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in ,,,1,,,2 ! ñ ! t 1t 2: Probing Sneutrino Mixing at ,,,1,,,2 Colliders
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We consider the sneutrino resonance reaction,1,2 ! ñ ! t1t2 in the minimal supersymmetric
standard model (MSSM) withoutR parity. We introduceCP-violating and CP-conservingt-spin
asymmetries which are generated attree levelif there is ñ- ¯̃n mixing and are forbidden in the standard
model. At the CERNe1e2 collider LEP2, these asymmetries may reach,75% around resonance for
sneutrino mass splitting ofDm , Gñm

and,10% for splitting as low asDm , 0.1Gñm
. They may be

easily detectable if the beam energy is within,10 GeV around thẽnm mass and may therefore serve as
powerful probes of sneutrino mixing. Future colliders are also discussed. [S0031-9007(98)06177
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The MSSM conservesR parity and predicts that spar-
ticles are produced in pairs, thus requiring colliders wi
c.m. energy at least twice the sparticle mass. However
R parity is violated (keeping the proton lifetime within its
experimental limit), then one cannot distinguish betwe
the supermultiplets of the lepton-doubletL̂ and that of
the down-Higgs doublet̂Hd . Thus, there is no good rea-
son that prevents the superpotential from having addition
Yukawa couplings constructed bŷHd ! L̂ [1].

Here, we are interested only in the pure leptonicR-parity
violating (RyP) operator:

LLy  lijkL̂iL̂jÊc
k y2 , (1)

that violates lepton numberL, but not baryon number.
Êc is the charged lepton-singlet superfield,i and j are
flavor indices such thati fi j. LLy drastically changes
the phenomenology of the supersymmetric leptonic sec
since it gives rise to the possibility ofs-channel slepton
resonant formation in scattering processes, thus enab
the detection of sleptons with masses up to the collid
c.m. energy. This fact was observed about 10 years a
[2] and is recently gaining interest [3]. We focus on th
effects of LLy on the process,1,2 ! t1t2. The ex-
istence of other possibleRyP operators are irrelevant at
tree level. In fact, fore1e2 ! t1t2, since i fi j in
(1), only s-channel ñm exchange contributes with cou-
plings l121 and l323 for eñme and tñmt, respectively
[4]. We explore two new aspects of̃nm resonance at
the CERNe1e2 collider LEP2: detection of̃nm- ¯̃nm mix-
ing andCP violation. Both phenomena may exist onc
l121, l323 fi 0.

Sneutrino mixing has been the subject of several rec
papers [5,6]. The question of whether the sneutrinos m
or not, is of fundamental importance since it is closely r
lated to the generation of neutrino masses [5,6]. In fact
was found in [6] thatDmñi ymni & a few3 103 is required
in order formni

to be within their experimental bounds.
Our interest here is in the detection of sneutrin

mixing without assuming any specific model for it to
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occur. We write: ñm  sñ1 1 iñ2dy
p

2 and assume
that, due to some new physics, there is a mass splitt
between theCP-even andCP-odd muon-sneutrino mass
eigenstates̃n1 and ñ2, respectively (we assumeCP con-
servation in the mixing), such thatDmym6 ø 1, where
Dm ; m1 2 m2 and m6 ; mñ6

. In particular, we
take Dm & G and G ; G2 . G1  1022m2. Indeed,
if m6 . mx̃1, mx̃0 (x̃1 and x̃0 are the charginos and
neutralinos, respectively), then the two-body chann
ñ6 ! x̃1,; x̃0n are open and the corresponding parti
widths are given byGsñ6 ! x̃1,d; Gsñ6 ! x̃0nd ,
O f1022m6 3 s1 2 m2

x̃1ym2
6d2; s1 2 m2

x̃0ym2
6d2g (see

Bargeret al. in [2]). Therefore, form6 * 200 GeV,G 
1022m2 is a viable estimate, since theRyP two-body modes
are an insignificant fraction ofG.

Apart from the rough theoretical argument fo
Dmym2 ø 1 [6], there is another reason to consider th
limit Dm & G [7]: in that case thẽn1 andñ2 resonances
will overlap and distinguishing between the two pea
becomes experimentally nontrivial. In such a case, to o
serve the small̃n1-ñ2 mass splitting one would have to
search for flavor oscillations in sneutrino decays in an
ogy to theB0-B̄0 system, for example ine1e2 ! ñ1ñ2

[6]. However, for m6 * 100 GeV, ñ-pair production
awaits the next generation of lepton colliders. Here, w
show that an alternative to a detection ofDm fi 0 for
m6 * 100 GeV is to measure appropriateCP-even and
CP-odd t-spin asymmetries ine1e2 ! t1t2 which are
proportional toDm. These asymmetries may reach ten
of percents in a wide energy range around the sneutr
resonance even for a small splittingDm & Gy4. Such a
small splitting may be detectable already at LEP2 to ma
standard deviations (SD). Note that spin asymmetr
in ,1,2 ! ff̄ can be measured, in practice, only fo
f  t or t. In sneutrino resonant formation they appl
only to t since thetñt coupling is forbidden by gauge
invariance.

In addition, a possible tree-levelCP violation of the
order of tens of percents int pair production at LEP2,
© 1998 The American Physical Society 4629
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stands out as an interesting issue by itself. Previous stud
of CP-violation in e1e2 ! t1t2, for models beyond the
SM, involve one-loop exchanges of new particles whic
generate aCP-violating electric dipole moment for thet
(see [8], and references therein). TheseCP-odd effects are
therefore much smaller than our tree-level effect.

Let us now construct thet1t2 double-polarization
asymmetries. In the rest frame oft2 we define the basis
vectors: $ez ~ 2s $pe1 1 $pe2 d, $ey ~ $pe1 3 $pe2 and $ex 
$ey 3 $ez . For thet1, $̄ex , $̄ey , $̄ez are related to$ex , $ey , $ez

by charge conjugation. We then define the followin
t1t2 double-polarization object with respect to the
corresponding rest frames defined above:

Pij ;
Ns"̄i "jd 2 Ns"̄i #jd 2 Ns#̄i "jd 1 Ns#̄i #jd
Ns"̄i "jd 1 Ns"̄i #jd 1 Ns#̄i "jd 1 Ns#̄i #jd

, (2)

wherei, j  x, y, z. For example,Ns"̄x "yd stands for the
number of events in whicht1 has spin11 in the direction
x in its rest frame andt2 has spin11 in the directiony in
its rest frame. The spin vectors oft1 andt2 are therefore
defined in their respective rest frames as$s 1  ss̄x , s̄y , s̄zd
and $s 2  ssx , sy , szd, andPij is calculated in thee1e2

c.m. frame by boosting$s 1 and $s 2 from the t1 and t2

rest frames to thee1e2 c.m. frame.
4630
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Then, under the operation ofCP and of the naive time
reversalTN [9]: CPsPijd  Pji for all i, j, TNsPijd 
2Pij for i or j  y and i fi j and TNsPijd  Pij for
i, j fi y and fori  j. We can therefore define:

Aij 
1
2

sPij 2 Pjid, Bij 
1
2

sPij 1 Pjid . (3)

Evidently,Aij areCP-odd (Aii  0 by definition) andBij

are CP-even. Also,Axy , Azy , Bxy, and Bzy are TN -odd
while Axz , Bxz , Bxx , Byy andBzz areTN -even.

To calculateAij and Bij we need the cross-sections
for s-channel sneutrino and the SMg, Z exchanges. The
interferences between SM andñ6 as well as betweeñn1

and theñ2 diagrams are~me and therefore neglected. The
cross sections can be subdivided assSM;ñ6

; s
0
SM;ñ6

y4 1

s
$s 2 $s 1

SM;ñ6
, wheres

0
SM;ñ6

are the SM,̃n6 total cross-sections,
respectively, summed overt1 and t2 spins;s $s 2 $s 1

SM;ñ6
are

the spin dependent parts. The total spin dependent cro
section for e1e2 ! t1t2 is then sT  sSM 1 sñ6

.
For the SM we find (mt  0 andGZymZ  0):

s0
SM 

pa2

3s
f4 1 2vsgL 1 gRd2 1 v2sg2

L 1 g2
Rd2g ,

(4)
s
$s 2 $s 1

SM  spa2y12sd hszs̄zf4 1 2vsgL 1 gRd2 1 v2sg2
L 1 g2

Rd2g 1 ssxs̄x 2 sys̄yd

3 f2 1 vsgL 1 gRd2 1 v2gLgRsg2
L 1 g2

Rdg 1 ssz 1 s̄zd f2vsg2
R 2 g2

Ld 1 v2sg4
R 2 g4

Ldgj , (5)
t

n

u-

l,

i-
he
l

where s  spe1 1 pe2 d2, v ; fsin2 uW cos2 uW s1 2

m2
Zysdg21, gL  sin2 uW 2 1y2, gR  sin2 uW .
For the s-channel ñ6 exchange, we assume for

simplicity that l121 is real (this assumption does no
change our results) and definel323 ; sa 1 ibdy

p
2.

The couplings of theCP-even (̃n1) and the CP-odd
(ñ2) sneutrino mass eigenstates are theneñ1e  il121yp

2, eñ2e  2l121g5y
p

2, tñ1t  isa 2 ibg5dy2,
tñ2t  isb 1 iag5dy2, and the sneutrinos cross sectio
is (mt  0):

s0
ñ6

 ssy64pdl2
121jl323j

2D1 , (6)

s
$s 2 $s 1

ñ6
 2ssy512pdl2

121fsz s̄zsa2 1 b2dD1

1 ssxs̄x 1 sys̄yd sb2 2 a2dD2

1 2abssys̄x 2 sxs̄ydD2g , (7)

here D6 ; jp1j2 6 jp2j2, p6  ss 2 m2
6 1

im6Gd21.
For only ñ6 exchange at tree level,Axy , Bxx , Byy, and

Bzz are nonzero:

Axy 

µ
2ab

a2 1 b2

∂
D2

D1

, Bxx  Byy 

µ
a2 2 b2

a2 1 b2

∂
D2

D1

,

Bzz  21 . (8)

For the pure SM case, only the followingCP-even
asymmetries are nonzero at tree level:
Bxx  2Byy 
2 1 vsgL 1 gRd2 1 v2gLgRsg2

L 1 g2
Rd

4 1 2vsgL 1 gRd2 1 v2sg2
L 1 g2

Rd2
,

Bzz  1 . (9)

As expected, a nonvanishingCP-odd asymmetry results
from the interference of the scalar and pseudoscalar co
plings of ñ6 to t1t2 in e1e2 ! ñ6 ! t1t2. The
possibility of generating a tree-levelCP-violating effect
when a scalar-fermion-antifermion coupling is of the form
sa 1 ibg5d was first observed in [10]. There it was sug-
gested that a neutral Higgs of a two Higgs doublet mode
may drive large tree-levelCP-violating effects. Recently,
it was shown [11] that spin correlations can trace sim
lar scalar-pseudoscalar tree-level interference effects in t
H0 ! tt̄, t1t2 decay modes. However, the tree-leve
CP-violation in H0 ! t1t2, when applied toe1e2 !
H0 ! t1t2, is of no interest here since it is~me.

In [11], a nonvanishing tree-levelCP-even spin correla-
tion of the form$s 1 ? $s 2 was suggested forH0 ! t1t2.
However, $s 1 ? $s 2 simply translates to the observable
Six,y,zBii and it is therefore clear from (9) that in the SM,
$s 1 ? $s 2 ~ Bzz  1. Measurement ofBzz will be insensi-
tive to the couplingsa andb in l323 [see (8)]. We suggest
here a newCP-even observable:B ; sBxx 1 Byydy2. At
tree level,B  0 in the SM andB  Bxx  Byy for the
sneutrino case. Measurements ofBzz fi 1 or B fi 0 will
be a strong indication for new physics ine1e2 ! t1t2.
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However, unlikeBzz , B will provide explicit information
on the newtñmt couplings.

From (8) we observe thatAxy andB ~ D2yD1, where
the proportionality factors are only functions of the rat
ayb. Without loss of generality, we will assume thata
andb are positive and study the asymmetries as a funct
of the ratior ; bysa 1 bd. Thus,0 # r # 1, where its
lower and upper limits are given byb  0 and a  0,
respectively. One can immediately observe thatAxy and
B complement each other as they probe opposite range
r . For Axy the maximal valueD2yD1 is obtained when
r  1y2 (a  b) andB  D2yD1 whenr  0 (b  0).
Also, atr  1 (a  0), B  2D2yD1, thus reaching its
maximum negative value.

In Fig. 1 we plot the ratioD2yD1, i.e., the maxi-
mal values ofAxy and B, as a function of the lighter
ñm massm2. We takeDm  G, Gy2, Gy4, Gy10 (re-
call that G  1022m2) and the c.m. energy at LEP2 a
192 GeV. Evidently,Axy andB can reach,75% around
resonance ifDm  G, and,10% even for the very small
splitting Dm  Gy10. Also, the asymmetries stay larg
(*10%) even ,10 GeV away from resonance. Aroun
the narrow region ofECM . sm1 1 m2dy2, D2yD1 .
Dmym2 and the asymmetries become very small.

The statistical significance with whichAxy or B can
be detected, is given byNSD 

p
N jAj

p
e, whereA 

Axy or B, N  ss0
ñ6

1 s
0
SM d 3 L is the total number of

e1e2 ! t1t2 events and we takeL  0.5 fb21 as the
total integrated luminosity at LEP2.e is the combined
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FIG. 1. The maximal value ofAxy and B, i.e., D2yD1, as
a function of the lighterñm massm2, for four mass-splitting
valuesDm.
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efficiency for the simultaneous measurement of thet1 and
t2 spins which, therefore, depend on the efficiency for t
spin analysis and on the branching ratios of thet1 and
t2 decay channels that are being analyzed. The simp
examples perhaps are the two-body decayst6 ! p6nt

andt6 ! r6nt , although three-body decays may also
useful [11,12]. When all combinations of only the abov
two-body decay channels are taken into account one fi
conservativelye , 0.03 [11], which we adopt here.

In Fig. 2 we plotNSD for Axy and B at their maximal
values, at LEP2, as a function ofm2. We choose the
same values forDm as in Fig. 1. For completeness, th
SM contribution to the denominator in (2) is now bein
included, in which caseAxy andB  Bxx  Byy in (8) are
multiplied by s1 1 s

0
SMys

0
ñ6

d21. We calculates
0
ñ6

by
settingl121 andl323 to their experimentally allowed uppe
limits [1]: l121  0.05 3 sm2y100 GeVd and jl323j 
0.06 3 sm2y100 GeVd. It is interesting that bothAxy and
B may be detectable, under the best circumstances, wi
sensitivity reaching well above,10 SD. For example,
for Dm  G these asymmetries induce an effect larg
than 3s at LEP2 around the resonance region, practica
over the whole,10 GeV mass range,186.5 & m2 &

196 GeV. For Dm  Gy4 the corresponding3s mass
range is189.5 & m2 & 194 GeV and even forDm 
Gy10 there is a3s region over about a 1 GeV interva
near the resonance mass.

Figure 3 shows the dependence ofNSD, for Axy and
B, on the ratior , where, as in Fig. 2, the SM diagram
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FIG. 2. The statistical significance,NSD , attainable at LEP2
for Axy and B at their maximal values, as a function ofm2.
See also the caption to Fig. 1.
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FIG. 3. The attainableNSD, for Axy and B, at LEP2, as a
function ofr ; bysa 1 bd. The casesDm  G andD  Gy4
are illustrated. See also the caption to Fig. 1.

are included and for illustration we setm2  ECM 
192 GeV (we note that this value ofm2 does not maximize
the effects). We see that a measurement ofAxy and B
at LEP2 can cover a wide range of the parameterr. In
particular, forDm  G, LEP2 can have larger than3s

sensitivity to values ofr practically over its entire range,
for bothAxy andB. ForDm  Gy4, the following ranges
are covered to at least a3s significance: forAxy, 0.27 &

r & 0.73 and for B, 0 # r & 0.32 and 0.68 & r # 1.
Thus, even forDm  Gy4, the whole range0 # r # 1
can be covered, to at least3s, with the simultaneous
measurement ofAxy and B. We note again that ther
ranges being covered to at least3s are wider if m2 is
slightly away from resonance, i.e., by about 0.5 GeV.

Finally, we have calculated the sensitivity at the NLC
with ECM  500 GeV to Axy andB for a very heavyñm

m2 . ECM. We found that the NLC will be able to probe
theseCP-odd andCP-even asymmetries to at least3s

(the best effects are again at the,20s level), in a range
of ,20 GeV around resonance, even forDm  1 GeV .
Gy5. Also, with Dm  1 GeV, the NLC will have a
sensitivity above3s to either Axy or B over almost the
entire range,0 # r # 1.

To summarize, we introducedCP-violating and CP-
conserving spin asymmetries and applied them toe1e2 !
t1t2. It was shown that two of these asymmetries ar
unique in their ability to distinguish between theCP-odd
andCP-even muon-sneutrino mass eigenstates ine1e2 !
ñ6 ! t1t2. Both asymmetries arise already at the tre
level and can be large, of the order of tens of percen
4632
e
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They may therefore be detectable with many SDs alrea
at LEP2 if the muon-sneutrino mass lies within,10 GeV
range around the LEP2 c.m. energy, even ifDm & G. As
far asCP violation is concerned, it is interesting that larg
CP-nonconserving effects may arise int-pair production
at LEP2 and may be searched for soon.

We have also found that these asymmetries will yield
significant signal at the NLC withECM  500 GeV within
a ,20 GeV energy range around resonance. Moreov
the effects reported here may be similarly applied to a
ture muon collider in thẽne resonance channelm1m2 !
ñe ! t1t2. However, while the present limits on th
tñet andtñmt couplings are comparable, the limit on th
couplingmñem is more stringent than the one oneñme by
about an order of magnitude.

In parting, we remark that measurements of the dou
t-spin asymmetriesAxy andB in t1t2 production at the
Tevatron is another interesting possibility [13].
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