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In supersymmetric models wittR-parity violation, scalar neutrino$»> may be produced as
s-channel resonances in"e~ colliders. We note that within current constraints the scalar neutrino
may have a width of several GeV intbb and be produced with large cross section, leading to a
novel supersymmetry discovery signal at the CERN collider LEP Il. In additiom;it= mz, such a
resonance necessarily increaggsand reducesirg(b), significantly improving the fit to electroweak
data. Bounds fronB meson and top quark decays are leading constraints, and we stress the importance
of future measurements. [S0031-9007(97)03014-7]

PACS numbers: 14.80.Ly, 11.30.Er, 12.60.Jv, 13.65. +i

One of the important goals of future collider experiments The superpotentlal of Eq (1) generates couplings
is to search for and possibly discover supersymmetry. InQ _ n n .
the most widely analyzed supersymmetric extension of the™ * ”k[eLeR v+ Piekep + (@) (el) DL}

standard model (SM), the superpotential is assumed to be — /\iikl:fleeReL + g,-LeR VIL + (éR)*(yi)Ce‘L}

W = /’lEHlLEC + /’IDHIQDC - hUHzQUC - ,LLHle, m R
where the lepton and quark superfields= (N, E), E¢, + lmnVCII)(M|:eLdRuL + apdge; + (dp)* (eL)CuL]
Q = (U,D), U¢, and D¢ contain the SM fermionsf ; [o1=m ” ; m

and their scalar partnerg, and generation indices have - ’\lmn[”LdeL + dpdgvy + (dR)" (VL) dp ] (2)

been omitted. This superpotential consenesparity,  whereVcky is the Cabibbo-Kobayashi-Maskawa matrix,
Rp = (—1)¥*3B*L whereJ, B, andL are spin, baryon we assum¢-J alignment,; < j, and the other generation
number, and lepton number, respectiveliR, conserva- indices are arbitrary. As we will concentrate on the
tion strongly restricts the phenomenology, as it impliessneutrino#, we have chosen the basis in whisiDD¢
that superpartners must be produced in pairs and that the diagonal; implications of choosing another basis will be
lightest supersymmetric particle (LSP) is stable. discussed below.
The superpotential above, however, is not the most gen- The interactions of Eq. (2) imply that sneutrinos may be

eral allowed by gauge invariance and renormalizability produced as-channel resonances with cross section
In particular, as the superfield$, and L have the same

8ms r,j_,e+e—r,7_,x (3)

nE (5 = mi)? + miT3

guantum numbers, thRp-violating (Rp) terms olete = > X) =

Wy = ALLE® + XLQOD¢ (1)  (Lepton pair production may also receive contributions

from ¢-channel? exchange.) If the sneutrino is the LSP,

are allowed. We will consider these couplings, the mosit decays to pairs of charged leptons or down-type quarks
general trilinearRr terms that violate lepton number with width
but not baryon number. (Note that proton stability re-
quires only approximate conservation of either lepton or U7 = C@ My, (4)
baryon number.) Such terms have a number of intereswhere N, is the color factor and; is the relevantgp
ing properties, including the possibility of providing new coupling. Decays to neutrinos and up-type quarks are
avenues for neutrino mass generation [1,2], which othprohibited by gauge invariance. On the other hand, if
erwise must be attributed to some grand-scale sector ¢he LSP is the lightest neutraling?, the sneutrino may
the theory, as in, e.g., see-saw models. Here, we focusso decay through — v x°, with partial width~0.1 — 1
on another implication of these terms, namely, the posGeV form; ~ 100-200 GeV [4]. The neutraling/ then
sibility of sneutrino resonances at e~ colliders [3,4]. decays to three SM fermions throu@h interactions.
Such resonances offer the unique opportunity to probe su- In this study, motivated by the Yukawa renormalization
persymmetric particle masses up {6, which, at LEP  of the scalar spectrum, which typically leaves the third
I, is well into the range typically predicted for slepton generation scalar fields lighter than the first two, we focus
masses. on the possibility of a, resonance. In addition, we
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concentrate ory, decays tobb pairs, as the possibility In addition, under the assumption that onfy; is nonzero,
of a wide resonance will be evident from considerationshere are no contributions &° — K° andB® — B’ mix-
of this channel alone. We therefore consider the scenarimg, andD° — D’ mixing gives an extremely weak con-
in which the nonzero couplings of Eq. (2) ags; and  straint. If we had worked in the basis in whigl/D¢ is di-
A333, and, for simplicity, we take these to be real. Note,agonal and considered the possibility of onf{; nonzero,
however, that a7, resonance and decays to other finalthe Ry interactions would contribute to neutr&l and B
states, e.g.bd, andbs, though more highly constrained, meson mixing, as well as tAB = 1 neutral current de-

are also possible in principle. cays. The bound fron® — B mixing is stronger than
Bounds on;3; andA3s3, taken individually, have been  ihe one fromk® — K° mixing, and isA'y; < 1.1 for scalar

considered previously, and the strongest of thesagie<  masses of 100 GeV [10B(B” — ete ) < 5.9 X 107°

0.10[mER{100 GeV] from I'(7 — ev?)/I'(t — uvv) [9] and B(B® — K%*e~) < 3 x 10~* [9] both imply

_[4], andAzs; < 0.6-1.3 (20) from R, [5], where the range A < 0.03 [m5./100 GeV]. We see then that nu-

is formg = 2m; = 300 GeV-1 TeV. These and the new merically the bounds are fairly basis independent.

bounds derived below are collected in Table |. _ An independent set of constraints arises from the exotic
In the limit of large scalar masses, the mteractlons[op quark decay mode. — bg7; , assuming it is kine-

of Eq. (2) induce many four-fermion operators, some Ofyaiically allowed. [Note that SU(2) invariance requires
which mediate meson decays. A competitive bound on,, my.] Form, = 175 GeV

A3 arises fromB — 77X through the Rp operator " r 22
2] R ) L hE nsz
—%?Vcb[(VTL)CbL)(G(TL)C]. After a Fierz transforma- R =2 — 112 /\’3233{1 - < L > } . (D

. R, . . . . . - Ft—»bw 175 GeV
tion, this is seen to interfere constructively with the SM o
operator to give If the sneutrino is the LSP, the three-body decéys—
~ —/ ~ 5 . .
4G 22 v.ff and ¥ — Wbb are sufficiently phase space sup-
—Va| =L + 3323 CLYubLTLY Vs . (5) pressed that the dominant decay mode is either ¢b
V2 2mp or # — ev,. The former is suppressed WY,,|?A%;,

The experimental bound and SM prediction #&B — and the latter by\%l. As top constraints will be impor-
77X) are 2.68% *+ 0.34% [6] and 2.30% * 0.25% [7], tant only for largeAsss, we first assume that thieh mode
respectively. Simply combining these errors in quadrais dominant. This new decay mode alters the number of
ture and demanding that th&-enhanced rate be below events expected in each channel, both through an enhance-
the current upper bound, we find the constraif; <  ment of the percentage of hadronic decays and through the
0.96 [mj,, /300 GeV]. increased probability df-tagging events witly-rich 7 de-
Meson decays also bound the produgi; A33;, which  cays. For each channel, we denote the number of events
enters in the cross section of Eq. (3). The operatoexpected in the presence®tiecays relative to the number

—Mjn'—?g”vpb(ﬁn)(ufb,g) is most stringently bounded by €xpected in the SM as B
taking p = u and consideringB~ — ¢~ 7. The SM Rp(x) = Bt — X;x) , (8)
contribution to this decay is helicity suppressed and B(tt — X;x = 0)
negligible. TheR, decay width may be calculated using wherex = B(r — »7) = R,/(1 + R,). The expressions
Olay>b|B~) = —ifsmp/my, [8] to be for these ratios are given in Table Il, whesg , denotes
1 sy p 1 fEmp the probability of tagging at leasi of n b jets. The SVX
I'= @W‘”’l ’\131’\333—;L me (6) b-tagging efficiency forz events ise;, = 41 * 4% [11].

Applying the current boundB(B~ — ¢ %) < 1.5 X Qrudely neglecting thg depend'encebefagging efficien? .
1075 [9], and taking V., > 0.0024, f5 > 140 MeV cies on the nl_Jr'nber. of jets and jet momenta, the remaining
and mb,= 45 GeV. we find fhe upper bou’nd b-tagging efficiencies are then determined d1y; to be,
Azt Az < 0.075 [mh/'loo GeVP. e.g.,e13 = 55% ande 4 = 65%. This approximation is

TheRp couplings are also constrained by otBadecays, ;:onservatl\l;e tWheml;l gpproat(;]hemé, a}[shthe softy jets
Y decays, and the collider bound en, . These bounds, Ower e, but we will ignore this elfect nere.

however, are not competitive with those discussed above. Based on an event sample of 110 pbthe p“iduc“on
cross section has been measured by CDF to[bel.,, =

H !
TABLE 1. Upper bounds on the couplingsis: and Ass;. TABLE Il. The ratios Rz(x), where H is the W hadronic

Coupling Upper Bound Process branching fraction, and,,, areb-tagging efficiencies.
A1z 0.10[mz, /100 GeV] % [4] Channel Ry(x)

ToUYY . _ )
Asas 06-1320) R, (my=03—1Tev)[5] D ePton (1 x)1

j )2 oy a3l _
A3 0.96 [m3, /300 GeV] B — 77X Lepton + jets (1= x) N = x(1 = x) |
- i _ 2 &3 1 — g4 102

Azt 0.075 [mz, /100 GeVP B~ — v All-hadronic (1= 2P + 22 2ox(1 = x) + 2 ox
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8.3%%3 6.4722 and 10.7778 pb in the dilepton, SVX TABLE Ill. The effective integrated luminosityL.;; per 1
lepton + jets, and all-hadronic channels, respectively [11]G€V bin required to discover a sneutrino resonance wifh
The SM theoretical expectation for, = 175 GeV is At andAs; as given.
oltTlocp = 5.5704 pb [12]. The couplingys; may then A B cC D E F
be bounded Py requm_ngtthg(x) lie within the measured m, (GeV) 110 110 110 145 145 145
range of(r[tt]exp/cr[tt]QCD_ for each channel. Thea? Ao, 001 0005 0005 0.0l 0.005 0005
upper bound from the dilepton chann(/el M <13 Ais 10 10 01 10 10 o1
for m; = 100 GeV.an'd. is degraded tas;; < 3.'.2 fOI" Lo (pb71/Gev) 1.1 18 1.3 045 7.1 0.43
mz = 150 GeV. Significantly weaker constraints arise
from the other channels. We see that these counting
experiments currently give weak constraints. In additiongciple, by the luminosity available in the ISR tails of the
given the number of7 candidate events at present and./s = 130—174 GeV runs, provided that the data of the
the low probability of tagging three or motejets, there four experiments are combined. A total integrated lumi-
are no available limits from such mubi-tagged events; nosity of ~500 pb™! per detector at/s =~ 190 GeV will
eventually, these limits may strongly constraify; [10]. yield an effective luminosity sufficient to probe examples

A more promising approach is to examine kinematic paA andC. Coverage of the parameter space may be further
rameters inrz events, e.g., the reconstruct®d mass in  improved by runs at lower beam energies with a luminos-
lepton + jets events with a second loosely taggdd1]. ity of O (10 pb™!), which would probe exampleB and
(The two untagged jets definey.) In a sample ofV  E. Such runs would also probe the parameter space if the
such events, an upper bound of three events outside theutralino is the LSP and — v x° — vvbb, as the fi-
my peak would implye,3/e2,[R,/H] < 3/N, where we nal state in this case is still characterized by an excess of
have ignored differences between the usual and ldese b jets, but with a smearegs.;; spectrum. We conclude
tag efficiencies. Currently, with just ten events, this givesthat values ofA;3;A53; more than two orders of magni-
As33 < 0.4(1.0) for mz, = 100(150) GeV. Such kine- tude below current bounds could be probed by the LEP
matic analyses may, therefore, provide strong constrain@xperiments. These analyses and searches therefore offer

on Rp couplings in the future. exciting, if unconventional, possibilities for the discovery
If A131 is large enough that the decay motle— ew,  of supersymmetry.
dominates, theRr decay violatese-u universality in ¢ Finally, a most interesting window for the sneutrino

decays [10], leading to the constraik};; < 0.35(0.90)  resonance exists near ti pole, illustrating the possi-
for mz, = 100(150) GeV. Finally, we briefly comment bility of new physics hidden by th& resonance [14]. It

on the neutralino LSP case, which was discussed iis intriguing that a resonance in this window neces-
Ref. [10]. In our case, the decay— 7x° — rvbb  sarily increase®, and decreasesgg(b), in accord with
may be constrained by counting experiments as aboveurrent measurements [15]. In addition, gauge invariance
but with the substitutiong;; — €14 ande; 4 — €16 prohibits thep from directly affectingcc production, and

in Rp(x). The dilepton channel again gives the strongestve have explicitly confirmed that direct effects on lep-
bounds, and, as these are independentbdhgging tonic observables, e.g., thechannel# contribution to

efficiencies, we again find\}3; < 1.3(3.2) for mz, =  Agps(e), are negligible given the constraints am;. We
100 (150) GeV. With morer7 candidate events, one could have performed & line shape fit including the sneu-
also constrain the excess in the different channels. trino resonance in the sneutrino LSP scenario. Our treat-

We conclude, therefore, that couplings;; ~ ©(0.1)  ment and approximations follow closely those described
andAjs; ~ O(1) are consistent with all of the constraints in Ref. [14], where four-fermion operators with cross sec-
considered above. With such couplings, a sneutrino withions depending linearly om were studied; here, we su-
my; < 190 GeV will be singly produced at LEP Il and perimpose a secorndresonance on that of th&
may be observed as a resonance With= 6.0 GeV X We restricted our line shape fit to the published data
A3 [m5/100 GeV]. (Of course, if light enough, sneutri- of only one LEP group (L3) [16] from the years 1990—
nos may also be pair produced at LEP Il and will be easily1992. This will suffice, as here we are interested in the
discovered through theis quark signature [13].) Such changes caused by the introduction of a sneutrino with
a resonance could be discovered as a peak in the initiak; =~ mz. We also included the SLD Collaboration’s de-
state radiation (ISR)-induced tails Qfscsr distributions  termination of the left-right polarization asymmetty z,
in two jet events. For fixed values of;, A13;, andAlss, recorded during 1992 — 1995 [17], and results of the LEP
one may estimate the effective luminosity @.; =~ m»  and SLD heavy flavor groups, as reported in Ref. [15].
required to discover such a peak. We demandrabp  The latter include th& — bb branching ratiak;,, which
excess in a bin centered at, of width max2 GeV,2I';}  we interpret as a relative measurement of cross sections,
and assume a tagging efficiency of 40% fob events. and theb quark forward-backward asymmetagg(b) at
The required luminosities have nontrivial dependences othree center of mass energies on peak and approximately
the various parameters; a sample of results is given in-2 GeV off peak. In addition, we incorporated bounds
Table lll. ExamplesD andF are already probed, in prin- from the DELPHI Collaboration on the ratio 6f=2 GeV

3065



VOLUME 78, NUMBER 16 PHYSICAL REVIEW LETTERS 21 ARIL 1997

off-peak to on-peak values of,: Rj,>/R) = 0.982 = of /serr distributions or through additional low luminosity
0.015 and R, */R}) = 0.997 = 0.016 [18]. These con- runs at strategically chosen beam energies. Furthermore,
straints are stringent, as systematic errors cancel in tha window withm; =~ m; exists and is currently preferred
ratios. Aside from the standard line shape variablesby the data. We encourage the search for peaks in the
namely,mz, 'z, T'(Z — e"e™), and the hadronic peak ./ser distributions of the forthcoming hadronic event
cross sectiongy,q, We simultaneously fit to th& mass  samples, and the serious consideration of the proposed
and to its partial decay widths into" e~ andbb pairs. additional low luminosity runs at LEP Il energies.
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