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Abstract. The supersymmetric standard model contains a new C P-violating phase in the mass matrices
for charginos and neutralinos, which could induce C'P-odd anomalous couplings for the WW Z and WW~
vertices at the one-loop level. We study these couplings, paying attention to the model-parameter and ¢>
dependencies. It is shown that the C'P-odd form factors could have values of order 1072 — 10~%, which
are much larger than those predicted by the standard model. We also discuss the possibility of examining

these form factors in experiments.

1 Introduction

The study of trilinear gauge-boson vertices WWZ and
WW=~ is one of the main subjects for experiments at
LEPII or near-future ete™ colliders. Their precise mea-
surements enable to examine the standard model (SM)
in which the vertices are determined uniquely. Possible
discrepancies between the experimental results and the
SM predictions would imply the existence of physics be-
yond the SM [1,2]. Various theoretical analyses therefore
have been made on the vertices in the SM [3] and in its
extensions, such as the two-Higgs-doublet model [4], the
model with Majorana neutrinos [5], and the supersymmet-
ric model [6], in particular for C' P-conserving couplings.

In this paper we study the trilinear gauge-boson ver-
tices focusing on C P violation within the framework of the
supersymmetric standard model (SSM) [7]. This model
contains new sources of C'P violation as well as the stan-
dard Kobayashi-Maskawa mechanism. As a result, the W
and Z bosons have C P-violating interactions with super-
symmetric particles [8]. These interactions generate C P-
violating couplings for WWWZ and W~ at the one-loop
level [9, 10]. Since the SM does not predict C'P violation for
the vertices at the tree level nor the one-loop level, obser-
vation of C'P-violating phenomena arising from these ver-
tices could immediately indicate the existence of physics
other than the SM [11]. The SSM gives radiative correc-
tions also to C'P-even couplings for the vertices [12], al-
though they are at most of the same order of magnitude
as the SM predictions [6].

The new sources of C'P violation of the SSM can also
give contributions to the electric dipole moments (EDMs)
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of the neutron and the electron through one-loop diagrams
mediated by the charginos, neutralinos, or gluinos, to-
gether with the squarks or sleptons. For wide ranges of
SSM parameters the magnitudes of the induced EDMs
could be around or even larger than their present ex-
perimental upper bounds, thus providing non-trivial con-
straints on the SSM. We assume that C P-violating phases
intrinsic in the SSM have a natural magnitude of order
unity, since there is no convincing reason which suppresses
them. Then, the masses of the squarks and sleptons are
constrained from the EDMs to be larger than 1 TeV, while
the charginos and neutralinos could have masses of order
of 100 GeV [13].

The one-loop diagrams which induce the C P-violating
couplings for WW Z and W W+ in the SSM could be medi-
ated by various supersymmetric particles. However, if the
new C P-violating phases are not suppressed, the squarks
and sleptons have to be heavy and thus the diagrams with
these particles can be neglected. Sizable contributions to
the couplings could only be generated through the dia-
grams mediated by the charginos and neutralinos shown
in Fig. 1, on which our analyses are concentrated through-
out this paper.

This paper is organized as follows. In Sect. 2 the C'P-
violating interactions in the SSM are briefly summarized.
In Sect. 3 we obtain the C'P-odd form factors for the
WW Z and WW ~ vertices and make numerical analyses in
detail. The possibility of detecting the C' P-odd couplings
is discussed in Sect. 4.

2 Model

The CP-odd couplings for the W bosons are induced by
the interactions of charginos w; and neutralinos x;, the
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Table 1. The values of 72 and tanf for curves (i)—(iv) in
Figs. 2 and 3

() (i) (i) (i)
m2 (GeV) 100 100 200 200
tan 3 2 10 2 10

7 =0, 11

where S; (i = 1—3) and A; (: = 1 — 4) stand for the
functions de ned by

1 1 1 5 1— . .
[Sl,Sg,Sg]E/dx/dy/dz M=z=y=2) 5
0 0 0

D(m;, mj, my)
x[1, z, zy],
[Al,A2,A3,A4]E/ldx/ldy/ldz Moz-y—2)
0 0 0 D(mi>mj7mk)
x [z —y,2(z — ), 2°(x — y), zy(z — v)] ,
D(m;,mj,my) = — MI%V 2(1 - 2) — ¢Pzy + m’x +m§y

+m3z —ic.

For ff(a) and f(ia) the arguments of these functions are
given by m; = my;, m; = my;, and my, = m,y,, and
for f7, and fZ, given by m;
my, = mgg. The form factors 7, and 7, (i = 4,6) arise
from the diagrams in Fig. 1a and Fig. 1b, respectively.
ii) The WW~ vertex:

= My, My = My, and

[}

2 4
fl= (4_71_:;292 Z Z Im [GLkiGEki - zkiGRki}

i=1 k=1
XM My 151, (13)
fi=0, (14)
7 =0. (15)

The arguments of .S; are given by m; = m; = m,,; and
my = my. The nonvanishing contribution to f; only
comes from Fig. la with the charginos being the same
1= 7.

We now make numerical analyses of the form factors.
The numerical computations of one-loop integrals have
been carried out following the method of [14]. For the SM
parameters we X sin? 6y, = 0.232, M, = My / cos Oy =
91.2 GeV, and agy = 1/128.9. In Fig. 2 we show the ab-
solute values of the real and imaginary parts of fZ and f#
as functions of the absolute value of the higgsino mass pa-
rameter my for four sets of values of m, and tan g listed
in Table 1. For the C P-violating phase we take 6 = 7 /4.
The value of the momentum-squared for the Z boson is
set for /g = 200 GeV. In the ranges of smaller values
for |my| where curves are not drawn, the lighter chargino
has a mass smaller than 45 GeV, which has been ruled
out by LEP experiments [15]. If the masses of the parti-
cles which couple to the Z boson in a loop diagram are
near the threshold, \/¢2 ~ m; + m;, the contributions
of this diagram to the form factors are enhanced. Below
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Fig. 3. The absolute values of the real and imaginary parts of
14 as functions of |mp| for 0 = 7/4 at \/(T2 = 200 GeV. Four
curves (i)—(iv) correspond to the four sets of parameter values
given in Table 1. a Re(fg), b Im(fg)

Table 2. The mass spectra of the charginos and neutralinos
in Figs. 4 and 5
me; (GeV) 133
My (GGV) 85

274

146 203 278

catedly, while f7 does simply. The magnitudes of Re(fZ),
Im(fZ), Re(f7), and Im(fJ) can become around 2 x 10—,
though those of Re(f#) and Im(f#) are at most 2 x 1075,
If my and |mg| are of order 100 GeV and tan 3 is not
much larger than unity, in general, there is a region of
V/q% where |fZ| or |f]| becomes larger than 1 x 10~
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Fig. 4. The absolute values of the real and imaginary parts of
fZ and fZ as functions of \/q>2 for tan 8 = 2, ma = 200 GeV,
|me| = 200 GeV, and @ = 7/4. (a) Re(f7), (b) Im(fZ), (c)
Re(f&), (d) Im(f§)
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Fig. 5. The absolute values of the real and imaginary parts
of fg as functions of 1/¢? for tanf = 2, ma = 200 GeV,
|mu| =200 GeV, and 0 = w/4. (a) Re(fg), (b) Im(fg)

4 Discussions

We have shown that the SSM yields C' P-odd anomalous
couplings for the WW~Z and WW+~ vertices at the one-
loop level. The C'P-odd form factors could have magni-
tudes of 10=2 — 104, which are far larger than the SM
predictions. If some C P-violating phenomena originating
from the C'P-odd couplings are observed, the SSM would
become more promising as physics beyond the SM.

We now discuss the e ects of the C'P-odd form fac-
tors on observable quantities. The resultant C' P-violating
phenomena occur primarily in the pair production of po-
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larized W bosons in ete~ annihilation, ete™ — WT(\)
W=(A), A and X denoting respectively the helicities of
WT and W~. Among various combinations for the helic-
ities (\, \), the pairs (+,0), (—,0), and (+,+) are CP-
conjugate to the pairs (0, —), (0,+), and (—, —), respec-
tively. If CP invariance is conserved, these C P-conjugate
processes have the same cross sections. Thus, nonvanish-
ing values for the di erences of the cross sections o,y —
00—, 0—p — 0o+, and o — o__ exhibit C'P violation.
These di erences are indeed generated by the imaginary
parts of the C P-odd form factors. For instance, C'P vio-
lation can be evaluated by an asymmetry

_ 040 — 00—

ACP )
040 + 00—

(16)

which is given by

s -1 s
Acp= | -1+ —— 20+ ——(I" + I?
er= S_M%){ @)

s 2
+ (s—M%) ZIZ},
Im(fg")
ﬁ b

where 8 = /1 — 4MZ, /q2. The calculation has been per-
formed for polarized electron and positron beams. We can

see that the magnitude of Acp becomes of order of the
C P-odd form factors. In the SSM such C' P asymmetries
could thus be of order of 103 — 10~* in a maximal case.
On the other hand, the real parts of the C'P-odd form fac-
tors induce T violation in the angular distribution of the
polarization vector € for the W or W~ boson, leading to
a T-odd asymmetry [8,16]

IV =1m(f) - 17

_o((p-xp)-e>0)—o((p- xp)-€<0)
o((p- xp)-€>0)+o((p- xp)-e€<0)’

where p_ and p denote the momenta of the electron and
the W boson, respectively. The value of A becomes also
the same order of magnitude as the C' P-odd form factors.
The helicity of the W boson a ects the energy distri-
bution of the particle produced by the W-boson decay.
Consequently the CP asymmetry Acp for the W-boson
pair production could be observed as an asymmetry be-
tween the energy distributions of the particles produced
from W+ and W—. Unless the contributions of di erent
C P-conjugate pairs are canceled, this resultant asymme-
try would be of the same order of magnitude as A¢p. The
T-odd asymmetry Ar leads to some 7-odd asymmetry
among the particle momenta in the nal state [11] with
the same order of magnitude. Assuming maximal C P vio-
lation, a total of 106 —10°® pairs of W bosons would make it
possible to examine these asymmetries. However, in near-
future eTe~ experiments it seems to be di cult to achieve
such a number of events [17]. A nonvanishing value of f;
leads to the EDMs of the neutron and the electron at the
two-loop level [10,18], which might be accesible by possi-
ble improvement for precision of EDM experiments [19].

A

(18)

M. Kitahara et al.: C'P-odd anomalous W-boson couplings from supersymmety

Acknowledgements. The authors are indebted to K. Kato for
giving instruction in the method for numerical computations
of Feynman parameter integrals [14]. This work is supported in
part by the Grant-in-Aid for Scientific Research (No. 08640357,
No. 08640400) and the Grant-in-Aid for Scientific Research on
Priority Areas (Physics of C'P Violation, No. 09246211) from
the Ministry of Education, Science and Culture, Japan.

References

1. K. Hagiwara, R.D. Peccei, D. Zeppenfeld, and K. Hikasa,
Nucl. Phys. B282, 253 (1987)

2. M. Kuroda, J. Maalampi, K.H. Schwarzer, and D. Schild-
knecht, Nucl. Phys. B284, 271 (1987);

G.L. Kane, J. Vidal, and C.-P. Yuan, Phys. Rev. D39,
2617 (1989);

M. Bilenky, J.L. Kneur, F.M. Renard, and D. Schildknecht,
Nucl. Phys. B409, 22 (1993)

3. C. Ahn, M.E. Peskin, B.W. Lynn, and S. Selipsky, Nucl.
Phys. B309, 221 (1988);

J. Fleischer, J.L.. Kneur, K. Kolodziej, M. Kuroda, and D.
Schildknecht, Nucl. Phys. B378, 443 (1992)

4. T.G. Rizzo, Phys. Rev. D46, 3894 (1992)

5. Y. Katsuki, M. Marui, R. Najima, J. Saito, and A. Sug-
amoto, Phys. Lett. B354, 363 (1995)

6. E.N. Argyres, A.B. Lahanas, C.G. Papadopoulos, and V.C.
Spanos, Phys. Lett. B383, 63 (1996)

7. For reviews, see e.g. H.P. Nilles, Phys. Rep. 110, 1 (1984);
P. Nath, R. Arnowitt, and A.H. Chamseddine, Applied
N=1 Supergravity (World Scientific, Singapore, 1984);
H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985)

8. N. Oshimo, Z. Phys. C41, 129 (1988); Mod. Phys. Lett.
A4, 145 (1989)

9. D. Chang, W.-Y. Keung, and J. Liu, Nucl. Phys. B355,
295 (1991);

I. Vendramin, Nuovo Cimento 105A, 1649 (1992);
T. West, Phys. Rev. D50, 7025 (1994)

10. T. Kadoyoshi and N. Oshimo, Phys. Rev. D55, 1481 (1997)

11. A. Bilal, E. Massé, and A. De Rujula, Nucl. Phys. B355,
549 (1991);
G. Gounaris, D. Schildknecht, and F.M. Renard, Phys.
Lett. B263, 291 (1991);
D. Chang, W.-Y. Keung, and I. Phillips, Phys. Rev. D48,
4045 (1993)

12. T.M. Aliyev, Phys. Lett. 155B, 364 (1985);
C.L. Bilchak, R. Gastmans, and A. Van Proeyen, Nucl.
Phys. B273, 46 (1986);
G. Couture, J.N. Ng, J.L.. Hewett, and T.G. Rizzo, Phys.
Rev. D38, 860 (1988);
A.B. Lahanas and V.C. Spanos, Phys. Lett. B334, 378
(1994)

13. Y. Kizukuri and N. Oshimo, Phys. Rev. D45, 1806 (1992);
Phys. Rev. D46, 3025 (1992)

14. J. Fujimoto, Y. Shimizu, K. Kato, and Y. Oyanagi, Prog.
Theor. Phys. 87, 1233 (1992)

15. Particle Data Group, Phys. Rev. D54, 1 (1996)

16. Y. Kizukuri, Phys. Lett. B193, 339 (1987);
Y. Kizukuri and N. Oshimo, Phys. Lett. B249, 449 (1990)

17. A. Miyamoto, in Proc. Workshop on Physics and Experi-
ments with Linear e™e™ Colliders, Vol. I (World Scientific,
Singapore, 1993)



M. Kitahara et al.: C'P-odd anomalous W-boson couplings from supersymmety 667

18. W.J. Marciano and A. Queijeiro, Phys. Rev. D33, 3449
(1986);
D. Atwood, C.P. Burgess, C. Hamzaoui, B. Irwin, and J.
A. Robinson, Phys. Rev. D42, 3770 (1990);
F. Boudjema, K. Hagiwara, C. Hamzaoui, and K. Numata,
Phys. Rev. D43, 2223 (1991);
A. De Rdjula, M.B. Gavela, O. Péne, and F.J. Vegas, Nucl.
Phys. B357, 311 (1991)

19. H. Yoshiki et al., Phys. Rev. Lett. 68, 1323 (1992)



