I', , = AL, = smy,, gy 4+ are determined via the interactions of Z, and Z3 with two charged
leptons '

5o TP (80 &8 ()% S7o0 = & 1 (&7 (1) &8 (08 T2 39)

The expressions of gizé can be found in [10]. The coefficient CSM is predicted by the SM [18],
CSM —4.103. From the effective theory (35), we obtain the branching ratio of the By — [},
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decay as follows

2
~ B, 2.0 2 12 e
Br(By — 111, )iheory = P Grfa,[VisVis|"mp,y [ 1= .y
) 2
| Ami ) | _mg (Cs—C§)| + |2my, Cro + " (Cr—Cp) 39)
X — ; o " P - ’
mg, ) | mp+mg S O g T E

where 7p, is the total lifetime of B, meson. Due to the oscillations of the By — By system, the
experimental result relates to the that of theory as follows [19]

Br(Bs — ljxrl(;)theory, (40)

Br(Bs — I 15 )exp =~ I
- s

where y; = éll:gs ~0.061(9) [20]. For numerical study, we set all input parameters the same values

as in Sec. I1I and define Br(B, — [ 15 )**!! = Br(Bs — {15 )thcory — Br(Bs — 115 )sm-

1
7.0x 10724 F
1078
50x 10724}
=y —16
= . 210
= 1 2 1
—24 | == =YY<
Tw 3.0x10 B NI & 1020
< o
=
o 20x10724} & o
& . X & 10°
D 15x10724} =777
10-40
10x10"24}
‘ : : : : ‘ 10748, ‘ ‘ ‘ ‘ i
0 50 100 150 200 250 0 50 100 150 200 250

u(GeV) u(Gev)

(a) (b)

Fig. 2. The dependence of the branching ratio Br**!! (B; — u*u~) on the electroweak
scale u with fixing w =V = 30TeV. (a) and (b) panels are plotted with mg = my, =
0.1 X mgz,,mq = mg, = myz, respectively. In the right-handed panel, we fix f = j:%7 Y=

1 V2

V6 VA

Figure 2 plots the branching ratio Br**!! (B; — u*u™) for different models through choos-
ing different values of two parameters 3,7. If my g, =~ 0.1 X mz, the Br*'!(B; — utpu~)
slightly depends on the value of y while m,, = mgz,, it does not depend on the value of ¥.
Both figures predict that this branching does not depend on the values of u and 3. For fixing
u=v= %GeV,w =V, we plot the dependence of the branching ratio Br**!! (B; — u*u~) on
the new physics scale w in Fig. 3. In the space the parameter satisfies with the constraint By — By
oscillations, all results show that branching ratio Br**!! (B; — u* u~) is much smaller compared
to the SM contribution.
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15x10724 15x10724+
= =
Ed X 1 V2
110724} -1 =1 1.x10724} == y="=
Tw B Nel ¥ 7 [n V3 V3
< <
b b
& &
O 5x10°25F O 5x1072F
oL , oL . . . A
30 40 50 60 70 80 9 100 30 40 50 60 70 80 9 100

w(TeV)

() (b)

Fig. 3. The dependence of the branching ratio Br**!! (B; — u*u™) on the new physics
scale. Both figures (a) and (b) are plotted with chosen values of u =v = %, My =mpy, =

0.1x mgz,.

V. CONCLUSIONS

Due to the non-universal assignment of quark families, the FCNC interactions appear at the
tree-level in both neutral scalar and gauge bosons sectors of the 3-4-1-1 model. If their masses
are of the same order, the main contribution to the meson oscillations is the new gauge bosons
mediation. The strongest constraint comes from the B — BY oscillation. We show that the lower
limit of the new physics scale w =V > 25TeV, which is more stringent than the constraint given
in [9]. This bound is since we have included both contributions of the SM and the new 3411
interactions while the previous work has ignored the contribution of the SM and the new neutral
scalar Higgs bosons H and 7. Based on the B — BY vertex and the parameter region consistent
with the meson mass difference, we consider the branching ratio By — u*u~ and realize that the
new FCNC interactions give a small contribution to this branching ratio. This consistent with the

recent measurements.
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