
It can be shown that the matrix, M , of the transformation is orthogonal MT = M−1
1173

and detM = 1, which defines a rotation in Euclidean space.1174

B Dictionary of variables1175

B.1 Vertex isolation1176

We take the mother particle of the decay and add other tracks to its daughters 1 by 1,1177

building a new vertex χ2 (see Fig. 91).1178

Figure 91: Schematic representation of the vertex isolation method.

The following variables are built:1179

• VTXISONUMVTX: number of other tracks in the event for which the new vertex1180

fit χ2 < 9;1181

• VTXISODCHI2MASSONETRACK: smallest difference in χ2 when adding 1 track;1182

• VTXISODCHI2MASSTWOTRACK: smallest difference in χ2 when adding 1 track1183

to the combination that had the smallest ∆χ2 when adding 1 track;1184

• VTXISODCHI2MASSONETRACK: invariant mass of the tracks used to build the1185

VTXISODCHI2MASSONETRACK variable;1186

• VTXISODCHI2MASSTWOTRACK: invariant mass of the tracks used to build the1187

VTXISODCHI2TWOTRACK variable.1188

B.2 Cone isolation1189

An isolation cone is built around a head particle from tracks whose angular distance1190

from the head particle is, R =
√
η2 + ϕ2 = 0.5, 1.0, 1.5, 2.0, where ϕ is the azimuthal1191

angle and η is the pseudorapidity. From the isolation cone all of the particle’s daughters1192

are excluded (see Fig. 92) and isolation variables are built with the remaining particles.1193

Charged-cone (CC) variables are concerned with the charged tracks within the isolation1194

cone while neutral-cone (NC) variables are concerned with the neutral objects inside this1195

cone.1196

The following variables are used:1197

• DELTAETA, DELTAPHI: ∆η and ∆ϕ between the vector sum momentum of the1198

isolation cone tracks and the head of the cone. For a cone size of 0.5, the DELTAETA1199

variable peaks at 0 and at around 3. The peak around 3 is caused by cases in which1200

the isolation cone is empty, for which DELTAETA is simply the eta of the head1201
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Figure 92: Schematic representation of the isolation cone.

particle. The eta of the head particle peaks around 3. For larger cone sizes, the peak1202

at 3 is reduced because the probability of having an empty isolation cone decreases.;1203

• IT:
pT,head

pT,head+cone
. When the isolation cone is empty, IT is 1.;1204

• MAXPT E,PT,PX,PY,PZ,Q: properties of the object inside the isolation cone with1205

the maximum pT;1206

• MULT: multiplicity of the objects inside the cone;1207

• PASYM,PTASYM,PXASYM,PYASYM,PZASYM: phead−pcone

phead+pcone
, where p is replaced1208

by pT , px, py and pz, accordingly. When the isolation cone is empty, the PASYM1209

variables are 1.;1210

• PX,PY,PZ: total momentum of the objects in the isolation cone;1211

• SPT: scalar summed pT of the objects inside the isolation cone;1212

• VPT: vector summed pT of the objects inside the isolation cone.1213

B.3 Track isolation BDT1214

Track isolation discriminates signal against partial reconstructed background by checking1215

that the underlying tracks in each event are not coming from a selected candidate.1216

Tracks in each event are divided into 3 categories which are schematically represented1217

in Fig. 93:1218

• Selected tracks: tracks coming from a selected candidate (red);1219

• Isolating tracks: any track that is not coming from a selected candidate (black);1220

• Non-isolating tracks: tracks that are coming from the same vertex as the selected1221

candidate (purple)1222

Track isolation is implemented with machine learning techniques: a BDT is trained1223

with geometric variables that help discriminating isolating from non-isolating tracks. The1224

BDT is trained on the Bs → Kµν decay with 5 input features:1225

• FC =
pNiso track+µ/K θ

pNiso track+µ/K θ+pT,Niso track+pT,µ/K
;1226
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Figure 93: Schematic representation of the track definition in the track isolation tool.

• θ: angle between the non-isolating track and the muon/kaon track;1227

• LOG(DOCA): logarithm of the distance of closest approach (DOCA) between the1228

non-isolating track and the muon/kaon track;1229

• PVDIS: distance between the PV and the non-isolating track vertex;1230

• distance between the vertex of the mother of the non-isolating track and the PV.1231

The BDT is trained on 3 samples with 3 different backgrounds:1232

• Bsµν → Dsµν → KKπµν (1);1233

• B± → J/ψK± → µµK± (2);1234

• Bsµν → K∗+µ−ν → K+π0µ−ν (3).1235

The BDT is then applied to the 7 tracks of our decay (6 pions + kaon) to check1236

whether there are non-isolating tracks coming from the same vertex as the signal tracks.1237

The following variables are created:1238

• Bp TRKISOBDTFIRSTVALUE: BDT output when using background sample 1;1239

• Bp TRKISOBDTSECONDVALUE: BDT output when using background sample 2;1240

• Bp TRKISOBDTTHIRDVALUE: BDT output when using background sample 3.1241

B.4 Vertex isolation BDT1242

A BDT is trained to evaluate how isolated the daughter tracks of a certain particle are1243

from other tracks in the event. The BDT is trained on 3 different decays:1244

• Λ∗
c → Λcπ

+π− (1);1245

• B+ → D∗τ+ (2);1246

• Λb → pµ (3);1247
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where the Λc daughters, the D∗ daughters and the proton form the candidate in cases1248

(1), (2), and (3), respectively, and the π+π−, the τ+ and the µ form the extra track,1249

respectively. The background sample is form by every other track n the event. The BDT1250

can either be trained on hard or soft extra track(s).1251

The following variables are used as input features in the BDT:1252

• 1 − (1 − cos θ)0.2, where θ is the opening angle between the candidate momentum1253

and the extra track(s). The transformation, x→ (1−x)0.2 is done to avoid the peak1254

at 1 in the cos θ distribution;1255

• log (ptrackT ), where ptrackT is the transverse momentum of the extra track(s);1256

• log (minχ2
IP PV ), where χ2

IP PV is the impact parameter χ2 of the extra track(s)1257

with respect to the PV. The minimum is taken from all the PVs in the event;1258

• log (χ2
IP SV ), where χ2

IP SV is the impact parameter χ2 of the extra track(s) with1259

respect to the candidate’s mother decay vertex;1260

• log (∆χ2
FD PV ), where ∆χ2

FD PV is the difference in the candidate’s mother flight1261

distance from the PV χ2 with and without the extra track(s);1262

• ∆R =
√

(∆η)2 + (∆ϕ)2, where ∆R is the angular distance between the candidate1263

and the extra track(s). ∆R0.2 is used to avoid the peak at 0;1264

• The flight cosine variable defined as FC = |p⃗track+p⃗candidate|α
|p⃗track+p⃗candidate|α+pT,candidate+pT,track

, where1265

α is the angle between the candidate’s flight direction and the total momentum of1266

the candidate and the extra track(s).1267

The BDT output is computed for each decaying particle in the tau decay (candidate):1268

B+, τ+, τ−, forming the variables:1269

• Bp VTXISOBDTHARDFISRTVALUE: BDT output when using sample (1);1270

• Bp VTXISOBDTHARDSECONDVALUE: BDT output when using sample (2);1271

• Bp VTXISOBDTHARDTHIRDVALUE: BDT output when using sample (3).1272

B.5 Tau isolation BDT1273

A BDT is trained on B0 → K∗0τ+τ− events giving separation between signal tracks1274

(ST) (from the B0 → K∗0τ+τ− decay) and non-signal tracks (NST) (all other tracks in1275

the event). The BDT was originally created for the B0
s → µ+µ− analysis, later to the1276

B0
s → τ+τ− analysis and finally it was re-optimized for the B0 → K∗0τ+τ− analysis. For1277

B0 → K+τ+τ−, we used the output of the BDT trained on B+ → K∗0τ+τ−, whereas for1278

the normalisation channel we use the output of the BDT trained on B0
s → τ+τ−. The1279

NST are divided in non-isolating tracks, i.e. tracks coming from a decay vertex that is1280

part of the signal’s decay chain, and isolating tracks, i.e. tracks coming from other vertices1281

in the event.1282

For each NST, a common vertex with the ST, V , is defined as the midpoint along the1283

line of closest approach of the two tracks. For the BDT, the following input features are1284

used:1285
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• min d/σd, where d is the distance between the NST and the PV and σd is the1286

corresponding uncertainty. The minimum is found among all the PVs in the event;1287

• pT of the NST;1288

• angle between the NST and the ST;1289

• fc = |pST+pNST |α
|pST+pNST |α+pST

T +pNST
T

, where α is the angle between the total momentum of1290

the NST and the ST and the direction between the PV and V ;1291

• the distance of closest approach (DOCA) between the NST and the ST;1292

• the distance between V and the B+ decay vertex;1293

• the distance between V and the PV.1294

The isolating tracks are used as the signal proxy and the non-isolating tracks are used as1295

the background proxy. Tracks with high BDT values (isolating tracks) are likely to come1296

from the signal candidate whereas tracks with low BDT values are likely to come from1297

background.1298

a, b and c are defined as the number of tracks in the event with BDT < −0.09,1299

BDT < −0.05 and BDT < 0, respectively. The following variables are created for τ+1300

and τ− in B+ → K+τ+τ− / for D̄0 and D+
s in the normalisation channel:1301

• ISOBDTFIRSTVALUE: a+ 100b+ 1000c;1302

• ISOBDTSECONDVALUE: sum of the BDT values for all tracks with BDT < −0.05;1303

• ISOBDTTHIRDVALUE: sum of ISOBDTSECONDVALUE and the minimum of1304

the BDT values of all tracks in the event.1305
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