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ABSTRACT

The difference in the transverse energy distribution of leptons and antileptons
from tf events at hadron colliders is a potential signal of non-standard-model CP
violation. We investigate contributions to the asymmetry that may arise in super-

symmetric models. The effect may be as large as a few times 1073,

Submitted to Physics Letters B

* Work supported by the Department of Energy, contract DE-AC03-76SF00515.



1. Introduction

Despite over twenty-five years of effort, nature has yielded surprisingly little
information about the origin of CP violation. Our only window into this phe-
nomenon ié. through the mixing and decays of the neutral K mesons. The standard

(1]

theory of Kobayashi and Maskawa " appears to be consistent with the measured
values of € and ¢ [2], but in order to investigate all of the possibilities we must
look elsewhere. Much work has been devoted to the effects of CP violation in the
electron and neutron electric dipole moments and in the mixing and decays of B
mesons at a future B-factory. Recently there has been interest in the possibilities

(3-8]

for observing CP-violating effects in top quark production and decay:.

One promising signature that can occur in production is an asymmetry in
the energies of the leptons and antileptons emitted from the decaying tops and
antitops.[s] This signature is particﬁlarly well-suited to hadron supercolliders, such
as the SSC and the LHC, which can produce large samples of top quarks with
controllable backgrounds. The asymmetry was considered previously in the context
of a model with CP violation in the Higgs sector. In this letter we show that the

effect may also arise in supersymmetric models.

The asymmetry is easy to understand if we first consider the helicities of the
tops and antitops in gg — tf production. At high energy, helicity conservation
implies that gluons dominantly produce left-handed top quarks (¢1) with right-
handed antitops (fg) or vice versa (tgt;). However, near threshold, there is also
substantial production of ¢yt and tptr. These latter states go into each other

under CP, so any asymmetry in their production rates is a signal of CP violation.

Next, we note that when a top quark decays leptonically, the charged lepton
momentum is highly correlated with the top spin. A ¢tz will decay to an IT in the
forward direction which is then boosted to a higher energy, while a t; will decay to
a less energetic [T in the backward direction. For antitops we have the same effect
but with L and R interchanged. This implies that ¢t events produce relatively

slow {*’s and fast I7’s, while tgtr events produce slow {~’s and fast {1’s. Thus, a



difference in the production of t;; and tzfg leads to a charge asymmetry in the

lepton energy distributions which does not vanish when averaged over angle.

2. The sﬁpersymmetric model

We Will‘;a'xém‘iﬁe this effect in supersymmetric models, which have several new
possibilities for CP violation in the top quark sector. The relevant phases can
occur in the supersymmetric Higgs mass, uHs Hy, and in the soft supersymmetry-
breaking gluino mass, myA*A%/2, and trilinear couplings, m3/o Aijgijuip had;r,
where g;; are the up-quark Yukawa couplings and mg/y is the gravitino mass. Ig-
noring flavor mixing, these phases can be subsumed into a single phase ¢ occuring

in the top quark-squark-gluino vertex:
S = iV2g [T T(N'tL) + e IRT(N'tR)] + hec., (1)

where the squarks can be written in terms of the mass eigenstates, {; and %y, by

the transformation

tr = f1cosa+ iysina

. (2)

tp = —{1sina+iycosa.

The top squark mixing angle is given by

2my |Azsm + pcot
sin2a = t[4ss 23/2 3 a d ) (3)
(m5 —my)

with tan 8 = va/v1, the ratio of the Higgs vacuum expectation values.

The CP violating asymmetry is proportional to (sin 2a sin 2¢) and vanishes for
equal mass squarks. This combination of mixing angles also arises in the neutron
electric dipole moment, so we must discuss the limits on this quantity arising from
the experimental bound[g], dn < 1.2x 10725, If we only consider the bound specif-
ically on the top quark-squark-gluino CP phase, the largest contribution comes

[10]

from Weinberg’s three gluon operator. Using the naive dimensional analysis



and the low energy operator renormalization suggested by Weinberg, and sending

the heavier squark mass to infinity, we obtain the bound,[u]
|sin2asin2¢| < 1/4, (4)

for my = my = 150 GeV aid'm; = 100 GeV. Alternatively, we can set this quantity
to its maximum value, |sin2asin2¢| = 1, and obtain a limit on the squark mass

difference. For the same values of my, m), and m, we find that
my < 500GeV (5)

will satisfy the experimental limit on the neutron electric dipole moment. It should
be noted that these bounds are fairly loose due to uncertainties in the low energy

. . . . . . |12
operator renormalization scale and-the use of naive dimensional analy51s.[ ]

On the other hand, a much stronger limit on the CP violating angles can be
derived from the assumptions of minimal supergravity models, which we have not

applied up to this point. In minimal supergravity,
Aijgi; = Agij (6)

which implies that all up quarks couple to the same CP-violating phase. With

this assumption the largest contributions to the neutron electric dipole moment

are from the light quark electric and chromo-electric dipole moments[13]. These
can be translated into a limit in the top quark sector of
2 _ 02
(my =) | G 9asin2g] < 101 (7)

(150 GeV)?

for my = my = 150 GeV, my = 100 GeV. The assumption of minimal supergrav-
ity would impose severe constraints on any high energy CP-violating signatures

involving the top quark.



3. it asymmetry

We now begin by computing the following CP asymmetry:

. ANpp = (#(trfL) — #(trir)) / (all 1) (8)

for the parton subprocess gg — tt at fixed center of mass energy /s. It is well
known that the gluon-gluon fusion process dominates top quark production at
multi-TeV energies, so we shall neglect the ¢g contribution throughout. The CP
violation arises in the diagrams shown in Fig. 1. Since we are producing helicity
eigenstates, we require that the amplitudes be real in order to interfere with the
tree level result. Thus, we need both a CP-violating phase and an absorptive phase

in each diagram.

The diagrams of Fig. 1(a) contribute if the center-of-mass energy is large
enough to produce on-shell gluino pairs. The asymmetry can be formulated in
terms of eight linearly independent form factors. For unpolarized gluons we obtain

the contribution

do(trtr) do(tgig) _97ra§ﬂt5 2 N
dcos§ ~ dcos®  64s (;_1(_1) 0(\/‘;_2"%\){
1 Bt 2y g — 2\ pr—
m [E;(l - B Ky — (1= 87)K;
+ BBy sin? O(Ky ~ ]{3‘)] (9)
—1“_ & - YA 7 a2y g+
+1+ﬂtcos0 [ﬁ/\(l BIKy — (1~ B Ky

+ BBy sin® §(K — 1’;)] } .

Here, 0 is the center-of-mass production angle of the top quark, 3; = (1—4m?/3)1/2,



the index a refers to the two squark mass eigenstates, and

6 = ag m,\ﬂmt sin 2asin 2¢ .

S

The form factors are given by

+ +
Kt = L ln(U +V)

2V Ut v+
K§ = yKoi—%lnt_g)
it = won () e (221
s = [f 05 - e (129)
zlﬂ 1ycos€:l:W:n§0;9} (Zi'i)icow,

where
U = y+ fBcosh
1/2
vE = (U4 (1= 8901 -p)?)
1
wt = y:l:Ecosﬁ,
and

s +2m2 —2m? — Qm?\

5B,

B = B

(10)

(11)

(12)

The diagrams of Fig. 1(b) contribute if the center-of-mass energy is large



enough to produce on-shell top squark pairs. We obtain

do(trir) do(tpfr) _ 97a2Bi6 <~ .4
dcos0  dcos® 64s Z(_l) 9(\/__2ma)

a=1

: L f 1/81 10/81 By 9\ pp—
s (1 — [ cos (9"+“1 + B4 cos 9) [ﬂ_a(l = Ba) Ko = Bifassin 01{3]

1/81 10/81 By ot .
+<1 + Bicos b t 1- 5 cos0> [ﬂ_a(l — B3) Ky — BiBasin 01{3] } )
(14)

The form factors K are the same as those given in (11) and (12), but with the

roles of the squark mass and gluino mass interchanged. The practical effect of this

is that the parameters (13) are replaced by

s+ Qm?\ —2m? — 2m?

3B1Ba ( 15)

| <
I 1

Ba -

Using these formulae we obtain the asymmetry ANpp shown in Fig. 2 for
m¢ = 150 GeV and several different choices of the sparticle masses. In this figure,
we choose the maximum value for the CP violating angle, sin 2a sin 2¢ = —1, and
we choose values of mg which are in accordance with Eq. (5). The asymmetry is
generally dominated by the amplitudes of Fig. 1(a), which contain intermediate
gluinos. This is easily seen in the dotdash curve with m) = 210 GeV. Below
Ecm = 2my, only the diagrams of Fig. 1(b) contribute, while above E.n = 2m,,
both sets of diagrams contribute. Essentially, the amplitudes of Fig. 1(b), with
intermediate squarks, are suppressed by 1/N2. We also see that the asymmetry is
reduced for increasing m; or decreasing mg. It is possible to have an asymmetry

in the production of t;f; and tzip at the percent level.



4. Lepton asymmetry

As explained in the introduction, the CP violating polarization asymmetry
gives rise to an asymmetry in the energy spectra of the charged leptons from top
decay. At f;:eer level in the top quark center of mass, the decay distribution of the

charged lepton is simply

d’T _dl (1 4 cosp)
dE;dcosy ~ dE; 2 ’

(16)

where 1 is the angle between the top spin and the lepton momentum, and dI'/dE;
is the unpolarized energy distribution.[M] When the top quark is boosted, (16)
gives a correlation between the lepton energy and the top helicity. In Ref. 8 it was

shown that the lepton energy spectrum can effectively ana,lyzé the top spin.

We are now prepared to calculéte the observable asymmetry due to CP viola-
tion in the Higgs sector. To remove some effects of the longitudinal boost of the
parton-parton collision, we present the asymmetry in the distribution of lepton
transverse energy. To compute this, we fold the production cross sections for ¢t
pairs of each helicity combination, including the asymmetric contributions of (9)
and (14), with the decay distribution (16). In Fig. 3(a), we plot the average
lepton transverse energy distribution at the SSC. We use a top mass of 150 GeV,
Vs =40 TeV, and the “average” parton density functions of Diemoz et al™ The
bulk of the top decay leptons have transverse energy (and also total energy) below
100 GeV and rapidity |y| < 2.5.

In Fig. 3(b) we present the CP violating lepton asymmetry,

dO'/dET,y -— dO'/dET,e_
dO'/dET’(+ + do/dET,-’

AN(Er) = (17)
at the SSC for a top mass of 150 GeV, sin 2asin 2¢ = —1, and for several different
sparticle masses, satisfying Eq. (5). The asymmetry is typically of order a few

times 10™3. Note that the asymmetry is concentrated at higher lepton energies

e



for larger gluino masses. We also present on the same plot an estimate of the
perturbative non-CP-violating background asymmetry calculated in Ref. 8. It is
considerably smaller than the CP violating effect and is essentially independent
of lepton energy. Unfortunately, in models where (6) applies, the maximum CP
violating effect is reduced by a factor of about 100, and the asymmetry would be

very difficult to observe.

5. Discussion and conclusions

We have shown that supersymmetric models with CP violating couplings can
produce an asymmetry in the charged lepton energy spectra occuring in ¢f produc-
tion. This asymmetry can be of the order a few times 1072, and it is well above
any perturbative background asymmetries. Thus, this CP violating effect might
be observable in hadron supercolliders, which are expected to produce of order 108
top quark pairs per year. All of our plots have been for SSC energies, but the effect
is comparable for the LHC.

In order to estimate the level to which this CP asymmetry can be measured,
we must consider the effects of the top quark leptonic branching ratio and non-tt
background events. The top quark decays about 1/9 of the time each to electrons
and muons. However, for muons, a misalignment of the tracking system can pro-
duce a charge bias in the energy measurement, which could mimic the asymmetry
we are looking for °! It remains to be seen whether this systematic error can be
overcome. Fortunately, the energy measurement in a calorimeter depends negligi-
bly on the charge, so this important systematic error cancels if one measures the

asymmetry in the calorimeter response for electrons versus positrons.

The effects of non-tt backgrounds at the LHC have been studied by Cavanna,
Denegri, and Rodrigo.[17] Presumably, a lepton isolation cut and a cut on the total
transverse mass of jets can bring the backgrounds from gg — bb, g — W+ jets,
and W*g — tb/bf down to acceptable levels. Note that this last process is a

potential source of a non-CP-violating lepton energy asymmetry. More detailed



investigations are needed to predict precise limits, but it is reasonable to expect
that the next generation of hadron colliders may be able to study the charge-

dependent energy asymmetry of leptons at the 103 level.

I am grateful to Mihoko Nojiri and Michael Peskin for very useful discussions

and advice.”

10



1

2.
- 3.
4.

.

10.
11.

12.

REFERENCES

K. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
K. Kleinknecht, Comments Nucl. Part. Phys. 20A, 281 (1992).

- G. Kane, G. Ladinsky, and C. P. Yuan, Phys. Rev. D45, 124 (1991).

M. Nowakowski and A. Pilaftsis, Mod. Phys. Lett. A6, 1933 (1991).

J. Ma and A. Brandenburg, preprint HD-THEP-92-04 (1991); W. Bern-
reuther, T. Schréder, and T. N. Phan, Phys. Lett. 279B, 389 (1992); W.

Bernreuther, O. Nachtmann, P. Overmann, and T. Schréder, preprint HD-
THEP-92-14 (1992).

G. Eilam, J. Hewett, and A. Soni, Phys. Rev. Lett., 67, 1979 (1991); D.
Atwood and A. Soni, Phys. Rev. D45, 2405 (1992); A. Soni and R. Xu,
Phys. Rev. Lett., 69, 33 (1992); D. Atwood, A. Aeppli, and A. Soni, preprint
BNL-47355 (1992); G. Eilam, R. Mendel, R. Migneron, and A. Soni, preprint
TECHNION-PH-92-10 (1992).

B. Grzadkowski and J.F. Gunion, preprint UCD-92-7 (1992); R. Cruz, B.
Grzadkowski, and J.F. Gunion, preprint UCD-92-15 (1992); B. Grzadkowski
and J.F. Gunion, preprint UCD-92-18 (1992).

C. Schmidt and M. Peskin, Phys. Rev. Lett. 69, 410 (1992); C. Schmidt and
M. Peskin (to be published).

K. Smith et al., Phys. Lett. 234B, 191 (1990); 1. Altarev et al., Pis’ma Zh.
Eksp. Teor. Fiz. 44, 360 (1986) [JETP Lett. 44, 460 (1986)].

S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989); Phys. Rev. D42, 860 (1990).

J. Dai, H. Dykstra, R. Leigh, S. Paban, and D. Dicus, Phys. Lett. 237B,
216, (E) 242B, 547 (1990).

There are several papers which suggest that naive dimensional analysis gives
an overestimate of the hadronic matrix element. See 1. Bigi and N. Uraltsev,

Nucl. Phys. B353, 321 (1991); M. Chemtob, Phys. Rev. D45, 1649 (1992).

11



13.

14,

15.

16.

17.

W. Buchmuller and D. Wyler, Phys. Lett. 121B, 321 (1983); J. Polchinski
and M. Wise, Phys. Lett. 125B, 393 (1983); A. De Rujula, M. Gavela, O.
Pene, and F. Vegas, Phys. Rev. Lett. 245B, 640 (1990); R. Arnowitt, M.

" Duff, K. Stelle, Phys. Rev. D43, 3085 (1991);

'A. Czarnecki, M. Jezabek, and J. Kuhn, Nucl. Phys. B351, 70 (1991). They

have shown this formula to be quite insensitive to QCD radiative corrections.
M. Diemoz, F. Ferroni, E. Longo, G. Martinelli, Z. Phys. C39, 21 (1988).

See, for example, F. Abe et al. (CDF Collaboration), Phys. Rev. D43, 2070
(1991).

F. Cavanna, D. Denegri, T. Rodrigo, in Proceedings of the ECFA Large
Hadron Collider Workshop, vol. 11, G. Jarlskog and D. Rein, eds. CERN-90-
10 (1990).

12



FIGURE CAPTIONS

1) Feynman graphs which produce CP violation in the process gg — ti.

2) The CP-violating asymmetry AN g in gg — tt. The asymmetry is computed
for a top mass of 150 GeV, sin2asin 2¢ = —1, and my = 150 GeV, m; = 100
GeV, mg = 500 GeV“(s;)lid); my = 150 GeV, m; = 100 GeV, msy = 200 GeV
(dashes); my = 210 GeV, m; = 100 GeV, ma = 500 GeV (dotdash).

3) (a) The transverse energy distribution (in GeV ™) of leptons from the decay
of top quark pairs produced at the SSC; (b) the charge asymmetry in this
energy distribution due to CP violation, and due to non-CP-violating effects
(dots). In this calculation, m; = 150 GeV, sin2asin2¢ = —1, m; = 100
GeV, and m) = 150 GeV, my = 500 GeV (solid); my =150 GeV, my = 200
GeV (da,sh;as); my = 210 GeV, mg = 500 GeV (dotdash). In (a), the top
curve contains all leptons, and the lower curves show the effects of cuts on
the lepton rapidity, |y| < 2.5 and |y| < 1; (b) is computed with a rapidity
cut |y| < 2.5.
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