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Abstract : We discuss the methods of determining the number of neutrino species
N., one of the most important numbers in particle physics and playing an important
role in the Big Bang nucleosynthesis. As useful measures for the N., we consider
the reactions : e*e™—ywp, ete ™ ut T, ete—eteuy, nZ— vz, /,£Z~—>;14{'Z , B{@*, K*,

—yp

P, p) Z—h¥ + anything, pp, pp—T¥ + anything, e*e”, e p, pp, ﬁp—>Z°|Z° + anything,

—yp l—yp —yy

e"p, pp, pp—yZ° + anything, and ve, pp, pp—W*Z° + anything, most of which are

l—yp —yp
discussed for the first time in this article. Particular emphasis is placed upon the

transverse momentum spectra in the reaction: pp—Z° (—Xwb)+jet +anything, accomp-
v

anying a hadronic jet with large transverse momentum.

§ 1. Introduction

One of the most important open problems
in particle physics is that of the number of
fermion generations. This number is equal
to the one of neutrino species N, if each
generation has one and only one neutrino.
Besides having important implications in
particle physics, the number of light neutr-
ino plays an important role in the cosmo-
logical models of the development of the
early universe. Cosmogical arguments from
the standard Big Bang nucleosynthesis place
an upper limit on N,; N,<4V. The cons-
traints imposed by our understanding of the
late stages of stellar evolution, including
red giants, carbon-burning stars and cooling
neutron stars have been examined in Ref.
2. These astrophysical considerations res-
trict N,=<<10**'. 1In particle physics labora-
tory experiments the limit N, <1400 has been

obtained from the nonobservation of the

decay K—mp*, N,<10° from the decay J/¥
—>wi¥ and N,<137 from a study of the

neutrino effects in the radiative corrections
to the p-parameter and the ete™—pu*y™ cross-
section”. Recently the best particle physics
bound N,<67 have been derived® from the
experimental results of UA1l and UA2 ex-

periments” on

Rusy=—— oz B (Z°~%e‘:e‘) .
owt B(Wt—ev,)+ow™ B(W —e5,)
(1.1
Two other methods have been proposed
for determining N,. One is the method of
studying the reaction, accompanying the
production of a single hard photon®.
ete —y Z°
I—»Zvi. (1.2)

v

The other one is to use the weak production
of (nearly massless) >'vb pairs in pp col-
v

lision via®

pp—Z° +anything.
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The feasibility of using the missing hadronic
energy spectra do/dE, and/or the missing
hardronic transverse momentum spectra
doldpr of reaction (1.3) as a measure of the
number of light neutrino flavours, assuming
the standard model for the fermion couplings
has been discussed in Ref. 9.

In the present article we study several
methods of determining N,, accessible in
particle physics laboratory experiments. In
particular we reexamine the method pro-
posed by Dunbar who studied the reaction
(1.3) within the Drell-Yan model, introducing
the transverse momenta of the produced

pairs > w in a phenomenological way. We

propose the Z°boson production and its

subsequent decay into the pairs > through
v

pp, pp—Z° +jet+anything
S (1.4)

in which the transverse momenta are pro-
duced by the high pr jet'”. The other
methods we propose or review as the mea-
sure of the N, are the reactions: efe™—p,
ete o utpvb, ete —etevb, plowizZ, pl—

W'Z, B(z*, K*, p, p) Z—h¥ +anything, pp,

— b
pp—U¥ +anything, e*e”, ep, pp, pp—Z°ZL°
—Y —p
+ anything,
e p, pp, Pp—rZ° + anything and ve, pp, pp

—
—W=*Z° +anything, most of which are dis-
— py
cussed for the first time in this article.

We organize the paper as follows: In
Sect. 2, we describe the proposed reactions
for determining N.. Sect. 3 is devoted to
the concluding remarks. In Appendix, we
present the formulas of the cross-section for
the reaction (1.4) in which we are particula-

rly interested.

§ 2. The proposed reactions for determ-
ining N,

pp, pp—Z° +jet+anything
|_>Z vb (2. 1)

In such reaction the neutrino pairs pro-
duced can be identified by the presence
of a gluon or quark jet with a transverse
momentum pjr, which is equal to the mis-
sing (antiparallel) transverse of the wb
pairs'. We calculate the transverse mo-
mentum spectra of the produced jet do/dpjr
within the first order (in a;) of the perturba-
tive QCD, taking into account two types of
sub-processes (quark-antiquark annihilation
and a gluon-(anti) quark Compton processes,
see Fig. 1), contributing to the reaction (2.1).
The resulting formulas are presented in

Appendix.

Fig. 1 (a) The quark-antiquark annihilation
diagrams.
(b) The quark-gluon Compton dia-
grams.

We have

do

dpe PP Bpp—Z° +jet+anything)=

—21w

B (Z°—w)
Ny B (Z°—ete™) X (2.2)
do
dpir

(pp, pp—7°+jet+anything),

—ete”
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where in the Glashow-Weinberg-Salam mo-
del® with sin’w=0.226'®

B(Z—w) 1
B(Z°—e*e™) ~ 1-4sin’dw-+8 sinfw
=1.98. (2.8)

Adopting the standard method'”, and
employing the parametrization of Baier et
al.' for the parton structure functions we
have calculated do/dp;r for pp collisions at
Vs =540 GeV, pp—Z° +jet+anything with

—>
N,=3, 4 and 10, the resulting curves of which
are presented as a function of p;r in Fig. 2.

For the sake of comparison, the curves obta-

do
T@ r _,ob/Gev/c

Bjr (Geve)

Fig. 2 Transverse momentum spectra da/
dpir (pp—Z°+jet+anything) with
— 2 ub
N.=3, 4, 10 and da/dpjr (pp—Z°+
—ete”
jet+anything) at 1/ s =540 GeV as a
function of jet transverse momentum
pir.  The curve obtained by Dunbar®
tor do/dpjr (pp—2Z° + jet + anything)
‘-*Z b

with N.=3 is also shown by dotted
line.

ined by Dunbar® and the one for pp—2° +
—ete”
jet+anything are also shown. In the calc-
ulations the primordial parton transverse
momenta as well as the soft-gluon effects
are neglected’”™. We conclude from the
figure that the measurements of missing
transverse momentum spectra should be fea-
sible and can provide important information
on determining the number of neutrino
species. The more detailed numerical stu-
dies on reaction (2.1) would be needed
before organizing the experiment at the pp
collider®.
ete vy (2.4)
This reaction proceeds by the Feynman

diagrams of Fig. 3¥:'”. At energies near

Vs ~M;, one can safely calculate the amp-

et

|

Ve -

(c) (d) (@)

Fig. 3 Lowest order Feynman diagrams
contributing to the process ete —
yyb.

litudes of the W-boson exchange diagrams
(3c)~(3e) by taking the W-boson mass My to
be infinite, thus approximating this part by
the four fermion theory. The relevant
four-lepton couplings appearing in Fig. 3
can be written in terms of the following two

effective Hamiltonians :

H?=41"2 Gr U7 (@a1—biys) ¥,
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> T.ra(@a—bas) V., (2. 5a)
HW:GF/ﬁ ﬁl?’“ (1_75> w‘l' wv;ra
A=r)¥., (2.5b)

We have the following formula for the

cross-section, neglecting the electron mass'®,

do — Grla Q2 _ N2
dxdy 3xt x(l—yz)[(l 2) +

-zlf‘ﬁyﬂ [ 2 {Ny (al?+b4)+(ait+by)

A=) (D@ +1], - 2.6)
where
a=the QED fine structure constant,
x=E,/E=photon energy in unit of the
energy,
y=cosf;, (§,=the photon angle with resp-
ect to the incident beam direction)
s=4 E’=the square of the e*¢” c.m. en-
ergy.
Q*=(1—a)s,
Gr=the Fermi coupling constant=
na
1V 2 M2 sin®fw cos’w
The definitions of a;, b, a. and b., and | D;
(Q») |? are given in Egs (A.1) and (A.7),
resp. in Appendix. In Eq (2.6), the (a/+

b2 term comes from the square of the Z°

amplitudes, the ““1°’ term comes from the
square of the W-exchange term and the (@;+
b)) term comes from the W—Z° interference.
Flg 4 shows the cross-section do/dx for the
ete™ c.m. energy Eo,=105 GeV and | ymu | =
0.94'® . In the figure a peak appears at
E,=14GeV, corresponding to a Z° missing
mass recoiling against the photon. The
contributions to the cross-section of the W-
exchange term and the interference term
are also shown.

From the experiment in which a photon
is observed with an energy such that the
recoil system has an energy about equal to
the Z° mass, it is possible to determine the

number N, contributing to Z°-decay. Such

0.5 —

0.4 Ec.m =105 GeV

Gross Section
= —=—Wixchange

(nb)

————— W-L Interferenence

dor
dax

01 Ly : , ‘ |

& (Gev)

Fig. 4 Differential cross-section do/dx
versus the photon energy E;.
The three curves are for the
total cross-section, the contribu-
tion from W-exchange, and the
W-Z interference term.
experiments should be accessible in electron-
positron colliding beam facilities now under
construction or to be constructed in future:
TRISTAN, SLC and LEP etc.
ete o pt 2.7
This reaction can be treated similarly as
ete—ywb by replacing 7 in diagrams of Fig.
3 by (r, Z°)—p*p, i.e. by attaching the p*p~
(r, Z°) vertex. However, in this case, the
number of experimentally accessible observa-
bles increases and thus one can study various
characteristics of the single muon as those
of muon pairs.
ete —ete (2.8)
Although this resembles to the reaction
(2.7), additional diagrams shown in Fig. 5
should be taken into account. On per-
forming calculations one can make use of
the equivalent photon (Williams-Weiszécker)
method for the vertex containing photon

exchange.
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Fig. 5 Additional Feynman diagrams con-
tributing to the process ete—ete”
vy.

pZ—p WwZ 2.9
The cross-section and scattered muon
distributions for the neutrino pair production
by muons in the Coulomb field of a heavy
nucleus Z (see Fig. 6) can be a measure of the
number of light neutrino flavours. This reac-

tion has been studied in Ref. 19 and shown

that the predicted cross-section is very small :

A
(b}

Fig. 6 Feynman diagrams for neutrino pair
production by muons in the Coulomb
field of a heavy nucleus.

At E,=280 GeV,
o (UN—p> wN)~3.107*2 cm? with N.,=3.
: (2.10)
Also the final muon energy peaks near

zero so that the practical acceptance is

reduced. Thus a measurement of this cross-
section is not foreseen in the near future
despite its interest.
ul—pV°ere (2.1
[—>Z w

The diffractive production of vector mesons

pZ—uV°Z with V=3 (Vo=p°, o, ¢, ¥,

decay can also offer an independent measure
of the N,. This reaction has been studied
in Ref. 19, using for the diffractive ¥ pro-
duction the photon-gluon model and for the
production of p°, @ and ¢ mesons the vector
dominance model. It has been shown that
in the case of ¥ production at E,=280 GeV
we have
o (uUN—p¥'N) B ¥—>w)

=51N,-10"* cm?, (2.12)
giving thus a factor of 3 greater than the
direct neutrino pair production (2.9) signal.
The background from p°, w, and ¢ produc-
tions does not compete. Since the ¥ contri-
bution can cleanly be separated it can be
regarded as an alternative and independent
measure of the number N.,.

B (z*, K*, pp) Z—h¥ (=2 w)+anything

(2.13)
From the ¥-production and its subsequent

decay ¥—>U5 with a low pr (almost leading)

hadron A (=z* K*) in the target fragmenta-
tion region one has:
do (BZ—h¥ (—>)w)+anything)
do (BZ—h¥ (—»y:;t‘)-}-anything)
_ BU—-2w)
BT

Various kinematical characteristics for the

(2.14)

reaction BZ—hY¥ (—pty™) + anything have
been investigated in Ref. 20, using the reco-
mbination model. We present in Fig. 7

curves®” of associated hadron spectrum for
7~ W—h¥+anything at 90°, s=752GeV™i
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Fig. 7 Associated hadron spectrum for
7~ W—¥+h+anything at 90° in the
lab. system with fixed ¥ rapidity
y=0, and s=752 GeV2.

From the study on the reaction (2.13), one
gains insight into the N.,.

pp, pp—¥¥ +anything (2.15)

The integrated hadron cross-section and
various characteristics of the kinematical
distributions have been investigated in Ref.
21 in the framework of the perturbative
QCD with the nonrelativistic approximation
for the heavy quark bound states. The in-
tegrated cross-section for pp—¥ ¥ +anything
at 1/ s =540 GeV is above 10 cm?.  The
pr distributions for the constituent processes
of pp—U¥ +angthing are presented in Fig.
8. The processes in which one of the ¥-

mesons decays via @—>w should give us
v

useful information on N..
ete”, e p, pp, pp—Z°Z°+anything (2.16)
e~ p, pp, Pp—rZ°+anything (2.17)
ve, pp, pp—W=*=Z°+anything (2.18)

These gauge boson pair productions pro-
ceed in the Born approximation via (sub)
processes shown in Fig. 9. These processes

have been studied extensively in Ref. 22,

X VE-5406eY

1.2: 99/99 = 4¥

3.4: gg/qq = b ~— wv

5.6:99/qq — 88 —wv
7:99 —B8+b —uy

do/dp, (cm?/ GeV)
3, 3,
s &
o
y
o

_40 | \ | L . ' L
4 &

3
Pr (GeV)

Fig. 8 pr distribution for the constituent
processes (1)-(7) of pp—U¥¥+any-
thing.

~ -

()
%W:

(h)

Fig. 9 Feynman diagrams for the subpro-
cesses contributing to: (a) the pro-
cesses (2.16) and (2.17), (b) the
processes (2.18).

originally advocated as useful processes to
study the trilinear gauge boson couplings,
the renormalizability in gauge theories and
the anomalous magnetic moments of the
gauge bosons, etc. Obviously the processes
in which the decay of (one of) the Z°-boson
(s) can be utilized as pfoviding additional
independent measures on the neutrino spe-

cies.
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§ 3. Concluding remarks

The number of neutrino species N, plays
such important role in particle physics that
it is desirable to determine it experimental-
ly, performing as many independent tests as
possible. The reactions we considered are
presented as :

ete™, pp, pp, - —A+Z°+anything, (3.1)
(A=y, Z°, W*,-)

PP, pp, hZ,--~—B+¥ +anything, (3.2)
(B=r, ¥,)

with subsequent decays Z°—>'w and ¥—
v

SWw. Since the v pairs are invisible in the
v

experiments their presence can be identified
by detecting the particle A or B. Among
the kinematical characteristics for particle
A or B, the transverse momentum spectra
should be especially useful. In extracting
the number N, from the experiments of the
proposed reactions, one has to consider
carefully the background contributions in
each reaction which in most cases can be
discriminated from the study on the kinema-
tical characteristics of various distributions.

We conclude the paper by emphasizing
that, among the reactions proposed the rea-
ction :

pp—Z° (—>wh)+jet+anything (3.3)

is particularly interesting. The experiment
for determining the N, through such reaction
is sufficiently realistic', which we hope to

be performed in the pp collider at CERN in

the near future.
Appendix
We summarize here the formulas of the

d
da;:,- and do/dpjrdz for the

cross-section pjo

reaction
pp, pp—Z° (—ete”) + jet+anything
(A. D

derived within the O (as) perturbative QCD
together with the Glashow-Weinberg-Salam
model'?. The cross-section for

pp, pp—Z° (—> ww) + jet+anything

(A.2)
can be obtained immediately using Eq (2.2)
and the cross-section for (A.2). The fol-

lowing interaction Lagrangian is used.
Lim=ely dA* 457, (av—biyswZr +
Iru (@—birs) IZF+Gir (Ai—Bi 1s) gt
(A.3)
where A,, I, ¢ and Z* are photon field,
lepton field, the quark field with flavour i
and the neutral gauge boson, respectively.
A;, Bi, ai, b, a, and b, are the vector and
axial-vector couplings of the Z° to fermions :
Ai=1/2—e; sin’0w, Bi=1,/2
(I; : the third component of weak iso-
spin, e; : the charge of quark ¢ in unit
of e)
a=sin’0w—1%, bi=—1% for I=e, p, =,
a,=%, b,=1%, for v=v,, v,, v..

pp—Z° (—e*e”)+jet+anything

The cross-section can be calculated by
standard trace techniques and finally reduced

to the following form?®

Pjo d‘f;] _ (p]n dcf;] )annih.
4 (Pjo 7(13%]?‘>Compton (A 4)

where the cross-section (pj do/dp;*™™®: by

the annihilation diagrams of Fig. 1(a) is:

(Pjo %)annih.:—(Zﬁ)_2——392— asazg(z)n ng

Sl_ld cos 08

q1 max

0

1 d.r1
x1 min 1202

psdp |
XS UFi (21, QY Fi (s, QN+ (z1022)}

Kij (_'i\g) XA+Lij ('Z/E’> YA
sV § qolxi—us—up| ’

(A.5)

where
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A

L{i- )bt

B djo a1 S
+ (= 2 Ntk
Uji1 Ujo Uj1Uj2
g i;,iz'il o fzfzzz ”
Ui Ujo
e () (422
Uj1 Ujz 2 S

1 ( _ 1 ( A177 _ 1215)
+ (2 1 12]’1) s 2
1

) (221 — ﬁjiz).

(A.6)
and the cross-section (pj do/d*p;)®=etr by
the Compton diagrams of Fig. 1(b) is:

dO' Compton
(e i)

81_1 d cos @ S:l - pjdpjsl dx;

X1min 122

X Z“‘ {Fgluon (xlg Q2)E(x2, Q2> +(x1(_>x2>}
{Ki; (@) X+ Li;(w) Yo}

_ ( ST S
d] 12]2 121112]2

=(2x)7? —z— asa® Sz” do

— s A7
51/ $ (]ojxl—uz—‘ujzl ( )
where
(o tip \(h o Gan N, 1
Xo=(1+ ﬂ)( ’ +a,.1)+aﬂ(1 4i2)

(ﬁzih +;;2121)+ (1—%_{_%)
71 jl

( rh 4 Lo ) + 203 ’75_

$ 2 512]1 ’
Yom (14-22) (- ohy  Ean )L
U1 S 2 Uj1

(I—a)(— Zijlz +122i11>

{1 Loy 2 (b 0,

Uj1 12,‘1

(A.8)
and
K (@)= (A# +B,'.2) 4(a,~2 +b,-j) [Dz()]*
sin‘fw cos‘fw
Ly (@)= 4a;b; AiB;|Da(1)|*

sin‘fw cos'Ow

where Dz (W) is the Z’-propagator :

ANI2 1
| DA®)[*= (W — Mz *+ M2

In the hadronic c.m. system (Fig. 10), we

have :

x

Fig. 10 XKinematics in the hadronic
c.m. system.

q1=(q1, ¢1 sinf cos @, g1 sinf sin @,
g1 cos @) with g1=[q1],
Pi=01/5/2,0,0, V's/2),
P,=(015/2,0,0, =15 /2),
2i=(pp, pir, 0, pir)=the momentum of the
detected gluon or quark jet.
The longitudinal (transverse) momentum
pir (pir) is determined as :
pi=|piltanh yj, pir=|p;|/cosh y;,
where y; is the jets’ rapidity in the hadronic
c.m. system.
We have (caret refers to quantities of sub-
processes)
§=21208, ti=u1/Z2, te=us/x:,
ur=qgi(l—cos NV's, us=q:(1+cos D/ s
dj1=uj/z2, upn=(pj—pi)V s,
Bia=ujp|21, up=(pj+p)V s,
klzgi(l—zzl—aﬂ), %z%(l—zzz—zzﬂ),

p=2q1 (pjo—pir sinf cos ¢—pjr cos ),

gz :1% (x1+22) —q1—Pjo

=24 (l—ﬁjl—ﬁﬂ), 525 (1’—221~122),

- (u1+un)x1*77/s, Timin= ustup—rnls
X1 Uz~ Uj2 l—ul—u,-l
p_max: _ S*ZPJ'OV_S‘
! 2V s —(pjo—pirsinf cosg °
—piL cos )}
For as;, the QCD running coupling, we use
_ 127 _
as= B3=2N) In ol A4=0.4 GeV/c.
(A.9)

In as and in Eqgs (A.5) and (A.7), the
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evolution scale Q? for the parton structure
functions we take Q=p;r’. For the decay
width of the Z°boson?” we have the fol-
lowing formula, in which the heavy quark
mass effects and the QCD radiative correc-
tions are taken into account. In the formula
all fermions are assumed to be massless,
except 7, (=5GeV) and m, (=35 GeV)®
allz
sin*fw cos’fw
+b54+3 Coep [2{(A2+ B+ (A2
+BMY V14 m? {1—p") (A +
Bs)+3 s (AP — B} +1/1—4 p?
(1—4 p®) (A2 +BH+3 u(Ad— B} )
(A. 10)

I—'Z': [Nu (av2+bu2)+Nl (alz

where

Cocp=1+ay/x,

Ni;=number of lepton species,

ts=>5/Mjz, 11,=35/M,

Mz=92.1 GeV/c? (obtained with sin%fw=
0.226 taking into account the ra-
diative corrections)

pp—Z° (e*e”)+jet+anything

The cross-section for this case can be obta-

ined by replacing trivially the factor:

{F; (z1, QY Fi(x2, Q)+ (x1022)} in Eq(A.5)
and 2 {Fauon (1, Q%) Fi(x2, QN+ (x1622)} in

Eq (A.7), correspondingly.

The formulas of the cross-section
do/dzd p;r* for the process pp—Z°(—e*e™)+
jet-++anything are also presented below?’.

do dte% dto®®
W:q=u, d{ dzd pir’ 1 &d pir*
2 4G
+ dzddgpﬂz }

where 2=cos 0; 0(¢$) is the polar (azimu-

(A.11)

thal, resp.) angle in the pp c.m. system
between e~ and the p.

*) The heavier quarks belonging to the higher
fermion generations if any, such as &/, ¢’ are
assumed to have masses mp, my>M,./2 and
not to contribute to the /.

2 ‘ -
7‘%: de18dxz{qu’ (z1, QY Fp (2,
OO+ Fp (z1, QY F@(xs, QY qu}

(A.12)

Adopting the narrow-width approximation :

1 ., T 2__ g2
(QP—MA+MFT 7 Mzl z 0 (= M)

(A.13)
3% can be written as :

2
vqa — 1 1 AMZ

>0 o @ T, Sod¢ 92;) {}
| M| * (A. 14)

where
A=2E+p) 2 —2pucos0—2 [(p;r’ +pi*)2
—pirsin @ cos ¢ —pjr cos ]
0 (- )=0 [S+p)—(pir* +pit) 12— M7 A],

L ‘ 0 (PpiL—Pir+)
{ }_Sdpﬂ”{ (pir* +pi )M |7 iz

0 [S+pu)H 2 —(pir” +pict )]+
(Pir+ _—)le.—)} ,

pu=the c.m. momentum of the subprocess
=pP10— P20
o B=MF) puEGAp?) Iy d
PJLt'_ PR 5
$—MZ)—43 pir*, [ (Pire)=2pn—
: Y, DiL+
2 S+put)the. G pa
The explicit formula of |My;|? reads as:
Ml =5 Gig e (R [(pgey
9 (kp2)(kpr) »
+(p2g2)’ 1+ (R+T) [ (p1g2)* +

(Pzéh)z]}, (A.15)

where

G*=41/2 GrM7*, g'=4ra,,

R=(a?+b A2+ B}, T=4ab, A,B,.

The expression of |Mz|? is deduced from
that of [Mg|* by the exchange piop: in Eq
(A.13). Similarly in the Compton case, the
corresponding formulas are simply found by
crossing from Eq (A. 13) and taking into

account the color factor properly.
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The various scalar products appearing in

the

integrals are listed below :
(p1p2)=1/23,
(kp1)="/2{S+pu") 2 —pu} {(pir* +pir* )2
+pi},
(kp2) ="/ {5+ ") 2+ pul {(pir® +pic®) 2
—pil,

(P =" S+ o0 e —pu) P22 (142),

1/ {(e 231 M7
(p2ge) ="/ A+ ") 2 +pu} A

(1—x),

(Prg)=(p1p2)— (kp1) —(P1g2), (A.16)

(paqn) =(prp2) — (kp2) — (P2q2),
(kqy) = (kpr)+ (kps)—(kgs),
(kge) =(p1g2) +(paqe)—1/2 M7.

The momentum fractional integral can be

expressed as

1 (1-2)/2
1

de1 sz :g dr S(T _djfz——(—m

(A.17)

“min

where

r=z12=3[s, X="/s (x1—x2),

Tm

1

2)

3)

4)

5)

6)

7

= (pir+V Mz +pir")

S
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