
PHYSICAL REVIEW D VOLUME 30, NUMBER 7 1 OCTOBER 1984

i

Testing models for anomalous radiative decays of the Z boson

V. Barger, H. Baer, and K. Hagiwara
Physics Department, Uniuersity of Wisconsin, Madison, Wisconsin 53706

(Received 8 May 1984)

The following models for radiative decays of the Z boson into a lepton pair and a photon are
studied, with cuts appropriate to the CERN pp collider experiments: (i) bremsstrahlung in the stan-
dard model, (ii) a pseudoscalar partner of Z, (iii) excited leptons, (iv) an anomalous ZZy coupling,
and (v) an anomalous Zyy coupling. Dalitz plots for the I+I y final state are shown to be particu-
larly well suited to distinguish and test the models; none of the alternative models provides a likely
explanation of the observed events.

I. INTRODUCTION

The observation at the CERN pp collider of the W and
Z bosons' at their predicted masses seemed to confirm
the standard electroweak theory. However, two of eight
candidates for Z decay to e+e contain a hard photon, '

which is considerably more than expected from brems-
strahlung. To explain this seemingly copious radiative Z
decay, a number of alternative models have been pro-
posed. 'o These include a hyperfine partner of the Z bo-
son, an excited electron, an anomalous ZZy coupling,
an anomalous Zyy coupling, and a current' which cou-
ples to Zy. In this paper we contrast the predicted distri-
butions of these. models and show that Dalitz plots for the
l+l y final state are particularly well suited to distin-
guish and test the models. In the following we first brief-
ly introduce each of the above models; then we examine
their Dalitz plots, l I and ly invariant-mass distribu-
tions, and y transverse-momentum distributions. We con-
clude that none of the models provides a likely explana-
tion of the observed events.

In ~odel calculations we take Mz ——94 GeV, I'z ——3
GeV, sin 8ii =0.22, and a= I/12S and use the parton dis-
tributions of Duke and Owens. " The squared matrix ele-
ments of the qq~l+l y subprocesses are evaluated using
ASHMEDAI and checked by hand. Unless otherwise stated,
the following cuts are imposed in accordance with typical
experimental acceptance conditions:

max(ptT) & 15 GeV, prT & 15 GeV,

8(i,beam) & 5', 8(i,j) & 5',
and

~

m (I+i y) —mz
~

& 10 GeV .

Here pz denotes momentum transverse to the beam and
i,j denote l+, l, or y.

The details of the various models are given in Sec. II
and the comparisons with experiment are made in Sec. III.

(41n2e+3)ln5+ ——+0 (5,e)
CX 7
7r 3 4

(2.1)

with e= 15 GeV/mz and 25=5' as the minimum angular
separation of any two final-state particles.

B. Scalar partner of Z (Ref. 6)

In this model Z decays radiatively into a pseudoscalar
(or scalar) partner U plus a photon; U decays into I+i
with a universal Yukawa coupling to all lepton and quark
flavors. The interaction Lagrangian of a pseudoscalar Up
and a scalar Uz reads

W = Up F„„(tjt'Z )+ gigp/~P/y, P/

+ Us Fq„(B"Z")+ Q gs QIP/, (2.2)
f

where F„„=t)„A„BQ„,F„„=—,'e„„p~P, an—d a mass
scale A has been introduced to make the couplings fp and
fs dimensionless. With the ansatz of a universal Yukawa
coupling, gp ——gp or gs —gs for any fermion. In
momentum space the gauge-invariant ZUy vertices are

I'""(Pp, k)=i et'" P„k +i [kpP" (k.P)gp"], —

the parton-subprocess cross section for qq ~e+e y.
Since our final-state cuts avoid mass singularities, we can
safely neglect quark and lepton masses. With our cuts we
find

o(pp —+e+e y)/o(pp~Z~e+e )=2% .

This roughly agrees with the estimate (1.6%) obtained by
using the Sterman-Weinberg formula' for unpolarized
Z~e+e y decay:

I ( Z~e+e y;Er & mze, 8 J & 25)

I (Z~e+e X)

II. MODELS

A. Standard model

The differential cross section for e+e ~qqy is given
by Berends, Kleiss, and Jadach. ' By crossing we obtain

(2.3)

where p and v denote Z and y polarization indices, and P,
p, and k are the four momenta of Z, U, and y, respective-
ly. The amplitude for the subprocess qq —+Z-+Upy,
U~~ll is
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Dz(P )DU(p )d" P k
A

&cv(q)y„(g f gq~ys)u (q)u(l)ysv(l)e'„(k),

where q, q, l, and l denote particle momenta and

Ds(t) = 1

t —m~ +im~I &

(2 4)

(2.5)

Xe gyp(gf gk's)fez" (2.6)

The spin- and color-summed matrix element squared is

denotes the boson propagator factor; the Z-
boson —fermion couplings are defined by the interaction
I,agran gian

2Ce2f g -I:(gf)'+(gS'I
I

Dz(P')
I

'
I
Dv(p')

I

'P'P'I (P' —p')' —g(q k)(q k) &
(2.7)

with the color factor C=3. The subprocess cross section
reads

' Ve

li ——
e

dA~ rr
teak (2n.) 2E;

(2.8)

are specified by the interaction Lagrangian

with s =I' . In fact, the scalar- U case gives an identical
result, ' with the subscript P replaced by S in Eq. (2.7). If
both pseudoscalar and scalar U bosons exist, their contri-
butions add incoherently. Subsequently we illustrate the
case of a single U boson with mass mU =50 GeV and an
effective width I U

——2 GeV which represents the com-
bined effects of the U width and the experimental resolu-
tion.

C. Excited electron (Ref. 7)

(2.9)

where g and g' are the standard model SU(2) and U(1)
coupling constants, f and f' are the dimensionless transi-
tion magnetic moments, E denotes the Pauli matrices,
Y = ——,

' is the U(1) charge, and

l
&„v= (yt y.—y.y, )-.

2

In momentum space the Vf'ft. vertices are

Here the eey events are presumed to originate from
Z~e e,ee* transitions with subsequent e' —+ey decay.
We assume that the e' has spin —,

' and forms a weak
doublet

where q is the momentum transfer and

Gz e(I&f cot8u ——Yf'tan8@ ), —

(2.10)

(2.11)

with an excited neutrino v . The transition couplings be-
tween I-' and the electron doublet

Gr e(Isf+Yf') .—— (2.12)

Note that Gr =0 for s'v' when f = f', and Gr ——0 for ee'
when f+f'=0

The amplitude for qq~l'l or ll*, l' —+ly is

ieozG~ &+Xs
Dz(P )[v(q)y„(gf g„ys)u(—q)] u(l)

A 2

a'Ig'(Itt+ y+M)y"P ~ P(k+1 M)tt@ 1 —ys
v(&)

(I+ k) M+iMI' (1+—k)~ M~+iMI—
(2.13)

where e is the photon polarization vector, M =m + and I =I,. The expression for the spin- and color-summed matrix
element squared is rather lengthy and will not be shown herc. %e remark that the dependence on the transition form
factors f and f' factorizes in the amplitude (2.13) and thus the shape of the distributions does not depend on a particular
choice of their values insofar as GzG& is nonvanishing. In our illustration we choose m, =80 GeV, and I,=2 GeV,
where I represents both true width and experimental resolution.

D. Anomalous ZZy coupling (Ref. 8)

In a composite model for weak bosons, Gounaris, Kogerlcr, and Schildknecht proposed a strong ZZy coupling. For
on-shell y, there are two independent gauge-invariant dimension-six interaction terms
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F„„Z"d diZ"+ F„„Z"8B}iZ". (2.14)

Here a possible coupling of the spin-0 part of Z" (i.e., B„Zp) is neglected. ' The Z"(P)-Z (p) Ap-(k) vertex in the
momentum space reads

(fie ""'k.+f2«"g"' k "g—"')1

p2 2

(2.15)

which manifestly exhibits electromagnetic gauge invariant and Bose statistics for the two Z bosons. In the following we
set the CP od-d coupling f2 to zero.

The amplitude for qq ~Z~Zy, Z —+ll via the anomalous ZZy coupling reads

~=e Dz(P )Dz(p )I"pu(q)y„(gi g~qy5—)u (q)u(l)y„(gI gzy—,)U(l)ep(k) . (2.16)

The spin- and color-summed matrix element squared is given by

(& ))2
=2 e Cf, |,Dz(s)

f /Dz(P ) [p4

&& I[(gi ) +(g~q) ][(gi ) +(gq) ][K q(q I k l+q l k I)+k.q(q. l k.l+q. l k I)]

+4gygg~gigg[k q(q I k.l q l k 1)—kq(q. l—k l q l .k —I)]j . (2.17)

After integrating over the ll phase space, disregarding any experimental cuts, the following compact expression for the
differential cross section is obtained:

2 2I( q )2+( q )21 (
I )2+( I )2

i
Dz(s)Dz(P )

i
s (1—x) [1+2x -',-(1—2x)cos 8&J .

dx d cos8r 192+CA"
(2.18)

Here s =P, x =m&). Is, and 8& denotes the opening angle between the y and quark momentum in the qq c.m. frame.
Although we perform all the numerical calculations by using the exact matrix element squared and the experimental
cuts, the formula (2.18) turns out to be useful in understanding the qualitative behavior of the m&)- and Prz. distributions.

E. Anomalous Zyy coupling (Ref. 9)

In this model a strong Zyy coupling is postulated. There are two gauge-invariant dimension-six interactions

, Zp[g 1(&F"')Fvp+g'2F"'(dPF p)) (2.19)

which lead to the following Z"(P) A "(p) Ap(k—) vertice—s in the momentum space

P"P(P p, k) = Ie gPk [p~k"—(p.k)g~"]+e p""p [k~pP (k.p)g~~] j—
+ z Ie gPk [p~p pg~"]+e p"—"p [k~kP kgb]j . — (2.20)

The amplitude for qq~Z —+yy*, y*~ll is

M= —e Dz(P )Dr(p )I'""PtT(q)y„[gi gzqy&]u (q)u(—l)y„u(I)ep(k) .

For the simplified case gi ——0 the matrix element squared with spin and color summation is

25' Ze 4C
[(gp) +(gzq ) ] /

Dz(s)
/

[k.q(q 1 k I+q I k I)+k q(q I k I+q I k I)] .

(2.21)

(2.22)

der

dx d cosO&

Integrating over the ll phase space ignoring the final-state cuts, the following compact expression for the differential
cross section is obtained for arbitrary gI and g2.

~'[(gv)'+(gQ']
IDz(s) l

s (1—x) [g, +g2 ——,(gi —g2) (1—2x)sin 8„].2 (2.23)
96m.CA

Because of Yang's theorem, ' which forbids Z —+yy de-
cay, there is no propagator factor (1/p )2 left in the
Z~e+e y decay rate to enhance small e+e invariant

I

masses. Actually, we find distributions of the anomalous
Zyy coupling model with acceptance cuts to be quite
similar to the distributions from the ZZy model. This
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~= Jelly (Gf G—~ys)6J"
f

where

(2.24)

Gf= — I3+beg,
2

\

can be qualitatively understood by comparing the expres-
sions in Eqs. (2.18) and (2.23). The distributions of the

Zyy model shown later are for the special case g&
——0.

F. A new vector bason

It is also possible that the lepton pairs couple to a new
vector boson J. Following Duncan and Ve1trnan, ' we as-
sume that Jcouples to fermions via conventional currents,
i.e., a linear combination of the weak isospin and hyper-
charge neutral currents. The Jff couplings can then be
expressed as

W = h )F„g"Z"+h2F„Q"Z"
which leads to the Z"(P) J"(p-) Av(-k) vertex

I'""r(Pp, k) =h, M"rk +h2(k"g "v k'g—"I') .

(2.26)

(2.27)

One of the two couplings is CP-odd; which one depends
on the CP property of the J boson. By comparing Eq.
(2.27) with the ZZy coupling (2.15), we find that the pro-
duction cross section for the subprocess qq~Z~Jy;
J~ll can be obtained from the corresponding one via the
ZZy coupling by the following replacements:

p2 2

A2 f; +h; (i —=1,2),

ZJy vertex and on the mass mJ- of the boson associated
with the current. Unlike the ZZy and Zyy couplings of
the preceding models, it is not possible to have a
dimension-four interaction of the form

a —b I3,
(2.25) Dz(p )~Dg(p ),

(gv g~ )~«v G~ ) .

(2.28)

with arbitrary a and b; in the standard model,
a = —1/b =cot8~ for the Z-boson coupling and
a =b =1 for the y coupling. Predictions for e e distri-
butions depend crucially on the Lorentz structure of ihe

We remark that the cross section with h~ ——0, h2 ——h is
identical to the cross section with h ~

——h, h2=0. For ex-
ample, the partially integrated cross section over the ll
phase space can be obtained from Eq. (2.18):

dx d cosey
(2.29)

where the identity P p=s(1 —x)—has been used. The
resulting e+e y distributions are similar to those of the
ZUy model when Mz-mU-50 GeV and to the ZZy
model when MJ &~Mz. If M~-Mz, the gross features of
the distributions are still similar to the ZZy model, while
higher x =mlp /s values are more favored. We do not
show distributions for the ZJy model because of this am-
biguity.

III. RESULTS 1.0
{a) Standard Model

C ~f o ~
'vasss ..

{b) Data
l.0 (

lished pp, y event is also plotted as a triangle. In Fig. 2,
we show corresponding predictions of (a) the scalar-U
model, (b) the excited-lepton model, and (c) the ZZy or
Zyy model. The Dalitz plots of the ZZy model and the
Zyy model are virtua11y indistinguishable.

Of the above models only the standard model predicts

A. Dalitz plots

Figure 1 illustrates the DaHtz plots of the l+l y ex-
pected in the standard model along with the correspond-
ing three data points. The horizontal, vertical, and diago-
nal axes measure, respectively,

xL, ——[lower m(ly) ]/m(1+1 y)~,

~ ~ ~

~ ~ ~ ~ ~

~ ~

i t 1 ~ ~

~ \
~ ~

xH ——[higher m (ly) j/m (1+1 y)~,

x =m(1+1 ) /m(1+1 y)2.

These satisfy the relation

xL, +xH+x = 1 .

(3.1)

(3.2)

The two pubhshed events~ are plotted as a solid circle
(UAl event) and a solid square (UA2 event). An unpub-

0
0

XL
0.5

Qi
0

FIG. 1. (a) Dalitz plot for the process pp ~I+I y
+ anything, in the standard model with cuts as described in the

text. (b) Dalitz-plot locations of data points from Refs. 2
(e+e y) and 4 (p, +p y).
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(a) U(50)
1.0'-,

(b) e"(80)
1.O r

1%
L

shail$n~~&~. ,

l(II(Isa+;,

(C) ZZXOr Z)')'
1.0l-

XH
~ '

XH

0
0 0.5

0
0

x,
0.5

0
0

x„
0.5

FIG. 2. Dalitz plots for the process pp~l+l y + anything,
for alternative models of radiative Z decay with cuts. The
models illustrated are (a) Z~Uy with mU ——50 GeV, (1)
Z~e epee with m + ——80GeV, and(c) Z~Z y or y y.

the absolute e+e y event rate. %'ith acceptance cuts
described previously, we find

cr(pp ~Z~e+e y) /o (pp ~Z +e+—e ) =0 02 .(3.3)

which is much less than the observed rate of ——,'. It is
interesting to note, however, that data points occur in the
small xL region where bremsstrahlung probabilities are
highest: see Fig. 1(a).

The U signal is a band at x =m& /mz and the e sig-
nal is a band at x~ ——m, /mz, as shown in Figs. 2(a)
and 2(b), respectively. In the ZZy model or the Zyy
model no band structure is present in the Dalitz plot, pro-
vided that the cut

~

m(l+l y) —mz
~

&10 GeV is im-
posed; otherwise the m(l+l ) distribution in the ZZy
model peaks cIose to mz whiIe the Zyy predictions are
insensitive to the cut. This sensitivity of the ZZy model
prediction on the cut is a consequence of the high-energy
behavior of the qq~zy subprocess cross section in this
model, discussed beIow.

In all of the alternative models the probability for
events to occur at small xL . is low. However, the most
striking feature of the observed e+e y events is the
smallness of the xL, values. The unpub1ished p+p y
event also has a low xl value.

S. Invariant-mass distributions

Model

SM
U
l'
ZZy
Zyy
ZJy

&(large (s)' )

1/s
1/s
1/Ai
s /A Nlz
m/g4

1/mg (3.4)

Here appropriate angular and transverse-momentum cuts
to avoid infrared divergences are understood. The ZZy
and Zyy models have asymptotic behavior which must be
modified by form factor or unitarity corrections at high
(s)'~. The high-mass bump in the distribution of the
ZZy model should presumabIy be suppressed by a non-
constant form factor. The divergent behavior of the Zyy
model does not show up in its (s)' distribution since the
convolution over the incident parton distributions drops
faster than 1/s.

Figure 3(b) gives the m(l+l ) distributions after all
cuts. The data points are shown at the top of the figure
with the error bars denoted by the horizontal lines. The
peak at m (I+l )=mU in the scalar-partner model is evi-
dent. In the excited-lepton model there is no a priori
reason to expect m, to be equal to m, .e~'

Figure 4 shows the higher- and lower-m (ly) distribu-
tions. The lower-m(ly) distribution in Fig. 4(a) shows
most strikingly the unlikelihood of aII the anomalous
modeIs considered here. This distribution suggests that
all alternative models provide unlikely explanations of the
anomalous events.

Figure 3(a) shows the m(l+l y)=(s)'~ distribution
for the various models. The (s )'~ distributions are shown
without the

~

(s)'~ —mz
~

~10 GeV cut. The low-mass
tail in the standard model (SM) is due to the virtual-
photon intermediate state. Most l+l y events survive
the ~(s)' —mz

~

cut in all the models but the ZZy
model. The high-m (l+l y) bump in the ZZy model is
due to its very large qq~Zy production cross section at
high (s)'~ .

The asymptotic (s)' dependence of the subprocess
cross sections are listed in Eq. (3.4);

(a)
IP I

102 q ~Cuts

IO
'

C

b

ZZ7

(b)

V)

C

2
Jataka

E
1—

a

data~ $ t
IP7

I

I I u(SQ)
I

I I

i I

SM
ZZ7

or

0
0

I I I
Z77

100 200 300 20 40 60 80 100

m(XA) (GeV) m(4f) (GeY)

FIG. 3. Invariant-mass distributions in the process pp
~l+l y+ anything, for the models of Figs. 1 and 2. (a)
m (1+I y ), (1) m (I+l ) with cuts described in the text.

(a)
4t' d,'„','

~~
C C

3,

2'"

E
Z7 or
77

z 2

F„

b"Q

0 l~~ I pL
0 20 40 60 80 100 0

(d, 7) (GeV)

FIG. 4. Invariant-mass distributions
m (ly) and (b) higher-m (ly).

ZZ7 or

2Q 40 6Q 80 100

m(4, 7)„(GeV)

with cuts: (a) lower-
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(0)

4—
lO

3
L
CJ

2—
CL

r0

pp-dX7

0 20 30 40 50 60

p (GeV)

I],UI

I
I
tII2— II .!

/r r
1—

~~
0 I I

20 30

'..v"(80)

ZZ7
"~

40 50 60

p„(Gev)

&b)

' data' I
pp vv7

4—

C

ba

Model

U boson

Zzy
Zyy
ZJy

I (Z —+vvy)/I (Z~e+e y)

3 (if light v~ exist)
rather arbitrary (depends on
v„v„*,v*, masses and their couplings)
5.9
0
Oto6

TABLE I. Ratio I (Z —+vVy)/I (Z —+e+e y) in various
models.

FIG. 5. Photon transverse-momentum distribution from the
models of Figs. 1 and 2 for Z —+l+I y decay. (a) pp
~l+l y + anything, (b) pp —+vs + anything with cuts as
described in the text.

C. Photon transverse-momentum distributions

Figure 5(a) shows the distributions in prz, the photon
momentum transverse to the beam axis. The published
data have not quoted the p&~ values. The p&z distribu-
tion is useful in studying rather model-independently
whether the I+I y events and the recently reported two
"photon" + missing pT events' have a common origin.
We note that there is a Jacobian peak at

pyT=Ymz(1 —mU /mz )
2 2

in the distribution of the U-boson model.
The decays Z~vvy are naturally expected in some of

the models considered here, with typical values of the ra-
tio

r(Z very)

I (Z~e+e y)
as listed in Table I. In the scalar-partner model Z —+ivy
is expected provided that there exist light right-handed
neutrinos. The ratio A=3 is obtained by assuming the
universal Uff coupling and three light vR's. In the
excited-lepton model the ratio reads

8=3 (f f') (f+f'tan —8~)
(3.5)

(f+f')'(f f'tan'~~)'—
for three flavors provided that m „=m,. The R values

for the ZZy model and the Zyy model are obtained from
the standard Z and y couplings to ferrnions. In the ZJy
model the E. value is

also shown. The flat distribution of the ZZy model is
caused by the large Zy-production cross section discussed
previously and thus is not reliable. By introducing a
strong form-factor suppression, we expect that the ZZy-
model prediction becomes more similar to the correspond-
ing distribution in Fig. 5(a).

The experimental signature of Z~vvy is an unbal-

anced single, high pT photon. If the observed "y"
+ missing pT events and the Z~e+e y events have a

common origin, than their p&z. distributions should be
similar.

IV. CONCLUSION

Dalitz plots for i+i y final states provide a clean
separation of alternative models for radiative Z-boson de-

cays. The Dalitz-plot locations of the three observed
events of this type have low probability in any of the pro-
posed alternatives. Only bremsstrahlung in the standard
model has reasonable agreement with the predicted distri-
butions, although in this case the predicted event rate is
too small. Higher-statistics data from future collider runs
should easily resolve the issue.

Note added in proof. After submitting this paper, we
learned of other suggested models in which l+l y coines
from sources, with mass near mz, other than the Z boson.
See, e.g., M. Veltman, Phys. Lett. 139B, 307 (1984); W.
Haymaker and T. Matsuki, Louisiana State University re-

port, 1984 (unpublished); B. Holdom, Stanford University
Report No. ITP-765, 1984 (unpublished); W. J. Marciano,
BNL Report No. BNL-34728, 1984 (unpublished); M.
Matsuda and T. Matsuoka, Nagoya University Report
No. DPNU-84-14, 1984 (unpublished). We thank M.
Veltman for comments.

R=3 (3.6)
(a +b) +4b

for three flavors.
We show in Fig. 5(b) the prr distributions in the

scalar-partner model, the excited-lepton model (assuming
m ~=80 CreV), and the ZZy model, without cuts on

missing transverse momenta. Two UA1 data points' are
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