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ABSTRACT 

The first laboratory test of cosmological theory is now underway. 

The number of neutrino families in nature, NV, plays a key role in 

elementary particle physics as well as in the synthesis of the light 

elements during the early evolution of the Universe. We describe the 

cosmological arguments which limit Nv as well as the techniques 

employed in accelerator experiments to count the number of neutrino 

flavors. We present the current limit on N " from the CERN pp collider 

and other experiments and compare it to the cosmological bound. This 

comparison is one of the best tests for the relevance of cosmological 

constraints to elementary particle physics and directly tests the Big 

Bang model at an earlier epoch than is possible by traditional 

astronomical observations. The special case of a 4th generation of 

quarks and leptons, which is marginally aLLOwed cosmologically, is 

outlined and we describe present attempts to search for the 

corresponding charged lepton. 
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INTRODUCTION 

The interaction between cosmology and particle physics has grown at 

an explosive rate during the last decade. One of the first predictions 

to come from physics at the frontier of these fields was that big bang 

nucLeosynthesi,s constrainsL the number of light (5 LO MeVl neutrino 

flavors, N,; this constraint probably Limits the number of quark and 

charged lepton flavors as well. Such a cosmological constraint is 

extremely important since particle theory in general does rwt l~imit 

N _ It is, therefore, " of great relevance that this cosmological 

prediction' is finally being tested in the Laboratory, by collider 

experiments. This first test of a cosmological theory at a high energy 

physics facility will provide a check on the hot big bang model back to 

an earlier epoch than is feasible with any of the traditional 

astronomical techniques. 

In this comment we review the fundamental significance of neutrino 

counting and its relationship to “generation’ counting. We review the 

cut-rent status of the arguments from primordial nucleosynthesis 2.3 

which lead to the present bound N < 4.0 (the "standard" N = 3 is "- " 

completely consistent with big bang nucloosynthcsis). Next, we 

examine the possibilities for neutrino counting at pp and e'c^ 

colliders. present the new Limits 
4 

from CERN and PEP and discuss the 

future prospects. We note that cosmological and accelerator 

experiments do not "measure" exactly the same quantities and we use 

cosmological limits to ncutrino masses to dcLimit neutrino properties. 

We conclude with a speculative Look at the possibility of a fourth 

generation which is marginally allowed at present. 
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NEUTHLNO FAMILIES: THE QUARK-LEPTON CONNECTtON 

At present, three generations or' quarks and lcptons are known. 

Only the t-quark and the r-neutrino remain5 to be COmpletely 

confirmed. As is well known, each generation contains six quarks (3 

colors of "up" quarks with Q = +2/3 and 3 colors of "down" quarks with 

Q = -l/3) and two leptons (a charged lepton and a neutrino). It is of 

fundamental importance to determine if additional families of quarks 

and leptons exist. 

In the past, the discovery of a new generation has been made by 

first discovertng a charged lepton (see Table 1). This was due Largely 

to the lower mass of the charged Lepton and/or the cleaner experimental 

signature (e.g.: consider the p -1epton versus the strange or charmed 

quark). Today, we may be in a similar situation in that either a 

charged lepton from W or 2 decay or, an additional neutrino flavor 

could provide the first evidence for another generation. In contrast, 

the quarks of a fourth generation, if it exists, may well be out of 

reach of the present colliding beam machines. In contrast, a bound to 

the total number of neutrino flavors may provide an upper l.imit to the 

number of quark-lepton generations. 

A remarkable aspect of the hot big bang model for the evolution of 

the Universe is the dependence of primordial nuclcosynthesis--fin 

particular. the synthesis of 'tie - on Nu, the number of Light 

ncutrino (m, < LO McV) Elavors. L,2.3 . The proSent limit on the number 

of neutrino famiLies derived from Z a decay is completely consistent 

with the cosmological bound. This represents the first accelerator 

test of cosmology. The cosmological bound limits the number of 
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"relativistic dcgrcos of fxcdom" which were present during big bang 

"ucLc?osynthcsis whereas the accclcrator data li.mits the number of 

particles, which could be very massive (5Mg/2) but, must couple to 

the ZO. That the two bounds very nearly coincide helps rule out (or, 

at least, constrain) the numbers of new "heavy" neutrinos and/or 

"light" exotic particles. 

Laboratory experiments show directly that the ve and u are " 
c 

light' (in the context of our discussion). Despite a" heroic effort to 

lower the upper limit to the mass of the T-neutrino, laboratory data' 

still permits a "heavy" v . T However, by combining astrophysical and 

accelerator data, it has been argued that the vT must be light. For 

convenience, we shall write dN = N -3. Although we expect dN > 0. " " v- 

if the cosmological bound should eventually turn out to yield 

6Nv < 0, the question of the vT mass might have to be reopened. 

PRIMORDIAL NUCLEOSYNTHESIS AND 6N " 

During the early evolution of the Universe (t 5 1 sec.) when the 

temperature iS high (T > 1 MeV) the charged current weak interactions: 

e-(P,")u e, e+(n,p);e and, occasionally, decay (n -p p + e- + Gel' 

along with the inverse reactions, occur sufficiently rapidly to ensure 

that the neutron-to-proton ratio is maintained at its equilibrium value, 

n/p G expt-Am/T). (1) 

Later, when the Universe cools to T = T, = O.'/MeV, this equilibrium can 

no Longer be maintained and the n/p ratio effectively "frceses out". 

Although n + p conversions still occur (for T < 'T-L, the t-ate of 
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such processes is LOO slow to permit the n/p ratio to fotlow eq. (1) 

although n/p does contl.nue to dcCrCaSe as the universe cools. Uowever, 

to a first approximation then, for T < T,, 

n/p = (n/P)" = cxp(-Am/T,) (2) 

The Freeze-out temperature, T*, is determined by the competition 

between the (charged-current) weak interaction rate fwk!= "o<a 
'wk 0) 

and the universal expansion rate t -1 - H (H is the Hubble parameter). 

The higher the universal density (for a fixed temperature), the Faster 

the universe expands and the earlier the freeze-out occurs. For extra -3 

Light particles (those which are relativistic during nucLeosynthesis), 

t, •) t: where' 

'h 
(t/t'),= (1 + _I. 6N,) . (3) 43 

Since almost all neutrons that exist when nucleosynthesis takes place 

as the universe cools to - 4 O.lMeV get incorporated into He, the 

earlier the freeze-out, the more neutrons survive and thus the higher 

the 4He abundance. 'The primordial mass fraction of 4!!e (YD) 

increases with 6N as 
2 

" 

AYp z 0.014 6N " (4) 

In the context of the effect on t e helium abundance, 6N is the in 
" 

effective number of neutrino species, 2 

6Nv = $j$ + ; $($f . (5) 

In (5) the summations are OVcr all relativistic fcrmion if) and boso" 

(B) species of temperature T [relative to the ordinary (c,V,r) ncutrino 

temperature Tvl; the primes indicate that photons, electrons and 
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ordinary neutrinos arc omitted from the sum; g is the number of 

helicity states. For a fourth generation ncutrino, gF = ;I, Tp c T and 
” 

dNv = 1; this corresponds to a predicted increase in the helium 

abundance (over the standard result) of AY 1 0.014. ___- P 
We emphasize that this cosmological constraint applies to & 

species which are relativistic at nucleosynthcsis regardless of the 

interaction strength. For example, if there were a species of light, 

right-handed neutrino which coupled to a new gauge boson 2; (with 

w;1 > "(Z;)), then gF = 2 but TF < TV so that dN = (TF/TJ4 < L. " 

In contrast, this constraint does nor apply to a heavy (>>McV) neutrino 

with ordinary weak interactions since such particles would be 

non-relativistic during big bang nucleosynthesis. 

The predicted value of Y 
P 

in the standard model (6N = 0) requires " 

knowledge of the neutron half-life (K,~): the larger r 'A the more 
4 

neutrons survive to be incorporated in He. An uncertainty 6r,,> in 

the half-life (measured in minutes) corresponds to an uncertainty in Y 
P 

of 

6Yp = 0.014 yh (6) 

By comparing (4) and 16) we see that the prcscnt experimental 

uncertainty 3 in ~I 'h (A$ = 20.1 min.1 leads to a small uncertainty in 

the predicted bound on the number of neutrino flavors (&NV I fO.l). 

Finally, in the standard model, Yp depends weakly on the nucleon 

abundance; more nucleons reLative to (hlack~~body) photons means that 

nuclcosynthesis begins slightly earlier when mot-e neutrons are 

prcscnr,. The nucleon abundance, however, cannot be determined directly 

from astrophysical observaLions. But, the abundances of the other 

Light elements CD, 'ile, 'Lil produced in the big bang do depend on the 
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nucleon abundance. Therafore, we may relate the prcdictcd abundance of 

4 He to the abundances predicted for t.hc other light elements and 

utilize observational data on abundances to constrain the predicted 

range Of yP. 
As Yang et al* emphasized, the primordial abundance of D 

plus 3He provides just such a constraint. The relation between Y and 
P 

'23~ = (D+3He)/H 1s shown in Figure 1. The recent analysis of 

Steigman et al7 suggests that Y < 0.254, T,~ > 10.4 min. 
P 

(T 
-4 

x = LO.5'*_0.1 min) and y23p 5 10 so that 

(6NuJHBN 5 1.0 (7) 

NEUTRINO COUNTING AT COLLIDERS: PRESENT RESULTS AND FUTURE PROSPECTS 

The counting of ncutrino families at col~liders relies on the 

production and decay of' real or virtual Z" bosons. Within the 

framework of the standard elcctroweak theory the Z" is universally 

coupled to leptons and quarks. 'Thus, in the decay of the Z", Lhe 

branching ratio to the standard 3 neutrino species--as well as to new 

families--is prescribed. Basically, there are two ways to count 

neutrino families at colliders4: 

(A) Direct detection of Z0 + v.;. 1 1, 

(B) Measurement of the total width of the Z0 to determine the 

neutrino partial width T(Z" -) uiGi). 

Technique (A) can be used at a pp or an e+e-coLLidcr by 
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detecting either 

pp-‘%” - + ,-,iuon (8) 

e+e. + 'Lo + photo" (9) 

Recently both processes (8) and 19) have been observed and lead to 

limits on 6Nu, with process (9) occurring via virtual Z"'s at prcscnt 

since e+e- energies are below MZO until SLC and LEP begin operations. 

The measurement of the Z" width can be carried our. directly or by a 

determination of the ratio of 2" to U widths. The direct measurement 

from the CERN collider experiment gives a very poor limit to 6Ni, at 

present. Technique B gives the best present limit on bNU. 
7 

This 

technique uses a directly measured ratio of the 

u+eve and ZQe+e- rates to give 

R = 
R(W+eve) 

R(Z"+e+e-) 
=(q p+::-) (kc). (10) 

The key idea of this technique is that TW-teu/TZ-,e~~e-. is reliably 

calculated in the standard model once sin20 w is known and, (aW++/-/~zD 

is determined from QCD calculations.' Actually the calculation of the 

ratio of ci-ass sectio"S is more reliable than the i~ndividual terms due 

to cancellations in the ratio. Finally, it is possible to determine 

rW if we know all of the important decay modes of the W. The 2" and W 

widths are given as [including the possibil~ity of 4th generation 

charged lepton (L) and the t quark]. 4 

TZ = 12.54 + I- - +r 
z-,tt Z-,i.t + 0.17&N ]GcV ( (11) " 

and 

rw = r2.2 + I- w-ttb + rf,.j+L" 'G@" (12) 
L 
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As we show Later, the present limit on the mass of a possible 4th 

generation lepton reduces the contribution to the Z0 width to a 

negligible value. This is not true however for the W width. Thus, the 

intrinsic uncertainty in the ratio of 7. to W widths comes from the t 

and L mass (or existence) and limits the accuracy of this technique in 

determining &NV. In Fig. 2 we show cstl.mates of the uncertainty of the 

various techniques used to measure dN 4 
Il. While it may be relatively 

easy to reach an uncertainty in dNv of -2, to achieve greater accuracy 

will be very difficult with the ratio of widths technique. When 

adequate statistics are collected for processes (8) and (9) it will be 

possible to measure 6NU to z+l. 

A variant on direct width measurements is to study the partial 

width for the process ZO+v; by 

and look for the scattered y in coincidence with nothing (the 

nondctectable neutrinos). This can be done for real Z"'s at SLC or LEP 

or for Virtual Z"'s using heavy qi states 

Y+(qq) -f y+(virtual 7.0) •f y+u;. 

We now turn to the present measurements of, or limits to, 6N . " 

Fig. 3 shows a comparison OF the limits reached with the various 

techniques. The IJAl and UA2 results on the ratio of widths can be 

combined to give" 

6Nv 5 2. (13) 

A similar bound using virtual ZO's - from e+e- -) yv; is Obtained 
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from the data of MAC and ASP at PEP and CELLO at PF;TRA.L4 'Chat 6Nv is 

small is also suggested by the data which is consistent with 

+ Mi(l-sin2BW). Radiative corrections due to extra -5 low mass 

neutrino flavors with corresponding new quarks would cause a deviation 

in this relation.L5 The data suggests 6Nu<Z. 

These measurements are all in excellent agreement with the 

cosmological results (see Fig. 3). From current experimental data we 

may conclude that, at most, there may be a fourth OP possibly. a fifth 

family of quarks and leptons. Given the present uncertainty (-?2) in 

the neutrino counting techniques, the direct search for a fourth 

generation Lepton is of great significance. We turn to this search 

next. 

THE 4TH GENERATION: SEARCH FOR THE CHARGED I.EPTON 

Several years ago it was pointed out that it might be possible to 

discover a 4th generation lepton (and the corresponding neutrino) 

through observation of 10 W decaying to monojets of dijcts and missing 

transverse energy, 

w+L+GL , L + q+qtvL . (14) 

This method has Led to a specific technique to search for L and there 

are now Limits on the mass ML From. the UAl group. We recount the 

technique and then discuss the mass range that ulti.matcly can be 

searched in this way. 



Consider the decays of the W' particles 

w+-,L+," L (15) 

- - 
w--c lUL (16) 

where L is a new sequential lcpton with mass In the range 23 to '10 

GeV/c* and vL(;L) are fourth generation neutrinos (antineutrinos) 

which are assumed to be light. The hadronic decays of the Lf are 

expected to be 

L+-w+ii+u L' (171 

L+-'c+s+;L, (18) 

L--tu+d+u L' 
(19) 

L-+c+s+vL. (20) 

We do not distinguish between decays with heavy flavors and those with 

(u,dl quarks because there is no realistic possibility of separating 

these processes in any of the existing or forthcoming detectors at pp 

colliders. 

Two techniques have been proposed to search for the heavy 

lepton: 10,11,12 

(i) Observation of an excess of single lepton cvcnts with missing 

energy in a region where W+P+v e 
is suppressed and reduction of 

the corresponding background Prom W-ar+v -'e+ue+v~l-tv with a T 

microvertex detector. 
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(ii) Observation of one or two jet event5 with missing encrgy from 

the L decay. 

In this comment WC describe in detail the second possibility. 

The proposed experimental technique makes use of a background 

suppression by detecting two jets from the heavy lepton production 

and decay that are on the same side of the pp l~ine of interaction 

(i.e. within 180° of each other). As we will show, this selection and 

certain requirements on the jets from the decay serve to reduce the 

expected backgrounds. Fig. 4 Illustrates the technique that has been 

proposed. 

In the !JAl analysis a modified ISAJET Monte Carlo was used in which 

the decays (15)-(201, and have been included. The full matrix element 

of the decay, including the polarization of the L, has been included 

with both right and wrong helicity states generated. Ln Reference 12 

it was shown that the W decay gives a kinematic window up to - (65-'/O) 

CeV to search for the new lepton. The backgrounds calculated in 

Reference 12 were also generated initially by the same Monte Carlo but, 

were modified to take into account the realistic properties of the UAl 

detector. This procedure can be applied to the other pp col.lider 

detectors that are capable of searching for the decay products of the W 

such as the CDF detector at Fermilab. 
4 

The possible separation of the 

heavy lepton signal from the expected background relies on the shape of 

the jets from decay (17)-(20) as well as the expected missing energy 

and the unique configuration of the jets as illustrated in Fig. 4. 

Fig. 5 gives the expected number of one jet and two jet events from the 
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decay of a heavy Lopton as a function of the mass from 20 to '15 CeV; 

these are the exnectcd number .zftcr the rJA1 monojet and dijet cuts at-e 

applied. Note that the monojet rate decrcascs rapidly with mass but 

the two jet rate is approximately independent of mass. The detected 

ratio of the number of monojcts and dijets could give a measurement of 

the mass of the heavy leoton. 'Che backgrounds for the search for 

W -I L+uL were calculated along with the expected number of monojet and 

dijet events for 700 -' nb integrated luminosity. The resulting 

comparison of signal and background in the UAl experiment gave a lower 

limit on the 4th generation lepton mass of 

3 ML 2 41 OeV 90% C.L. (211 

including al.1 estimates of systematic errors. 13 The resulting limit 

Is sufficient to reduce the branching ratio of 2 -t L + c to a small 

value and thus this decay would give a negligible contribution to the 

12~ total width. There is good reason to believe that the technique 

described here and used by the UAl group can be extended to the mass 

range of ML - (65-70). 40 In Fig. 6 we show the different techniques 

and machines that may be used to continue the searcn for L up to 

100 CeV. Beyond this mass one must wait for a new generation of 

hundreds of GeV c*e- Linear colliders. 

If future collider experiments should establish the existence of a 

fourth family (either directly or from data on the Z" width), there 

would be two possibilities, each with consequences for particle physics 

or cosmology. The fourth generation neutrj~no (if it exists!) could be 

heavy (I>-10 M@V; but, 5 MZ0/2J. In that case the neutrino counting 

from big bang nucleosynthesis is unaffected. Alternately, the fourth 



14 

generation ncutrino could be light. SinCe, at present, this 

possibility is just barely allowed, the discovery Of a light, new 

neutrino would lead to a significant cosmological constraint. With 

6N " = 1, consistency between the predicted and observed abundances of 

helium can only be naintaj~ncd in a & (nucleon) density universe. 
2 

6N " 
= 1 and Yp 5 0.%5 would require that the nUCleon to photon ratio 

be no larger than - 3 X 10 -10 . Then, the nucleon mass density could 

be no larger than - 4% of the critical density. Since current data 

suggests a total mass density i.n excess of -10% of the critical 

density, we would be Led to conclude that non-baryonic dark mass s 

exist and dominate the current evolution of the Universe. 

The mass of a stable fourth generation - indeed, any - neutrino is 

constrained by cosmology to be either "light" (<40&J) or "heavy" 
. 

(>fewCevl. Stable neutrinos with masses in the intermediate regime 

would contribute more to the universal mass density than is allowed by 

observations. Unstable neutrinos which decay radiatively have their 

masses and Lifetimes constrained by astrophysical data. There are 

weaker constraints on the masses and lifetimes of neutrinos whose 

decays are to invisible daughters. 

The rcmarkablc interplay between elementary particle/accelerator 

physics and astrophysics/cosmology provides strong reasons for 

believing the results of either enterprise. This symbiosis helps to 

constrain the evolution of the universe during the first -100 seconds 

and, provides valuable information about the number of neutrino 

families in nature. 
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Charged Leptons Load the Way to Discovery of the Families 

of Quarks and Lcptons 

electron - 1900 

neutron (d quark) - 1932 

electron neutrino - 1957 

1st Generation or family 

Muon - 1938 - 1948 

Strange particles (s quark) - 1948 - 1950 2nd Generation or family 

Charm (c quark) 1974 

Muon neutrino (~~1 - 1962 

T lepton 

b quark 

t quark 

" 
T 

1976 

- 1977 

> 1984 

7 

3rd Generation or family 

L lepton 

b' 

t.' 

vL 

(ML > 41 Cev/90% C.L.) 

M b' > 23 Gev 4th Generation or family 

M t' > 23 Gcv 

? 
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Figure Captions 

1. Variation of the primordial mass fraction of '!!c (Yo) with the 

primordial ratio of D plus 3. de to H (~2~~). The curves labelled 

2, 3. 4 are for N = 2, 3, 4. The thickness of the curves 
" 

corresponds to a neutron half-life of T,, = 10.5 C_ 0.1 min. The 2 

allowed region (below and to the Left of the hatched lines) is for 

Yp < 0.254 and y23p < 10 
-4 (see refs. 2 & 3). 

2. Comparison of methods to search for additional neutrino families in 

nature. 

3. Present limits to Nv from cosmology, &I and e+e-experiments. 

4. Technique to search for the 4th generation heavy lepton at pp 

colliders. 

5. Expected number of events with one jet (monojet) or two jets 

(dijets) and missing energy for the UAl experiment as a Function of 

the lepton mass. 

6. Summary of the different methods to continue the search for heavy 

leptons at various colliders in the world. 
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