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We consider the sneutrino resonance reactibfi- — # — 7*7~ in the minimal supersymmetric
standard model (MSSM) withoukR parity. We introduceCP-violating and CP-conserving 7-spin
asymmetries which are generatedrae levelif there is #-7 mixing and are forbidden in the standard
model. At the CERNe*e™ collider LEP2, these asymmetries may reaef5% around resonance for
sneutrino mass splitting dkm ~ I';, and~10% for splitting as low asAm ~ 0.1T;,. They may be
easily detectable if the beam energy is within0 GeV around the’,, mass and may therefore serve as
powerful probes of sneutrino mixing. Future colliders are also discussed. [S0031-9007(98)06177-8]

PACS numbers: 12.60.Jv, 11.30.Er, 13.10.+q, 14.60.Fg

The MSSM conserveR parity and predicts that spar- occur. We write: 7, = (¥, + i»_)/+/2 and assume
ticles are produced in pairs, thus requiring colliders withthat, due to some new physics, there is a mass splitting
c.m. energy at least twice the sparticle mass. However, ifietween theCP-even andCP-odd muon-sneutrino mass
R parity is violated (keeping the proton lifetime within its eigenstate. and 7, respectively (we assuneP con-
experimental limit), then one cannot distinguish betweerservation in the mixing), such thatm/m. < 1, where
the supermultiplets of the lepton-doublétand that of Am = my — m- and m+ = m;,. In particular, we
the down-Higgs doublefl,. Thus, there is no good rea- take Am < T andT'=T_ =T, = 10 ?m_. Indeed,
son that prevents the superpotential from having additiondf m= > my+,mz (¥ and ¥° are the charginos and

Yukawa couplings constructed &, — L [1]. neutralinos, respectively), then the two-body channels

Here, we are interested only in the pure leptatiparity 7+ — X )N((_)V are open and the corresponding partial
violating (Rp) operator: WlOlthS2 are given b)zfr(ffzz—; X0; Fz(ﬂi 2—>2X’°V) ~
Ly = /\ijkzlizleIi/Z, (1) O[107*m+ X (1 — myy/m2)* (1 — m)?o/mt) 1 (see

Bargeret al. in [2]). Therefore, form+ = 200 GeV,I" =
that violates lepton numbek, but not baryon number. 10~%m_ is a viable estimate, since tif two-body modes
E¢ is the charged lepton-singlet superfieidand j are  are an insignificant fraction df.
flavor indices such that # j. L, drastically changes  Apart from the rough theoretical argument for
the phenomenology of the supersymmetric leptonic sectohm/m_ < 1 [6], there is another reason to consider the
since it gives rise to the possibility atchannel slepton limit Am < I' [7]: in that case the’, and 7_ resonances
resonant formation in scattering processes, thus enablingill overlap and distinguishing between the two peaks
the detection of sleptons with masses up to the collidebecomes experimentally nontrivial. In such a case, to ob-
c.m. energy. This fact was observed about 10 years aggerve the smalb. -7 mass splitting one would have to
[2] and is recently gaining interest [3]. We focus on thesearch for flavor oscillations in sneutrino decays in anal-
effects of £ on the proces¥ ¢~ — 7777, The ex- ogy to theB’-B" system, for example ia*e™ — 7,
istence of other possibl@r operators are irrelevant at [6]. However, for m+ = 100 GeV, 7-pair production
tree level. In fact, fore*e™ — 777, sincei # j in awaits the next generation of lepton colliders. Here, we
(1), only s-channel, exchange contributes with cou- show that an alternative to a detection &fz # 0 for
plings A2; and Asp3 for ev,e and 77,7, respectively m= = 100 GeV is to measure appropria@P-even and
[4]. We explore two new aspects of, resonance at CP-odd r-spin asymmetries ia*e™ — 77~ which are
the CERNe " e~ collider LEP2: detection of -7, mix-  proportional toAm. These asymmetries may reach tens
ing and CP violation. Both phenomena may exist once of percents in a wide energy range around the sneutrino
Aa1, Azpz #F 0. resonance even for a small splittidgn < I'/4. Such a

Sneutrino mixing has been the subject of several recermall splitting may be detectable already at LEP2 to many
papers [5,6]. The question of whether the sneutrinos mistandard deviations (SD). Note that spin asymmetries
or not, is of fundamental importance since it is closely rein ¢* ¢~ — ff can be measured, in practice, only for
lated to the generation of neutrino masses [5,6]. Infact, if = 7 or ¢. In sneutrino resonant formation they apply
was found in [6] that\m;, /m,, < a fewX 10%is required only to 7 since ther#t coupling is forbidden by gauge
in order form,, to be within their experimental bounds. invariance.

Our interest here is in the detection of sneutrino In addition, a possible tree-levélP violation of the
mixing without assuming any specific model for it to order of tens of percents in pair production at LEP2,
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stands out as an interesting issue by itself. Previous studies Then, under the operation &P and of the naive time
of CP-violation ine™e™ — 7% 7, for models beyond the reversalTy [9]: CP(11;;) = I1; for all i, j, Ty(I1;;) =
SM, involve one-loop exchanges of new particles which—1I1;; for i or j =y andi # j and Ty(Il;;) = II;; for

generate &P-violating electric dipole moment for the

(see [8], and references therein). ThE€stodd effects are

therefore much smaller than our tree-level effect.
Let us now construct the"7~ double-polarization

i,j # yandfori = j. We can therefore define:

1

1
Ajj = E(Hij — W), By = E(Hij + 1) ()

asymmetries. In the rest frame of we define the basis Evidently,A;; areCP-odd (4;; = 0 by definition) andB;;

vectors:e, o —(p.+ + pe-), €y * po+ X po- ande, =
ey X ¢.. For the T+., ey, ey, e, are related tee,, ¢y, ¢,
by charge conjugation.

are CP-even. Also,A,,A;,,B,,, and B;, are Ty-odd
while A,., B.;, B, By, andB,, areTy-even.

We then define the following To calculateA;; and B;; we need the cross-sections

777~ double-polarization object with respect to their for s-channel sneutrino and the S Z exchanges. The

corresponding rest frames defined above:

0. = N 1) — NM L) — N 1) + N L) @)
YN, 1)+ NM L)+ N1+ N L)

wherei, j = x,y,z. For exampleN (], 1y) stands for the
number of events in which™ has spint1 in the direction
x inits rest frame and ™ has spin+1 in the directiony in
its rest frame. The spin vectorsof andr~ are therefore
defined in their respective rest framessas = (s,, 5y, 5;)
ands~ = (sy, sy,5;), andIl;; is calculated in the e~
c.m. frame by boosting * ands ~ from ther* and 7~
rest frames to the" e~ c.m. frame.

interferences between SM ard as well as betwee#
and they_ diagrams arecm, and therefore neglected. The
cross sections can be subdividedagy.;. = osy.5. /4 +

agM‘ﬂ;i, whereagM;ﬂ: are the SMp. total cross-sections,
respectively, summed over" andr~ spins;zrgM‘i;I are

the spin dependent parts. The total spin dependent cross
section forete” — 777 is theno! = o5y + 0.

For the SM we find#:, = 0 andI'z/m; = 0):

Tsy = TM +20(gL + gr)’ + @*(g] + g2)°].

(4)

0';[,1? = (ma’/12s){s,5.[4 + 2w (g, + gr)* + a)z(gf + g123)2] + (sx5x — 8y5y)

X[2+ w(gr + gr)* + w’grgrlgr + gx)] + (s; + 5.) [2w(gk — g7) + w’(gk — gD, (5)

where s = (p.+ + p.-)?, o = [SiIIF Oy coS Oy (1 —
m%/s)]fl, gL = Sm2 Oy — 1/2, gR = Slr'l2 Oy .

For the s-channel 7~ exchange, we assume for
simplicity that Ay is real (this assumption does not

change our results) and defingn; = (a + ib)/+/2.
The couplings of theCP-even @) and the CP-odd
(7_) sneutrino mass eigenstates are ta@ne = iAjy;/
V2, eboe = —Auys/V2, thiT =i(a — ibys)/2,

_ 2+ (g + gr)’ + 0’grgrlel + gk)
4+ 20(g + gr) + ©2(gl + gk)°

B, =1. 9)

BXX = _Byy

As expected, a nonvanishii@P-odd asymmetry results
from the interference of the scalar and pseudoscalar cou-
plings of 7+ to 7*7~ in ete” — ¥+ — 7777, The
possibility of generating a tree-lev€lP-violating effect

Tv_7 = i(b + iays)/2, and the sneutrinos cross sectionwhen a scalar-fermion-antifermion coupling is of the form

is (m, = 0):
o) = (s/64m)A}5 | Ass* D (6)
(s/5127) Aiy[5:5:(a® + b*)D+

P A
+ (505, + 5,8,) (b — a®)D_
+ 2ab(sy5; — s¢5y)D-], (7)

here D+ = |mi > = |7m_|?, e = (s — mi +
imtl—‘)fl.
For only 7. exchange at tree leveM,,, B,., B,,, and

B.. are nonzero:

2ab D_
o ()

a’ — b2>D
(12 + b2 D+

a>+b2) Dy
B.=—1. (8)

For the pure SM case, only the followin@P-even
asymmetries are nonzero at tree level:
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By = Byy = (

(a + ibys) was first observed in [10]. There it was sug-
gested that a neutral Higgs of a two Higgs doublet model,
may drive large tree-leveélP-violating effects. Recently,

it was shown [11] that spin correlations can trace simi-
lar scalar-pseudoscalar tree-level interference effects in the
H° — 17, 777~ decay modes. However, the tree-level
CP-violation in H — 7*77, when applied tae"e™ —

H° — %77, is of no interest here since it s,

In [11], a nonvanishing tree-lev€lP-even spin correla-
tion of the forms © - 5~ was suggested fad® — 777",
However, s * - s~ simply translates to the observable
2i=xy.Bii and itis therefore clear from (9) that in the SM,
st .57 « B, = 1. Measurement aB_, will be insensi-
tive to the couplings andb in Asp; [see (8)]. We suggest
here a newCP-even observable3 = (B, + By,)/2. At
tree level,B = 0 in the SM andB = B,, = B,, for the
sneutrino case. MeasurementsBf # 1 or B # 0 will
be a strong indication for new physicsdie™ — 7777,
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However, unlikeB.., B will provide explicit information  efficiency for the simultaneous measurement ofthend
on the newrv, 7 couplings. 7~ spins which, therefore, depend on the efficiency for the
From (8) we observe that,, andB « D_/D., where spin analysis and on the branching ratios of the and
the proportionality factors are only functions of the ratior~ decay channels that are being analyzed. The simplest
a/b. Without loss of generality, we will assume that examples perhaps are the two-body decays— 7~ v,
andb are positive and study the asymmetries as a functioandr™ — p~v,, although three-body decays may also be
of the ratior = b/(a + b). Thus,0 = r = 1, where its  useful [11,12]. When all combinations of only the above
lower and upper limits are given by = 0 anda = 0,  two-body decay channels are taken into account one finds
respectively. One can immediately observe thgtand conservativelye ~ 0.03 [11], which we adopt here.
B complement each other as they probe opposite ranges of In Fig. 2 we plotNsp for A,, and B at their maximal
r. ForA,, the maximal valueD_ /D is obtained when values, at LEP2, as a function af-. We choose the
r=1/2(a =b)andB = D_/D,whenr = 0(b =0). same values foAm as in Fig. 1. For completeness, the
Also, atr = 1 (a = 0), B = —D_/D., thus reaching its SM contribution to the denominator in (2) is now being
maximum negative value. included, in which casa,, andB = B, = By, in (8) are
In Fig. 1 we plot the ratioD_/D-, i.e., the maxi- multiplied by (1 + o3y /00.)"!. We calculates?, by
mal values ofA,, and B, as a function of the lighter settingA;,; andAas,; to their experimentally allowed upper
7, massm-. We takeAm =T, I'/2, I'/4, I'/10 (re-  limits [1]: A;2; = 0.05 X (m—/100 GeV) and [A33] =
call thatT" = 1072m_) and the c.m. energy at LEP2 as 0.06 X (m_/100 GeV). ltis interesting that both,, and
192 GeV. EvidentlyA,, and B can reach~75% around B may be detectable, under the best circumstances, with a
resonance i\m = I', and~10% even for the very small sensitivity reaching well above-10 SD. For example,
splitting Am = I'/10. Also, the asymmetries stay large for Am = I' these asymmetries induce an effect larger
(=10%) even~10 GeV away from resonance. Around than 3r at LEP2 around the resonance region, practically

the narrow region oficy = (my + m-)/2, D_/Dy = over the whole~10 GeV mass rangel86.5 < m_ <

Am/m_ and the asymmetries become very small. 196 GeV. ForAm = I'/4 the correspondingoc mass
The statistical significance with whicA,, or B can range is189.5 < m_ < 194 GeV and even forAm =

be detected, is given bysp = +/N | A|./€, where A =  T'/10 there is a3o region over about a 1 GeV interval

Aw OF B, N = (63, + a3y) X L is the total number of near the resonance mass.

e“e” — 777 events and we take = 0.5 fb~! as the Figure 3 shows the dependence M{p, for A, and

total integrated luminosity at LEP2¢ is the combined B, on the ratior, where, as in Fig. 2, the SM diagrams
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FIG. 1. The maximal value ofA,, and B, i.e., D-/Dy, as FIG. 2. The statistical significanc&/sp, attainable at LEP2
a function of the lighter#, massm_, for four mass-splitting for A,, and B at their maximal values, as a function of-.
valuesAm. See also the caption to Fig. 1.
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FIG. 3. The attainableéVsp, for A,, and B, at LEP2, as a
function ofr = b/(a + b). The caseadm = I' andA = I'/4
are illustrated. See also the caption to Fig. 1.

are included and for illustration we sei- = Ecy =
192 GeV (we note that this value of - does not maximize
the effects). We see that a measurement gf and B
at LEP2 can cover a wide range of the parameterin
particular, forAm = I', LEP2 can have larger thaw

sensitivity to values of practically over its entire range,

for bothA,, andB. ForAm = I'/4, the following ranges
are covered to at least3 significance: ford,,, 0.27 <
r=073 and forB, 0 =r =032 and0.68 < r = 1.
Thus, even forAm = I'/4, the whole rangd = r = 1
can be covered, to at lea8r, with the simultaneous

measurement ofi,, and B.

We note again that the

ranges being covered to at least are wider if m— is
slightly away from resonance, i.e., by about 0.5 GeV.

Finally, we have calculated the sensitivity at the NLC [4]

with Ecy = 500 GeV toA,,

m- = Ecy. We found that the NLC will be able to probe

andB for a very heavyy,,

theseCP-odd andCP-even asymmetries to at lea3tr
(the best effects are again at theOo level), in a range
of ~20 GeV around resonance, even fom = 1 GeV =
I'/5. Also, with Am = 1 GeV, the NLC will have a
sensitivity above3o to eitherA,, or B over almost the

entire range) = r = 1.

To summarize, we introduce@P-violating and CP-

conserving spin asymmetries and applied them'te~
7777, It was shown that two of these asymmetries arg o]

—

unique in their ability to distinguish between tk#-odd
andCP-even muon-sneutrino mass eigenstates'ia~ —

A A

They may therefore be detectable with many SDs already
at LEP2 if the muon-sneutrino mass lies withiri0 GeV
range around the LEP2 c.m. energy, evefvit < I'. As

far asCP violation is concerned, it is interesting that large
CP-nonconserving effects may arise iApair production

at LEP2 and may be searched for soon.

We have also found that these asymmetries will yield a
significant signal at the NLC witB¢cy = 500 GeV within
a ~20 GeV energy range around resonance. Moreover,
the effects reported here may be similarly applied to a fu-
ture muon collider in they, resonance channgd* u~ —

., — v 7r~. However, while the present limits on the
v, and7 ¥, 7 couplings are comparable, the limit on the
couplingu . u is more stringent than the one e#, e by
about an order of magnitude.

In parting, we remark that measurements of the double
7-spin asymmetried,, andB in 77~ production at the
Tevatron is another interesting possibility [13].
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