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The aim of this study is to estimate the Z’ boson mass by using the calculations of the decay width
of Z'(0) boson. So, the decay width of the extra Z boson is calculated numerically in effective rank 5
models for different mixing angles 6 of the model and for different mass values of the extra Z boson.
The decay width of Z’ boson to the Standard Model (SM) fermions is found to be between 4.42 and
19.36 GeV and the full decay width of Z’ boson to all particles is found to be between 20.88 and
37.15 GeV. We calculated the full decay width at the angle § = 0 for Z’ and Zo — Z'. The full
decay width of Z’ boson is written in a single equation according to our calculations. By using these
calculations and the previous works the mass of Z’ boson and the number of generations of the exotic
particles are estimated.

Llesbio I HHOTO UCCIENOB HUS ABISAETCS OUEHK M CChl Z'-6030H C IIOMOLIBIO BBIYUCIIEHUS LIMPUHbI
pena Z'(6)-6030n . To ecTh LIMPHH P CII JI BKCTP -Z-0030H H XOAMTCS YHCIIEHHO B 3(hheKTUBHBIX
MOJENSIX p HE 5 ¢ p 3MMYHBIMA YIT MU CMEIIMB HUS € U p 37MYHBIMH 3H YEHHSIMHU M CChI 9KCTp -Z-
6o03on . [upun p cn 1 Z'-6030n H epmuonsl Ct Hi pTHOI Mojgenu (CM) H XOauTcs B UHTEPB Jie
mexny 4,42 n 19,36 [sB, mnonH g mupua p co I Z'-6030H H BCE BO3MOXHbIE U CTHILIBI H XOJHUTCA
B uHTepB Jie Mexay 20,88 u 37,15 ['®B. H Mu BbUUCIACH TOMH S WHMPHH p cin o Juid yor 0 = 0
wist Z' v Zo — Z'. B COOTBETCTBUHM C H IIUMH BBIYHCICHUSIMHU TOJH LHPUH P CO I 7' -6030H
MOXeT OBITh BBIp X€H ONHHUM yp BHeHHeM. ONUp SCh H TPUBEJACHHBIC P CUETHI U MPEIbIIyIIHe p OOTHI,
MOXHO OLUEHHTh M CCy Z'-6030H M YMCIIO IIOKOJIEHHI SK30THYECKMX 4 CTHIL.

PACS: 12.60.Cn; 13.38.Dg; 14.70.Pw

INTRODUCTION

Although the Standard Model (SM) is consistent with most of the experimental results,
there are some discrepancies at high energy experiments [1]. The SM deals with nature at
low energies. Extended gauge bosons seem in many extensions of the SM, like left-right
symmetric models and GUTs (Grand Unified Theories), etc. Extra gauge bosons have not
been discovered experimentally yet. They will be searched for at LHC experiments [2, 3]
starting this year. Hence, the decay widths of Z’ boson are calculated here, and using the
results of these calculations and also the previous works the mass of Z’ is estimated.
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The simplest possible extension of the SM gauge group suggested by a gauge group
of larger rank involves the introduction of one extra U(1) factor. This produces an extra
neutral gauge boson, Z’, in the particle spectrum. By the charges and gauge couplings of the
extra U(1) factor, the decay widths of the extra neutral gauge boson to the particles under
consideration can be calculated in some energy ranges. The low energy phenomenology of
Z' bosons has been extensively discussed in the literature [4]. Recently, particularly strong
motivation for having the Z’ mass below one TeV has been emphasized by Cvetic and
Langacker [5, 6].

In the breakdown of the extended gauge groups such as Fjg there can be at most two
additional gauge bosons in the low energy spectrum. Since the popular examples of the
extended gauge theories are based on supersymmetric GUT groups such as SO(10) and Eg,
it is decided to study the additional Z bosons originating from Fg. GUTs with larger gauge
groups than SO(10) predict more than one extra neutral gauge boson and exotic particles.
The mass of Z’ is estimated to be between electroweak scale and GUT scale. It is hoped
that Z’ boson can be observed experimentally at LHC experiments. In our calculations we
used the particle content of Eg model in the electroweak breaking of U(1) symmetry [7].
However, for simplicity we will consider an effective rank 5 low energy theory with only one
additional gauge boson associated with an extra U(1) and parameterized by

Z'(0) = Zy cosf — Z, sin 0, (1)

where 0 is the mixing angle in the Eg group [4], and
(i) Zy occurs when
Es — SO(10) x U(1)y, 2)

(ii) Z, occurs when

SO(10) — SU(5) x U(1)y. 3)

The orthogonal combination to Z’() given in Eq. (1) is assumed to have a mass at the
intermediate or Planck scale. When Eg breaks directly to a rank 5 group [SM x U(1),] as
in superstring inspired models via Wilson line breaking, the extra Z boson is denoted by
Zy = \/5/_82w - \/?’/_SZX [4].

The cross section for Z’'(#) production at hadron colliders is inversely proportional to
the Z'(6) decay width. To avoid the cross section singularities at some special energies, the
decay widths of neutral vector bosons should be known [8].

Here firstly the calculation of the decay width for Eg boson Z’() to the SM fermions is
done for different mixing angles # and masses. After that the gauge eigenstates Z’ and 7
are written as a mixture of the mass eigenstates Z;, Zs and the decay widths of Z’ boson
to SU(2) bosons WTW = and Z; HY are calculated. The full decay width for Z’ boson to
the SM particles and to their supersymmetric partners is calculated at the small mixing angle
6 =~ 0. By using these calculations and the previous works, the mass of Z’ boson and the
number of generations of the exotic fermions are estimated.

CALCULATION

In the extension of the SM the relevant neutral current (NC) Lagrangian is given as [9]

—Lnc = g1Jop ZE + g2Jou Z 1(0), (4)
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where
Jop =Y Fvulgv — gavs)f. Jop = > Frulgly — gavs)f (5)
f f

and B
— 2 12 1/2 - - @ _ 2 M2 1/2 6
g1 (g + g ) 2 Sin 9W cos 9W (\/_GH Zo) ’ ( )

5 5

92 =go = gl\@ sinfw = (V2G,M3,)" 2\/; sin @)

here Oy is the Weinberg angle. _ _
The Feynman diagrams for Zg — ff and Z'(¢) — ff are similar and given in Fig. 1.
The matrix elements and the cross sections for Zy — f f and

W f Z'(§) — ff are also the same formally. Firstly, the equations

of I'z, are derived and after that I'z () is found by using

j* the same formalism. Here we take f = v,e ,u,d; and v =
S

Ve,Vy,Vr; € = €, 4, T leptons; u = u,c,t; d = d, s, b quarks.

The matrix element for the process Zo(p) — f(p2)f(p1) can

Fig. 1. The lowest order Feyn- .
be written as [10,11]

man diagram for Zo, Z'(0)

M= ﬂ(pQ)'Yu(QV - 9A’Y5)U(p1)Z6L. (8)

Multiplying M with its hermitian conjugate M T we obtain

|M[? = g2 [0(p1)vu(gv — 9avs)u(p2)] X [(p2)y (9v — gars)v(pr)ete” =

©)

PubPv
=gi (—gw +7 ) x Trace [p1,p27 (9% + 94 — 29vga7s))-
Zo
After trace calculations and averaging over 3 spin states of Z; boson
2072
giMz C
M = === (g} +92) (10)

is obtained. Here C' is the color factor and C' =1 for leptons and C' = 3(1 + as(Mz,)/7 +
1.409(as(Mz,) /7)? —12.77(as(Mz, ) /m)?) for quarks [12], as(Mz,) is the strong coupling
constant. For two-body decay, in the rest frame of the decaying particle |p;| = |p2|, the
differential decay width is given by

|p1] 2
dl' = ————— |M|" dQ2 11
327r2M%0 |M] ’ (1D
where the solid angle is
dQ) = dpd(cos by). (12)
Then the decay width is obtained as follows:
]_ 2 CGFM% 2 2
r=—|M|"=—"F7"-F*= + . 13
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For the SM Z; boson, the couplings gy and g4 for v7, ete™, u@, dd are calculated as below
by using the equations [13]:
gv =T —2Q7 sin? Oy (14)

and
ga =Ty, (15)

where T3f is the third component of the SM isospin, and Q7 is the charge of fermions in
units of the electron charge, i.e., Q¢ = —1.

In the same manner we can calculate I' ;/(5). The matrix element for Z’(#) decay and the
decay width are given by the following formulas:

M = Zap2) (g — davs) ulpr) Z'(0)" (16)
CMg:
Tzi0) = 31693 (6% + 92, (17)

where

5 e 5 8My oyGr sin® Oy
‘922‘992\/j—:\/j Z'(0) . (18)
3 cos Oy 3 V2

By putting Eq. (18) in Eq. (17) we get

_ 5CMZ/ /] MQOGF sin2 9W
P(Z(0) = ) = ——H A

For the calculation of I'z/ () the couplings gy, and g4 for v7, ete™, uw, dd should be known.
These couplings can be calculated by the equations [13]:

(9v + g%)- (19)

g = QI +QIm + L2(yfr 4y i) (20)
922
and

In these equations the term with g2 can be eliminated because of not requiring any additional
symmetry. The breaking of Es to SU(5) under Eqs. (2) and (3) gives the charge values of Q,
and Qy of U(1), and U(1), as given in Table 1.

Table 1. The charge values of ), and Q of U(1), and U(1), from the breaking of Es under
Egs. (2) and (3)

LT ] 2V10Qy | 2V6Qy
u,d,u, e -1 1
E, v,e 3 1

By using Eqgs. (22) and (23) with the equation

Qlf = Qycosf — Qysinb (22)
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we can get the values of g{, and ¢’y of Z’ boson. Thus, the decay widths

T(Z'(6) — vP) = 0.004570 M4, <COSG 5 Sme) 23)
T(Z'(8) — ete™) = 0.002283 My <25m 03;9 %) 2) , (24)
T(Z'(6) — i) = 0.007125 Mz (COSG Sme) (25)
T(Z'(6) — dd) = 0.007125 Mg <25m C?Q %) 2) (26)

are obtained. The total decay width is

cos n Sin9)2
V6 V10
cosf) 3 sinf

2 .92 . 2
2sin“f cosf sinf
—|—00137M/ + 0.0282M 5/ + — . (27
7 (2[ 2\/10) Z<9>< 5 (\/6 \/10) ) @7)

Total decay width I'yot(Z'(0) — ff) for certain values of My (g and 6 is obtained
numerically and is given in Table 2.

Tiot(Z'(0) — fF) = 0.0214 Mg <

Table 2. Total decay width I'io:(Z'(0) — ff) for certain values of M/ (o) and 6. T is used for
[(Z'(0) — ff). T(Z'(0) — ff) and M are in GeV

My o) 500 600 700 800 900 1000
ot (6 = 0) 4.4217 | 5.3067 6.1905 7.0752 7.9581 8.8464
Iiot (0 = 37.8) 5.7825 | 6.9387 8.0961 9.2520 | 10.4088 | 11.5653

(
I'iot (60 = 90) 9.6768 | 11.6112 | 13.5465 | 15.4824 | 17.4462 | 19.3524
Dot (0 = 127.8) | 8.7723 | 10.5312 | 12.2805 | 14.0349 | 15.7896 | 17.5443

In the case of non-zero mass mixing the Z, Z’ gauge eigenstates which interact with
SU(2) W bosons are written in terms of the Z;, Zo mass eigenstates as

Z| |cosby —sinbn| |21
[Z’} o [sinﬂM cos Oy } {ZJ ' (28)

The decay width for Zy — W W~ occurs for the small mixing angle 6); — 1/Mz,. This
relation between 0, and Mz, is called mass constraint [13]. For large Mz, the asymptotic
Higgs-structure constraint on 6y, is that the mixing angle 6, is proportional to 1/ M%Q [14].
In the case 057 ~ 1/M%2, sin@y; — 0 and cos@y; — 1. Therefore, Z1 — Zy and Zy — Z'.
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In this limit, the decay width for Zy — W W™ can be calculated by the equation [13, 14]:

2 4 2\ 3/2
- 9zwwMz, . - Mg, My,
'z WHW=) = 2ZWW__ 22 0 1-4
(22 = T (MZO) ( mz)

M2 M
x (14202 12W>, 29
(1+ g+ ) 0
where gzww = ecotOw [13], Mz, = 91.2 GeV, My = 80.47 GeV, and o = €?/4n =
1/137 is the fine structure constant. The factor M %2 in Eq. (29) is too large. Therefore, the
term sin? 0, in this equation is taken as 1 / M§2 because of the Higgs constraint. Then decay
widths can be calculated for different masses.

In the large Mz, limit, the partial decay widths valid for SU(2)r x U(1)y x U(1)’
model with two Higgs doublets and one Higgs singlet are given in [14]. When the branching
fractions Zo — WHW ™= and Z, — ZlH? are the largest, then the decays Z> — HTH ™~ and
Zy — PYHSY, where HYH~ and P° are the physical charged and the pseudoscalar Higgs
bosons, respectively, are suppressed. Therefore, we can take I'(Zy — Z1HY) = I'(Zy —
WHw-).

Using the relation between the decay width for the fermionic SM particles and bosonic

supersymmetric superpartners of them in one chiral supermultiplet in the massless limit given
in [15] as

I(Z' —bb") = %F(Z’ — ff)=T(Z" = [}, (30)
we can write the relationships between the decay widths for winos, zino and higgsino as
[(Zy » WHW™) =20(Zy > WHW™) = [(Zy — ZoH). (31)
So, the full decay width for Z’ boson at the 63, = 0 is

Ffllll(Z,) ZQ - ff7 fﬁ W+W77W+,W77ZOHO7ZOI§O) =

= grm(z’ — ) +60(Z, - WTW™). (32)

From the last equation, it is obvious that the full decay width of Z’ boson is increased
at least by 50% when we consider the supersymmetric partners of the SM particles. The full
decay width of Z’ for the angle 6 ~ 0 is given in Table 3.

Table 3. The full decay width of Z’ for the angle 0 = 0. T'r,;; and Mz, are in GeV

Mz, 500 600 700 800 900 1000
Cru(0 = 0) | 20.8706 | 24.0341 | 27.2438 | 30.4968 | 32.0972 | 37.1436
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Fig. 2. The plot of decay width for I'(Z, — WTW~, WHW~, ZoH°, ZoH") defined by the line
g(x,0) as a function of different values of My (4y. The other five lines defined by ng1(x,0), ng2(x,0),
ng3(z,0), nga(x,0) and ngs(z,0) in the figure are for the number of generations of exotic fermions
with values 1, 2, 3, 4 and 5, respectively, as seen in Eq.(33)
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Fig. 3. The plot of Tean(Z', Z2 — fF, ff,WTW ™, WTW ™, ZoH°, ZoH®) decay widths defined
by the line g2(z,0) and I'(Z2 — WHW ™, WHW~, ZoH°, ZoH") defined by the line g(z,0) as a
function of different values of My (). The other five lines defined by ng1(x,0), ng2(x,0), ngs(x,0),
nga(z,0) and ngs(x,0) in the figure are for the number of generations of exotic fermions with values 1,

2, 3, 4 and 5, respectively, as seen in Eq. (33)

By using the equation [14]

Fzz(GGV) = (06 + 0.6719)(MZ/ — MZO);

(33)

where ng is the number of generations of exotic fermions, and Eq. (32) both in the full form
and taking only the second term on the right of this equation, we plotted Figs.2 and 3 for
trying to guess the Z’ mass at the intersections of the lines of these equations.

DISCUSSION AND CONCLUSION

As seen from the calculations, the Z’ decays to the SU(2) bosons are considered and
the decay width for WHW~=, ZoH" and for the supersymmetric partners of these bosons
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is calculated numerically at the small mixing angle 65, which is defined by Higgs mass
constraint as well as the calculation of the Z’ decays to the SM fermions and to the sparticles
of the SM particles. The full decay width of Z’ boson is written by Eq.(32) according to
our calculations. By using the calculations of Z’ boson decay widths, we drew Figs.2 and 3.
From Fig. 2, the mass of Z’ boson can be decided to be about 630 GeV when we plot only
the second term on the right of Eq. (32) with Eq. (33) for different values of n, as a function
of decay width versus different masses of Z’ boson. The intersection occurs first for n, = 3.
Since the decaying particle is the same, it must have the same mass estimated by Fig.2 when
we plot a figure including the full decay of Z’ boson to all particles. Therefore, in Fig. 3, we
plotted Eq. (32) in the full form together with the second term on the right of this equation
as we drew in Fig.2. In this case, again the intersection occurs with the mass of Z’ about
630 GeV for ng = 5. Therefore, it is estimated that the mass of Z' boson is about 630 GeV
and the number of generations of the exotic fermions is to be 3 or 5. The collider LHC is
designed to collide the protons with a center-of-mass energy 14 TeV. Since the center-of-mass
energy of proton—proton collisions at LHC is 14 TeV, the particle cascades coming from the
collisions might contain Z’ if the mass is below 1 TeV as calculated in this work. Therefore,
we conclude that Z’ boson can be discovered at LHC.
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