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VIRTUAL NEUTRINO EFFECTS
P. Budini, International Centre for Theoreticél Physics, Trieste

Let us consider the interaction Lagrangian density responsible for the

lepton weak interactions in the conventional Fermi current-current form:

&L, = - -ﬁ- 356x) 3°(x) | (1)
2

with

3P = TP+ v v () =+ s BV + v ()

This Lagrangian implies the existence of forces. between leptons due to the_

exchange of neutrinos (see Fig.la) where £ stands for lepton).

. Since the Lagrangian in the form (1) is non-renormalizable, it must
be modified in an as yet unknown way near x2 =0 . One such modification,
48 in the intermediate vector boson theory, consists in starting, instead of

from (1), from the Lagrangian:

Ay = 6376 W) + P W) Can

which in turn might be made rénormalizable l), and thé cor;esponding neutrino
.exchange is represented in Fig.lb. ; These modifications near x2 =0 , and
hopefully renormalizations, will only modify the.néutrino forces ét short dis-
tance (high momenta) while their behaviour at large distance.(low.momenta)
will be uniqneiy determined by the experimentally well-established beha;iour
of the Lagrangian (1) or (1') at largé. *2 ‘

2)

Their behaviour has been studied and is represented by the behaviour
(for xz'# 0) of the vacuum expectation value (corresponding to the neutrino
loop of Fig.la):
- o s o (V) (V) | |
H}\p(x)-(OlTJ}\ (x) qp (0)jo) (2)

where

Jiv) = T)(x)YA(l +, YS)"(X) 3

At large distance, HA

static'potential in the three-dimensional space is:

p(x) decreasés with x as x—6u . The corresponding -
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Vir) == —= r° , _ (3)

2

; n A : !
where r = (xi +‘x2 + xg)l and the corresponding ‘r-6-dependent force is . -

repuisivg between two leptons yet attractive between lepton and antilepton.

Due to the . x-6 dependence, the neutrino forces may‘become'strong at
\ ‘ st h : A, \ .

. ghort distances. The problem is now up}to vhich (short) distance does the

well-established _x"6 behaviour remain valid.

In the intermediate boson theory one wouid say up to the Compton wave-
length of the W mass. In the current-current theory (1), since the oonly
inbuilt length is Gl%, »it would be reasonable 4o take this as the lower 1:Lmit
for the validity of tﬁelargediatance behaviour.(thie corresponds to the

unitary cut-off in momentum space).

Let us then examine vhich are the coneeqnences of‘the following working _
hypothesis: | s | T
Hypothesis: The modification of the neutrino forces due to the modification ;7i
of the Lagrangian (1) (and hopefully of its renormalization) happens, for leptons,
at distances of the order of 03 3 | G, . .

H (x) is given by (2) } all gfor’xelzféF
' H (x) is not more. singular ; ' AN
‘than 'x -2 o * :;if for x> £ G
‘This hypothesis does not conflict with the knowiedge we hawe at present of the

1epton weak interactions and is particularly harmless for the neutrino forces.

We have in fact that if we admit-the generally accepted hypothesis'
that neutrinos are both massless and chargeless, the function (2) obeys the

equation:

A

" I, (x) = 0

and, as a consequence, its Fourier transform can be put in the form

M (k) = (k, k= k° g}‘p)n(ka) " (5)

and H(ka) is represented by only a logarithmically divergent integral
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instead of quadratically, as one would deduce from power count{ng. (And this
is true even at higher orders in GF » that is,1f we take the neutrino loop
in higher orders,ipSertingint>it an arbitrary number of lepton and neutrino

loops. (see B.F.II)a)'d

The consequence of the logarithmic divergence of H(kz) is that the

" unitary cut-off (A ~ G;% < 300 GeV) or regula?ization of the neutrino 1ogp

is harmless for the higher-order weak lepton processes. It is plausible that
(see for example A.T. Filippov's 3) report at the present meeting) the unitary.
cyt-off is harmless for all lepton weak proceséesf Now precisely the unitary
cut-off or»regulérization corresbonas, in the’ x space, to the assumea hjpé-
thesis(4) that the neutrino forces have the.beh;vibur (2) and (3) up to dis-
tances x° A G, end that the Lagreangian (1) has to be modified only for

2 '

XSF

. Obviously, the most interegting consequence of these neutrino forces

would be the formation of lepton-antilepton resonances or composite states.

The best instrument .we have to examine this possibilityuis thé Bethe~
Salpeter eqnation,which;‘sfarting‘froﬁ the'Lagrangian,density (1), has the
. general form: "
:\.. N . . ‘ % i G: p 4
(18) = my Ixp(xy %) (19, + my) = = 5= ¥ (1 + vg) -
(v) (v V3 (v) A
: _<0|'1'.in (xl,)‘q'l('xl)2f2(-:_c2)‘j)\ (;c?)|P> v+ 75)
‘ - ow R sy
vhere the U4 x 4 function xP(xlxa) = <0|T2.(x1)2,(x'2)‘|_1_>> represents the wave
function of the possible bound state of total momentun P built up,. die to
neutrino forces,by the leptons zl(xl) ia(xa) +  The left-hand side member

of (6) is usually called the vertex function ™o
Tplryxp) = (13) = m) ¥plxx,)(48) +m)) »  * (7)

and, in the ladder approximation, is represented in Fig.2. Beééusé of the
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projectors‘, (a + YS) in (6) the vertex\(?) can have only the form .
Tixyx,) = Y71 + 'ys)l‘p(xlxz) e
and the Bethe-Salpeter equation in the ladder approximation assumes a particularly
.simple form .both for the vertex P and for the bound state wave :function! XP
and the sectors for their tensor components are’ decoupled (see B F. II) ) It
is Well knovn that the Bethe-Salpeter equation acquires a particularly simple

and symmetric farm for massleéss. composite states (P =0) .

In pur case theequation for the F appearing in (8) becomes, 15 b
momentum space and.reference system P =0, (see'B FII Eq. (39 ))

. h 2. 81 : 5 o,
T (p) = -} —ﬂP-—‘l—-l 0" (o] - 2" T0) o 9)
P - (1- A A T
’ q S _ - .
vhere p. is the relative momentum of the constituents.
Ina generai‘reference system the vertex‘appearing in (9).w111=be both
'a function of the total momentum P and of the relative momentum . p . <
is easy to show that the solution of the equation for F (P.P) 15 invariant
against ‘the gauge transformation ' " ‘
P p)+r 3 p)+PA(P,p) PURIRL P " «
‘with A(P,p) an arbitrery well—behaved,function of P and D . This means
that one can impose,on the vertex TI(P.p) the‘condition”:‘
T u»,p) o .
and consequently,further decompose it in the form
| 1) ={7te) 5% + 'y, - » sp)D(p N G2
(r)
where €& is a unit polarizatlon vector and the equations for -S and D

.can be reduced to one-dimensional integral equations (B F. II) %)

‘'In order to solve Eq.(9) or the corresponding equations for S and

D one has now to regularize the'logarithmically.divergent kernel Ti(k) re-
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presenting the neutrino loop. This can be done iﬂ many, to some extent equi-
valent, ﬁays. If one uses the'non-polynomial technique in which the reguler~
ization depends ° on a fegularizing coﬁpling constant f (of‘dimehsions
M-a) one finds that, for'different approkimatiens of the kernel and of the
‘ integral equations, the condition for Eq.(9) to admit a massleeS‘solution is ?)
(see B.F.I)?)‘ ‘ | |
£ =G | (13)
This condition in ordinary space impiies that the behaviour of the neutrino

forces will deviate from the long-distance behaviour (they will become less

singular for 'x2 +0) at distances of the order of

Ferae

that is Eq.(13) corresponds to the hypothesis (k).

From (11) and (12) we see further fﬁat the 1ep£on—antilepton compasite
states may only have spin-l. Their coupliné tolthe free 1eptons'can'also be
compufed, properly normalizing the wa;e function xP(xlxa)", apq it turns‘
out ﬁhat in our approximations it_is : either‘étrong-or meaium stroné (eee

B.F.I)P
We have then that'from'the‘iagrangian (1) the two following poeqible
consequences can be drawn:.' |

a) . Hypothesis (4) is valid and as a consequence spln-one lepton
composite states exist. Slnce they are preaumably not weakly coupled
© to-the free leptons it should be easy to verify their existence

experimentally.

b) ' Neither the composite states nor resonances exist. - But then

) The equations for S and b can easily be reduced to the Goldstein . :or

Thirring‘h) type of integral eguatiohs.
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the hypothesis (4) must be discarded and the neutrino forces‘must

deviate from their x-6 dependence at a distance mnch'larger than

G; - The condltion of non-existence of resonances or bound states
could establish then a lower distance of validity of the. Fermi current-
3

current Lagrangian (1) which should be larger than GF %

intermediate vector boson theory it‘yould establish an upper bound

In the

on the W mass.

Let us keep hypothesis (4) from which (8) follows, and let us draw
some further consequences from it.

It is known 51 that a composite state can alvays be representéd by a
field, and in this frame the amplitude (8) could be considered to be derived

3

(in the limit of "long ;avelength:.l >> G ) from the effective ﬁagrangian:

I = e TP @+ W) T )
v 3 ' ' . v " ' e "
where x stands for the c.m. co-ordinate of the composite system and Ap(x)

is defined, in momentum,space; by

2

o Ay(8) = T (pusf = ,‘p§=n¥’)‘ " R

.Because of (10) ‘and (ll) we may impose on. A, ‘the condition

a°A (x)=0 TIPS - | |
The Lagrangian (15) implies the existence of a spin-l field quasilocslly (in

3

.the limit A >> Gp ) coupled to’the electron and muon fields.

We shall suppose that the bare (with respect to “the weak interactions)
electron e and muon Ho have the aame'mass.f_ As a consequence -because of
weak universality, Pp' willvobey the same eqnation, (9) both for electron
. and muon, and ‘e in (16) will be the geme, for these two leptons. (15) will

be explicitly.
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eff _ - p ; ¢ - : . s
L5 = ela @ # Ygdegle) + FGNTA + vydugGedIalx) . (5°)
B 2) - * :
Approximate solutions of Eq.(9) (see B.F.I) give for e values

between 0.1 and 1 . . If these values are confirmed by further calculations,

the composite states represented by Ap. should. be easily detectable.

It is known that the only spin-one boson medium-strongly coupled to

; v
the massive leptonsis the photon.

One would then be naturally brought to identify the spin-one massless ‘

lepton‘composite'state represented by the field A_ as the photon. But

P

. the difficulty in this intgrpretation is.that_from the weak Lagrangian the
only permissible vertex of both electrbn and mubn,with the composite»state
is the parity non-conserving (15')‘while notoriously electromaénetic intef-
_actionis conserve parity. One must enquire if there might be & mechanism by
which the effective Lagrangian (15') deduced‘from tﬂé weak lepton Lagrangian
might give'rise to' the: space (and charge).reflection invariant. form &f the
quantum electrodynamical Lag:angian.

‘The problem here is similar to that encountered in' the recent’ successful

1)

attempts to unify electrodynemics and weak interactions; there also, one
'has to find a. mechanism to get rid of the Y5 term in the neutral weak ,currents.
One can then borrow from those models the mechanism for the restoration of .

parity (space and charge) conservation in going from weak to electromagnetic

intetractions.

One suchvpossibility.wouid be to take thé Salam—Wéinﬁerg‘mode; 1) and
choose the coupling constants g and'ig' in the‘ihtérmediate bosqn Lagrangian
in such a way as to make'thédiagonai weak Lagrangian parityfcoﬁ;erving for the
massivg leptons. in this way 6ne would obviously ‘obtain ‘_' parity-
conserving vertex for the free lepﬁon-composite state;amplitude.A ﬁut'£he

mathematical simplicity brought to our model by the projectors e Ys)



would be spoiled. Besides, one needs the introductioh of more neutral

vector bosons.

Another possibility is offéréd by thé“récént-wdrk of Georgi and
Glashow 1) in which ﬁo né§ neutral véctor bosons aré intrbducéd besides the'
photon, which would bé for us thgllépton composité state.l New unobser&éd
massive leptons are jntroducéd instead, building up two tripleté of elgctrdnié
states (and further two for the muon). 1In our casé we would have that mass-
less neutrino‘exchanée generaﬁeg composite states.between these leptons; tﬁe'
charged and maégive ones (weAwould bind é charged leptoﬁ and a neuéral anti-
. lepton with different masses) would be the charged ‘W meson and‘the only
neutral massless one the photon.  The 0(3)—inv§riant coupling of thgsé vector
bosons to the fefmiqns would give‘boéh the known weak and the péfity;conserving
eleqtroﬁagnetic coupling of the composite lepton-antilepton state with the
leptons (the charged ones) plus weak and.eleétrémangtic interactions of fhe
uhobservéd leptoﬁé, as in the Glashow-Georgi model. Since the théory is re-
norma;izable, we shouldfobtain'a well determined regularization of the kernel .
"H(ka) . Buf still frée parameters like the.lepton masses would bebleft in
the'theory. ; | : | ’
Yet we prefer to think that if hypothesis.(h) gna its conséqneﬁcé(a)
are correct there éhould be a more gconomical'ﬁay to.¥estore ﬁarity (P. gndz_g)
‘conservation. A.possible wﬁy.qould be the fglléwing. Take the'Konopiﬁsky

weak Lagrangian in the two equivalent forms:

G L ‘ ‘ :
;fl(cl) = _}._‘.ﬁcyp(l = YS)\) é‘yp(]_ + Ys)\) + h.c. ‘ : (18)
PR T R )ec+h.c | sy
kK 5 5 7'p 5" a :

Starting from these we could deduce for the vertex amplitude corresponding to

(8): .
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r=v°a -y e (8")
both for the electron and.f§r the muon, where the superscript (c) stands for

charge conjugate (or, better, lepton ‘conjugate since there is no charge yet).

As (15') was obtained from the amplitude (8) we may think that the.

amplitude (8') might be derived from the effective Lagrangian

et L osl ) eyt - ¥5)Eotx) + u(c)(x)Yp(l Ys u'(c)(x)]A‘(f)(x)

K
(19)
Taking the charge conjugate of this we have

o Tiiff ol o e[gp(xwou - Ygdegx) + i (¥ - ys)u'(x)lApm (19')

where the hypothesis

(c)c-l

CA = A - (20)

was. adopted.,

To obtain the electromagnetic Lagrangian we need only "define" it as

the half sum of (15') plus (19') to obtain:

Lo = el5oxdy?ley(x) + iy (xPug(x)1a () (21)

(Thic "definition" could be Justified by the necessit& of summing éver opbbsite

directions iﬁ closed lepton loops (see Fig.2).) The universality of the lepton
electric properties follows from the universallty of their weak 1nteractlons if

we admit that the bare electron and muon have eqnal masses and that the (weak)

rgnormalization will not alter the vector current densities and we obtain

L = elelx)yPelx) + BG¥ulx)Ia () (22)

Electric charge cohservation follows from the gauge invariance (11)
and it is different from lepton number conservation which follows from the gauge

invariance of the weak Lagrangian (1).
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: Needless to say, in this model the'lepton electrodynamics is finite,-
' the unrenornsidged electric charge is zero (z = 0) and the standard local
electrodynemics should be valid up to distances of the order G;' (if.strong
intéeractions are not.taken into account).

In this model the electric chsrge should be computed as a function of
G sfter solution of Eq.(9) or the corresponding ones for S snd D in (12).
i - is clear that these solutions will depend on the way the kernel 'ﬂ(k ) is
regularized. In the way we have obtained the electrodynsmicai Lagrangian
t22), this regularization is not defined because the current-current week
Lagrsngians (1) and (18) are not renormalizable.' If we stsrted instead'
from a renormalizable Lagrangian 1ike (1') then 'tne renormslizetion of
the weak interactions would fix uniqnely (spsrt from parameters like the W
masses which could be fixed by conditions in the frame of weak intersctions)
the behaviour of the kernel TRk ). ‘at nigh values of k2 and'the value of:

the electric charge should be computable uniquely.

Should the ‘main 1line of this scheme for the origin of electromagnetic 5
properties of leptons be at least partially true;_msny more questions remainn
open snd‘awaitran answer., One of the_firstvis the explsnation of the :
electromagnetic properties of'hadrons. There because of bsryon number
conservation, one cannot exchange ‘neutrinos between baryons (or, rather,
ibsryon quarks); one is then nnable to think of the photon as a composite of
‘hadron quarks, as it was of lepton quarks (here we use the term lepton qusrk

for bare leptons).

Nevertheiess, if one accepts the idea-that weak interactions are
responsible for binding lepton quarks into the photon, they should also be

able to bind_hadronvqusrks into hadrons.¥ (In the frame of recent models,
one has only to bring the W mass one order of magnitude higher than the

% One such possibility was examined some time ago'by Thirring and'coworkersh)'
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.lower limits accepted at present.) " The situation there is much more compli-

cated by . the fact'thét;‘foﬁghly spéaking: thé'baryon qgérks différ much more

from,baryoﬁs than the lepton éuarks do from léptons. Bésidés; one probably

has not the (1 + 7% proJector but perhaps (l + N]% and then‘ohe will

obtain «x - 1) proportional pseudoscalar and tensor vertices besides the(B)

nevertheless '

vector and axial-vector one. One could A think that by some mechanism a

masgive vector composité system of baryon quarks is formed which has the

same quantum numbersas the photon. Then, by weak interaction it will

have the possibility of transition into the photon (the baryon constituents

decay ﬁeakly in those of the leptop). This would then be a dynamical'baéis‘

fortheexplanation»of so-called vector domipance. ﬁafurally, one could °

. alwgys suppose,at low momenta, that the lepton composite state, the photan

is directly bound to the:hadron and that the vertek obeys (;O), from whi;h-

electric charée conservation Qnd‘universality folloﬁ. The intermediate

of the massive vector boson would only be felt in the hadron electric fom factor.
But  many more problems regarding the renormalizabiiity of this

ﬁodel and its implications for higher-drder processes_have yet to.be‘

investigated.

At thié preliminary stage tﬁe mo@ei has the aﬁtractive features of allow-
ing the derivation of electric from wkak lepton universality-and'that for'.
both electric énd weak intéréctions the‘Fermi coupling constant represents..
the.minimal distance éx which the interactions are well representéd by the
local standard theory, while,diveféenceﬁ disappear from eiecﬁrodynamics’ané
are left only in weak iﬁteractions; | | ‘

But.apaft.from this and ?he possible Self-conéistency éf'the scheme,
only naéure, through experimentél evidenée, can tell us if all this is not

only possible.but also true.
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