PHYSICAL REVIEW D 69, 013007 (2004

Neutrino electroweak radius
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We study a combination of amplitudes for neutrino scattering that can isolguge-invariantdifference
of chirality-preserving neutrino electroweak radii foy andv . This involves both photon and, exchange
contributions. It is shown that the construction singles out the contributions of the hypercharge gaugg field
in the standard model. We comment on how gauge-dependent terms from the charge radii cancel with other
terms in the relative electroweak radii.
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I. INTRODUCTION trality of the neutrino means thEt\l’(O)” =0, one may con-
sider the Taylor series expansionsFo\lf'A(qz)” as functions
Electromagnetic properties of neutrinos are of fundamenof g2, in particular,
tal importance and serve as a probe of whether neutrinos are
Dirac or Majorana particles and of new physics beyond the

standard modelSM) [1-30]. In general, the matrix element ) —6d FY(a%);; 12
of the electromagnetic current between initial and final neu- (r >Vj_ dg? :
trinos ¢; and ¢ with 4-momentap andp’ is q?=0

which is the neutrino charge radius squared. This is often
called simply the neutrino charge radius, and we shall follow
_ this convention. By itself, the neutrino charge radius is
=e</fk(P’)| MIFY(0%)+F2(a?) vs] gauge-dependent and hence is not a physical obserfigile
(contrary to the recent claim in Ref28,29). Explicit cal-
o0 y A c_ulations _in unified renormalizable elec_troweak gauge theo-
+i W[Fz(qz) +F5(9%) vs] ries[7] using theR, gaugeg37,2] clearly displayed the gauge
Yk dependence of various quantities including the charge radius.
It is useful to consider the construction of a gauge-
+ o\ [F3(g?) +F5(g?) 7,5]] #(p), (1.1) independent set of amplitudes involving the chirality-
preserving terms in Eq1.1) that can serve to characterize
neutrino properties. In this paper we shall discuss the con-
struction of a set obtained from differences of neutrino scat-

wheree is the electromagneti lin —p'. Th ) : S .
ereels t eVeAect omag et ¢ coupling aneEp—p - 'he tering amplitudes, giving details of our nof80] and how
form factorsF,'"* are matrices in the space of neutrino mass,

: o . this relates to, and differs from, the recent approach of Refs.
e|genstates, and the.'k() elemen'ts appee\llr in the abovg am- [27-29. Since our focus here is on constraints from gauge
plitude [31]. In the diagonal casg=k, eF3(0);; /(Zm”j) 'S invariance and since for the chirality-preserving terms under

the magnetic dipole moment of the mass eigenstatand  consideration, neutrino masses do not play as important a
—ieFé(O)jj/(vaj) gives the electric dipole moment. A role as they do in the chirality-flipping terms in Ed.1), we
Dirac neutrino in the standard model generalized to includehall make the simplification of working within the standard
such masses has a magnetic momeng,  Model with massless neutrino@hese simplifications were
=3eG.m, /(87242) [9], while in models with righjt— al_so made in_RefiZ?—Zq_ and[30].) Fpr this massl_ess neu-
i trino case, Dirac and Majorana neutrinos are equivalent, and

ere is no lepton mixing, so that the neutrino mass and
group eigenstates coincide. From E#.1) the relevant ma-
trix element is then

(oI ()

handed charged currents, this quantity also involves ter
depending on charged lepton masg&$]. A Dirac neutrino
may also have &P-violating electric dipole momente.g.
[14]). For a Majorana neutrino, witl; = z,bjc, these operators
vanish identically, so thap,,j=dvj=0. (Below, for peda- o
gogical purposes we shall consider a special case where neu-{%j(P")[Ix[#;(P))=e;(p") (11— ¥5)F1(a%);4;(p),
trino masses vanish. 1.3
It is also of interest to consider the chirality-preserving
termsyny, i and gy, ysi; in Eq. (1.1) and the associated where FY(q?);;=F7(9?);;=F1(q%);. (We will often drop
form factorsF\l’(qz) and F’f(qz). Although the electric neu- the subscripf where it is obvious from the context.
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IIl. NEUTRINO SCATTERING REACTIONS Vy 7] vy

To begin, consider the tree and one-loop scattering ampli-
tudes for the reaction

v, (p)+ek)—v,(p")+ek’) (2.1 w+ W-

(where all the particles appearing in the above process are
physical, on-shell particles The four-momentum transfer
squared is denoted=q? and the center-of-mass energy >

squared is denoted Consider next the high-energy limit e Ve e
s/m§>1 and specialize to the amplitude for the reaction

FIG. 1. 2W-exchange graph, whose contribution vanishes for
vu(P)+er(k)—v,(p") +er(k'), (2.2 e=erinthe SM.

whereer=Pre denotes a right-handed electrto be pre-

cise the helicity plus electron which does not coincide withformulation of gauge theories and via the use of this pinch

the right-handed electron specified By, in the presence of technique must be the same, since the Feynman gauge in the

the nonvanishing electron masswhere Pg =(1/2)(1  background field method is one of the allowed gauge condi-

+y5) are chirality projection operators. The tree-level dia-tions. However the Feynman gauge in the background field

gram for this reaction involves the exchange & hoson in  method has no privileged position among various possible

the t-channel. An important simplifying approximation is gauge conditions. For example, tbg1),, symmetry of the

that the electron mass is neglected for this high-energy limielectromagnetic interaction remains intact in a nonlirear

even forg?=0, except for an infinitesimal electron mass on gauge[37] also.

internal fermion lines to control infrared divergences. With

thls_gpprOX|_rn_at|on of neglectln_g the electrc_m mass, so that a IIl. METHOD USING DIFFERENCES OF NEUTRINO

positive-helicity electron is equivalent to a right-handed elec- REACTIONS

tron, the contribution of the box diagram wittW2exchange,

shown in Fig. 1, vanishes. As a result, one can extract the One way to separate the contributions of theexchange

contributions from the one-photon and aAeexchange dia- box diagrams from those of the one-photon and znex-

grams with one-loop self-energy and vertex corrections tochanges involves the “neutrino-antineutrino method” uti-

gether with Z exchange box diagrams, shown in the Appen-lized in Refs[28,29 (see Ref[15] for earlier related work

dix. This amplitude with right-handed massless electrons isn which one considers the sumdo(v,eg— v, eg)/dg?

gauge-independent and constitutes a part of the physica|ldo(;#eR_)jﬂeR)/qu, specifically theq?—0 limit."

S-matrix. _ The idea underlying the neutrino-antineutrino method is
We remark on a related but different approach to thesimplified and the basic physical idea is precisely stated in a

analysis of the matrix element. In Ref&7-29, the authors  gay,ge-independent way if one compares the prog8sto

write the Feynman diagrams defined in tRe gauge and the process with the charge-conjugated electian, posi-
then apply the “pinch technique,” previously discussed in{ron) (see also Ref(15))

[32,33, to the complete set of Feynman diagrams contribut-
ing to this S-matrix element. This technique involves a re-
arrangement of various Feynman diagrams for an element of
the physical S-matrix before the calculation of loop integrals.
For a tree-level amplitude contributing to a physical S-matrixin the massless electron case, the only interaction of the
element, it is trivial to redefine the Feynman rules given byright-handed electron is given by
the R, gauge to those of the background Feynman gauge. If
one uses dimensional regularization, for example, all the N
Feynman diagrams are finite at the one-loop level also, and Lin=~0'ery"Byer 34
thus the rearrangement of Feynman diagrams is justified. The
starting Feynman rules are identical in the conventional for- ) . o . )
mulation and with this pinch technique, and thus the result is . 1€ crucial Eq(2) in Ref.[28], which is the basis of the analysis
also identical, provided that the method is well-defined. ~ °f Refs:[28.29
After this rearrangement, one obtains the amplitudes writ- - _
ten in terms of the ?:eynman gauge in the bacEground field 0(PY)7,PLo(P2) =~ (P27, PrUPy. @3
method[34-36,19, which exhibits theJ(1).,, symmetry of is however not justified, as can be confirmed by considering the
the electromagnetic interaction explicitly. This rearrange-time component of the current fgn = p,; in this case, this relation
ment of various Feynman diagrams and the cancellation dfads to
the gauge parameterfor the physical process is consistent 9 2
withgtheg g(laoneral formulationpo1¥ gaugpe theory. It therefore 1P (p)*= = [Pru(po 3.2
follows that physical results obtained via the conventionaland thusP,v(p;)=Pgru(p;)=0.

vu(p)+el (k—v,(p)+el (k). (3.3
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whereB,, stands for the hypercharge gauge field associatedbove two processes. One can thus eliminate Zhebox
with the U(1)y factor of the standard model. Recall tif  diagram contributions by a physical operation by considering
is a linear combination of the photok, andZ, fields sat- the sum of the two cross sectiofia the limit q°—0)

isfying

do(v,+eg—v,+eg) +d0‘(VM+eE—>VM+eE)
B,=— 2 (gA,~0'Z,)=eA, G SOz dg? dg® |
g nw gz+(g,)2(g '\ g " =e \uw S W

(3.9

(3.5 That is, sinceda/do?=|Ayeel’+2 Re(AyeeAT0op) PIUS
with g and g’, respectively, standing for th&U(2), and higher-order terms, and since for the second tefkp,. re-

U(1)y gauge coupling constants afd= g%+ (g’)2. If one verses sign for the reaction Wit_h2 replaced bye{ while the
rewrites the interaction3.4) with the charge-conjugated 2Z €xchange graphs do not, this sum removes terms from the
variables defined by 2Z exchange box diagrams. These terms from tAeb®x

diagrams are gauge-independent by themselves, as can be
explicitly confirmed; the gauge parameter fdy, cancels
among the box and crossed diagraisse alsq20,23). The
physical separation of theZexchange contributions is thus
perfectly consistent with the basic principle of gauge theory.

This physical separation of these box diagrams is an im-
portant operation, but it is clear that what one measures after
this separation is the form factor of the neutrino detected by
the hypercharge gauge fieR,, which is a linear combina-

. tion of the physical fieldsA, and Z,. The neutrino-
If one compares the above two procesie8) and(3.3) with antineutrino method with a massless electron gives a physi-

the identical kinematical configurations, one can distinguishC : s :
. . o . al basis for writing the gauge-independent one-loop
the amplitudes with odd powers i9'B,, (in the electron amplitude(by excluding the Z box diagrams and neglecting

sectof from the amplltud_es with even powers giB,, (i.e., the wave function renormalization factors for simpligity
the 2Z,, exchange box diagramsexcept for the wave func-

tion P_u(k) for €[ replacingPgu(k) for e, by noting that

e()=-C e (), e()=(e9"(xC, (36
it can be expressed equivalentlyonsidering a suitable limit
of the point-splitting definition of the current and the anti-
commuting property of the electron figlds

Lin=0'€% y*B el . 3.7

— | F1(@®)  F7'(a®)+F3%q®

(€E(0€°L(Y)) =PL(eC()e(Y))Pr=P(e(x)e(y)Pr  EUr— o+ —— 55
(3.9 q q z
2 2
in the Dyson expansion of the S-matrix. The appearance of Hz2(q7)  12(97) YURY, Yol 1= o) v, .
the positive-energy solutions in both casesd the differ- (?-M2)?2  g?(q®>—M2) roe a

ence betweerP u(k) and Pru(k) do not matter in the
evaluation of the forward cross sectif@B,29. The interfer- (3.10
ence term of box diagrams with th&,-exchange tree dia- Here F;(q?) and F%"(q?) denote thev,, vertex functions
gram, which is the relevant quantity in the lowest order pro-yeasured b, , andFE%(q?) is the electron vertex function
cess beyond the tree process, thus changes sign between msasured b)Zl;. The self-energy correctior ;,(q?) and
Hyz(qz) stand for the two-point functions fd8,-Z, cou-
pling. The gauge independence of E§.10 is established

We expand the generic Dirac field as by a simple argument of the gauge independence of the
&p physical S-matrix without referring to the technical details
W=, f—[u(p,s)b(p,s)e’“”X such as the pinch technigque or the background field method.
s J J(2m)%2p,
+o(p.s)dT(p,s)e ] IV. RELATIVE ELECTROWEAK RADII
with the charge conjugation relations One can further consider the difference of E810 and
the corresponding amplitude with), replaced byv, by mea-
Cy“Cl=—(y")T, CysC '=1vi, suring the differencé28,29
v’(p,s)C=u(p,s), —C "'=u(p,s),
clem1cT=—c dO'(vM-I-eR—wM-I-eR)ida(vﬂ+eﬁ—>vﬂ+ef)
do? do?

We then have

— d®p .
c — 1,7 bT ipx _
Y)=—C 1y Zf G lv (PO (ps)e i i
+u(p,s)d(p,s)e"PX]. (4.2

do(v,+eg—v,+er) do(v,+e—v, +€)
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In this way one can eliminate the common terf(q?), =u or 7; that is, the leading term aiF}”(0)=0 vanishes
I1,,(9?%), andHyz(qz) in the two amplitudes, since one can and is thus gauge independent. The leading term of the gauge
measure the amplitud8.10 and itsv, analogue themselves independent electroweak radius in £4.2) thus agrees with
as interference terms with the leading tree-leX@xchange the value(4.5), which is, in fact, gauge-independent. The
diagram. One thus arrives at the physical quantity measuresubleading term il F2”(0) is nonvanishing and is required
by the hypercharge gauge fie], to cancel the gauge dependence of the subleading term in
AF1(g?)/qg? atg®=0 in Eq. (4.2, namely, Eq(4.4).
Fi(a®) F7'(d) We emphasize that the nonvanishing subleading term in
92 + 92— M% AFZ"(0) is a manifestation of the gauge dependence of the
Vi relative neutrino charge radius in the pinch technique; that is,
5 —_— one cannot eliminate th&, contamination in a gauge-
Fai(a%) + Fz'(a) (4.2 invariant manner, since only the combinati@n2) is gauge-
q? q°— |\/|§ ' independent. The nonexistence of a strictly gauge-
T independent relative neutrino charge radius thus persists both
iEI'I the conventional formulation and with the pinch tech-
nique. Our analysis in the framework of conventional gauge
etheory thus clearly explains what is going on in the compli-
cated pinch technique analysis [28,29. Moreover, our

e? lim
q2-0

—e?lim
9?—0

4

which is gauge-independent. The gauge independence of E
(4.2) is equivalent to the gauge independence of BqL0
and itsv, analogue. However, the physical separation of th

hoton exchange contributions from tBe exchange contri- ! )
P g A g analysis shows that the result for the gauge-independent rela-

butions in Eq.(4.2), namely the separation &f;(q%) from . . e .
F2(g?), is not obvious in the standard model. Indeed, pre_tlve neutrino charge radius 28,29 arises from the extra

vious detailed calculationg7,18] of Fl(qz)/q2|q2:0 Show approximation of neglecting the subleading terms and not

. i from the use of the pinch technique. If one neglects the sub-
2 —

Fhat the supleadlng term qf the ordef/Manh |=porr leading terms, one can readily establish the gauge indepen-

in the relative charge radidsquared

dence of the relative neutrino charge radius in the conven-
tional formulation also. The pinch technique does not

| Fy(@® F1(g?) produce any result different from that of the conventional
A(r?)=6 lim > - ‘ (4.3 formulation.
a?-o0 9 v, q v, Our analysis clearly shows that the relative neutrino

charge radius is not gauge-independent, much less the charge

depends on the gauge parameteRjngauge and diverges as radius for an individual species of neutrino. As for the de-
§—0 like tailed analysis on the basis of the pinch technif@@, this

may be useful to confirm the gauge independence of the

physical S-matrix element. But one cannot infer that each
In E (4.4 part of the total amplitude separately has a gauge-

independent physical meaning simply because the gauge pa-

rameter formally disappeared in the operation of the pinch
[see Eqs(2.30 and (2.54) in [7] and also Eq(4a) in [18], technique; the Feynman rules in the_ Feynman gauge would
which confirmed the calculation if7]]. This shows that a &lways be free of gauge parameters in such a sense. Only the
gauge-independent separation ®f(g?) from F3*(q?) in total amplitude for th_e S-matrix is gauge—lndepen_dent. With-
Eq. (4.2 is not possible, since if it were possible, the abovePUt the photon pple in the above neutrino scattering process,
gauge parameter would not appear. The leading contributio 0 general principle can be used to argue for the gauge in-

to the relative charge radiusquaredl in Eq. (4.3 (see, for ependence of the one-photon exchange amplitude. To estab-
example[7,18) ’ lish the gauge independence of the relative neutrino charge

radius, one would need to restore the gauge parameter in the
photon exchange diagrams without changing the neutrino
(4.5  charge radius, as is demonstrated for the case of the muon
magnetic moment in Ref2]. This is, however, equivalent to
the gauge parameter independence of the vertex corrections
is formally gauge-independent, but we emphasize that thg) the photon exchange diagrams by themselves before one
separation of the leading term from the subleading term igpplies the pinch technique.
not well-defined for the gauge-dependent relative charge ra- Qur analysis suggests that a useful quantity is the “rela-
dius, since the subleading term can be made arbitrarily larggve electroweak radius” in Eq4.2) measured by the hyper-
by gauge choice, as is evident in E¢.4). charge gauge fiel, in the standard model. This relative
The relative electroweak radius defined in £4.2) as a  electroweak radius is gauge-independent, and its leading
combination ofF;(g®) and F}"(q°) is gauge-independent, term agrees with the leading term of the relative neutrino
and only in this combination can one separate the leadingharge radius in Refd.27-29 defined by the Feynman
term from the subleading term. Our analysis of E45) is  gauge in the background field method. We believe that our
consistent with the result in Ref§28,29, which obtains definition of the relative electroweak radius is conceptually
AF2(0)=0 up to terms of the orde38] m?/M3, with | simple and clear.

3¢?
128m°M3,

2 2
m? —m2

My

2 2 2

A{r? = In— _ jn—o
<r >Ieading_ n 2 n 2
" m

T

_9
167°M3,
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V. DISCUSSION AND CONCLUSION XSUR2) XSU2)rxU(1)g— and G,z=SU(4)psX SU(2),
X SU(2)g, where PS stands for Pati-Saldd0]. Here the
first step in the extraction process fails; tAg andAg mix
to form the mass eigenstatés; ,, and hence one is not able
to remove the W exchange diagrams by considerimg

invariant and hence is not a physical observabtentrary to .+ SR~ Yu ™ €R- The standard model is thus special in allow-
ing the separation of single-particle, i.8,, exchange dia-

the recent claim in Ref§28,29). In this paper, in the limit ;
s/m%>1, we have constructed for the standard model a com¥' &> from the box diagrams. .
e Neutrino masses affect neutrino electromagnetic proper-

s f (s s S arnt e S s e 1 o fendc
y 9 Yof both the vector neutrino charge radiBy (g%)/dq?|q2-o

preserving quantity, a sort of gauge-invariant generalizatio : . ; :
of a neutrino charge radius. We have shown that this involve W_h'Ch vanishes anywaAy 1;or M;ljorana neutrinaand the
axial-vector analogudF7(g“)/dq |q2:0.

the hypercharge gauge fieRl, in a natural way. But, as in
[30], we do not find that the relative neutrino charge radius
(measured by the photpris gauge-invariant; the result in
Refs.[27-29 is primarily a result of the neglect in these  We thank P. A. Grassi for useful discussions. K.F. thanks
references of subleading terms. the members of C.N. Yang Institute for Theoretical Physics

Since one motivation for studying the neutrino charge ra-at Stony Brook for hospitality during visits. The research of
dius would be to probe for new physics, we note that, inR.S. was partially supported by the grant NSF-PHY-00-
general, using the reaction, + eg— v, +eg does not sim-  98527. R.S. thanks the theory group of the University of
plify the analysis. Consider models beyond the standardokyo and the organizers of the Fuji-Yoshida Summer Insti-
model with strong-electroweak gauge groupss=SU(3).  tute 2003 for hospitality during visits.

The notion of the physical neutrino charge radius
(squared would be important in the analysis of observables
in gauge theory if this quantity were gauge-invariant. How-
ever, as was established long aph7], it is not gauge-
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APPENDIX

In this appendix we display one-loop diagrams in Figs. 2—6 for the reaefjereg— v, + e in the SM, in addition to the
2W-exchange diagram, whose contribution vanishesripr-0. We show these graphs for unitary gauge, but have analyzed
the process in the fulR; gauge.

W+
V# v,
Yy K Vi
VA Z
g
€R (a) €R
€R (a) er
VM Vu
Vu H Yu
w+
Y
€Rr ER eRr (b) €Rr
FIG. 2. 2Z-exchange graphs. FIG. 3. Graphs contributing t& ,(t).
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W+ Yu . Yu
Yy P Yy Z
VA €R i €R
er (a) er (a) v, Z

Vy Vy vy Vy
€Rr E€Rr € (b) €
Z VH - V,u.
Vu Y Yp Z
Ve e
7 e e
€R (c) €R (c) wt
FIG. 4. Graphs contributing tB%*(t). FIG. 5. Graph(a) contributing toF5%(t). For e=eg, the con-

tributions from graphgb) and(c) vanish in the SM.
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I/ﬂ - Vu
VA
Z
(-] ({;) E€R
VH V,u
Z
Y
eRr (B) €R

FIG. 6. Graphs contributing téa) I1,,(t) and (b) 1I,,(t). The filled dots denotga) diagonal and(b) nondiagonal vector boson
propagator corrections.

[1] W. Bardeen, R. Gastmans, and B. Lautrup, Nucl. PB#AS, [20] G. Degrassi, A. Sirlin, and W.J. Marciano, Phys. Rev3®

319(1972. 287(1989.
[2] K. Fujikawa, B.W. Lee, and A.l. Sanda, Phys. Rev6[2923  [21] P. Vogel and J. Engel, Phys. Rev.d9, 3378(1989.
(1972. [22] J.A. Grifols and E. Masao, Phys. Rev.4D, 3819(1989.
[3] R. Shrock, Phys. Rev. B, 743 (1974). [23] J. Papavassiliou, Phys. Rev.41, 3179(1990.
[4] J. Smith and S.Y. Pi, Phys. Rev. ©) 1498(1974). [24] M.J. Musolf and B.R. Holstein, Phys. Rev.43, 2956(1991)).
[5] J.E. Kim, Phys. Rev. 14, 3000(1976. [25] J. Beacom and P. Vogel, Phys. Rev. L&8, 5222(1999.
[6] W.J. Marciano and A.l. Sanda, Phys. Le87B, 303 (1977. [26] G. Raffelt, Phys. Rep320, 319 (1999.
[7] B.W. Lee and R. Shrock, Phys. Rev.1B, 1444 (1977). [27] J. Bernabeu, L.G. Cabral-Rosetti, J. Papavassiliou, and J.
[8] M.A.B. Bég, W.J. Marciano, and M. Ruderman, Phys. Rev. D Vidal, Phys. Rev. D62, 113012(2000.
17, 1395(1978. [28] J. Bernabeu, J. Papavassiliou, and J. Vidal, Phys. Rev.8%tt.
[9] K. Fujikawa and R. Shrock, Phys. Rev. Letb, 963(1980. 101802(2002; 89, 229902E) (2002.
[10] W.J. Marciano and A. Sirlin, Phys. Rev. 22, 2695(1980. [29] J. Bernabeu, J. Papavassiliou, and J. Vidal, hep-ph/0210055.
[11] S. Sakakibara, Phys. Rev. 24, 1149(198)). [30] K. Fujikawa and R. Shrock, hep-ph/0303188.
[12] B. Kayser, Phys. Rev. 26, 1662(1982. [31] Recall that electromagnetic current conservation implies the
[13] J. Nieves, Phys. Rev. D6, 3152(1982. relations  (, —m, )FY(q)y;+9°F3(d%);=0 and —(m,,
[14] R. Shrock, Nucl. PhysB206, 359 (1982. +m, )F1(9%) i+ a°F3(6%);=0.
[15] S. Sarantakos, A. Sirlin, and W.J. Marciano, Nucl. PiB&17, [32] J.M. Cornwall, Phys. Rev. 26, 1453(1982; J.M. Cornwall
84 (1983. and J. Papavassilioihid. 40, 3474(1989.
[16] J.L. Lucio, A. Rosado, and A. Zepeda, Phys. Re2® 1539  [33] G. Degrassi and A. Sirlin, Phys. Rev. 4B, 3104(1992.
(1984. [34] B.S. DeWitt, Phys. Rev162 1195(1967).
[17] N.M. Monyonko, J.H. Reid, and A. Sen, Phys. L&tB6B, 265 [35] L.F. Abbott, Nucl. PhysB185, 189(1981); L.F. Abbott, M.T.
(1984. Grisaru, and R.K. Schaeffeihid. B229, 372(1983.
[18] J.L. Lucio, A. Rosado, and A. Zepeda, Phys. Re\3D 1091 [36] P.A. Grassi, Nucl. Phy$3462, 524 (1996; B537, 527 (1999;
(1985. B560, 301(1999.
[19] N.M. Monyonko and J.H. Reid, Prog. Theor. Phyg 734  [37] K. Fujikawa, Phys. Rev. 0, 393(1973.
(1985. [38] In general, F4"(q%) requires renormalization and thus

013007-7



K. FUJIKAWA AND R. SHROCK

[FEV(O)VM—FEV(O)VT]/Mé gives the subleading order after
renormalization. The leading term is absorbed into the renor-
malization convention oF5*(g?) for the on-shell neutrine,

and q2=0, for example, and the difference above becomes
subleading.

PHYSICAL REVIEW D69, 013007 (2004

S-matrix element. However, one cannot assign a physiea)
gauge-independensignificance to each element of a Feynman
amplitude, such as the charge radisesparatelyafter applying

the pinch technique simply because the gauge parameter for-
mally disappeared.

[39] We are, of course, not criticizing the pinch technique itself.[40] J.C. Pati and A. Salam, Phys. Rev. 1D, 275 (1974; R.N.

This may be a useful technique to evaluate the gauge invariant

013007-8

Mohapatra and J.C. Pathid. 11, 566 (1975.



