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Primordial nucleosynthesis constraints onZ8 properties
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In models involving new TeV-scaleZ8 gauge bosons, the newU(1)8 symmetry often prevents the genera-
tion of Majorana masses needed for a conventional neutrino seesaw mechanism, leading to three superweakly
interacting ‘‘right-handed’’ neutrinosnR , the Dirac partners of the ordinary neutrinos. These can be produced
prior to big bang nucleosynthesis by theZ8 interactions, leading to a faster expansion rate and too much4He.
We quantify the constraints on theZ8 properties from nucleosynthesis forZ8 couplings motivated by a class of
E6 models parametrized by an angleuE6. The rate for the annihilation of three approximately massless
right-handed neutrinos into other particle pairs through theZ8 channel is calculated. The decoupling tempera-
ture, which is higher than that of ordinary left-handed neutrinos due to the largeZ8 mass, is evaluated, and the
equivalent number of new doublet neutrinosDNn is obtained numerically as a function of theZ8 mass and
couplings for a variety of assumptions concerning theZ-Z8 mixing angle and the quark-hadron transition
temperatureTc . Except near the values ofuE6 for which theZ8 decouples from the right-handed neutrinos, the
Z8 mass and mixing constraints from nucleosynthesis are much more stringent than the existing laboratory
limits from searches for direct production or from precision electroweak data, and are comparable to the ranges
that may ultimately be probed at proposed colliders. For the caseTc5150 MeV with the theoretically favored
range ofZ-Z8 mixings, DNn&0.3 for MZ8*4.3 TeV for any value ofuE6. Larger mixing or largerTc often
lead to unacceptably largeDNn except near thenR decoupling limit.

DOI: 10.1103/PhysRevD.67.075009 PACS number~s!: 12.60.Cn, 14.60.Pq
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I. INTRODUCTION

Additional heavyZ8 gauge bosons@1# are predicted in
many superstring@2# and grand unified@3# theories, and also
in models of dynamical symmetry breaking@4#. If present at
a scale of a TeV or so they could provide a solution to them
problem @5# and other problems of the minimal supersym
metric standard model~MSSM! @6#. Current limits from col-
lider @7,8# and precision@9# experiments are model depe
dent, but generally imply thatMZ8.(500–800) GeV and
that theZ-Z8 mixing angle is smaller than a few31023.
There are even hints of deviations in atomic parity violati
@10,11# and the NuTeV experiment@13#, which could be an
early indication of aZ8 @14#. A Z8 lighter than a TeV or so
should be observable at run II at the Fermilab Tevatron.
ture colliders should be able to observe aZ8 with mass up to
around 5 TeV and perform diagnostics on the couplings u
a few TeV@15#.

An electroweak or TeV-scaleZ8 would have important
implications for theories of neutrino mass. If the righ
handed neutrinos carry a non-zeroU(1)8 charge, then the
U(1)8 symmetry forbids them from obtaining a Majoran
mass much larger than theU(1)8-breaking scale, and, in
particular, would forbid a conventional neutrino sees
model@16#. In this case, it might still be possible to genera
small Majorana masses for the ordinary~active! neutrinos by
some sort of TeV-scale seesaw mechanism in which there
0556-2821/2003/67~7!/075009~12!/$20.00 67 0750
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additional mass suppressions@17#. However, another possi
bility is that there are no Majorana mass terms, and that
neutrinos have Dirac masses which are small for some
son, such as higher dimensional operators@18# or volume
suppressions in theories with large extra dimensions@19#. In
this case, the model would contain three additional rig
handed partners of the ordinary neutrinos, which would
almost massless. Such light Dirac neutrinos~i.e., with mass
less than an eV or so! in the standard model or MSSM ar
essentially sterile, except for the tiny effects associated w
their masses and Higgs couplings, which are too much sm
to produce them in significant numbers prior to nucleos
thesis or in a supernova. However, the superweak inte
tions of these states due to their coupling to a heavyZ8 ~or a
heavyW8 in the SU(2)L3SU(2)R3U(1) extension of the
standard model@20#! might be sufficient to create them i
large numbers in the early universe@21–23# or in a super-
nova @24#. In this paper, we consider the constraints follo
ing from big bang nucleosynthesis onZ8 properties in a class
of E6-motivated models.

It is well known that any new relativistic particle specie
that were present when the temperatureT was a few MeV
would increase the expansion rate, leading to an ea
freeze-out of the neutron to proton ratio and therefore t
higher 4He abundance@25,26#. Their contribution is usually
parametrized by the numberDNn of additional neutrinos
with full-strength weak interactions that would yield th
©2003 The American Physical Society09-1
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same contribution to the energy density. The primordial4He
abundance is still rather uncertain, but typical estimates
the upper limit onDNn are in the range@27# DNn,(0.3
21) @26,28#. Of course, theZ width does not allow more
than 3 light active neutrinos@29#, so DNn should be inter-
preted as an effective parameter describing degrees of
dom that do not couple with full strength to theZ.

In 1979, Steigman, Olive, and Schramm@21,22# described
the implications of a superweakly interacting light partic
such as a right-handed neutrino coupling to a heavyZ8. Be-
cause of their superweak interactions, such particles de
pled earlier than ordinary neutrinos. As the temperat
dropped further, massive particles such as quarks, pions,
muons subsequently annihilated, reheating the ordinary n
trinos and other particles in equilibrium, but not the sup
weak particles. One must also take into account the trans
between the quark-gluon phase and the hadron phase.

A simple estimate of the decoupling temperature is
tained as follows@21,22#. Ordinary neutrinos have cross
sectionssW}GW

2 T2, whereGW is the Fermi constant, an
interaction rates

GW~T!5n^sWv&}GW
2 T5, ~1.1!

wheren is the density of target particles. The Hubble expa
sion parameter varies asH}T2/M P , whereM P is the Planck
scale, so the decoupling temperatureTd at whichG is equal
to H becomes

Td}~GW
2 M P!21/3. ~1.2!

Putting in the coefficients,Td(nL)'1 MeV for the ordinary
neutrinos@30#. Similarly, a superweakly interacting partic
such as a right-handed neutrino with a cross-sectionsSW

}GSW
2 T2, would decouple at

Td~nR!;S GW

GSW
D 2/3

Td~nL!. ~1.3!

If in the specific model, the effective superweak coupli
constantGSW is proportional toMSW

22 , where MSW is the
mass of a superweak gauge boson, the decoupling temp
ture can be written as

Td~nR! ;S MSW

MW
D 4/3

Td~nL!, ~1.4!

whereMW is theW mass. It is then straightforward to calcu
late the dilution by the subsequent quark-hadron transi
and the annihilations of heavy particles, and the correspo
ing DNn from the superweak particles.

Of course, the estimate in Eq.~1.4! is very rough. In par-
ticular, the detailed couplings of theZ8 to thenR and to all of
the other relevant particles must be considered for a pre
estimate@31#. In this paper, we do this for a class ofZ8
models with couplings motivated byE6 grand unification
@36#. ~The full structure ofE6 is not required.! We define the
U(1)8 model in Sec. II. The implications of superweak
coupled particles for nucleosynthesis and the uncertain
07500
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from the quark-hadron transition temperatureTc are summa-
rized in Sec. III. Section IV deals with the calculation of th
decoupling temperature. We present our results and num
cal analysis forTd andDNn for three right-handed neutrino
as a function of theZ8 mass and couplings for various a
sumptions concerning theZ-Z8 mixing andTc in Sec. V. The
discussion and conclusion follows in Sec. VI.

II. Z8 IN E6-MOTIVATED MODELS

A general model with an extraZ8 is characterized by the
Z8 mass; theZ-Z8 mixing angle; theU(1)8 gauge coupling;
the U(1)8 chiral charges for all of the fermions and scala
which in general may be family nonuniversal, leading to fl
vor changing neutral currents@37#; and an additional param
eter associated with mixing between theZ and Z8 kinetic
terms @38#. Furthermore, most concreteZ8 models involve
additional particles with exotic standard model quantu
numbers, which are required to prevent anomalies. It is
ficult to work with the most general case, so many stud
make use of theU(1)8 charges and exotic particle conte
associated with theE6 model, as an example of a consiste
anomaly-free construction@39#. Explicit string constructions
@40# often lead to other patterns of couplings and exotics,
these are very model dependent.

E6 actually yields two additionalU(1)8 factors when bro-
ken to the standard model@or to SU(5)], i.e.,

E6→SO~10!3U~1!c→SU~5!3U~1!x3U~1!c .
~2.1!

It is usually assumed that only one linear combination s
vives at low energies, parametrized by a mixing angleuE6.
The resultantU(1)8 charge is then@41#

Q5QxcosuE61QcsinuE6 . ~2.2!

A special case that is often considered isU(1)h , which cor-
responds touE652p2tan21A(5/3)51.71p. We list the
charges ofU(1)x and U(1)c that we need in Table I. The
quantum numbers of the associated exotic particles are g
in @36#. It is conventional to chooseuE6 to be in the range
(0,p), since the charges merely change sign foruE6→uE6
1p. With this convention one must allow both positive an
negative values for theZ-Z8 mixing angled. In this paper,

TABLE I. The ~family-universal! charges of theU(1)x and the
U(1)c .

Fields Qx Qc

uL 21/2A10 1/2A6
uR 1/2A10 21/2A6
dL 21/2A10 1/2A6
dR 23/2A10 21/2A6
eL 3/2A10 1/2A6
eR 1/2A10 21/2A6
nL 3/2A10 1/2A6
nR 5/2A10 21/2A6
9-2
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we find it convenient to choose a different convention
which uE6 varies from 0 to 2p, but for whichd<0. That is,
the range 02p corresponds to theE6 models with negative
mixing, whilep –2p corresponds to positive mixing. ThenR
charge is nonzero, precluding an ordinary seesaw me
nism, except foruE6;0.42p and 1.42p. We will always
assume that the neutrinos are Dirac and that the three r
handed neutrinos are therefore very light.~In fact, the non-
zero Dirac masses play no role in the analysis.! There could
be additional sterile states, such as theSO(10)-singlet states
occurring in the 27-plet ofE6. If these involve nearly mass
less fermions they could also contribute to the expansion
prior to nucleosynthesis. We assume that these additi
neutralinos acquire electroweak scale masses from the g
symmetry breaking@1#.

Let Z and Z8 represent the standard model andU(1)8
gauge bosons, respectively, andZ1,2 the mass eigenstat
bosons, related by

S Z1

Z2
D 5S cosd 2sind

sind cosd D S Z

Z8
D , ~2.3!

whered is theZ-Z8 mixing angle. As stated in the Introduc
tion, the limits onMZ2

;MZ8 depend onuE6 and also on the

masses of any exotics and superpartners to which theZ8
couples, but are typically in the rangeMZ8.(500
2800) GeV. The limits ond are correlated with those fo
MZ8 and are asymmetric underd→2d. However, forMZ8
;1 TeV the constraints are less sensitive touE6 and are
approximately symmetric, withudu,0.002 giving a reason
able approximation for alluE6. For largerMZ8 there are two
theoretical constraints on the mixing, corresponding to E
~6! and~5! of @42#. The first is a theoretical relation betwee
the mass and mixing,

d5C
gZ8

gZ

MZ1

2

MZ2

2
, ~2.4!

where gZ[Ag1
21g2

2 and gZ8 is the U(1)8 gauge coupling
constant. The value ofgZ8 depends on the embedding an
breaking of the underlying theory. We will choosegZ8
5A(5/3)gZsinuW, which corresponds to a unification ofgZ8
with the other gauge couplings for the exotic particle qu
tum numbers of supersymmetricE6. In Eq. ~2.4! C depends
on the charges of the scalar fields which lead to the mix
~see Table III of@42#!. However, for the typical cases i
which the mixing is induced by scalars in anE6 27 or
27̄-plet, it is a reasonable approximation to take21,C
,1 for all uE6. ~One can have a slightly more restrictiv
range for someuE6.! The assumptionuCu,1 corresponds to
udu,0.0051/MZ2

2 , whereMZ2
is in TeV. The second theoret

ical constraint is the requirement that the mixing should
change the mass of the lighterZ more than is allowed by the
data. It is equivalent to
07500
a-

ht-

te
al
ge

s.

-

g

t

udu;Ar021
MZ1

MZ2

, ~2.5!

whereMZ1
5MZ , and ther0 parameter, defined precisely i

@43#, should be exactly 1 in the standard model. The pre
sion data implyr0,1.001. Hence,udu,0.0029/MZ2

, where

MZ2
is again in TeV. We will consider the following cases

~A0! d50 ~no mixing!

~A1! udu,0.0051/MZ2

2

~ theoretical mass-mixing relation!

~A2! udu,0.0029/MZ2
~r0 constraint!

~A3! udu50.002

~maximal mixing allowed forMZ2
;1 TeV!.

~2.6!

A1 is more stringent than A2 and A3 in the large mass ran
so we will mainly focus on A0 and A1.

The lagrangian for the massive neutral current coupling
fermion f is @42#

2Lint5gZQZ~ f L! f̄ Lgm f LZm1gZQZ~ f R! f̄ Rgm f RZm

1gZ8Q~ f L! f̄ Lgm f LZm8 1gZ8Q~ f R! f̄ Rgm f RZm8

~2.7!

where

QZ~ f L![Tf
32qfsin2uW ,

QZ~ f R![2qfsin2uW , ~2.8!

and Q( f L,R) is given by Eq.~2.2!. The annihilation cross-
section throughZ8 has both~light! Z1 and ~heavy! Z2 con-
tributions unlessd50 and is calculated in Sec. IV.

III. NUCLEOSYNTHESIS

As described in the Introduction, the observed4He abun-
dance constrains the energy density at the time of big b
nucleosynthesis~BBN! @25#, with most recent estimate
@26,28# of the number of equivalent new active neutrin
types in the rangeDNn,(0.321).

The contribution of new relativistic species can be writt
as

DNn5
8

7 (
B

gB

2 S TB

TBBN
D 4

1(
F

gF

2 S TF

TBBN
D 4

, ~3.1!

wheregB and gF are degrees of freedom of new bosons
and new fermions F, respectively,TB,F are their effective
temperatures, andTBBN;1 MeV is the temperature at th
9-3



ar
u

t-
of
s,

om

qu

d

to

e

l-

ti
v
rk

e
ym
hi

e

d

al

usly

s
ur

m

f
-
low
are
we

ng

its
ni-
an-

air

nc

de

BARGER, LANGACKER, AND LEE PHYSICAL REVIEW D67, 075009 ~2003!
time of the freeze-out of the neutron to proton ratio. In p
ticular, the contribution of three types of right-handed ne
trinos is

DNn53•1•S TnR

TBBN
D 4

53S g~TBBN!

g„Td~nR!…D
4/3

~3.2!

where Td(nR) is the decoupling temperature of the righ
handed neutrinos.g(T) is the effective number of degrees
freedom at temperatureT. Neglecting finite mass correction
it is given bygB(T)1 7

8 gF(T), wheregB,F(T) are the num-
ber of bosonic and fermionic relativistic degrees of freed
in equilibrium at temperatureT @21,22#. In particular,
g(TBBN)543/4 from the three active neutrinos,e6, andg,
andg(T) increases~in this approximation! as a series of step
functions at higher temperature as more particles are in e
librium. The second equality in Eq.~3.2! comes from entropy
conservation@21# in the heavy particle decouplings an
quark-hadron transition subsequent to thenR decoupling.
Therefore, thenR are not included in our definition ofg(T).
~They will be included in the expansion rate formula prior
decoupling.!

In calculatingg(T) one must also take into account th
QCD phase transition at temperatureTc . Above Tc , the u
and d ~and possiblys) quarks and the gluons were the re
evant hadronic degrees of freedom, while belowTc they are
replaced by pions@21,22#. The value ofTc is poorly known,
but is usually estimated to be in the range (1502400) MeV
@44#. This range is estimated in quark and hadron poten
models as the temperature above which hadrons start to o
lap ~lower end! or as the temperature below which the qua
gas in no longer ideal~upper end!. A related uncertainty is
whether to use current or constituent quark masses. At v
high temperatures the quarks can be considered as as
totically free and current masses are appropriate, w
around Tc constituent effects become important@45#. The
range of estimates forTc is essentially unchanged if on
simply fixes the quark masses at either value@44#.

FIG. 1. The effective number of degrees of freedom as a fu
tion of temperature for the quark-hadron transition temperatureTc

5150 MeV and 400 MeV, from@46#. g(T) does not include con-
tributions from the three right-handed neutrinos, which are ad
separately in the expansion rate formula.
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Figure 1 shows the explicit values ofg(T) from the more
detailed analysis of Ref.@46#, which includes finite mass an
other corrections, and uses the two valuesTc5150 MeV and
400 MeV. We will also use these values for our numeric
analysis. The sharp increase ing(T) aboveTc ~because of
the large number of quark and gluon degrees of freedom! is
extremely important for relaxing the constraints on theZ8
mass.

The QCD phase transition does not occur instantaneo
or at one temperature but rather smoothly~meaning both
quarks and hadrons exist at the same temperature! for a pe-
riod of time aroundTc , as illustrated by the smooth curve
in Fig. 1. Risking a small inconsistency, we approximate o
calculation of the interaction rate by simply switching fro
quarks to hadrons for temperatures belowTc . We will take
the valuesTc5150 and 400 MeV to illustrate the range o
hadronic uncertainties. AboveTc , the interaction rate de
pends in principle on the quark masses, especially for
Tc . However, we have found in practice that the results
almost identical for constituent and current masses, so
will mainly display them for the constituent case~both will
be shown for theh model!.

The calculation of the right-handed neutrino decoupli
temperatureTd(nR) in terms of theZ8 parameters is dis-
cussed in the next section.

IV. THE EXPANSION AND INTERACTION RATES

A particle is decoupled from the background when
interaction rate drops below the expansion rate of the u
verse. In this section, we present the the cosmological exp
sion rateH(T) along with the explicit form of the interaction
rateG(T) for n̄RnR annihilating into all open channels@47#,
and estimate the decoupling temperatureTd of a right-
handed neutrino byG(Td);H(Td).

The Hubble expansion parameter is given by

H~T!5A8pGNr~T!

3
5A4p3GNg8~T!

45
T2 ~4.1!

where GN5M P
22 is the Newton constant andr(T) is the

energy density. We defineg8(T)5g(T)1 21
4 , where the 21/4

reflects the 3 massless right-handed neutrinos.
The cross-sections i(s)[s( n̄RnR→ f̄ i f i) for a massless

right-handed neutrino pair to annihilate into a fermion p
through theZ8 channel is

s i~s!5NC
i sb i

16p H S 11
b i

2

3 D @~GRL
i !21~GRR

i !2#

12~12b i
2!GRL

i GRR
i J ~4.2!

where~for s!MZ1

2 ,MZ2

2 )

-

d

9-4
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GRX
i 5gZ8

2Q~nR!Q~ f iX!S sin2d

MZ1

2
1

cos2d

MZ2

2 D
2gZ8gZQ~nR!QZ~ f iX!S sind cosd

MZ1

2
2

sind cosd

MZ2

2 D ,

~4.3!

whereX5L or R, b i[A124mf i

2 /s is the relativistic veloc-

ity for the final particles, andNC
i is the color factor of par-

ticle f i .
In the limit of no-mixing (d50) and massless final pa

ticles (b i51), the cross-section simplifies to

s i~s!→NC
i s

12p S gZ8
2

MZ8
2 D 2

Q~nR!2@Q~ f iL !21Q~ f iR!2#,

~4.4!

consistent with the earlier estimatesSW}GSW
2 T2 with GSW

}gZ8
2/MZ8

2 andT}As.
For temperatures less than the quark-hadron trans

temperatureTc51502400 MeV, we replace the quark de
grees of freedom with hadrons. The only relevant annih
tion channels are into charged pions. We approximate
cross-section ofn̄RnR annihilating intop1p2 by using ther
dominance model@48#,

sp~s![s~n̄RnR→p1p2!

5
sbp

3

96p
uFp~s!u2~GRL

u 1GRL
d̄ 1GRR

u 1GRR
d̄ !2

~4.5!

which is basically obtained by usingQ( f iL)5Q(uL)
1Q(d̄L) andQZ( f iL)5QZ(uL)1QZ(d̄L) for GRL

i and like-
wise for GRR

i . The pion form factor@49# is

Fp~s!5
mr

2

s2mr
21 imrGr

, ~4.6!

with mr5771 MeV andGr5149 MeV.
The interaction rate pernR is

G~T!5(
i

G i~T!5(
i

nnR

gnR

^sv~ n̄RnR→ f̄ i f i ,p1p2!&,

~4.7!

wherennR
is the number density of a single flavor of mas

less right-handed neutrinos plus antineutrinos,gnR
52 is the

number of degrees of freedom, and^sv& is the thermal av-
erage of the cross-section times velocity.

We use the same masses~Table II! used in the calculation
@22,46# of g(T) in Fig. 1, except for the valuemb
54200 MeV of theb quark current mass@29#. We include
the contributions of all particles up to theb quarks. The
contributions from the top quark and heavy particles fro
07500
n

-
e

-

new physics, such as squarks, sleptons, and exotics w
only be relevant when the decoupling temperature is clos
the electroweak scale or higher. This only occurs whenuE6 is
extremely close to the values for which thenR decouples
from theZ8.

For a massless right-handed neutrino pair colliding w
4-momentapm[(p,p) andkm[(k,k) with relative angleu,
the interaction rate per neutrino is@51#

G i~T!5
gnR

nnR
~T!

E d3p

~2p!3

d3k

~2p!3
f n~p! f n~k!s i~s!vM

5
gnR

8p4nnR

E
0

`

p2dpE
0

`

k2dk

3E
21

1

d cosu
~12cosu!

~ek/T11!~ep/T11!
s i~s!, ~4.8!

where f n(k)5(ek/T11)21 is the Fermi-Dirac distribution
with

nnR
~T!5gnR

E d3k

~2p!3
f n~k!52•

3

4p2
z~3!T3, ~4.9!

vM5p•k/pk512cosu is the Mo” ller velocity, and s
52pk(12cosu) is the square of the center-of-mass ener

A root-finding method was used to calculate the dec
pling temperature, for whichH5G. A several percent erro
was allowed in the numerical result to calculate the ro
efficiently. Finite temperature effects, such as changes in
phase space due to interactions with the thermal bath,
increase the ordinary neutrino decoupling temperature
several percent@52#. Analogous effects for thenR are too
small to significantly affect our results.

V. NUMERICAL RESULTS

In this section, we present the numerical results from
calculation. The marked points in Figs. 2–5 are the result
the actual calculation, while the curves interpolate.

Figures 2 and 3 show how the right-handed neutrino
coupling temperatureTd and the equivalent number of extr
neutrino speciesDNn change with MZ2

for uE652p

2tan21A(5/3);1.71p ~the h model! for constituent and
current masses, respectively, forTc5 150 and 400 MeV and
the various assumptions concerning theZ-Z8 mixing listed in

TABLE II. The masses~in MeV! used for the numerical analy
sis.

Quarks Current~constituent! masses Others Masses

u 4.2(340) n 0
d 7.5(340) e 0.511
s 150(540) m 105
c 1150(1500) t 1800
b 4200(4500) p 137
9-5
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FIG. 2. The decoupling temperatureTd ~top! and the equivalent number of extra neutrinosDNn ~bottom! for the h model as a function
of theZ2 massMZ2

for constituent quark masses, for a quark-hadron transition temperatureTc5150 MeV ~circles! and 400 MeV~crosses!.
The left two figures are for the cases A0 and A3 defined in Eq.~2.6!, i.e., the solid, dashed and dotted lines represent zero mixingd
50), and positive and negative maximal mixing (d560.002), respectively. TheTc5150 MeV case has higherTd and lowerDNn for the
sameMZ2

thanTc5400 MeV. The right figures are for the intermediate mixing assumptions A1 and A2. The solid and dash-dot cur
for the mass-mixing relationsd560.0051/MZ2

2 , while the dashed and dotted curves are for ther0 constraintsd560.0029/MZ2
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Eq. ~2.6!. The no-mixing curves A0 exhibit an approxima
Td;(MZ2

/MZ)4/3 dependence, in agreement with the simp
estimate in the Introduction@21,22#. This is to be roughly
expected because of theMZ2

24 dependence of the cross se

tion for no mixing, but is not exact because additional ch
nels which affect both the expansion and interaction ra
open up at higher temperatures. The no-mixing curves
Figures 2 and 3 are reasonably described by Eq.~1.4! for
Td(nL);3 MeV for the h model, but the coefficients in
front of (MZ2

/MZ)4/3 are strongly model dependent, as

apparent in Figs. 4 and 5.Td is usually lower in the case
involving Z-Z8 mixing, because theZ annihilation channel
yields a contribution proportional tod2 even for infinite
MZ2

. That is why the~theoretically unrealistic! curves A3 for

fixed udu50.002 are asymptotically flat for largeMZ2
. Case

A1, in which udu;0.0051/MZ2

2 , also hasTd;(MZ2
/MZ)4/3,

though with a smaller coefficient than for no mixing@53#,
while A2, with udu50.0029/MZ2

, hasTd;(MZ2
/MZ)2/3. For

case A1,Td is asymmetric underd→2d for all MZ2
, as is

apparent from Eqs.~2.6! and ~4.3!. The difference vanishe
asymptotically for A2 and A3, but even forMZ2

55 TeV
there is still a difference, especially for A2.

The decoupling temperature is slightly lower forTc
5400 MeV than for 150 MeV, provided it is in the range fo
which the two curves in Fig. 1 differ. Both the expansi
07500
-
s

in

and annihilation rates are smaller forTc5400 MeV, but the
effect on the expansion rate is more important because o
gluonic degrees of freedom. Similarly,Td is smaller for cur-
rent quark masses than for constituent masses, provideTd

.Tc , because of the larger annihilation rate@54#.
The DNn curves change rapidly whenTd reaches the

quark-hadron phase transition temperatureTc , whereg(T)
changes significantly. That is whyDNn is so much larger for
Tc5400 MeV than for 150 MeV. For the no-mixing case, th
difference is significant forMZ2

&4 TeV, and it persists to

even higher masses for the mixing cases~and to infinite mass
for maximal mixing!. The only significant difference be
tween the constituent and current quark masses is in
maximal mixing case withTc5150 MeV. That is because
Td is very close toTc , and even a small change inTd leads
to a significant change ing(T), as can be seen in Fig. 1.

It is apparent from Figs. 2 and 3 that theh model leads to
a significantDNn for all of the cases and parameter rang
considered. Even the very conservative constraintDNn,1
implies MZ2

.1.522.2 TeV for Tc5150 MeV, or, limiting

ourselves to the most realistic cases A0 and A1,MZ2
.1.5

21.9 TeV. ForTc5400 MeV one findsMZ2
.3.324 TeV

for A0 and A1,MZ2
.5 TeV for A2 and no allowed values

for A3. All of these are much more stringent than the dire
laboratory limit of 620 GeV@7# or the indirect limits from
9-6
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FIG. 3. Same as Fig. 2 except that current quark masses are used. The upper graphs share most features with the constituen
except thatTd can be slightly lower whenTd.Tc . The only significant change inDNn is for theTc5150 MeV maximal mixing case~see
text!.
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precision electroweak data@9#. The more stringent limit
DNn,0.3 is satisfied for cases A0 and A1 forMZ2

.2.5

23.2 TeV for Tc5150 MeV, andMZ2
.4.024.9 TeV for

Tc5400 MeV. It is not satisfied for case A2 withTc
5400 MeV until extremely high masses, and never
~fixed! maximal mixing unless one takes a mixing mu
smaller than the present accelerator limit (udu,0.0024) @8#.

Figures 4 and 5 display the results for the class ofE6
models parametrized by the angleuE6 defined in Eq.~2.2!,
for constituent masses andTc5150 MeV and 400 MeV, re-
spectively. Each figure includes the no-mixing case and
mixing assumption A1 defined in Eq.~2.6!, which is the most
stringent and realistic. The limits in the presence ofZ-Z8
mixing are asymmetric underd→2d. This is represented in
the right-handed graphs by takingd,0 but allowinguE6 to
run from 0 to 2p, so that the (p22p) range ford,0 is
equivalent to (02p) with d.0. The top graphs displayTd
as a function ofuE6 for fixed valuesMZ2

5500, 1000, 1500,

2000, 2500, 3500, 4000, and 5000 GeV, with largerMZ2

corresponding to higherTd . The middle graphs showDNn

as a function ofuE6 for the same values ofMZ2
, with larger

MZ2
corresponding to smallerDNn . The bottom figures

show the lower bounds onMZ2
for DNn,0.3, 0.5, 1.0 and

1.2, with largerDNn corresponding to smallerMZ2
.

It is seen thatTd becomes very large and theMZ2
limits

essentially disappear asuE6 approachesuE6;0.42p or
1.42p, for which nR decouples completely@Q(nR)50#, but
the details depend on the new physics at the electroweak
07500
r

e

nd

higher scales~we only explicitly included particles up to th
b quark!. uE651.71p corresponds to theh model with d
,0, while uE650.71p corresonds tod.0. It is seen from
the figures thatDNn is larger for values ofuE6 closer to 0
~thex model!, but are weaker nearuE65p/2 ~thec model!.

From the figures it is apparent that requiringDNn<1 ex-
cludes much of the interesting parameter space forTc
5150 MeV, except for largeZ2 masses or regions ver
close to thenR decoupling angles;0.42p and 1.42p. In
particular, theDNn<1 constraint is satisfied for all values o
uE6 for MZ2

*2.2 TeV if there is no mixing, with a slightly

more stringent constraintMZ2
*2.4 TeV for mixing assump-

tion A1. The correspondingMZ2
limits for DNn<0.3 are 3.8

and 4.3 TeV. The constraints forTc5400 MeV are even
more stringent, essentially requiringnR decoupling or very
largeZ2 masses. One hasDNn<1(0.3) for alluE6 for cases
A0 and A1 forMZ2

*5.1(6.1) TeV.

VI. DISCUSSION AND CONCLUSION

Many theories beyond the standard model predict the
istence of additionalZ8 gauge bosons at the TeV scale. T
associatedU(1)8 gauge symmetry often prevents the lar
Majorana masses needed for an ordinary neutrino see
model. One possibility is that the neutrino masses are D
and small. In that case, there is a possibility of producing
sterile right-handed neutrino partnersnR via Z8 interactions
prior to nucleosynthesis@21,22#, leading to a faster expan
sion and additional4He.
9-7
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FIG. 4. Td ~top! andDNn ~middle! for MZ2
5500, 1000, 1500, 2000, 2500, 3500, 4000, and 5000 GeV, forTc5150 MeV and constituent

masses. LargerMZ2
corresponds to higherTd and smallerDNn . The graphs on the left are for no mixing@case A0 in Eq.~2.6!#, while the

right-hand graphs are for the mass-mixing relationudu,0.0051/MZ2

2 ~case A1!. The bottom graphs areMZ2
corresponding toDNn50.3, 0.5,

1.0, and 1.2, with largerDNn corresponding to smallerMZ2
.
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We have studied the right-handed neutrino decoup
temperatureTd in a class ofE6-motivatedU(1)8 models as a
function of theZ8 mass and couplings~determined by an
angleuE6) for a variety of assumptions concerning theZ-Z8
mixing angled, the quark-hadron transition temperatureTc ,
and the nature~constituent or current! of the quark masses
07500
gWe have taken all relevant channels~quark, gluon, lepton,
and hadron! into account, not only in the expansion ra
H(T) and entropy, but also in the rateG(T) for a massless
right-handed neutrino pair to annihilate into a fermion
pion pair via the ordinary or heavyZ bosons. We therefore
obtain a larger annihilation rate, and thus a lower decoup
9-8
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FIG. 5. Same as Fig. 4, exceptTc5400 MeV. Td is slightly smaller~for Td. 150 MeV! for fixed MZ2
anduE6, while DNn and the

bound onMZ2
for fixed DNn are increased.
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temperature and more stringent constraints, than earlier
culations, which only included annihilation intoe1e2 and
nLn̄L .

From the decoupling temperature and entropy conse
tion as quarks and gluons are confined or as various he
particle types decouple and annihilate, one can obtain
number of right-handed neutrinos at nucleosynthesis,
07500
al-

a-
vy
e

x-

pressed in terms of the equivalent numberDNn of new ordi-
nary neutrino species, for various sets of model parame
MZ2

, d, uE6, andTc . Most recent studies of the primordia

abundances obtain upper limits onDNn in the range~0.3–1!
@26,28#. As can be seen in Figs. 4 and 5, this implies rath
stringent constraints on theZ8 parameters for most values o
uE6. For Tc5150 MeV, the constraintDNn,0.3(1) is sat-
9-9
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isfied for alluE6 for MZ2
*3.8(2.2) TeV for noZ-Z8 mixing,

and for MZ2
*4.3(2.4) TeV allowing the range of mixing

anglesd obtained approximately when one assumes that
scalar fields responsible for the mixing are contained in
27 or 27-plet of E6 @case A1 in Eq. ~2.6!#. For Tc
5400 MeV the constraints are much stronger,MZ2

*6.1(5.1) TeV forDNn,0.3(1). Thestrong dependence o
Tc is due to the large increase in the number of degree
freedom for temperatures*Tc @Fig. 1#, so that the numbe
density ofnR is strongly diluted forTd*Tc . The constraints
are strongest foruE6 close to 0 orp, i.e., near thex model,
which corresponds toSO(10)→SU(5)3U(1)x , and are
very weak near thec model corresponding toE6
→SO(10)3U(1)c , uE65p/2. They disappear entirely a
the valuesuE650.42p and 1.42p, for which the nR de-
couple from theZ8. The often consideredh model, uE6

52p2tan21A(5/3)51.71p ~or 0.71p for 2Zh) is some-
where in between, with the constraints shown in more de
in Figs. 2 and 3.

Except near thenR decoupling angles, theZ8 mass and
mixing constraints from nucleosynthesis are much m
stringent than the existing laboratory limits from searches
direct production or from precision electroweak data, and
comparable to the ranges that may ultimately be probe
proposed colliders. They are qualitatively similar to the lim
its from energy emission from supernova 1987A@24#, but
somewhat more stringent forDNn,0.3, and have entirely
different theoretical and systematic uncertainties.

There are several ways to evade the nucleosynthesis
straints on an extraZ8. One possibility is to generate sma
Majorana neutrino masses for the ordinary neutrinos by
voking an extended seesaw model@17#, in which the extra
sterile neutrinos are typically at the TeV scale. Another p
sibility is that thenR decouple from theZ8, in which case the
hy
.

s,

t,

07500
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of
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e
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re
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-

n-
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constraints disappear. This can in fact occur naturally
classes of models in which one combination of thex andc
charges is broken at a large scale associated with anF and
D-flat direction @55#, leaving a light Z8 which decouples
from the nR @56#. Yet another possibility is to weaken th
observational constraint onDNn by allowing a large excess
@57# of ne with respect ton̄e . This would, however, require a
somewhat fine-tuned cancellation between the effects of
nR and thene-n̄e asymmetry.

Similar constraints on theW8 and Z8 properties in
SU(2)L3SU(2)R3U(1) models@20# are under investiga-
tion @59#.

The precision Wilinson Microwave Anisotropy Prob
~WMAP! data @60# on cosmic microwave backgroun
~CMB! anisotropies were announced shortly after the s
mission of this paper. Several authors have shown that th
give improved bounds onNn @61–64#. For example, for a flat
universe,@61# finds DNn ,6 at 95% C.L. from the WMAP
data alone and22.6,DNn,4 with a prior on the Hubble
constant ofH057268 km s21 Mpc21. A more significant
improvement onNn is obtained by combining the CMB con
straint onVbh2 with BBN constraints. For example,@62#
findsNn52.560.5 at 95% C.L. from a combined CMB plu
BBN analysis. The condition thatNn<3 would very severely
constrains theZ8 mass in our model with three right-hande
neutrinos.
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