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Abstract

We present measurements of the branching fractions of 3-prong and 5-prong τ decay modes using a
sample of 430 million τ lepton pairs, corresponding to an integrated luminosity of 468 fb−1, collected
with the BABAR detector at the PEP-II asymmetric energy e+e− storage rings. The τ−→ (3π)−ηντ ,
τ−→ (3π)−ωντ and τ−→ π−f1(1285)ντ branching fractions are presented as well as a new limit on
the branching fraction of the isospin-forbidden, second-class current τ− → π−η′(958)ντ decay. We
find no evidence for charged kaons in these decay modes and place the first upper limits on their
branching fractions.

PACS numbers: 13.35.Dx, 14.60.Fg177

I. INTRODUCTION178

The BABAR Collaboration has studied 3-prong and 5-179

prong τ decay modes where “prong” refers to the number180

of charged hadrons (π− or K−) in the final state (for181

example, see [1], [2]). The study of these decays was182

motivated by a search for the second-class current τ−→183

π−η′(958)ντ , which is forbidden if isospin is conserved.184

The selection criteria developed to search for second-class185

current decays are also able to identify many other rare186

or previously unobserved τ decay modes. As a result,187

we have used the large BABAR τ data sample to make188

a comprehensive study of these high-multiplicity decay189

modes.190

We present measurements of the τ− → (3π)−ηντ ,191

τ− → (3π)−ωντ and τ− → π−f1ντ branching fractions.192

Here and throughout this paper, charge conjugation is193

implied. We use the primary decay modes of the η,194

ω and f1 mesons: η → γγ, η → π+π−π0, η → 3π0,195

ω→ π−π+π0, f1→ 2π+2π− and f1→ π+π−η (note that196

the f1 meson studied in the work is the f1(1258)). No197

other narrow resonances are observed. We find that these198

modes with narrow resonances cannot account for all of199

∗Now at the University of Tabuk, Tabuk 71491, Saudi Arabia

the observed decays. We measure the branching fraction200

of the “non-resonant” decays although these decays may201

involve a broad underlying resonance. In addition to the202

new limit on the branching fraction of the second-class203

current τ−→ π−η′(958)ντ decay, we present the first lim-204

its on the allowed (first-class current) τ−→ K−η′(958)ντ205

and τ− → π−η′(958)π0ντ decays using the η′ → π−π+η206

decay mode. Finally, we present the first limits on the207

branching fractions of 5-prong decay modes in which one208

or more of the charged hadrons is a charged kaon.209

This analysis is based on data recorded by the BABAR210

detector at the PEP-II asymmetric-energy e+e− stor-211

age rings operated at the laboratory known as the SLAC212

National Accelerator Laboratory. The data sample cor-213

responds to an integrated luminosity (L) of 468 fb−1
214

recorded at center-of-mass (CM) energies of 10.58 GeV215

and 10.54 GeV. This data sample contains approxi-216

mately 430 million τ lepton pairs using the measured217

e+e− → τ+τ− cross-section of στ+τ− = (0.919 ± 0.003)218

nb [3].219

The BABAR detector is described in detail in Ref. [4].220

Charged particle momenta are measured with a five-layer221

double-sided silicon vertex tracker and a 40-layer drift222



6

chamber inside a 1.5 T superconducting solenoidal mag-223

net. A detector of internally reflected Cerenkov light pro-224

vides charged π/K separation [5] . A calorimeter consist-225

ing of CsI(Tl) crystals measures the energy of electromag-226

netic showers, and an instrumented magnetic flux return227

is used to identify muons.228

The background contamination and selection efficien-229

cies are determined using Monte Carlo simulation. The230

τ -pair production is simulated with the KK2F Monte231

Carlo event generator [6]. The τ decays, continuum232

qq events, and final-state radiative effects are modeled233

with Tauola [7], JETSET [8], and Photos [9], respec-234

tively. Dedicated samples of τ+τ− events are created235

using Tauola or EvtGen [10] where one of the τ leptons236

can decay to any mode and the other τ decays to a spe-237

cific final state. The detector response is simulated with238

GEANT4 [11]. All Monte Carlo simulation events are239

passed through a full simulation of the BABAR detector240

and are reconstructed in the same way as the data.241

II. EVENT SELECTION242

The τ pair is produced back-to-back in the e+e− CM243

frame. As a result, the decay products of the two τ lep-244

tons can be separated from each other by dividing the245

event into two hemispheres – the “signal” hemisphere246

and the “tag” hemisphere – using the event thrust axis247

[12] which is calculated using all charged particle and248

photon candidates (“neutral clusters”) in the event.249

We select events where one hemisphere (tag) contains250

exactly one track and the opposite hemisphere (signal)251

contains exactly three or five tracks with total charge op-252

posite to the tag hemisphere. The event is rejected if any253

pair of oppositely charged tracks is consistent with being254

a photon conversion. The component of the momentum255

transverse to the beam axis for each of the tracks must256

be greater than 0.1 GeV/c in the laboratory frame. All257

tracks are required to have the point of closest approach258

to the interaction region less than 1.5 cm in the plane259

transverse to the e− beam axis and less than 2.5 cm in260

the direction of the e− beam axis. This eliminates K0
S

261

mesons that decay to π+π− at points distant from the262

e+e− collision point.263

To reduce backgrounds from non-τ pair events, we re-264

quire that the momentum of the charged particle in the265

tag hemisphere be less than 4 GeV/c in the CM frame and266

be identified as an electron (e-tag) or a muon (µ-tag).267

The qq background is suppressed by requiring there be268

at most one electromagnetic calorimeter cluster in the269

tag hemisphere that is not associated to the track and270

has an energy less than 1 GeV. Additional suppression271

of the background events is achieved by requiring the272

magnitude of the event thrust to be between 0.92 and273

0.99.274

We reject events in which the invariant mass (M) of the275

charged particles, and the π0 and η candidates, all in the276

signal hemisphere, is greater than 1.8 GeV/c2. Neutral277
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FIG. 1: The γγ, π+π−π0 and 3π0 invariant mass distribu-
tions for τ− → π−π−π+ηντ decays, and the π+π−π0 invari-
ant mass distribution for τ−→ π−2π0ηντ decays in the data
sample after all selection criteria are applied. The solid lines
represent the simultaneous fit to the η peak and background.
The dashed lines show the extrapolation of the background
function under the η peak.

pion and eta candidates are reconstructed from two neu-278

tral candidates, each with energy greater than 30 MeV279

in the laboratory frame; the invariant mass of the π0 (η)280

is required to be between 0.115(0.35) and 0.150 (0.70)281

GeV/c2. Neutral pion candidates are reconstructed first282

in the signal hemisphere; the candidate with an invari-283

ant mass closest to the nominal π0 mass is selected. The284

residual neutral clusters are used to search for the η→ γγ285

candidates. If there are more than two neutral clusters,286

we select the candidate whose invariant mass is closest287

to the nominal mass [17].288

The branching fractions are calculated using B =289

NX/(2Nε) where NX is the number of candidates af-290

ter background subtraction. The number of τ pairs, N,291

is determined from the product of the integrated lumi-292

nosity times the e+e− → τ+τ− cross-section and the293
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FIG. 2: The 2π+ 2π− (top plot) and π+π−η invariant mass
distributions for τ−→ π−π−π+ηντ decays in the data sample
after all selection criteria are applied. The lower three plots
are for the η → γγ, η → π+π−π0 and η → 3π0 decays. The
solid lines represent the simultaneous fit to the f1(1285) peak
and background. The dashed lines show the extrapolation of
the background function under the f1 peak.

uncertainty is estimated to be 1%. The selection effi-294

ciencies (ǫ) are determined from the signal Monte Carlo295

samples. The uncertainty on the selection efficiencies in-296

cludes 0.5% per track on the track reconstruction effi-297

ciency, as well as particle identification (PID) selection298

uncertainties. From studies conducted on real and sim-299

ulated events, the uncertainty on the charged particle300

identification selectors are estimated to be 1% for elec-301

trons, 2.5% for muons, 0.5% for pions, and 1.8% for302

kaons. The combined electron and muon particle iden-303

tification uncertainty is estimated to be 1.6% based on304

the composition of the event samples. The uncertainty305

on the π0 → γγ and η → γγ reconstruction efficiency is306

estimated to be 3% per candidate.307

III. RESULTS308

We present measurements of τ decays to a system with309

η, f1 and ω resonances in Sections A, B, and C, respec-310

tively. Decays with these resonances cannot account for311

all three or five prong τ decays and we present measure-312

ments of the tau branching fraction through non-resonant313

modes detailed in Section D. Finally, in Sections E and314

F we present searches for τ decays containing an η′ (958)315

meson or up to two charged kaons.316

A. τ−→ (3π)−ηντ317

The τ−→ π−π−π+ηντ mode is studied in the η→ γγ,318

η → π+π−π0 and η → 3π0 final states while the τ− →319

π−2π0ηντ mode is studied in the η→ π+π−π0 final state.320

The number of decays is determined by fitting the η321

mass peak in the γγ, π+π−π0 and 3π0 invariant mass dis-322

tributions (see Fig. 1). The fit uses a Novosibirsk function323

(Gaussian distribution with a tail parameter) [13] for the324

η and a polynomial function for the background.325

The Monte Carlo simulation predicts that some of the326

events in the η peak are from e+e− → qq. Control327

samples, obtained by reversing the requirement on the328

invariant mass of the observed decay products (M >329

1.8 GeV/c2), are used to verify the background estimate.330

If the ratio of data to Monte Carlo events in the control331

sample is found to be different than unity, then the num-332

ber of background events is corrected by the ratio, and333

the statistical uncertainty of the ratio is included in the334

background systematic uncertainty. This method of ver-335

ifying the qq background is used for all decays and will336

not be mentioned in the later sections.337

The reconstruction efficiencies are determined from fits338

to the signal Monte Carlo samples. The τ−→ π−2π0ηντ339

sample is generated using a phase space model for the340

final state particles. The τ− → π−π−π+ηντ sample is341

composed of τ− → π−f1ντ (f1 → π+π−η) decays and342

decays without an intermediate resonance. The τ− →343

π−π−π+ηντ (excluding f1) and τ−→ π−f1ντ efficiencies344

are the same for η → π+π−π0 and η → 3π0, whereas a345

slight difference is observed for η→ γγ. The difference is346

added to the selection efficiency systematic uncertainty347

for the τ−→ π−π−π+ηντ decay via the η→ γγ mode.348

The three determinations of the τ− → π−π−π+ηντ349

branching fraction are found to be in good agreement350

(see Table I); the average branching fraction (inclusive of351

τ−→ π−f1ντ ) is352

B(τ−
→ π−π−π+ηντ ) = (2.25 ± 0.07 ± 0.12) × 10−4.

Hereinafter, when two uncertainties are quoted, the first353

is statistical and the second is systematic. The branch-354

ing fraction shown is the weighted average obtained by355

combining the statistical and systematic uncertainties in356

quadrature, accounting for correlations in the systematic357

uncertainties.358
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TABLE I: Results and branching fractions of τ−→ (3π)−ηντ decays

τ−→ π−π−π+ηντ τ−→ π−π−π+ηντ τ−→ π−π−π+ηντ τ−→ π−2π0ηντ

η→ γγ η→ π+π−π0 η→ 3π0 η→ π+π−π0

Branching fraction (10−4) 2.10 ± 0.09 ± 0.13 2.37 ± 0.12 ± 0.18 2.65 ± 0.28 ± 0.27 2.01 ± 0.34 ± 0.24

Data events 2887 ± 103 1440 ± 68 315 ± 34 381 ± 45

χ2/NDF 107/76 60/52 31/34 95/75

Selection efficiency (3.83 ± 0.11)% (2.97 ± 0.02)% (0.42 ± 0.01)% (0.75 ± 0.02)%

Background events 131 ± 29 65 ± 38 < 1 83 ± 12

Systematic uncertainties (%)

Tracking efficiency 2.7 3.8 2.7 2.7

π0 and η PID 3.0 3.0 9.0 9.0

Pion PID 1.5 2.5 1.5 1.5

Lepton-tag PID 1.6 1.6 1.6 1.6

L στ+τ− 1.0 1.0 1.0 1.0

Selection efficiency 3.0 4.0 2.8 2.7

Background Modeling 1.0 2.8 1.6 4.0

B(η→ γγ) 1.0 - - -

B(η→ π+π−π0) - 1.8 - 1.8

B(η→ 3π0) - - 0.9 -

Total (%) 6.3 7.4 10 11

The τ−→ π−2π0ηντ branching fraction is found to be359

B(τ−
→ π−2π0ηντ ) = (2.0 ± 0.3 ± 0.2)× 10−4.

Naively, we expect the ratio of the τ−
→ π−π−π+ηντ to360

τ− → π−2π0ηντ branching fractions to be 2 : 1 if the361

decay is dominated by the τ−
→ π−f1ντ decay mode362

(based on the f1 branching fractions [17]).363

The previous measurement of the τ− → π−π−π+ηντ364

via η→ γγ branching fraction (1.60±0.05±0.11)×10−4
365

[1] is superseded by this measurement.366

The τ−→ π−π−π+ηντ and τ−→ π−2π0ηντ branching367

fractions are in good agreement with the results from the368

CLEO Collaboration of (2.3 ± 0.5) × 10−4 and (1.5 ±369

0.5) × 10−4, respectively [14]. Li predicts a larger τ−→370

π−π−π+ηντ branching fraction of 2.93 × 10−4 [15].371

B. τ−→ π−f1ντ372

The branching fraction of τ−
→ π−f1ντ and the mass373

of the f1 meson are measured using the f1 → 2π+2π−
374

and f1 → π+π−η decay modes, where the f1 → π+π−η375

decay is reconstructed using η → γγ, η → π+π−π0 and376

η → 3π0. The criteria used to select the τ− → π−f1ντ377

decays for the branching fraction measurement were de-378

scribed earlier. We modified the selection for the mass379

measurement, dropping the requirement that the track380

in the tag hemisphere be a lepton and the restriction on381

the number of neutral clusters in the tag hemisphere, to382

increase the size of the event sample.383

) 2Mass (GeV/c
1.26 1.265 1.27 1.275 1.28 1.285 1.29

 -π 2+π 2→ 1f

 η -π +π → 1f
0π-π+π → η

0π 3→ η

γ γ → η

FIG. 3: Compilation of measurements of the f1 invariant
mass. The values shown do not include the global mass cor-
rection obtained from fits to other resonances. The solid line
is the weighted average value and the shaded area is the one-
standard-deviation region.

The number of τ−→ π−f1ντ candidates is determined384

by fitting the f1 peak in the 2π+2π− and π+π−η invari-385

ant mass distributions (see Fig. 2). The f1 lineshape is386

expected to be a Breit-Wigner distribution, modified by387

the limited phase space. Previous results show that the388

f1 → a−
0 π+ (a−

0 (980)→ π−η) appears to account for all389

the f1→ π+π−η decays [16]. The mass of the π−a0(980)390
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TABLE II: Results and branching fractions of τ−→ π−f1ντ decays

f1→ 2π+2π− f1→ π+π−η f1→ π+π−η f1→ π+π−η

η→ γγ η→ π+π−π0 η→ 3π0

Branching fractions (10−4)

B(τ−→ π−f1ντ ) 4.73 ± 0.28 ± 0.45

B(τ−→ π−f1ντ )B(f1 → π−π+η) 1.25 ± 0.08 ± 0.07 1.26 ± 0.11 ± 0.08 1.33 ± 0.39 ± 0.14

Data events 3722 ± 222 1605 ± 94 731 ± 62 197 ± 59

χ2/NDF 77/62 50/43 61/55 39/43

Selection efficiency (8.3 ± 0.1)% (3.75 ± 0.04)% (2.97 ± 0.05)% (0.53 ± 0.02)%

Systematic uncertainties (%)

Tracking efficiency 3.8 2.7 3.8 2.7

π0 and η PID - 3.0 3.0 9.0

Pion PID 2.5 1.5 2.5 1.5

Lepton-tag PID 1.6 1.6 1.6 1.6

L στ+τ− 1.0 1.0 1.0 1.0

Selection efficiency 0.6 1.1 1.6 4.1

Fit model 5.0 2.7 - -

B(f1→ 2π+2π−) 6.4 - - -

B(η→ γγ) - 0.7 - -

B(η→ π+π−π0) - - 1.2 -

B(η→ 3π0) - - - 0.9

Total (%) 9.5 5.6 6.1 11

system and the τ mass provide a lower and upper limit,391

respectively, on the f1 lineshape. We use the four-vectors392

of the charged pion and a0(980) from the EvtGen gener-393

ator to determine the f1 lineshape and find it to be a close394

approximation of the Breit-Wigner expectation. The f1395

peak is fit using this lineshape convolved with a Gaus-396

sian distribution to take into account the effects of the397

detector resolution. The results of the fits are presented398

in Table II. There is no evidence for peaking background399

from qq events or other τ decays. This is confirmed by400

selecting events above the τ mass and seeing no f1 can-401

didates in either the data and Monte Carlo samples.402

The τ− → π−f1ντ branching fraction, using the f1 →403

2π+2π− decays, is measured to be404

B(τ−
→ π−f1ντ ) = (4.73 ± 0.28 ± 0.45)× 10−4.

The result is obtained using B(f1 → 2π+2π−) =405

(11.0+0.7
−0.6)×10−2 [17].406

The product of the τ− → π−f1ντ and f1 → π+π−η407

branching fractions is measured to be408

B(τ−
→ π−f1ντ )B(f1→ π+π−η)

= (1.26 ± 0.06 ± 0.06)× 10−4,

based on a weighted average of the branching fractions409

of the three η modes. The B(τ− → π−f1ντ ) branching410

fraction is determined to be (3.59 ± 0.19 ± 0.35) × 10−4
411

after dividing the product of the branching fractions by412

B(f1 → π+π−η) = 0.35 ± 0.03 [17]. We note that the413

Particle Data Group uncertainty on B(f1→ π+π−η) de-414

creased from 0.11 to 0.03 in the 2011 partial update due415

to a re-evaluation of the existing data [17]. The signif-416

icant difference in the τ− → π−f1ντ branching fraction417

obtained using the f1→ 2π+2π− and f1→ π+π−η modes418

suggests that the f1 → π+π−η branching fraction is too419

large. As a result we measure B(f1→ π+π−η) using420

B(f1 → π−π+η) =
[B(τ−→ π−f1ντ )B(f1 → π−π+η)]

B(τ−→ π−f1ντ )

= 0.265 ± 0.022± 0.027

where a number of the systematic uncertainties cancel421

in the ratio. The largest uncertainty in B(f1→ π+π−η)422

is due to the uncertainty in the f1 → 2π+2π− branch-423

ing fraction [17] that is included in the τ−
→ π−f1ντ424

branching fraction in the denominator.425

The systematic uncertainties of the branching fractions426

are listed in Table II. We observe that the number of427

events in the f1 peak in the f1→ 2π+2π− sample varies428

by 5% for different background shapes. This variation is429

included as a systematic uncertainty. We also observe430

that the selection efficiency obtained from the Monte431

Carlo simulation has a slight dependence on whether the432

f1 decays via the f1 → a−
0 π+ or the f1→ π+π−η mode,433

and the variation is included as a systematic uncertainty434

(listed under “Fit model” in Table II).435

The τ−→ π−f1ντ branching fraction is consistent with436
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the previous BABAR measurement [1]. CLEO published437

a branching fraction of (5.8+1.4
−1.3 ± 1.8)× 10−4 [18] and Li438

predicts a branching fraction of 2.9 × 10−4 [19].439

The f1 mass is determined by fitting the peak with a440

non-relativistic Breit-Wigner function, which was used in441

previous measurements of the f1 mass [17]. As a cross442

check, we fit the energy-momentum four-vectors from the443

generator Monte Carlo simulation and the peak value is444

found to be consistent with the input mass value.445

We fit the invariant mass distribution in the fully-446

reconstructed Monte Carlo samples to determine whether447

it differs from the input mass of the Monte Carlo gener-448

ator. The largest differences are observed in the modes449

with the highest number of neutral mesons in the final450

state (see Table III). The difference is used to correct the451

value of the invariant mass of each channel obtained from452

the fit and the uncertainty in the difference is included453

as a systematic error.454

Table III and Fig. 3 show the results of the fits to455

the data. The last column of the table gives the mass456

after the application of the reconstruction correction fac-457

tor. The average of these results is Mf1
= (1.28025 ±458

0.00039)GeV/c2.459

Previous BABAR analyses have measured the invariant460

mass of resonances to be approximately 1 MeV/c2 less461

than the PDG value. This shift was observed in the462

measurement of the mass of the f1 meson [20] and the τ463

lepton [21]. The shift has been attributed to the absolute464

energy and momentum calibration of the detector. We465

measure the calibration correction factor by fitting the η,466

ω, η′, D0 and D∗− states using data samples that have467

one track in the tag hemisphere and either three or five468

tracks in the signal hemisphere. No other selection crite-469

ria are applied. The invariant mass is found to be lower470

than the known values by (−0.91±0.10) MeV/c2 and the471

value is independent of mass of the resonance. The cali-472

bration correction factor is applied to the invariant mass473

and its error is included in the systematic uncertainty.474

We determine the invariant mass of the f1(1258) meson475

to be476

Mf1
= (1.28116± 0.00039± 0.00045)GeV/c2

The systematic uncertainty includes the reconstruction477

uncertainty and the calibration uncertainty. This result478

is in good agreement with the PDG value of (1.2818 ±479

0.0006) GeV/c2 [17].480

C. τ−→ (3π)−ωντ481

We measure the τ− → π−π−π+ωντ and τ− →482

π−2π0ωντ branching fractions. The number of events is483

determined by fitting the ω peak in the π+π−π0 invari-484

ant mass distributions (see Fig. 4) with a Breit-Wigner485

distribution (the width of the ω is fixed to its nominal486

value), which is convolved with a Gaussian distribution to487

take into account the detector resolution. The resolution488
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FIG. 4: The fits to the ω peak in the π+π−π0 invariant mass
distributions for τ−→ π−π−π+ωντ and τ−→ π−2π0ωντ de-
cays in the data sample after all selection criteria are applied.
The solid lines represent the simultaneous fit to the ω peak
and background. The dashed lines show the background func-
tion under the ω peak.

parameter of the Gaussian distribution is determined us-489

ing a data control sample consisting of qq events, which490

is then fixed in the fit used to determine the branching491

fraction. A polynomial function is used to fit the back-492

ground. The results are presented in Table IV.493

Approximately 10% of the events in the τ− →494

π−π−π+ωντ channel are from backgrounds from other495

tau decays (primarily τ− → π−π0ωντ decays) and496

e+e− → qq events.497

The τ−
→ π−2π0ωντ sample has substantial contribu-498

tions from τ−→ π−ωντ and τ−→ π−π0ωντ decays. The499

background is estimated with the Monte Carlo simulation500

and verified using data and simulation control samples.501

The control samples follow the nominal selection criteria502

but select one or two π0 instead of three π0 mesons.503

The branching fractions are found to be504

B(τ−
→ π−π−π+ωντ ) = (8.4 ± 0.4 ± 0.6) × 10−5

B(τ−
→ π−2π0ωντ ) = (7.3 ± 1.2 ± 1.0) × 10−5.

The systematic uncertainties are listed in Table IV. The505

uncertainty on the τ−→ π−2π0ωντ branching fraction is506

dominated by the large contribution of the background507

decays.508

The τ− → π−π−π+ωντ and τ− → π−2π0ωντ branch-509

ing fractions agree with the results from CLEO of (1.2±510

0.2 ± 0.1) × 10−4 and (1.4 ± 0.4 ± 0.3) × 10−4, respec-511

tively [14]. Gao and Li suggest that this mode is domi-512

nated by the (πρ ω) state and predict a branching frac-513

tion in the range of 1.8− 2.1× 10−4 with the two modes514

(τ− → π−π−π+ωντ and τ− → π−2π0ωντ ) having the515

same value [22]. The result measured in this work is ap-516
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TABLE III: Results of fits for the mass of the f1 resonance in τ−→ π−f1ντ decays

Decay Mode Monte Carlo Data Data

(generator - fit) (fit) (corrected)

(GeV/c2) ( GeV/c2) ( GeV/c2)

f1→ 2π+2π− 0.00074 ± 0.00008 1.28031 ± 0.00067 1.28105 ± 0.00067

f1→ π+π−η

η→ γγ 0.00292 ± 0.00040 1.27775 ± 0.00045 1.28067 ± 0.00060

η→ π+π−π0 0.00018 ± 0.00020 1.27787 ± 0.00080 1.27805 ± 0.00082

η→ 3π0 0.00347 ± 0.00033 1.28036 ± 0.00335 1.28383 ± 0.00337
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FIG. 5: The 3π0, π+π−π0 and π−π−π+3π0 invariant mass
distributions in τ−→ π−π−π+3π0ντ decays. The prediction
of the Monte Carlo simulation are shown for the resonant
and non-resonant τ decays, and the background from other
τ decays and qq events. The resonant decays include decays
with correct topology and a resonance (η, f1 or ω) in the
final state. The contribution of the non-resonant decays is
very small for this mode.

proximately 50% of the predicted rate but the ratio of517

the two branching fractions is consistent with unity.518

D. Non-resonant decay modes519

The resonant modes, involving η, ω and f1 mesons,520

do not account for all of the observed decays. We521
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FIG. 6: The π+π−, 2π+2π− and 3π−2π+ invariant mass dis-
tributions in τ− → 3π−2π+ντ decays. The prediction of the
Monte Carlo simulation are shown for the resonant and non-
resonant τ decays, and the background from other τ decays
and qq events. The resonant decays include decays with cor-
rect topology and a resonance (η, f1 or ω) in the final state.
The non-resonant decays are generated using τ− → a−

1 ντ .
The difference between the data and Monte Carlo prediction
is discussed in the text.

consider the excess in the observed decays to be from522

“non-resonant” modes. We made no attempt to iden-523

tify the contribution of resonances with broader widths524

(> 100 MeV/c2) as the nature of these resonances is com-525

plex and their lineshape will be modified by the limited526

phase space in the τ decay. The Monte Carlo simula-527
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TABLE IV: Results and branching fractions of τ−→ (3π)−ωντ decays

τ−→ π−π−π+ωντ τ−→ π−2π0ωντ

ω→ π−π+π0 ω→ π−π+π0

Branching fractions (10−4) 0.84 ± 0.04 ± 0.06 0.73 ± 0.12 ± 0.10

Data events 2372 ± 94 1135 ± 70

χ2/NDF 55/44 42/44

Selection efficiency (3.27 ± 0.03)% (0.75 ± 0.01)%

Background 257 ± 71 709 ± 59

Systematic uncertainties (%)

Tracking efficiency 3.8 2.7

π0 and η PID 3.0 9.0

Pion PID 2.5 1.5

Lepton-tag PID 1.6 1.6

L στ+τ− 1.0 1.0

Selection efficiency 0.8 1.8

Background modeling 3.4 14

B(ω→ π−π+π0) 0.8 0.8

Total (%) 6.8 17

TABLE V: Results and branching fractions of τ− → π−π−π+3π0ντ , τ− → 3π−2π+ντ and τ− → 3π−2π+π0ντ non-resonant
decays

τ−→ π−π−π+3π0ντ τ−→ 3π−2π+ντ τ−→ 3π−2π+π0ντ

Branching fractions (10−4) 0.06 ± 0.08 ± 0.30 7.68 ± 0.04 ± 0.40 0.36 ± 0.03 ± 0.09

Data events 4094 ± 64 68985 ± 263 7296 ± 85

Efficiency (0.88 ± 0.01)% (7.98 ± 0.02)% (3.71 ± 0.03)%

Background

Resonant 1795 ± 221 4441 ± 370 4458 ± 244

Other τ decays 1681 ± 44 10621 ± 719 1315 ± 100

qq 573 ± 50 1171 ± 205 359 ± 37

Total 4050 ± 231 16233 ± 835 6132 ± 267

Systematic uncertainties (%)

Tracking efficiency 2 3.8 3.8

π0 and η PID 9 - 3.0

Pion PID 1 2.5 2.5

Lepton-tag PID 2 1.6 1.6

L στ+τ− 1 1.0 1.0

Selection efficiency 2 0.2 0.9

Background modeling 520 1.6 22.9

Total (%) 520 5.2 23.7

tion models the final states using a phase space model528

for the final state particles. The only exception is the529

τ− → 3π−2π+ντ decay where Tauola models the decay530

using τ− → a−
1 ντ [23].531

We measure the branching fractions of the non-532

resonant τ− → π−π−π+3π0ντ , τ− → 3π−2π+ντ and533

τ−→ 3π−2π+π0ντ decays. The number of events is de-534

termined by subtracting the resonant decays and back-535

ground from other τ decays and qq events from the total536

number of decays (see Table V).537

The invariant mass plots in Fig. 5 show that the res-538

onant decays dominate the τ− → π−π−π+3π0ντ mode.539
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FIG. 7: The π+π−π0 and 3π−2π+π0 invariant mass distri-
butions in τ− → 3π−2π+π0ντ decays. The prediction of the
Monte Carlo simulation are shown for the resonant and non-
resonant τ decays, and the background from other τ decays
and qq events. The resonant decays include decays with cor-
rect topology and a resonance (η, f1 or ω) in the final state.
The resonant decays can account for a large fraction of this
mode.

The background is primarily from τ− → π−π0ωντ and qq540

events. The branching fraction of the non-resonant τ−
→541

π−π−π+3π0ντ is determined to be (0.6±0.8±3.0)×10−5
542

where the first error is statistical and the second system-543

atic. The systematic uncertainty on the branching frac-544

tion is dominated by the uncertainty in the background545

which includes the Monte Carlo statistical uncertainty546

and the τ branching fraction uncertainties. The branch-547

ing fraction is consistent with zero and we set a limit548

of549

B(τ−
→ π−π−π+3π0ντ ) < 5.5 × 10−5

at the 90% confidence level.550

The τ− → 3π−2π+ντ decay, in contrast to the other551

)2 Mass (GeV/cη −π +π
0.8 0.85 0.9 0.95 1 1.05 1.1

2
E

n
tr

ie
s/

0.
00

6 
G

eV
/c

0

100

200

300

400

τν’(958) η −π → −τ

η +π −π →’(958) η
γ γ → η

)2 Mass (GeV/cη −π +π 
0.8 0.85 0.9 0.95 1 1.05 1.1

2
E

n
tr

ie
s/

0.
01

 G
eV

/c

0

20

40

60

80

100

120

τν’(958)  η −π → −τ  
η +π −π  → ’(958) η

 0π −π +π  → η 

)2 Mass(GeV/cη −π +π
0.8 0.85 0.9 0.95 1 1.05 1.1

2
E

n
tr

ie
s/

0.
01

7 
G

eV
/c

0

50

100

150

200
τν −π’(958) η → −τ

η +π −π →’(958) η
0π 3→ η

FIG. 8: The π+π−η invariant mass in τ− → π−π−π+ηντ

decays for the η→ γγ, η→ π+π−π0 and η→ 3π0 decay modes
in the data sample after all selection criteria are applied. The
fit to the η′ peak (in the top two plots) is represented by the
solid line. The solid line in the bottom plot excludes the data
point near the η′ peak. The peak in this plot indicates the
expected location and width of an η′ signal.

two modes, has only a small contribution from resonant552

decays (see Fig. 6). The branching fraction of the non-553

resonant τ−→ 3π−2π+ντ decay is determined to be554

B(τ−
→ 3π−2π+ντ ) = (7.68 ± 0.04 ± 0.40)× 10−4.

The τ− → π−π−π+ωντ (ω → π−π+γ) is considered as555

a resonant background and is not included in the non-556

resonant branching fraction. Although the modeling of557

the 3π−2π+ invariant mass distribution is not ideal, the558

selection efficiency remains the same if the Monte Carlo559

is re-weighted to resemble the data distribution. The560

decay model is a significant improvement over a phase561

space model (in which the ρ meson, observed in the π+π−
562

invariant mass distribution, would not be included) and563

further tuning of the model is required. The background564

of the qq events was checked by comparing the number565

of data and Monte Carlo events in the region above the τ566

lepton mass (M > 1.8 GeV/c2). The branching fraction567

of the τ− → 3h−2h+ντ decay (where h is either a π−
568

or K−) was measured to be (8.56 ± 0.05 ± 0.42) × 10−4
569

in a previous BABAR publication [2] using a smaller data570

sample, which used no charged particle identification and571
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the branching fraction included the contribution of the572

τ−→ π−π−π+ωντ decay.573

The τ− → 3π−2π+π0ντ decays are dominated by the574

resonant modes (see Fig. 7) and the branching fraction575

of the non-resonant τ−→ 3π−2π+π0ντ decay mode is576

B(τ−
→ 3π−2π+π0ντ ) = (3.6 ± 0.3 ± 0.9) × 10−5.

There is an excess of data in the 2π+2π−π0 invari-577

ant mass distribution near 1.4 GeV/c2, which can be578

attributed to the τ− → π−ω′(1420)ντ (ω′(1420) →579

π+π−ω), observed by BABAR in radiative return events580

[20]. The systematic uncertainty on the non-resonant581

τ− → 3π−2π+π0ντ branching fraction is dominated by582

the large uncertainty in the background (see Table V).583

Although the invariant mass distributions of the reso-584

nant modes in the Monte Carlo simulation were corrected585

to give better agreement with the data, the corrections586

made little difference to the final branching fraction. The587

other τ decays and the qq events contribute to a lesser588

extent; their contribution to the uncertainty of the back-589

ground is very small.590

The τ−→ 3π−2π+π0ντ (including ω and excluding η)591

branching fraction is (1.11 ± 0.04 ± 0.09) × 10−4. This592

branching fraction can be compared with isospin model593

predictions [24, 25]. There are three τ decay modes594

with six pions in the final state: τ− → π−π−π+3π0ντ ,595

τ− → 3π−2π+π0ντ and τ− → π−5π0ντ (there are no596

measurements of the τ−→ π−5π0ντ decay mode). There597

are four possible isospin states for six pion decays: (4πρ),598

(3ρ), (3πω) and (πρω). The relative rate of the decays599

can be used to identify the dominant isospin states. The600

approximate equality of the τ− → π−π−π+3π0ντ and601

τ− → 3π−2π+π0ντ branching fractions suggest that the602

(4πρ) and (πρω) should dominate. The limited phase603

space imposed by the τ mass suppresses the higher mass604

states and as a result we do not observe evidence of the605

ρ meson in these decays.606

E. Search for η′ (958) decays607

We next search for the τ− → π−η′(958)π0ντ , τ− →608

K−η′(958)ντ and τ− → π−η′(958)ντ decays where η′ →609

π−π+η. The first two decays are allowed first-class de-610

cays whereas the last decay is a second-class decay with611

a rate that is expected to be zero in the limit of perfect612

isospin symmetry.613

The selection efficiencies are determined using the sig-614

nal Monte Carlo samples using the criteria described ear-615

lier. The numbers of signal candidates is determined by616

fitting the η′ peak in the π+π−η invariant mass distri-617

bution with a Gaussian function where the mean and618

resolution parameters are fixed to values obtained from619

a fit to η′ mesons in a sample of qq events. In a num-620

ber of cases (both τ− → K−η′(958)ντ decays and the621

τ− → π−η′(958)π0ντ via η′ → π−π+η and η→ π+π−π0
622

decay) the statistics is too small for a fit and we count623

the number of events in the region around the η′ mass624
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FIG. 9: The K−2π−2π+, K+3π−π+, K−K+2π−π+,
K−2π−2π+π0 and K+3π−π+π0 invariant mass distributions
in the data sample after all selection criteria are applied. The
unshaded histogram represents τ decays in which a charged
pion is mis-identified as a charged kaon, and the shaded his-
tograms are primarily qq events in which there is a charged
kaon in the final state. The Monte Carlo simulation does not
include any signal decays.

and estimate the number of background events using the625

sidebands around the peak.626

The π+π−η invariant mass distribution for the τ− →627

π−η′(958)ντ decays is shown in Fig. 8. The number of628

η′ candidates is determined by the fit method for the629

η → γγ and η → π+π−π0 channels and by the counting630

method for the η → 3π0 channel. We do not show the631
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TABLE VI: Results and branching fractions of τ−→ π−η′(958)π0ντ , τ−→ K−η′(958)ντ and τ−→ π−η′(958)ντ decays

τ−→ π−η′(958)π0ντ η→ γγ η→ π+π−π0

Limit (90% C.L.) 1.4 × 10−5 1.5 × 10−5

Branching fraction (10−6) 7.8 ± 4.1 ± 1.7 0.0 ± 0.7 ± 0.9

Data events 24 ± 10 5 ± 6

Background 5 ± 7 5 ± 8

Selection efficiency (1.58 ± 0.02)% (1.00 ± 0.03)%

τ−→ K−η′(958)ντ η→ γγ η→ π+π−π0

Limit (90% C.L.) 3.9 × 10−6 4.2 × 10−6

Branching fraction (10−6) 0.5 ± 1.3 ± 0.4 1.6 ± 1.4 ± 1.2

Data events 6 ± 7 15 ± 4

Background 3 ± 4 11 ± 3

Selection efficiency (3.47 ± 0.03)% (3.09 ± 0.04)%

τ−→ π−η′(958)ντ η→ γγ η→ π+π−π0 η→ 3π0

Limit (90% C.L.) 5.7 × 10−6 9.0 × 10−6 2.1 × 10−5

Branching fraction (10−6) −1.5 ± 3.5 ± 1.8 −0.4 ± 3.9 ± 4.3 10 ± 6 ± 5

Data events 48 ± 22 44 ± 11 54 ± 7

Background 57 ± 11 45 ± 12 41 ± 6

Selection Efficiency (4.06 ± 0.34)% (3.25 ± 0.15)% (0.96 ± 0.05)%

invariant mass distributions for the τ−→ π−η′(958)π0ντ632

and τ− → K−η′(958)ντ decays. The analysis of these633

decay modes uses only the η → γγ and η → π+π−π0
634

channels (the η→ 3π0 channel was not considered due to635

the limited size of the samples).636

The results for the three decay modes are given in Ta-637

ble VI. The background from η′ mesons is attributed638

to e+e− → qq events and estimated using the Monte639

Carlo samples. The background estimation is validated640

by comparing the prediction of the Monte Carlo simu-641

lation with data for events where the invariant mass of642

all the observed final state particles is greater than the τ643

mass.644

We find no evidence for τ− → π−η′(958)π0ντ , τ− →645

K−η′(958)ντ and τ− → π−η′(958)ντ decays (see Ta-646

ble VI) and place upper limits on the branching fractions647

of648

B(τ−
→ π−η′(958)π0ντ ) < 1.2 × 10−5

B(τ−
→ K−η′(958)ντ) < 2.4 × 10−6

B(τ−
→ π−η′(958)ντ) < 5.0 × 10−6

at the 90% confidence level. The limits are deter-649

mined from the average of the branching fractions mea-650

sured for each mode. The τ− → π−η′(958)π0ντ and651

τ− → K−η′(958)ντ are potential backgrounds to the652

τ− → π−η′(958)ντ decay. We find that the background653

from these two decays is less than two events based on the654

upper limits on the branching fractions and we consider655

this background to be negligible. The previous limits on656

the τ−→ π−η′(958)π0ντ were measured by BABAR to be657

7.2×10−6 [1] and by CLEO to be 8×10−5 [18]. It is pre-658

dicted that the branching fraction of τ−
→ π−η′(958)ντ659

should be less than 1.4 × 10−6 [26].660

F. Search for charged kaonic decays661

Finally we present the first search for high-multiplicity662

τ decays with one or two charged kaons. We find no sig-663

nal decays and place upper limits on the branching frac-664

tions of the τ− → K−2π−2π+ντ , τ− → K+3π−π+ντ ,665

τ− → K−K+2π−π+ντ , τ− → K−2π−2π+π0ντ , τ− →666

K+3π−π+π0ντ and τ− → K−η′(958)ντ decay modes667

(the τ−→ K−η′(958)ντ decay was presented in an earlier668

section).669

The events are divided into topologies in which the670

charged kaon has either the same or opposite sign of the671

parent τ lepton. If there are two candidates, they must672

have opposite charge. All other tracks are required to673

be identified as charged pions. The selection criteria and674

systematic uncertainties have been described earlier. The675

requirement on the invariant mass (M < 1.8 GeV/c2) of676

the final state uses the kaon mass for tracks identified as677

charged kaons (see Fig. 9). The prediction of the Monte678

Carlo simulation is divided into decays with K− and de-679

cays without a K− (in this case a π− is mis-identified680
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as a K−). The figure does not include any signal decays681

in the Monte Carlo samples. The background estimate,682

which is the dominant systematic uncertainty, is verified683

by comparing the number of events in the data and Monte684

Carlo samples in the M > 1.8 GeV/c2 region. If the kaon685

and τ have the same charge, then the background is from686

τ decays in which a π− is mis-identified as a K− meson.687

The numbers of events selected in the data and Monte688

Carlo simulation are given in Table VII. The back-689

ground predicted by the Monte Carlo simulation is ap-690

proximately equal to the number of events in the data691

sample. There is an excess of data events in the τ− →692

K−2π−2π+π0ντ mode, but this excess extends to mass693

values above the τ mass, indicating that events are due694

to background τ decays or qq events.695

The upper limits on the branching fractions are given696

in Table VII. There are no predictions for these modes.697

We estimate that B(τ−→ K−2π−2π+ντ ) ∼ 10−5− 10−6
698

if the decay is related to B(τ− → 3π−2π+ντ ) by the699

Cabibbo angle. The τ− → 3π−2π+π0ντ decay is domi-700

nated by decays to the narrow low-lying resonances and701

the branching fraction of decay modes created by replac-702

ing a π− with K− would be highly suppressed due to the703

limited phase space.704

IV. SUMMARY705

We have presented measurements of the branching706

fractions of τ lepton decays to high multiplicity 3- and707

5-prong final states. The results are shown in Table VIII708

(note that all modes are exclusive of the K0
S

meson). The709

results are more precise than previous measurements and710

many decay modes are studied for the first time.711
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TABLE VII: Results and branching fraction of charged kaon decay modes

τ−→ K−2π−2π+ντ τ−→ K+3π−π+ντ τ−→ K−K+2π−π+ντ

Limit (90% C.L.) 2.4 × 10−6 2.8 × 10−6 4.5 × 10−7

Branching fraction (10−6) 0.6 ± 0.5 ± 1.1 1.6 ± 0.6 ± 2.4 0.30 ± 0.10 ± 0.07

Data events 1328 ± 36 1999 ± 45 32 ± 6

Background 1284 ± 72 1890 ± 163 15 ± 4

Selection Efficiency (7.9 ± 0.1)% (7.9 ± 0.1)% (6.7 ± 0.1)%

τ−→ K−2π−2π+π0ντ τ−→ K+3π−π+π0ντ

Limit (90% C.L.) 2 × 10−6 8 × 10−7

Branching fraction (10−6) 1.0 ± 0.4 ± 0.4 −0.6 ± 0.5 ± 0.7

Data events 112 ± 11 154 ± 12

Background 87 ± 10 170 ± 16

Selection Efficiency (2.9 ± 0.1)% (2.9 ± 0.1)%

(2009).785
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TABLE VIII: Summary of branching fractions (excluding K0
S)

Mode Branching fraction

Resonant decays

τ−→ π−π−π+ηντ (including f1) (2.25 ± 0.07 ± 0.12) × 10−4

τ−→ π−π−π+ηντ (excluding f1) (1.00 ± 0.09 ± 0.13) × 10−4

τ−→ π−2π0ηντ (including f1) (2.0 ± 0.3 ± 0.2) × 10−4

τ−→ π−f1ντ (4.73 ± 0.28 ± 0.45) × 10−4

τ−→ π−f1ντ via f1→ π+π−η (1.26 ± 0.06 ± 0.06) × 10−4

f1→ 2π+2π− 0.265 ± 0.022 ± 0.027

τ−→ π−π−π+ωντ (8.4 ± 0.4 ± 0.6) × 10−5

τ−→ π−2π0ωντ (7.3 ± 1.2 ± 1.0) × 10−5

Non-resonant decays

τ−→ 3π−2π+ντ (excluding ω, f1) (7.68 ± 0.04 ± 0.40) × 10−4

τ−→ π−π−π+3π0ντ (excluding η, ω, f1) (0.6 ± 0.8 ± 3.0) × 10−5

τ−→ π−π−π+3π0ντ (excluding η, f1) (16.9 ± 0.8 ± 4.3) × 10−5

τ−→ 3π−2π+π0ντ (excluding η, ω, f1) (3.6 ± 0.3 ± 0.9) × 10−5

τ−→ 3π−2π+π0ντ (excluding η, f1) (1.11 ± 0.04 ± 0.09) × 10−4

Inclusive decays (including η, ω, f1)

τ−→ π−π−π+3π0ντ (2.03 ± 0.18 ± 0.37) × 10−4

τ−→ 3π−2π+ντ (excluding ω) (8.33 ± 0.04 ± 0.43) × 10−4

τ−→ 3π−2π+π0ντ (1.65 ± 0.05 ± 0.09) × 10−4

η′ (958) decays (90% upper level confidence limit)

τ−→ π−η′(958)π0ντ 1.2 × 10−5

τ−→ K−η′(958)ντ 2.4 × 10−6

τ−→ π−η′(958)ντ 5.0 × 10−6

Kaonic decays (90% upper level confidence limit)

τ−→ K−2π−2π+ντ 2.2 × 10−6

τ−→ K+3π−π+ντ 2.8 × 10−6

τ−→ K−K+2π−π+ντ 4.5 × 10−7

τ−→ K−2π−2π+π0ντ 2 × 10−6

τ−→ K+3π−π+π0ντ 8 × 10−7


