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Abstract

We search for the pair production of doubly charged Higgs particles followed by the lepton-
flavor violating decay of each Higgs into dileptons (HfTH; =~ — ITI'T171'") using 350 pb~' of
data collected at /s = 1.96 TeV by the CDF II experiment at the Fermilab Tevatron. Both
three and four-body signatures are investigated, and the results of the searches are combined.
Assuming exclusive same-sign dilepton decays, we derive lower mass limits of 113.6 GeV/c?and
112.1 GeV/c?at the 95 % confidence level for the Hfi in the er and p7 channels respectively.
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Many extensions of the Standard Model (SM)
include enhanced Higgs sectors[l}, 2 B]. The left-
right symmetric (SU(Q)L X SU(Z)R X U(l)B_L)
extensions of the SM, for example, cast parity vi-
olation as a low-energy phenomenon by positing
a right-handed weak interaction broken above the
electroweak scale. These models predict small but
nonzero neutrino masses that are related to the
suppression of the right-handed weak current[4].
An important phenomenological feature of these
models is the prediction of doubly-charged Higgs
bosons (H**) as a part of a Higgs triplet. In su-
persymmetric frameworks these bosons may be as
light as 100 GeV/c?, and may decay primarily to
leptons[10].

The doubly-charged Higgs Bosons are anno-
tated as Hfi and Hﬁi according to their exclu-
sive coupling to left or right handed particles, re-
spectively. The only significant production mode
at the Tevatron is pp — v*/Z — Ht+H ~[10)].
The H** can couple to charged leptons, W’s, and
singly-charged Higgs. At masses below 160GeV,

spacial resolution of developing EM showers. This
subdetector, called the ’shower max detector’ is
useful for the identification of electrons and pho-
tons, and allows reconstruction of 7°’s associated
with hadronic tau decays.

We require at least three isolated leptons in
our signature in order to suppress hadronic back-
grounds such as y+Jets and W— [y;+Jets. The
events are classified according to the number of
isolated high-Pr leptons reconstructed (3 or 4)
and separate analyses are carried out for the ’3-
lepton’ and ’4-lepton’ signatures. The data for the
exclusive er search is collected by an electron +
isolated track trigger[f], which requires one energy
cluster with Er >8 GeV in the EM calorime-
ter with a matching track of at least 8 GeV/c
in Pr, as well as a second track of at least 5
GeV/c with tau-style track isolation (described
later, and in detail in [B]), both in central (pseu-
dorapidity |n| < 1) region. The integrated lumi-
nosity of the er sample is (350+ 21) pb~!. For
the p7 analysis, data is collected by a muon +

the bosonic decay-modes are phase-space suppressedisolated track trigger[5], which is identical to the

The flavor composition for leptonic decays is the-
oretically unrestricted. In this search we are in-
terested in the lepton flavor violating (LFV) de-
cay modes H** — [*7% with [ as an electron
or muon. The partial width for flavors [ and [’ is
T,y = h2,m(H**)/(87). The relevant experi-
mental bounds on phenomenological couplings A,
derive from unseen decays of muons and taus[7].
We are interested in the range hy; >107°, result-
ing in prompt decays with ¢ < 10um.

The H*# is excluded to 100 GeV/c? assum-
ing 100% branching ratio to any one dilepton de-
cay channel [IZ, [I[3]. Recent searches from the
Tevatron have resulted in more stringent limits on
the ee, ep, and pp channels [T4, [[5]. We search
for pair production of H** followed either by LEV
decays into electrons and taus or LF'V decays into
muons and taus using 350 pb~! of data collected
at /s = 1.96 TeV by the CDF II experiment at
the Fermilab Tevatron. We set the world’s high-
est mass limits for 1075 < hyprime <0.5. The mass
limits assume the H¥* production model [, and
exclusive decays into the e+7 or u+7 channels.

The CDF detector consists of (ordered by in-
creasing radius) silicon and drift tracking cham-
bers, sampling electromagnetic (EM) and hadronic
calorimeters, and outer drift chamber muon detec-
tors. The EM calorimeter has an embedded multi-
wire proportional chamber which enables better

electron + track trigger, except for the substitu-
tion of the electron with a muon (reconstructed as
a track with 8 GeV/c in Pr with corresponding
hits in the outer muon chambers). The integrated
luminosity of the ur sample is (3224 19) pb~!.
The luminosity is determined by measuring the
rate of inelastic collisions, and the associated un-
certainty has equal parts from the uncertainties
on inelastic cross section and on the acceptance
of the luminosity counters.

The base lepton requirements for the exclu-
sive electron+tau decay mode are one tight cen-
tral electron with Er+ >20 GeV and track Pr >10
GeV /¢, one loose central electron or hadronic tau-
candidate with E7 > 15 GeV, and another loose
electron or hadronic tau-candidate with Ep >
10 GeV in the pseudorapidity region || < 1.3.
For the exclusive muon+tau decay mode, the base
letpon requirements are a tight central muon with
Py > 20 GeV/c, one loose central electron or
hadronic tau-candidate with Er > 15 GeV, and
another lepton of any flavor with Er > 10 GeV.
Tight muons are required to have tracks that ex-
trapolate to hits in the outer muon detectors. Tight
electrons are required have track-cluster match-
ing, EM to hadronic calorimeter deposition ra-
tios (Em fraction), energy to momentum ratios,
and lateral shower profiles consistent with those
of electrons. Loose electrons are identical to tight



electrons but have less stringent track-cluster match-object is a well-reconstructed tau or electron, the
ing and lateral shower profile requirements. Hadronicorresponding energy-momentum measurement is

tau candidates must have 1 or 3 localized tracks,
and possibly some associated 7°’s reconstructed in
the shower max detector. The localization is de-
fined by a 3-D angle about the highest Pr track
associated with the tau. The default value for
this angle is 10°, but the angle is adjusted ac-
cording to the measured boost of the tau can-
didate. The cone defined by the angle is called
the ’signal cone’. Hadronic tau candidates must
have reconstructed masses and charges consistent
with taus. In order to suppress hadronic back-
grounds, all lepton candidates are required to be
isolated. Both muons and electrons are required
have less than 2 GeV /c of tracking activity within
a 3-D angle of 23° of the direction defined by the
track associated with the lepton. For track iso-
lation, the tau must have less than 2 GeV/c of
tracking activity between the signal cone and a
larger, 30° cone. Hadronic tau candidates must
also have less than 0.5 GeV of 7° activity be-
tween the signal cone and the larger, 30° cone.
All lepton candidates must pass track quality re-
quirements. The tracks must all pass within 2mm
of the beam line, and must also pass within 5cm of
each other at the beam line. Tracks must have a
sufficient number of hits in the drift chamber in or-
der to ensure a good measurement of momentum.
For the muon+tau analysis, a more stringent re-
quirement is made on the curvature resolution of
the highest Pr track in the event in order to avoid
mismeasurement of very high-Pt tracks. The ef-
ficiency associated with this requirement is taken
from data and is 99.3%. The efficiencies of lep-
ton reconstruction, ID and isolation requirements
are measured in data from leptonic decays of Y’s,
Z’s and W’s, and corresponding efficiencies in MC
are adjusted by scale factors if necessary. Trigger
efficiency for the electron leg is measured using a
photon conversion sample and parametrized as a
function of electron Er and Pr. The efficiency for
the track leg is measured from a jet sample and
parametrized as a function of track curvature and
isolation. The trigger efficiency for the muon leg
is taken from a Z — u*u~ sample.

After lepton ID, the event-level cuts for the
muon-+tau and electron+tau searches are very sim-
ilar. If an event has three isolated leptons, we look
for a fourth isolated lepton. The requirements
here are identical to those of the third lepton can-
didate of the muon+tau analysis. If the fourth

used rather than track momentum. Events with
four isolated leptons have fewer backgrounds than
trilepton events. Accordingly, less restrivtive cuts
apply to such events.

Events that pass three lepton selection, but do
not have an additional isolated track must pass
several event-level cuts. Various candidate event-
level quantities have been studied, and the most
potent one has been found to be the scalar sum
of lepton E7r’s plus the missing transverse energy
(Fr): Hr = S(Fr + PP, The effectiveness
of the Hy cut reflects the fact that the Ht+H——
are pair produced with considerable momentum in
the rest frame due to an overall 3% /Q? term in the
production cross section, where 8 and Q2 are the
boson velocity and the total energy respectively in
the center of mass frame.[8]. The cut value of 190
GeV has been optimized for significance in the
three-lepton signature. In order to suppress back-
grounds form Drell-Yan processes, we veto any
event with opposite-sign (OS) same flavor leptons
which make an invariant mass Mog < 30 GeV/c%.
In order to suppress Z-based backgrounds, if the
OS mass is in the range 71 GeV/c®> < Mps <
111 GeV/c? for a pair of muons or electrons, we
require the H7 to be at least 300 GeV. To re-
duce Z + 7 backgrounds, trielectron events are
required to have at least 20 GeV of Fr. This
requirement is 100% efficient on signal. Finally,
given that the maximal mass reach for H** is
115 GeV/c?, we require a mass window for the
like-sign(LS) leptons in the event: 30 GeV/c? <
Mps < 125GeV/c?. This range is 100% effi-
cient for signal, but is useful for controlling di-
boson backgrounds. The effects of these cuts on

signal and sum backgrounds are summarized in
table [

Events with four isolated tracks have very lit-
tle backgrounds, yet, it is possible to reduce the
already low backgrounds while leaving the signal
unaffected. At the event-level, we require 20 GeV
of Fr if the highest mass reconstructed with OS
particles is less than 120 GeV/c, or if the event
is consistent with having four electrons. If the
event is consistent with a Z — pu+X, we require
an Hr of 150 GeV, otherwise, and Hr cut of
120GeV is applied. These cuts are nearly 100%
efficient on signal, but reduce backgrounds by a
factor of 60%. The effects of these cuts on sig-
nal and background are summarized in table



The combined analysis acceptance for the 3-lepton
and 4-lepton channels grows linearly with H*+
mass from 8% at Mp++ = 85 GeV/c? to 14% at
M+ =135 GeV/c?.

The potential SM backgrounds listed in order
of significance are Z/v* —leptons produced in as-
sociation with hadronic jets or photons, ZZ* and
WZ* with both bosons decaying leptonically, ¢t
with leptonically decaying W’s, W decaying lep-
tonically produced in association with a hadronic
Jet, and QCD (three or more hadronic jets). For
the electron+tau signature, direct v+ hadronic
jets is also a potential background, while cosmic
rays are a potential background for the muon+tau
case.

The Z — [l+Jets process contributes 0.15
+ 0.15 events for both the muon+tau and elec-
tron+tau searches - representing almost half of
the total backgrounds. We use a Pythia MC sam-
ple consisting of over 700 separate runs, with each
run representative of beam and detector condi-
tions present during a given period of data tak-
ing. The events that fail the Z-Veto in data de-
fine a control region for this background. Com-
parisons of event yields and relevant kinemati-
cal quantities show that the MC predictions of
jet— 1, fake rate, as well as kinematical distri-
butions for the Z and recoil jets, are sufficiently
accurate. We use Pythia samples to estimate the
Z7Z* and ZW, tt, and W+jets backgrounds. The
7.7* process contributes mostly in the 4-lepton
channel. The WZ* and top process is only signif-
icant in the three-track channel. All other back-
grounds are negligable. The v+Jets contribution
is obtained by estimating the number of untagged
conversions given the number of tagged conver-
sions. The QCD backgrounds are determined by
extrapolating along the track isolation of the lead-
ing lepton. The background from cosmic rays is
suppressed by the requirements that any pair of
muons be consistent with outgoing particles that
originate at the same location and at the same
time as the rest of the leptons in the event. For
both the pu7 and et analyses, W+jets backgrounds
are estimated at 0+ 0.15 events with Monte Carlo
simulations. The total acceptance of the anal-
ysis is well below 1076 for W+jets MC, there-
fore we estimate backgrounds using events that
pass kinematical selections but fail some lepton
ID cuts, such as isolation, and scale down with
the pass/fail ratio of the lepton ID cuts. Care is
taken to account for any correlation between the

cuts that are loosened, and other analysis cuts.
This method is also applied to QCD, photon+jets,
and cosmic ray backgrounds, which also have very
small acceptances. To account for any discrepan-
cies in the fake rates of jet— 7, in data and MC,
the overall normalization of the MC is fixed in a
W-enriched control region.

Systematic uncertainties on backgrounds come
from data/MC scale factors and NLO cross section
uncertainties for diboson and top processes (8%),
and luminosity (6%). Systematic uncertainties on
signal cross section include NLO errors (7.5%), lu-
minosity (6%), and PDF uncertainty (5%). The
errors on acceptance (6%) are driven by uncer-
tainties on track isolation efficiency (4.5% and 6%
for 3 and 4-lepton channels respectively).

After checking background predictions in var-
ious control regions (those dominated by QCD,
Z, W, as well as the region Hr < 150 GeV ), we
look in the signal regions for both 3-lepton and 4-
lepton channels. We observe 0 events in both the
3-lepton and 4-lepton channels for both the ur
and er searches. Limits are set using a Baysean
method with a flat prior for signal cross section
and Gaussian priors for uncertainties on signal
and background acceptance and integrated lumi-
nosity. The 3 and 4-lepton channels are treated as
separate measurements, taking into account corre-
lated systematic uncertainties. In the calculation
of the mass limit, we use NLO and PDF uncer-
tainties for the signal cross section. We set an
upper cross section limit for the process pp —
HiTH;~ — etrte 7~ to 73.5 fb at the 95%
confidence limit (C.L.), which corresponds to a
mass of 113.6 GeV/c®. The pp - Hf TH; ™ —
urTTuT 7T process is excluded above cross sec-
tions of 78 fb at the 95% C.L., corresponding to a
mass of 112.1 GeV/c?. The exclusion curves are
shown in figure [Tl

In conclusion, we have searched for the process
pp — HFTH;~ — Y7+~ 7~ using ~ 350 pb~1
of pp collision data at /s = 1.96 TeV. The obser-
vation of 0 events in both searches are consistent
with the SM backgrounds of 0.24+0.27 events and
0.39+0.23 We set a 95% C.L. lower limit on the
HE* mass to be 113.6 (112.1) GeV/c? assuming
exclusive electron+tau (muon+tau) decays, tak-
ing into account NLO and PDF uncertainties.
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3-lepton Signal and Backgrounds
er Data Bkg HTT —er
Lepton ID 34 37.8+1.3 2.94+.11
Mps,Mos 29 35.4+1.2 2.89+.11
Z-Veto 8 9.65+0.66 2.440.09
Hy 0 0244027 1.97+0.08
ur Data Bkg: HY > ur
Lepton ID 28 30.0£1.4 3.06+
Mps,Mos 20 24.6+£1.26  2.99+0.04
Z-Veto 7 6.6+0.86 2.35+0.04
Hr 0 0.27+0.125 1.8040.03

Table 1: 3-lepton signal and background sum-
mary. The signal yields are for a 110
GeV/c?HT+.

4-lepton Signal and Backgrounds
er Data SumBkg Htt —er
Lepton ID 0 .18+.06 1.61+0.07
Z-Veto 0 0.05+0.05 1.61+0.07
Z7Z—seeee cut 0 0.04£0.05 1.60+0.07
uT Data SumBkg HTT — ur
Lepton ID 0 .25+.08 1.65+0.03
Z-Veto 0 0.14+0.05 1.64+0.03

Table 2: 4 Track Signal and Background Tally.
The Signal yields are for a 110 GeV/c2H++. The
ZZ—eeee cut requires 20 GeV of Fir if the event
is consistent with having four electrons.
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Figure 1: 95% C. L. limit curves for pp —
H**H~— — 7717 7~. The vertical lines corre-
spond to limits from experiments at LEP2[TZ, [T3]
The arrows show the limits for the two analyses
that assume exclusive electron+tau, and exclusive
muon-+tau decays.
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