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Abstract

The constraints on the number of neutrinos generations, g, coupling and Z-Z7' mixing angle

through the invisible width method, and in the framework of a U (1), = model are obtained.

Based on the experimental value reported by the LEP for the rate R,-" =T /T =5.942+0.016,
we obtained a bound on the g; coupling, g, <0.65. In addition, we derive 90% C.L. bounds on

the Z-Z' mixing angle —-2.2x10™ < g, , <1.0x10™, improving the existing bounds by one order
of magnitude.
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1. Introduction

The number of fermion generations, which is associated to the number of light neutrinos, is one of the most
important predictions of the Standard Model of the electroweak interactions (SM) [1]-[3]. In the SM, the decay
width of the Z boson into each neutrino family is calculated to be T',, =166.3+1.5MeV [4]. Additional
generations, or other new weakly interacting particles with masses below M, /2, would lead to a decay width
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of the Z into invisible channels larger than the SM prediction for three families while a smaller value could be
produced, for example, by the presence of one or more right-handed neutrinos mixed with the left-handed ones
[5]. Thus the number of light neutrinos generations N, , defined as the ratio between the measured invisible
decay width of the Z, T, , and the SM expectation T" . for each neutrino family, needs not be an integer
number and has to be measured with the highest possible accuracy.

The most precise measurement of the number of light (mv < 1GeV) active neutrino types, and therefore the
number of associated fermion families, comes from the invisible Z width T, , obtained by subtracting the
observed width into quarks and charged leptons from the total width obtained from the lineshape. The number of
effective neutrinos N, is given by [4]

1—‘inv FIT LEP FIT
N, = F_(F_j =Reo' | T | 1)
1 v /SM v /SM

.
where [—”) , the SM expression for the ratio of widths into a charged lepton and a single active neutrino, is
W /sm
introduced to reduce the model dependence and the experimental value for the ratio [4]
Ree =T /Ty =5.942+0.016. )

exp

In the SM the experimental value from the four LEP experiments for the number of light neutrinos species is
N, =2.9841+£0.0083 [4] [6]-[8], excluding the possibility of a fourth family unless the neutrino is very heavy.
This result is in agreement with cosmological constraints on the number of relativistic species around the time of
Big Bang nucleosynthesis, which seems to indicate the existence of three very light neutrinos species [9]-[12].

The existence of a heavy neutral (Z ') vector boson is a feature of many extensions of the standard model. In
particular, one (or more) additional U (1) gauge factor provides one of the simplest extensions of the SM.
Additional Z' gauge bosons appear in Grand Unified Theories (GUTSs) [13], Superstring Theories [14], Left-
Right Symmetric Models (LRSM) [15]-[17] and in other models such as models of composite gauge bosons [18].
In particular, it is possible to study some phenomenological features associates with this extra neutral gauge
boson through of the minimal B—L (baryon minus lepton number) extension of the SM [19] [20], where the
gauge group is given by SU (2) xU (1), xU (1), , . This model is considered as one of the candidates to study
physics beyond the standard model, contain a significant set of particles and interactions whose existence could
be proven both at the LHC [21] and future Linear Colliders ILC/CLIC [22]. Detailed discussions on the minimal
B—-L model can be found in the literature [23].

Our aim in this paper is to estimate constraints on the number of neutrinos generations, g, coupling and
Z —7' mixing angle through the invisible width method, and in the framework ofa U (1)8_L model.

This paper is organized as follows. In Section 2, we present the theoretical framework. In Section 3 we
present the numerical computation. Finally, we summarize our conclusions in Section 4.

2. Theoretical Framework

We consider a SU (2), xU (1), xU (1), , model consisting of one doublet @ and one singlet » and
briefly describe the lagrangian including the scalar, fermion and gauge sector. The Lagrange for the gauge sector
is given by [24] [25]

L, = —% B, B —%W;VW auv —%z Lz, 3)
where W7, B,, and Z!, are the field strength tensors for SU(2) , U(1), and U (1),  , respectively.
The Lagrangian for the scalar sector of the SU (2) xU (1), xU (1), , model is

£, =(D*@) (D,@)+(D"z) (D,7)-V(®,2), @
where the potential term is [23],

V(@ 7)=m? (00)+ 42| +4(0'®) + 4|7 + 2 (0'D)| 2. (5)
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with @ and y asthe complex scalar Higgs doublet and singlet fields, respectively. The covariant derivatives
for the doublet and singlet are given by [23]

D“®=0,®+i[ gT°W; +9,YB, + Y B, |®

, (6)
D“y=0,x+i[9,YB, +gY B, |
where the doublet and singlet scalars are
Gi ’ 10 H
D=l v+g°+iG, | )(Z[WTHZJ (7)
V2

with G*, G, and z' the Goldstone bosons of W*, Z and Z', respectively.

From the Lagrangian of the SU (2) xU (1), xU (1), , model, the terms for the interactions between neutral

gauge bosons Z,Z' toa pair of fermions of the SM can be written in the form
—>fy —(gv 9a7°) 12, +

where the couplings of the Z,Z" bosons with the SM fermions are given by

7 rf,5 ’
fre coS@N l ( -9\7°) fZ), 8)

o) =T, cos@, | —2Q, sin’* @, cosb, , +ﬁCOSHW sind,_,, o)
g
gr =T, cosd, |,

9, =-T, sin@,  —2Q, sin’ 4, sing,  +—= 29, cosf, cosby, (10)
g

g, =-T,sing, ,

where g =e/sin6, and 6, , is the Z—-Z' mixing angle [23]. The current bound on this parameter is
|65 | <10 [4]. In the decoupling limit, that is to say, when g;=0 and 6, , =0 the couplings of the SM
are recovered.

3. Results

In order to compare the respective expressions with the experimental result for the number of light neutrinos
species N, , we will use the definition for N, ina SM analysis [26] given in Equation (1) and the LEP result
for the Z invisible width [4] [6]-[8] given in Equation (2).

Since Equation (2) reduces the influence of the top quark mass, the expression N, =h is replaced. In
order to get information on the meaning of N, in the U (1)
expression [4] [27]-[29].

5., Model we should define the corresponding

The definition given in Equation (2) replaces the expression N, =—"- since (2) reduces the influence of the

vv

top quarks mass. To get information on the meaning of N, in the U(l)EH model we should define the
corresponding expression [4] [27]-[29]

-
(N, )g, =Rep (ﬁ] : 11)

vV

where

I [ CIRCAREA CARICAN]| w2
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(e =S [ (o) +(02)  2n (90 -2(s:)) @9

2 2
v

with 7, :'\r;—' and 7, = m while the g!* and g" couplings constant are given in Equation (9).

2 2!

z z
This new expression is a function of the mixing angle &, , andthe g, coupling, and in this case the quan-
tity defined as the number of light neutrinos species is not a constant and not necessarily an integer. Also,
(Nv)st in formula (11) is independent from the Z' mass and therefore depends only of the mixing angle
;.. andthe g; couplingofthe U (1), model. Experimental values for I',, andfor T are reported in
the literature which, in our case, can give a bound for the mixing angle 6, , . However, we can look to those
experimental numbers in another way. The partial widths T,  =499.0+1.5 MeV and

I’ =83.984+0.086 MeV were reported recently [4], but we use the value given by (2) for the ratio ReLX,E)P [4].
All these measurements are independent of any model and can be fitted with the U (1)8_L parameter (Nv)
intermsof g, | and g,.

In order to estimate a limit for the number of light neutrinos species (NV)B, in the framework of a
U (1)8_L model, we plot the expression (11) to see the general behavior of (NV 55{ as a function of the
mixing angle &, , andthe g, couplingin Figure 1.

In Figure 2, we plot the function (11) in the (Nv)st —0_, plane with g; =0.5. In this figure we show the
allowed region for (Nv)EH as a function of 6, , with 90% C.L. The allowed region is the inclined band that

B-L

r_'T RLEP

exp

is a result of both factors in Equation (11). In this figure { ] gives the inclination while gives the
w /B-L
broading. This analysis was done using the experimental value given in Equation (2) for ReLX,E)P with a 90% C.L.

In the same figure we show the SM (6, =0) result at 90% C.L. with the dashed horizontal lines. The
allowed region inthe U (1), model for (N, ),  is wider that the one for the SM, and is given by:

2971<(N,),  <3.006 or (N,), , =2.98970, 90%C.L,, (14)

whose central value is quite close to the standard model of three active neutrinos species.

Figure 1. (N,),, asafunction of the mixing angle @, , andthe g; coupling.

1080
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Figure 2. Allowed region for (Nv)st as a function of the mixing

angle @, , with the experimental value R:° . The dashed line

exp

shows the SM allowed region for N, at90% C.L.

The correlation between the mixing angle 6, , andthe g, coupling of the model U(l)B_L for
N, =2.992,2.994,2.996,2.998,3 is presented in Figure 3. From the plot we see that there is a strong corre-
lation between 6, , and g .

By reversing the process we determined a limit on the g; coupling from the expression for the number of
light neutrinos species (Nv)BiL given in Equation (11). The bound on the g, coupling have been obtained by
using the upper bound on the mixing angle &, , reported in the literature [4]. In Figure 4, we show the
dependence of the number of light neutrinos species with respect to the g, coupling. Using 6, , =107 for

the mixing angle, the following limit for g, is obtained:
g, <£0.65, (15)

which is consistent with that obtained through from a Renormalisation Group Equation (RGE) analysis [30]-
[32].

Finally, is clear that the effects induced by the tree level Ze'e™ and Zvv couplings in the U(l)B_L
model increase the decay widths I', and TI' ., and the predictions on the number of light neutrinos species are
better estimated. Therefore of the gZ coupling constant given in Equation (9) we estimated bounds on the
Z-Z' mixing angle to different values of g,;. The plot of this quantity as a function of 6, , is show in
Figure 5. The horizontal lines give the experimental region at 90% C.L. From this figure the bounds obtained
for 6,_, are show in Table 1. The bounds obtained in Table 1 for the mixing angle &, , are one order of
magnitude stronger than the one obtained in the literature [4].

4. Conclusion

From the invisible width method and and in the framework of a U (1), model, we obtained bounds on the
number of light neutrinos species and on the g, coupling using the data published by the LEP for the rate
Rys - In addition, we get 90% C.L. bounds onthe Z —Z' mixing angle of the U (1), model. Our results in
Table 1 compare favorably and improve the existing bounds reported in the literature [4] by one order of mag-
nitude. Our work complements other studies on the number of light neutrinos species, g, couplingand Z -2Z'
mixing angle. In the decoupling limit, that is to say, when 6, , =0 and g, =0, we recover the bounds on N,
for the SM previously reported in the literature [4] [6]-[8], as well as the g, and g, couplings of the SM.
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Figure 3. Correlation between 6, , and g;. The curves are for N, =
2.992, 2,994, 2.996, 2.998, 3.
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Figure 5. The curves shows the shape for g¢ as a function of the mixing
angle @, . The curves are for g, =0.2,0.4,0.6,0.8,1.

Table 1. Boundsonthe Z—Z'" mixing angle to different values of g, .

g Os .

0.2 (-1.1x107,5.4x10™)
0.4 (-5.7x10™,2.6x10™)
0.6 (-3.8x107,1.7x10™)
0.8 (-2.9x10%,1.2x10™)
1 (-2.2x10%,1.0x10™)
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