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The steinberg neutral current is incorporated into several quark-parton models in order to investigate the
neutral-current-induced neutrino and antineutrino cross sections. The results are rather insensitive to the

particular model, provided a good fit is made to the charged-current data, Typically, the cr' /cr" ratio for
the neutral-current reactions can be considerably larger than 3 for sin'0~ 2 0.25. Minima of 0.20 and

0.38 occur in the neutral-current to charged-current cross-section ratios for neutrino and antineutrino

reactions, respectively.

I. INTRODUCTION

The gauge theory of spontaneous symmetry
breaking' of Weinberg and Salam is an appealing
attempt to unite the weak and electromagnetic
interactions into a coherent scheme in which the
mutual renormalization of the interactions is ef-
fected. As orginally proposed, ' this theory applied
only to leptons and vector gauge bosons and re-
quired the existence of a weak neutral current
coupling the leptons together.

Efforts to extend this theory to include the weak
and electromagnetic interactions of hadrons con-
front the experimental fact that neutral currents
of the strangeness-changing variety are strongly
suppressed, if they exist at all. ' This problem
can be surmounted, as shown by Weinberg, ' by
ignoring the strangeness-changing weak interac-
tions entirely or by using the four-quark model
of Glashow, Iliopoulos, and Maiani, ' which neatl. y
finesses the difficulty. Many other schemes have
since been put forward' which eliminate some or
all of the neutral current couplings, generally with
the introduction of heavy leptons.

With a plethora of theoretical models to choose
from, the experimentalist is faced with the task
of eliminating as many candidates as possible. In
this paper, we attempt to cast the Weinberg neu-
tral-current model into a framework where it can
most easily be checked against the neutrino data.

To date only theoretical lower limits have been
placed on the neutrino cross sections involving
the Weinberg neutral current of hadrons. Pais
and Treiman' and Paschos and Wolfenstein' have
bounded the total inclusive cross section for
v, +N-v, + anything, while Albright, Lee, Pas-
chos, and Wolfenstein' have bounded the weak pion
production cross sections for v, +N-v, +m+N and
v, +N-v, +w+ anything. The cross sections for the
purely leptonic processes v, +e -v, +e and~ v, +e
-v, +e can be calculated exactly and have been
compared to the data by Chen and Lee' and 't Hooft. '

Jg =(V—A)g-2 sin'6~ Jq+ ~ J g-~ Jg (i.ia)

where 0& represents the Weinberg mixing angle,
the first and second terms refer to the neutral
components of V—A. isospin current and electro-
ma, gnetic current, respectively, and the third and
fourth terms represent isoscalar contributions
from the charmed and strange quark fields, re-
spectively. In what follows, we shall neglect the
latter two isoscalar contributions and write in-
stead

Jg~~~ =(V-A. )g -2 sin'6~ JP . (l.lb)

The electroma. gnetic and Cabibbo currents can be
expressed in the octet forms

~em V 3+8

J ~q'~ = cosmic (V-A. )q"'+ sin&c(V-A)'q"' .

(i.2)

This simplification for the weak neutral current
allows us to use the three-quark parton model and
the results of Gourdin, "who fitted this model to
the charged-current neutrino data. The approxi-

In order to arrive at firm predictions for the
hadronic neutrino cross sections, one needs to
invoke some theoretical model or calculational
framework. The quark-parton model and the light-
cone picture are two such fashionable schemes.
Both of these techniques were used independently
by Budny and Scharbach" and Riazuddin a,nd Fay-
yazuddin" to obtain sum rules for the structure
functions and bounds for the neutral-current cross
sections. In this paper we reexamine the Weinberg
scheme' in the quark-parton model by considering
several specific models which lead to firm pre-
dictions for both neutrino and antineutrino cross
sections. "

In the abovementioned work of Refs. 10 and 11,
the authors used the four-quark model in the man-
ner of Weinberg. In this version, the weak neutral
current has the form'
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mation introduced is not expected to be a serious
one and should not distort our results to any great
extent. '4

In the next section we summarize briefly the
quark-parton-model formalism. The general
cross-section relations are given in Sec. III. In
Sec. IV we specialize to several special models
consistent with the electromagnetic and charged
current data, and we present the numerical im-
plications for the neutrino and antineutrino cross
sections in Sec. V.

2 Ff, (x) =Q D, (x)Q,
' (2.1)

for the transverse electromagnetic function; for
the helicity structure functions of the weak charged
current one has

II. QUARK-PARTON-MODEL FORMALISM

The basic assumption in the parton model is that
the electromagnetic and weak structure functions
in the scaling region can be expressed as linear
combinations of parton distribution functions. In
the notation of Gourdin, "one can write the struc-
ture functions in terms of the parton distribution
functions D, (x), j = 1,2, 3, -1, -2, -3, and the square
of the electromagnetic and weak charges Q, ', I~',
and V&' according to

2Ere= &(D,+D,) + ~~(D2+D, +D,+D,), (2.4a)

G "=2D, , 6'=2D, , (2.4b)

G+=2D x, G+=2D 2, (2.4c)

in terms of the above charges with

I„'=(.j lI'I'l j&,

2I„q, =&j li'q+qi'l j&,
where I' is the third component of the V-A. isospin
current generator.

The longitudinal structure functions F~(x), F,"(x),
and fo(x) receive contributions only from the
gluons present in the nucleon. The structure func-
tions used here are related to the more familiar
8"s in the scaling region by the relations

F =MDIV I

M [(1+v'/q') W' —W ' ]

F;=M[(l+ v'/q')W, '-W; ],
", +l( ' ')"'

and likewise for f,", f;, and f".
It is a simple matter to spell out the equations

given in (2.1)—(2.3). While many of the relations
have been tabulated previously, "they will be quite
useful in Secs. III and IV, so we summarize them
here for easy reference:

F "(x)=+D, (x)(1+~,. )(co.s'8 I,.'+ sin'8 ~') H" =2D„H" =2D, ,

H "=2D, , H+ = 2D

(2.4d)

(2.4e)

and

= cos 0~ G,'+ sin 8& II~ (2.2a) g' =Z" =-'(D, +D.),
t~ =8+ = z(D-z+D 2),

(2.5a)

(2.5b)
F,"(x)=g D& (x)(lee, )(cos28ci + sin'8c V&'),

(2.2b)
where

h' = h' = -g(2D, +D,),
h,' = h ,"=-3 (2D, + D,),
i; =i,"=i"=i" =~9(D, +D,)

(2.5c)

(2.5d)

+ a~ (D, +D, +D,+D,) . (2.5e)

Since the proton and neutron are related by inter-
changing the nonstrange quarks, one can relate
the neutron and proton distribution functions by

~~ is the Cabibbo angle, && is a signature factor
which is +1 for partons and -1 for antipartons,
and x= q'/2Mv is the scaling variable.

The structure functions for the Weinberg neutral
current of (l.lb) can be written in the three-quark
model as

DAI D&2 ~

D," =D„,
D,",=DP„

which in turn imply that

(2.6)

f."(x)=f."

=P D&(x)[(1+&&)(I,&'-2 sfn28~I,
& Q& )

+ 2 sin'81 Q~']

Gvn GvP

~vn g vP
+ +

~vn ~vP

G vn GvP

avn=avP,+ +

~vn 6 vP
(2.7)

g, + &,Sin'ew+a, s&n4~w (2.3) +vn +un +vP +vP
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It ls a simple matter to derive sum rules from
the above identities by computing zeroth and first
moments of the parton distribution functions. For
this purpose, one notes that the average number
of quark partons of type j is just equal to the inte-
gral over the quark-parton distribution function
fl, (x):

(N,. ) = dx D, (x) . . (2.8)

The following restrictions hold for a proton target:

d20viP Q 2 + I—[2W,sin'(6/2) + W, cos'(6/'2)
dq'dv 2v E

W, sin'(6/'2)]
E+Z'

(3.2)

in terms of the incident lepton energy E, the final
lepton energy E', the lepton scattering angle 6),

and the invariants q'=4EE'sin'(6/2) and v=E E',-
all in the lab frame of reference.

In the scaling region, the above can be reex-
pressed in terms of the E's of Eqs. (2.1) and (2.2)
and the variables x= q'/2M@ and y =E' i'F. by

(N,) )2,

(N2) )1,
(N ) )0, j=3, -1, -2, -3.

(2.9)

The restrictions for a neutron target follow from
(2.6).

Also of interest is the average fractional mo-
mentum d, carried by the jth quark, which is
given by

and

d' '
sx(y'E; +F'+2yF;),

dxdp 27 (3.4a)

d2gV Q 2

sx(F; +y'F' +2yEo') .
dxdp 27t'

(3.4b)

d 0' 4m& 1
, 2 [(1+&')Er(x) +2XFi (x)],

(3.3)

dxxD, (x) . (2.10)

The total neutrino cross sections follow from the
above according to

0(e=-1-g d, &1. (2.11)

The zeroth- and Qrst-moment sum rules then
follow with the help of (2.8)—(2.11). Since the
results obtained are identical to those presented
in Hefs. 10 and 11, we refer the reader to those
papers.

If all the momentum w'ere carried by the quarks
inside a nucleon, the sum P,. d,. would add up to
unity. This is not the case, "and it is conventional
to introduce a parameter c which represents the
fractional longitudinal momentum carried by the
gluons so that

G2
g = S

27r

G2
g = S

217

dxx(3 E; +E' +E;),

dxx(F; +—,'E' +E;) .

(3.5a)

(3.5b)

They rise linearly with E in the scaling region
since s = 2MF. at high energy. The neutral-current
neutrino cross sections are obtained from Eqs.
(3.5) by replacing the E's by f's.

We now express the cross sections on protons
and neutrons in terms of the first moments of the
parton distribution functions, i.e., in terms of the
d, 's. For this purpose, we refer the cross sec-
tions to the proton distribution functions by means
of Eqs. (2.5). Hence for the charged-current cross
sections

III. CROSS-SECTION RELATIONS

The differential cross sections for the electro-
magnetic and weak inclusive reactions are con-
ventionally written as

d'a' 4na' E'—[2W,sin'(6/2) + W,cos'(6/2)]

(3.1)

and

o',„=o,[cos'6o(-', d, +2d, ) + sin'6o(-', d, +2d, )],
(3.8a)

O',P = o,[cos'6o(—', d, +2d, ) + sin'6o(-', d, +2d, )],
(3.8b)

where the definition v, = G's/2v has been intro-
duced. The antineutrino cross sections follow by
replacing d,. by d, . For the neutral-current
cross sections we find

oo~=oof-,' (d, +d, )+ ~6(d, +d, ) -3(3 d, +~d, +2d, +d2) sin'6~+2+[8(d, +d, ) +2(d,+d, +d, +d, )] sin~6„j,
(3.7a)

o,""=o'o(-,'(d, +d, )+ & (d, +d, ) ——', (
—', d, +&d,+2d, +d, ) sin'6~+ +» [8(d,+d, ) +2(d, +d, +d, +d, ) sin461, ]] .

(3.7b)
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To obtain the antineutrino cross sections, the
same prescription applies as above. We shall
later find useful the averaged nucleon cross sec-
tions, which are defined by

quark-parton model to be proposed is the value of
the ratio R,'„",=—,

'
given in (3.10c). It follows from

Eqs. (3.6) that the nonstrange-antiquark contri-
butions d, and d, must be small. Here we set

gvN = &

(g v P + gvn ) (3.8)
d-z= d,=0 (4.1a)

and likewise for the antineutrino cross section.
The present experimental information involves

the first moments of the electromagnetic struc-
ture funf tions" and the slopes and ratio of the

z7
charged. -current cross sections. We simply
state the results below:

1'cy
p& 2

I
dx x+~~ = 0.18+ 0.018, (3.9a)

1

dxxI' ~" =0.12+ 0.012, (3.9b)

o„",".„=g, (0.450+ 0.090),

g,".,"„,= g, (0.170m 0.034),
=g "/g "=0 377+ 0.023.

t yp I ch cll

(3.10a)

(3.10b)

(3.10c)

In the next section we shall consider a few specif-
ic quark-parton models which are consistent with
the above results.

IV. SPECIAL MODELS FITTING KNOWN DATA

A. A Simple Model

A characteristic feature of the neutrino data
which must hold to a reasonable degree in any

In order to obtain numerical predictions for the
neutral-current cross sections, we consider sev-
eral quark-parton models which give reasonably
good agreement with the charged-current cross
sections. Gourdin has already phenomenologically
fitted the data with his so-called equipartition
model. " We look at several models here in order
to measure the sensitivity of the predictions ob-
tained for the neutral-current results.

and choose

d, =d3=3(l-e),

d,= d,= &(I-c) .
(4.1b)

This model is too simple in that the electro-
production integrals and neutrino cross sections
must be equal for both proton and neutron targets,
contrary to (3.9). We shall ignore this difficulty
in this instance and look only at the results aver-
aged over proton and neutron targets such as in
(3.10).

From Eqs. (2.4c), (2.6), (2.10), (4.1), and (3.9)

I eN —& (I ee +I en)

=~ (d, + d, ) + ~3 (d, + d, )

= ae. (I-~)
= 0.15 + 0.015 (4 2)

or c= 0.32. In other words, one third of the frac-
tional longitudinal momentum is carried by the
gluons. The implications for the charged-current
neutrino cross sections follow from Eqs. (3.6):

o",„"= go[—,'(d, +d, ) + (d, + d, ) cos'8o +2d, sin'8o]

= g, (0.441),

g',N = g, (0.170),

g'"=0.370 .

(4.3a)

(4.3b)

(4.3c)

These results are all in very good agreement with
the experimental values quoted in Eqs. (3.10).

The predictions for the neutral-current reactions
are obtained from Eqs. (3.7), and we find

g,'N =g, P(d, +d, ) + +(d,+d, )-[d,+d, +3(d,+d, )] sin36N+ +» [5(d,+d, +d,+d, ) +2(d, +d 3)] sin 8& }
go[3 3 sin'8N +» sin'6te] (1-e)

ge =g, [~e —f sin36N + p, sin'6N](1 —e).
(4.4a)

(4.4b)

The results depend critically on the %'einberg
angle, and we shall defer numerical estimates to
Sec. V.

B. Equipartition Mode) of Gourdin

A somewhat more attractive model is that of
Gourdin~ in which the partons are assumed to
share the longitudinal momentum equally among

themselves. In particular,

d; = (Nq/N),

d,-d,=(2/N),

d,-d, = (1/N),

3=0,

(4.5)
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where N is the total number of partons (quarks
plus gluons) and the d's refer to the proton con-
stituents as before. In this language, & is the
fractional number of partons which are gluons.
Hence we can also write

d,. =(N,. /N, & (I-e), (4.6)

(B1) (N, ) =2,

(N, & =1,
(N3) =(N 3) = 1,
(N, ) = (N, ) = 0;
d, = 5 (l-e),
d, = 5 (l-e),

(4.7a)

where N~ is the total number of quarks and anti-
quarks in the proton.

We consider two models in this framework:

tio are also in good agreement with (3.10), while
0 is nearly twice as large as O'. This has been
observed already by Gourdin and appears to be
consistent with the present experimental informa-
tion.

The predictions for the neutral-current cross
sections follow from Eqs. (3.7):

v o.pi= vp Pp ie sin'4 + i35 sin'6w] (l-e),
(4.loc)

vp'~„= v, [~~p -
ap sin'6~ +~~p, sin'6~] (I-e),

op~81 =op [10 4-. sin 6W+135 sin 61V] (1 &) .

I"=0.177 I'" =0.124.
B2 ' ) B2

v', ~h pz =o,(0.310),

(4.11)

In terms of model (B2), the corresponding num-

bers are c=- 0.365 and

d,=d,=-,' (1—e),
d I- d 2=0.

(B2) (N, &
= 2,

(4.7b) o'
g pp

= o' (0.610)

vg „=v,(0.220),

o',„" „2 = vp(0. 114);

(4.12a)

(N) =1,

(N, ) =(N, )=-,',
(N, ) = (N,) = o;
d, = —,'(l-e),
d, =-,'(l-e),
d,=d,= p (I-e) )

(4.8a)

(4.8b)

v g pp =v (0.460)

v',„p2 = vp(0. 167),

Pch 0 364

(4.12b)

The general remarks following Eqs. (4.10) also
apply here. The neutral-current cross sections
are given by

vp', p= o, [~p —

pepsin'6~+

~27 sin'6~] (I-e.),
d,=d 2=0.

In terms of model (Bl), the gluon contribution
is estimated to be &= 0.29, so that the electro-
production integrals become

IBg- =0.174, I B" =0.126. (4 9)

v,„,= o,(0.553),
v",h „,=o,(0.204),

v,h, , =v (0.109) .

Averaged over protons and neutrons,

(4.10a)

The two integrals are different and well within the
experimental values quoted in (3.9). The charged-
current neutrino cross sections are given by

vg p, =v, (0.284),

vp JQ vp [ p p s1I1 6~ + 27 sill 6 gr] (1 &)

o', p2= op[ p -~p sin 6~+ +sin 6~] (l-c),
vp" pq = v, [ k —

pepsin'6~

+ ~» sin~6~] (I-e) .

The results for the two models (Bl) and (B2) dif-
fer little, since we confined our attention to the
situation where d,= d, = 0 in order to satisfy the
charged-current relations (3.10). We close this
section by noting that the parameters for the sec-
ond model are very close to those obtained by
Gourdin for the phenomenological fit to the
charged-current data":

d, = 0.3-1 + 0.06,

d,=0.01 ~ 0.06,

v', h p, =op(0.418),

v",„8,= o,(0.157), (4.10b)

d, =' 0.15+ 0.o4,

d,=0 a 0.04,
(4.13)

The averaged values of the cross sections and ra-
d, = d,= 0.087 + 0.023,

= 0.355+ 0.185 .
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The matrix elements for the above reactions are
given simply by

~(v„+e -v„+e ) =
~
—~~, y, [(-,'-2sin'&~)+-,'y,, ]

l.2 x v v '/g(1 -l-/, .)0

I.O M(v~+e v~+8 ) =
q
—Mega[(p —2 sin Ggr) + ~p;]

x u, u, y~(1+y, )v„ I (5.2b)
b 0.8
b

0.6

OA

0.2—

from which the cross sections are computed to be

v(v„+e -v, +e ) =o, (1-4sin'6~+~~ sin'&„),

(5.3a)

v(v„+e -v„+e ) =v, (3 g sin'8~+, sin 0~)

(5.3b)

I

O. I 0.2
I

0.3

S I fl eg

I

OA
I

0.5
I

0.6

FIG. 1. Neutral-current cross sections for the lep-
tonic reactions t

&
+ e p + e and P& + e —P&+ e in

units of 00 = G s/2z.

V. NUMERICAL ESTIMATES FOR THE

NEUTRAL-CURRENT CROSS SECTIONS

While the Weinberg angle Ow, like the Cabibbo
angle, is not determined by theory except pos-
sibly at some deep level, it is of course restrict-
ed by experiment. The same Weinberg angle ap-
pears in the purely leptonic reactions

v& +e -v&+e

v„+e -v„+e
(5.1a)

(5.1b)

and it is here that the gauge theory has been most
severely tested.

The angle dependences of these cross sections are
given in Fig. 1. The present experimental infor-
mation" from CERN restricts the Weinberg angle
to lie in the range sin'6)w ~ 0.60.

The results for the neutral-current cross sec-
tions calculated in Sec. IV are so similar that we
present results only for the (B2) eguipartition
model. " In Table I we give the neutrino and anti-
neutrino cross sections on protons and neutrons,
while the cross sections and ratios averaged over
nucleons are presented in Table II. These numer-
ical results are graphed in Figs. 2 and 3. For
sin'e~ =0.33, the cross-section ratio, o,' /o', h, has
the value 0.27, which is just slightly higher than
the theoretical minimum of 0.23 obtained by Pais
and Treiman' and Paschos and Wolfenstein. '

The most striking feature of our results is that
the antineutrino-neutrino ratio for the neutral-
current cross sections, a,'"/o,", is noticeably
different from the value of 0.377 measured for the
cha.rged-current ratio, o',h/v', h, so long as sin'8~
~ 0.25. This fact plus the relatively large values
for v,'"/og should play a key role in helping the

sin2~w & un/& 0.0' /00

TABLE I. Neutral-current neutrino and antineutrino
cross sections on protons and neutrons scaled to 0 0
= Q2g /2~.

TABLE II. Neutral-current neutrino and antineutrino
cross sections on nucleons in units of 00=G2s/27t. . IXa-
tios of these cross sections relative to each other and
to the charged-current cross sections are also given.

sin20 ~&N/~ 0 PE/0. 0 vN/g &N 0 &N/g &E 0 ~N/g &P

0
0.20
0,33
0.40
0.60
0.80
1.00

0.238
0.151
0.114
0.102
0.090
0.116
0.180

0.238
0.167
0.134
0.121
0.103
0.110
0.144

0.079
0.063
0.072
0.084
0.143
0.239
0.374

0.079
0.065
0.069
0.076
0.114
0.178
0.268

0
0.20
0.33
0.40
0.60
0.80
1.00

0.238
0.159
0.124
0.112
0.097
0.113
0.162

0.079
0.064
0.071
0,080
0.128
0.208
0,321

0,33
0.40
0.57
0.71
1.32
1.84
1.98

0.52
0.35
0.27
0,24
0.21
0.25
0.35

0.47
0.38
0.43
0.48
0.77
1.24
1.92
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l.50

l.25—

l.00—
N

O.I5

g

b
O.IO

0.75—

0.50

0.25—

vN
0

vN

ch

I

O. l 0.2 0.3 0.4
sin~ 8+

FIG. 2. Neutral-current cross sections scaled to 00
= G s/2m as functions of sin g~ for the model (B2).

0.50.40.2
I l I I

O. l 0.3 0.6
sin~ 8+

FIG. 3. Cross-section ratios as functions of sin 8~
for the model (B2),

experimentalists to discriminate a true neutral-
current reaction from background.

We conclude by remarking that our results de-
rived from a three-quark (6', 'X, and X) version of
the quark-parton model differ little from those
recently obtained by Sehgal, ' who used a four-
quark version with different assumptions. In
particular, our neutral-current cross-section
predictions nearly coincide with Sehgal's for
small Weinberg angles and depart toward 10—20~/0

larger values as sin'0~ approaches unity. It ap-
pears that the divergence arises due to different

handling of the isoscalar contributions, which are
more important at large O~. This observation is
in keeping with the remarks made in the Introduc-
tion, w'here the simplifying assumption was pro-
posed .
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The approach to the high-energy asymptotic limit of the pp total cross section and elastic cross
section is calculated using a unitary field-theoretic model, in which simplified versions of all eikonal,
checkerboard graphs are included. The sign of approach to the asymptotic limit is negative.

The approach to the high-energy asymptotic lim-
it of the PP total cross section and the elastic
cross section has been an interesting problem. '
In this note, a unitary field-theoretic model will
be presented, in which it is shown that the ap-
proach is from below, in agreement with Blanken-
becler's argument, wherein this property is gen-
erated by strong, absorptive, unitary corrections
to inelastic amplitudes.

The model interaction Lagrangian coupling nu-
cleon, neutral vector meson (NVM), and scalar
pion fields is given by

where

7", ,((o') = p", , d $ 5((u —z, , + gp, ,) .

In the high-energy limit (s-~, f/s-0) it may be
shown that

P; Z, (ll)Ã,

2' = ig 0 g y, W, P+ —,
'

A.IIg W„' .

A formal construction of the eikonal function for
nucleon-nucleon scattering has been given else-
where', it is

e " = exp — i —D —exp tg & F-~ b, (II)P~«x 2'I 'MI

(2)

A simplified model, in which the emission of arbi-
trary numbers of pions in the manner of Fig. 1(a)
is replaced by pion emission in the form of Fig.
1(b), will be fully solvable in the sense that all
operations of (2) may be performed. In this model
Z, (il) is greatly simplified, and it is a straight-
forward calculation to show that

Eom b-X Kom X () Z2-X
2m 2~ ' 2 I -(~/m')11(z, —x) '

where b= z, —z, . A further simplification, used where appropriate under the integrals of (4), is obtained
by the replacement

K,(m/xf)
2r

5'(x)
m2


