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Searching for anomalous7vW couplings
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The capability of current and future measurements at low and high eeémgjy colliders to probe for the
existence of anomalou€ P-conserving,7vW dipole moment-type couplings is examined. At present, con-
straints on the universality of the charged and neutral current interactions as well as the shape of the
7—/ energy spectrum provide the strongest bounds on such anomalous couplings. The presence of these
dipole moments are shown to influence, e.g., the extracticmg(oﬁf) from 7 decays and can lead to apparent
violations of CVC expectation$S0556-282(97)04617-1

PACS numbeps): 14.60.Fg, 13.10:q, 13.35.Dx

Although the standard modgBM) continues to do an where as usual,= —1/2 andv ,= — 1/2+ 2sirf4,,. Similarly
excellent job of describing almost all experimental ddth  for the photon we can write an almost identical interaction
many believe that new physics must exist beyond the SM fostructure:

a number of reasons and that it cannot be too far away. In

addition to searches for new particle production or the obser- i _

vation of rare or forbidden decays of well-known particles at L,= ﬁQT%ﬁ— Z—Uﬂqu(KZ— ik2ys) [TA*, (2
colliders, an alternative probe for new physics is that of pre- m,

cision measurements. One possibility is that the repetitive

nature of the family structure in the SM may provide someyhere Q,=-1. In both cases (7;) corresponds to an
insight into what form this new physics might take. In par- anomalous magnetitelectrio dipole complexform factor
ticular, the detailed properties of the third family of SM fer- of course, as is well known, radiative corrections in the SM

mions may be the most sensitive probes of a new mass scal@n easily induce dipole moment-type interactions. In this
which is beyond the direct reach of current accelerators. T%pecific case, since the real part of s are intrinsically

this end it is important o examine the nature of t_ht_and CP-violating, they remain zero to several loops whereas the
t quarks as well as the lepton with as much precision as «'s receive complex, order, contributions[3]. In both

possible. the imag ts efandx arise due to the ab
In the 7 case one has a particularly clean laboratory in the-@Ses € imaginary parts eland « arise due to the absorp-
e parts of the loop diagrams. In the present paper we will

hunt for new physics due to the added advantage associat e i ted i | tic dinole-t i
with the fact that strong interaction effects can only arise a he tm ereste mdant?ma ?#S mafq?he '%M'po S' ype coup m%‘?
higher order, if at all, depending upon whiehproperty is atare over and above tnose of the and are comparable

being probed. For this reason we focus on tHepton in the ohr pgfrhaps EQT]eWhat Iargler in mqggﬂude. Vr\]/e might ex;l)ect
following discussion. One possible form of new physics asinat '. Very nigh mass scales are in L.IC.Ing these gnoma ous
sociated with ther is a subtle modification of how the  couplings then the parametersand « arising from this new
interacts with the gauge bosons of the SM, i.e.,Zhe/, and physms will be real and n02t to be very sc_ale dependent, i.e.,
W. These new interactions, if their scale is sufficiently large their values ag®=0 andM3 will be little different.

can be parametrized as a series of higher dimension, gauge Experiments designed to directly probe the couplings
invariant, though nonrenormalizable, operators involving thex?* and x** have been performed at the CERNe™ col-

7, the SM gauge fields, and perhaps the Higgs boson as welider LEP and elsewherg4] with only negative results. In
Neglecting the possibility of leptoni€ P violation, the new  fact, in theZ boson case we can use tde-7" 7~ decay
operators of lowest dimension that one can construct take theidth, the 7 forward-backward asymmetry, and the angular
form of anomalous magnetic moment-type interactions. Tddistribution of ther polarization to constrain botk? , which
explicitly construct these operators using only the SM paryye assume to be real, atiféz| through a “radiative correc-
ticle content requires us to explicitly introduce the scalar,,g» analysis[5]. Using thTe data as presented at Moriond
Higgs field[2] in order to produce the required helicity flip ;997/1] a modified version ozFITTER5.0[6], and the input
while mamtammg gauge invariance. Thus we find .thatvalues ofag(M,)=0.118 andag,\%=128.896[7] we obtain
anomalous dipole moment operators for thare necessarily the 95% C.L. regions shown in Fig. 1. From this analysis we

of ?r:n:ﬁgséoar;:')é'f the” and photon. our normalization for can conclude that if the anomalous couplings are the only
P » ou Izal source of new physics, th&-pole data tell us that

these operators take the conventional form 7 ~7 _ _
| k%, k%]=<0.0023. Note that this value-a/7r, the typical
size of a SM loop correction. The direct search results yield
g i Y 7 o~z comparable limits, particularly in the case of the
EZZET Vu(vr_ar75)+2_mT%vq (k7= iK7ys) | TZH, CP-violating couplings. The corresponding bounds oh
(D) and;Z obtained through direct means are somewhat weaker.
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B#” are the SU(2) and U1) field strength tensorsl, are

the SU(2) generators, an® is the Higgs field which we

can ultimately replace by its vacuum expectation value. Re-
writing these operators in the mass eigenstate basis and em-
ploying the normalizations of Eq$l)—(3) we see that we

can immediately write a pair of extremely simple relations
amongst the three anomalous magnetic-moment-type cou-
plings which do not depend upon the scale
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FIG. 1. 95% C.L. allowed regions for therZ anomalous dipole y
moment couplings. i@ my =300 GeV has been assumed and the ﬁ: i Ix+1
three curves correspond to,= 169 (dotted, 175 (solid), and 181 KE 2sc t+x '’
(dashedl GeV, respectively. Inb) m;=175 GeV is assumed for
m,,= 60 (dotted, 300 (solid), or 1000(dashed GeV, respectively.  wheret = siné,,/cosf,=5c andx=a /a5 . A plot of these
ratios is shown in Fig. 2 where we see that they are typically
The purpose of this paper is to examine the analogousf order unity except near the points- —t andx=0. These
CP-conservingcharged currenidipole moment interactions arguments possibly suggest that the relevant interesting
of the 7 which have not been as extensively discussed in theange of| Y| may not be much larger than about 0.001-0.01
literature [8]. To this end, we modify the charged current since the corresponding anomaloefscouplings were found
7vW interaction to now be of the form to be quite small. Again, this range is not much different than
what we might expect from a typical loop correction of order
al in the SM or simple extensions thereof. Since we will
concentrate solely on‘TN below, we will henceforth employ
the simple notationc'=«.
which parallels the above coupling structures for the photon The first point we need to address is what are the current
andZ. HereP, is the left-handed projection operator aua‘ﬁ direct limits onx and how far are they away from the sug-
is assumed to be real. If one allows for the possible existencgestive range of 0.001-0.01? The most obvious set of con-
of k“7 then ' must also exist with a comparable magni- straints arise from considerations of lepton universality since
tude due to the demand that the original nonrenormalizablée 7 now interacts with th&V in a way that differs from the
operators be gauge invariant. This is easily seen in a numbe@ther leptons, which we treat as having only SM interactions.
of ways but perhaps the simplest is to examine a particulaFhe two best places to testuniversality are ther lifetime
realization for these nonrenormalizable operators as prdtself and the rato of W decay widths

®)

g i )
ETVW:E#Y"+2_mTK¥vUWq PLVTW’U"FH.C., (3)

sented in Ref[2]: R=TI'(W— 7v)/T'(W— nv,ev). Itis obvious that ratios such
asI'(r—Pv)/T'(P— uv), whereP is a pseudoscalar meson,
1 will not yield additional constraints. Since the matrix ele-

— v 2%
Lnew PL T 8B+ awTaWa " JR®+H.C.. (4) ont of the hadronic weak current between the pseudoscalar

and the vacuum is proportional to the momentum of the vir-
Here,L is the left-handed doublet containing the A is a  tualW, theo,,q" piece of ther’s leptonic current will drop
large mass scaley, ,g are a pair of parametergy4” and  out, i.e., only the longitudinal part of the virtus contrib-
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utes. Any deviation from universality observed in such ratios SO IR DR B DA

cannotbe attributed to an anomalous moment for the 15
For the leptonic decay of the we find, neglecting the

mass of the lepton in the final state,

E

2

, — K K 1.0 -_ _-

I(r—/vv)=T, 1+§+E , (6) - : ]

where I'y is the conventional SM result, while for the I ]
W— 7v decay width we obtain 05 — —
GeMY, J. 1 Bk k*(1+2r) I ]
F(WHTV)—W(J.—T) 1+§—T+T, [ 1

@) 0.0 L .0.2. L Io,4‘ L Io.e‘ L Io,el

(=]
-

wherer =(m,/M,)?. Here we see that in th&/ decay case
the 2 term is dramatically enhanced kinematically. It is easy T T T T T T 2R
to include in these equations the effect ofC#-violating 02 I~
electric dipole moment type ternx, by the replacement of

the 2 in the last term of both expressions by the combina-

tion x>+ «2. 'k only appears quadratically since neither of 00
these quantities ar€ P-violating observables. Using the

most recent experimental dgt8] we are able to obtain the =

following 95% C.L. bounds, neglecting potentialcontribu-
tions: -0.2

(b)

B,7./7,: —2.24x10 2<x<2.31x10?

R: —2.54x10 2<x=<2.83x10 2 (8) [ N T R R
0 0.2 0.4 0.6 0.8 1
Note that the two constraints yield comparable limits imply- zZ
ing that we must havex|=<0.0283=0.03, which is some-
what larger that the bounds we obtained for thease. We FIG. 3. The kinematic function§(z) andg(2) for « values of

chose not to combine these two results since, in principle; 0-05 (dotted, O (solid), or 0.05(dashed

«(0), which is probed by ther width may differ from

K(M\ZN), probed inW decays. Note that thé/ decay expres- _ _ _

sions can also be used to obtain a boundnof a compa- mcompa_mble with the sjcanc!ard Mlchgl spectrum. As a_bove,

rable size, but any limit obtainable from thelifetime will we can include th&€ P-violating eIecEch dipole contribution

be rather poor. Clearly, we need to improve our sensitivity tddy the standard replacemetit— «+ «?, which implies that

nonzero values ok by roughly a factor of a few to an order the lepton energy spectrum is not very sensitive taonzero

of magnitude. The statistics for doing so will be available atas we might expect. There are two places where precision

future runs of the Tevatron and at futuBeand7/c factories. measurements of thelepton spectrum can be made: at high
Where else might we be able to probe values off order  energies, sitting on th&, or at low energies at 8 or 7/c

0.01 or less? In addition to modifying the totalleptonic  factory. On theZ an extra advantage is obtained due to the

decay width, the presence @f#0 produces a distortion in fact that ther is naturally polarized. Beam polarization can

the final state lepton spectrum which in genezahnotbe  greatly enhance this added sensitivity as has been exploited

expressed as shifts in the Michel parameters. We recall thdty the SLAC Large DetectofSLD) Collaboration[10]. At

the general nature of the Michel spectrum assumes the althe Z, the normalizedlepton energy spectrum for the to

sence of derivative couplings—something we now have du¢eading order irx, which seems a reasonable approximation

to the anomalous moment. We find that the invariant doublgincex is small, can be written in the absencenaf/M2 and

differential decay distribution for- leptonic decays in the mg/mi corrections as

absence of the polarization dependent terms is given by '

dr

I e—a02 1o K]+ 2 ok LdN_ e 10
dE deoss,, PRI AP KT 175 g (k) =1(2)+Pg0(2), (10

N dz
X(m?=2p-k)?, 9)
wherez=E,/E,, PZ is the production angular-dependent
wherep(k) is the 7’s (final state lepton’sfour-momentum effective polarization of ther including the effects of the
and terms of ordemﬁ/mf have been neglected. Note that in initial e~ beam polarization as given in R¢1.0] andf,g are
the «? term cubic powers op-k appear which are clearly kinematic functions:
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e
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0.15 — -—1-, — . -
- ; 1 20 000r—/ decays, corresponding to about 1.5 million
X cEl 1 Z’s, assuming a beam polarization |¢f| =77.2% and a cut
= i : R on the angular acceptance |absd,|<0.75. We follow the
CHER 2 | same approach as SL0] and consider four distinct cases
& i s depending on whethd? is positive or negative and whether
- L o 1 the negatively charged goes into the forward or backward
0.05 = o3 7] hemisphere of the detector. In each case, we dividezthe
(b) ! 1 range into 10 equal bins, generating data weighted by the
L. . — - . . . .
L D] statistical errors only. Figure 4 shows the resulting Monte
000 L b o L e Carlo generated distributions in comparison with the expec-
o 0.2 0.4 0.6 0.8 1 p pec

tations of the SM.
In order to obtain ouk constraint, we perform g&? fit to
FIG. 4. Comparison of SM expectations and Monte Carlo datahe above distributions, which were generated assuming
for the lepton energy spectrum indecays at th&. The top figure =0, by using thex-dependent functional forms above. We
corresponds to the sum of the two cases where the negatise obtain a best fit ofk=0.060.12 at 95% C.L. with a
forward andP>0 and where ther is backward and®><0. The 1 2/N_ of 41.8/40; this result is explicitly shown in Fig. 5. It
figures the SM expectations are given by the dash-dotted histograieyer be able to achieve the level of sensitivity we require to
whereas the points represent the Monte Carlo data generated assu&bbel x| values below 0.03.
ing the SM is correct. What happens at B or 7— c factory? Here the is either
at rest or is relatively slow and a pseudorest frame can be
defined. In ther rest frame, neglecting thé mass and po-

Z

5 4 1 3 4 izati i
PO T e Y U B e 1 | larization dependent terms, one finds
3 3 3 —
di'(r—/vv) 2 2 2
. . . 2 T:I‘Ox [6—4X+2kXx+3k(1—X)7],
g:<_§+322—§z3 + K —§+22—§ZZ>. (11 (12

The behavior of botti(z) andg(z) due to variations irk is Wherex=_2E/_/m, aDdFO was l_ntroduced abovéAs above,
shown in Fig. 3. There are several things to observe: first® contribution of«x can be included by the replacement

g is more sensitive to variations ithan isf so that having ~ «°—”+ %) Neglecting terms of ordek® again we see
a handle orPZ; through modifications of the beam polariza- that the normalizedlepton energy spectrum in the rest
tion is very useful in obtaining a greater sensitivity. Second frame can be written as

the « depenéjent term i has the same structure as that due e

to a shift in3- p, wherep is one of the conventional Michel _ 2

parameter{ilﬁ). The K%ependent term iy is not of the T ax X6t x(4x=3)]. (13
same form as a shift in the correspondifiggarameter.

The current bounds or from the SLD Collaboration are As in theZ case, we see that by comparing with the conven-
rather poor due to the low statistics available. To get an ide¢ional Michel spectrunj9] the effect ofk on the normalized
of what future constraints or might be obtainable, we per- spectrunto this orderis the same as 88 [11]. The current
form a toy Monte Carlo study assuming a sample ofbest single measurement pf using the final state lepton
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FIG. 8. x? fit to the Monte Carlo data using the-dependent
form of the leptonic energy spectrum indecays at @& or 7—c
factory.

FIG. 6. h(x) as defined in the text fox=—0.05 (dotted, O
(solid), and 0.05(dashegl

spectrum comes from CLEQ12]; assuminge— u universal-  shown in Fig. 8. Here we see that the fitted valuexofs

ity they obtain Ap=p—0.750=—-0.015-0.015 0Or getermined to be=(—0.49"%8).10 % at 95% C.L. with a
«x=—0.040+0.040. This is already far better than what we, 2\ of 11.9/10. A parallel analysis using a data sample of
obtained earlier on th& peak using our toy Monte Carlo e same size but with ten times as many bins obtained
program. Using the current world average vaIueK:(_O_04i0_79)_ 103 at 95% C.L. with ay?/Npg of
Ap=p—0.750= —0.009+0.014[13] gives a comparable re- g 5/100. From this analysis it is clear that very largeata
sult. It is clear that futureB factories, with more than an samples of this magnitude will allow the probimgs in the
order of magnitude increase in statistics should begin 1§ 9p1-0.01 range even if significant systematic errors are
probe k values of order 0.01. Figure 6 shows a plot of thepresent.

function h(x)=(1/')(dI'/dx) for different values of«. Are there additional constraints that we can obtainkon
Note that the most significant deviation from the SM occursyom the semileptonic decay modes? As we saw abeve

at large valuesc where the most statistics are available.  gecays to pseudoscalar mesons do not provide any additional

In order to get an estimate of the future sensitivity of low sensitivity tox#0 since the purely transverse,,q" terms
14

energy measurements to nonzero values,0ie return 10 gecouple in this case. We thus turn to decays of the type
our Monte Ca}rlo approach assuming a sample 8fApairs. 7— Vv whereV is either a vector or axial-vector meson or
Data on ther’s lepton energy spectrum are then generateqyherey represents the hadronic continuum at and above the
assuming the SM is correct and is put into 10 equal sied yyo-pion threshold. As is well known, the ratio of the semi-

bins as is shown in Fig. 7. Only statistical errors were i”'leptonic to leptonic widths of the can be symbolically writ-
cluded. ten as

A «k-dependent fit is then performed with the results

B T T ] I'(7—hadron 2 [ s\p(s)ds
L E RT:(—_$~ mTR(_z)p( )2 y (14)
r I'(r—/vv) 0 m; 7'
020 — o —o=]
r {"9"! where p(s)=ImII(s)/# is the spectral density defined in
x [ i _ ; 2
I ot e ] terms of the appropriate charged current correldigg®)
Z r ; 1 and R is the kinematic kernel which now depends &n
> o0 :""' i Defining x=s/m? we find thatR(x) is given to all orders in
> [ .,--e-—' ] K by
; ]
0.05 — i"e'_. —
e ] ,[1+2%+3kx+ (14 k”X(2+X)]
L .—-e-J' ] R(X):(l—X) 2
PR PN TN NI BRI R [1+(1/2)k+ (110 k7]
0 0.2 0.4 0.8 0.8 1 (15)
X

FIG. 7. Comparison of SM expectations and Monte Carlo dataAS usual, we can incorporafé contributions by the now
for the lepton energy spectrum indecays at 8 or 7—c factory.

2 ~2 - . . . .
As above, the SM expectations are given by the dash-dotted histtandard r?placemeft K T kIn thf expression; again,
gram whereas the points represent the Monte Carlo data generatdie numerical contributions from the terms cannot be
assuming the SM is correct. large. The above expression f&(x), expanded to linear



56 SEARCHING FOR ANOMALOUS7¥W COUPLINGS 3079

where Fr( is the transversglongitudina) fraction of
“V.” For |k|<0.03 we see that this effect is below the 1%
level; there is little sensitivity here to anomalous couplings.
In this paper we have considered how existing and future
measurements can probe th@P-conserving anomalous
magnetic dipole moment of the «, in charged current in-
teractions. Searches for the corresponding coupling structure
in electromagnetic and weak neutral current interactions of

1.0

0.8

0.6

R(x)

LA AL ELELELELR LR B

04 - 7's have been undertaken for some time and interesting lim-
its have been obtained. We have argued that dénd/orZ
0.2 — anomalous couplings are present for that some level then
] the analogous charged current couplings must also be present
ool olz - OL - € € 1 with a comparable magnitude due to gauge invariance. In

almost all cases, except for the dedAy— rv, the contribu-

tions to the observables that we consider from potential
FIG. 9. The kinematic functiofR(x) as defined in the text as- CP-violating terms arising from the electric dipole moment

suming« = — 0.05 (dotted, 0 (solid), and 0.05(dashed «, if they are at all present, are shown to be small.

We observed that the current best limits orare indirect

order inx and neglecting possibie contributions is shown and arise from universality tests, specifically, considerations
in Fig. 9 and displays reasonable sensitivityoIn prin- of the 7 lifetime and theW— 7v branching fraction. These

ciple, a nonzero value of can be responsible for an appar- two independent measurements tell us that<0.028 at

ent breakdown in the usual CV@onserved vector currant 95% C.L. Clearly, at bottB and 7— c factories, universality
predictions in that ther's weak coupling to theW is no  tests involving ther should improve these indirect limits by
longer solely a mixture of conventional vector and axial-factors of order a few to as much as an order of magnitude
vector currents. Of course, the matrix element of the wealjepending on the size of systematic errors. More interest-
hadronic Charged current is still Slmply related to the COI’re-ing|y' direct experiment Sensitivity to nonzero valuesrof
sponding electromagnetic current by an isospin rotationgrise from a number of sources, in particular, the shape of
However, when it is contracted with thés charged current final state lepton energy spectrum /v v. We showed

matrix element, new«-dependent terms arise which are not that the shift in theinnormalizedspectrum cannot be accom-

resentire*e” —hadrons Itis clear from Fig. 9 that posi- o . .
'Ei)ve (negative values ofx will produce a decr(gas(mcregséa modated .through vgnaﬂons In the_M|cheI parameters: .HOW'
ever, to first order ink, the normalized spectrum modifica-

in the predicted value of the relative hadronic branching frac-; )
P J tion was found to be proportional t#p. A toy Monte Carlo

tion of ther, R.. As an estimate of the current sensitivity we L .
compare the experimental rate for-2mv with that ex- study showed that the sensitivity obtainable from future data

pected from CVC using the low-energy/ e~ data as input ©N @ sample of more than_ Ef_L(p)oIarizedZ’s at SLD cannot
[14] in the region of thep resonance allowing fok to be probex values at the requisite 0.01 level. A measurement of
nonzero; we find thak = —0.44+0.39 at 1r. Also, crudely, the same spectrum & and/or 7—c factories where 1
we find that a value of=0.03 (—0.03) leads tadecrease pairs are available was shown by the same toy Monte Carlo
(increase)in the continuumr hadronic width of roughly as approach to be sensitive toat the 0.001 level.
large as—3 (3)%, avalue not too much smaller than the  Hadronicr decays were shown to display somewhat more
leading inclusive QCD correction to the tree-level SM elec-subtle sensitivity to finitex and, in particular, decays to a
troweak result ofxs(m?)/ 7. k0 could thus have important single pseudoscalar were shown to have no sensitivity what-
implications to the problems associated with a clear undersoever since only the couplings of the virtual longitudival
standing of the running of the QCD couplifid5] if the  are being probed there. Decays to ‘“vector” or “axial-
value extracted from hadronicdecayq16] is indeed shifted vector” meson final statesi.e., the hadronic continuum
due to these anomalous couplings. above the 2r threshold were shown to display threefold
Lastly, we note that a nonzero value feralso leads to a  sensitivity via modifications in the overall decay rates as well
modification of the transverse and longitudinal polarizationas in the associated invariant mass distributions and the po-
fractions for the V" in the final state of this semileptonic |arization of the final state. In particular we showed that the
decay.(In what foIIOV\_/s_ we loosely def_lne ,the Ion_gltu_dlnal deviations in the value dR. due to a nonzera can lead to
component as that arising from the'My in V's polarization 5 jncorrect extraction of the strong coupling constant,
vector; this reproduces the well-known SM resultdnfor- 12y “\ith the obvious implications elsewhere. We also

iﬁgallé?/i/yi,nt\i];r'i{;?rr?gg;rlrzuilc?r? @%Eg;gﬂﬁﬁ“iﬁf:gﬂ? found that the anomalous moment terms can lead to poten-
gion. 9 tially large apparent violations of CVC.

m2/m?2 we find that, to lowest order iR,
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