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Evidence for X(3872) → ψ(2S)γ in B±
→ X(3872)K± decays, 1

and a study of B → ccγK 2
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2Universitat de Barcelona, Facultat de Fisica, Departament ECM, E-08028 Barcelona, Spain78

3INFN Sezione di Baria; Dipartmento di Fisica, Università di Barib, I-70126 Bari, Italy79
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76IFIC, Universitat de Valencia-CSIC, E-46071 Valencia, Spain 158

77University of Victoria, Victoria, British Columbia, Canada V8W 3P6 159

78Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom 160

79University of Wisconsin, Madison, Wisconsin 53706, USA 161

In a search for B → ccγK decays, where cc includes J/ψ and ψ(2S), and K includes charged,
neutral and excited (K∗(892)) kaons, we find evidence for the radiative decays X(3872) → J/ψγ
and X(3872) → ψ(2S)γ with a statistical significance of 3.8σ and 3.2σ respectively. We measure the
product of branching fractions B(B±

→ X(3872)K±)·B(X(3872) → J/ψγ) = (2.9±0.8±0.2)×10−6

and B(B±
→ X(3872)K±) ·B(X(3872) → ψ(2S)γ) = (8.5±2.8±1.0)×10−6 where the uncertainties

are statistical and systematic, respectively. These results are obtained from (465 ± 5) million BB
decays collected at the Υ (4S) resonance with the BABAR detector at the PEP-II B Factory at SLAC.
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PACS numbers: 14.40.Gx, 13.20.Gd, 13.25.Gv162

The X(3872) state discovered by the Belle Collabora-163

tion in the decay B± → K±π+π−J/ψ [1] is now well164

established [2]. It has recently been observed decaying165

to D0D∗0 [3]. BABAR has also seen evidence for the de-166

cay X(3872) → J/ψγ, a result which implies positive167

C-parity [4]. An angular analysis performed by CDF [5]168

indicates that the X(3872) state has a quantum number169

assignment JPC = 1++ or 2−+.170

A variety of theoretical interpretations [6] exist for171

the X(3872), including exotic QCD proposals such as172

a D0D∗0 molecule [7], or a diquark-antidiquark state173

[8]. The X(3872) is not considered to be a conventional174

charmonium state since the only two obvious options,175

χc1(2
3P1) or ηc2(1

1D2), are disfavored by its low mass176

and its decay to J/ψγ, respectively. While D0D∗0 molec-177

ular proposals can accommodate decays to J/ψγ, decays178

to ψ(2S)γ are presupposed to proceed via annihilation179

of the uu quarks, for which the branching fraction is ex-180

pected to be very small [10]. The χc1(2P ) state could181

potentially decay to ψ(2S)γ at a rate many times higher182

than to J/ψγ [9].183

We present a study of the decay B → XK, where184

the notation X represents any state decaying radiatively185

to J/ψγ or ψ(2S)γ (the χc1,2 and X(3872) states in186

particular), and K encompasses K±, K0
S
, K∗± (892)187

and K∗0 (892). We consider J/ψ decaying to e+e− or188

µ+µ−, and ψ(2S) decaying to e+e−, µ+µ− or J/ψπ+π−.189

Kaons are required to decay to final states consisting of190

charged particles; K0
S
→ π+π−, K∗± → K0

S
(π+π−)π±,191

and K∗0 → K±π∓.192

The data sample for this analysis consists of (465± 5)193

million BB pairs collected with the BABAR detector at194

the PEP-II asymmetric e+e− collider. This represents195

424 fb−1 of data taken at the Υ (4S) resonance. The196

BABAR detector is described in detail elsewhere [11].197

The choice for most of the selection criteria values is198

optimized using simulated Monte Carlo (MC) samples by199

maximizing nS/
√
nS + nB, where nS and nB are numbers200

of signal and background events, respectively. For pur-201

poses of optimization, we make the assumption that the202

branching fractions for X(3872) to J/ψγ and ψ(2S)γ are203

the same and equal to the previous measurement [4].204

The J/ψ → e+e− candidates are formed with205

electrons (and bremsstrahlung photons) with 2.96 <206

m(e+e−(γ)) < 3.15 GeV/c2. Candidates for J/ψ →207

µ+µ− require a muon pair with 3.06 < m(µ+µ−) <208

3.13 GeV/c2. The ψ(2S) → ℓ+ℓ− candidates are209

reconstructed in a similar manner, requiring 3.61 <210

m(e+e−(γ)) < 3.73 GeV/c2 and 3.65 < m(µ+µ−) < 3.72211

GeV/c2. The ψ(2S) → J/ψπ+π− candidates are com-212

posed of J/ψ candidates decaying as described but with213

a tighter mass requirement of 3.01 < m(e+e−(γ)) < 3.15214

GeV/c2. To form a ψ(2S), the J/ψ candidate is mass-215

constrained to the nominal PDG value [12] and combined 216

with a pair of oppositely charged tracks requiring 0.4 < 217

m(π+π−) < 0.6 GeV/c2, 3.68 < m(J/ψπ+π−) < 3.69 218

GeV/c2, and all three particles to be constrained to the 219

same decay vertex. 220

The X → ccγ candidate is reconstructed from a mass- 221

constrained J/ψ (ψ(2S)) candidate combined with a pho- 222

ton with an energy Eγ greater than 30(100) MeV. Ad- 223

ditional selection criteria are applied to the shape of the 224

lateral distribution (0.001 < LAT < 0.5) [13] and az- 225

imuthal asymmetry (as measured by the Zernike moment 226

(A42 < 0.1)[14]) of the photon-shower energy deposited 227

in the electromagnetic calorimeter. For X → J/ψγ, the 228

radiative γ candidate is rejected if, when combined with 229

any other γ from the event, it has an invariant mass con- 230

sistent with the π0 mass, 124 < mγγ < 146 MeV/c2. 231

The K0
S

candidates are reconstructed from the decay 232

to oppositely charged tracks within ±17 MeV/c2 of the 233

nominal K0
S

mass [12], and the significance of the dis- 234

tance of the reconstructed vertex from the primary ver- 235

tex must be > 3.7σ. The charged excited kaons, K∗±
236

(892), are reconstructed from their decay to K0
S
π±, with 237

K0
S

candidates as defined above. Neutral excited kaons, 238

K∗0 (892), are reconstructed from their decay to K±π∓. 239

The excited kaons are required to fall within the mass 240

range 0.7 < m(K∗) < 1.1 GeV/c2. For K0
S
, K∗±, and 241

K∗0 candidates associated with X → ψ(2S)γ, additional 242

requirements are placed on their χ2 vertex probability, 243

P (χ2) > 0.001, > 0.02 and > 0.002, respectively. 244

The final B candidate is formed from an X candidate 245

and a kaon constrained to the same vertex. To identify 246

B candidates, we use two kinematic variables, mB and 247

mmiss. The unconstrained mass of the reconstructed B 248

candidate mB =
√

E2
B/c

4 − p2
B, where EB and pB are 249

obtained by summing the energies and momenta of the 250

particles in the candidate B meson. The missing mass is 251

defined through mmiss =
√

(pe+e− − p̂B)2, where pe+e− 252

is the four-momentum of the beam e+e− system and p̂B 253

is the four-momentum of the B candidate after applying 254

a B mass constraint. These variables are uncorrelated 255

by construction, and are advantageous for analyzing B 256

decays in which a particle in the final state has poorly 257

measured energy (e.g., a photon). Events with a cor- 258

rectly reconstructed B decay should have values equal 259

to the nominal B mass [12] for both kinematic variables. 260

A loose requirement of 5.2 < mmiss < 5.3 GeV/c2 for B 261

candidates is applied. For X → J/ψ (ψ(2S))γ events, we 262

require mB to be within +30
−36 (±20)MeV/c2 of the nom- 263

inal B mass [12]. Our B candidate selection is further 264

refined by imposing criteria on the χ2 probability for the 265

B vertex; for all X → J/ψγ modes P (χ2) > 0.0001, 266

and for X → ψ(2S)γ modes, P (χ2) > 0.01 for the K±
267

mode, > 0.002 for the K0
S

mode, and > 0.05 for both K∗
268
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modes. The ratio of the second and zeroth Fox-Wolfram269

moments (R2 < 0.45) [15] is used to separate isotropic B270

events from typically anisotropic continuum background271

events. Once a B candidate has been established, it and272

its daughter decays are refit with the B mass constrained273

to the known value [12].274

We perform a one(two)-dimensional unbinned ex-275

tended maximum-likelihood (UML) fit to mmiss (and276

mK∗ , if applicable), and then use the sPlot formalism277

[16] to project our signal events into mX , the invariant278

mass of the X candidate. The sPlot of the UML fit dis-279

plays the number of B → XK signal-like events as a280

function of mX . We extract the number of signal events281

for a given decay mode by fitting this resultantmX distri-282

bution with MC-determined Gaussian shapes for signal283

events plus a linear shape to account for peaking back-284

ground events. Only the height of the Gaussian peak285

and the parameters of the linear component are allowed286

to float in the fit to mX .287

The signal event probability density functions (PDFs)288

are determined from MC-simulated B → χc1K and B →289

X(3872)K events. Only reconstructed events matching290

the true generated decay chain particles are used to pa-291

rameterize the signal PDFs. The mmiss distribution is292

modeled with a Crystal Ball function [17], mX with a293

single Gaussian for the χc2 decay modes and narrower294

“core” Gaussian plus a second wider Gaussian sharing295

the same mean for all other signal modes, and mK∗ with296

the convolution of a Breit-Wigner and a Gaussian. The297

PDF shapes for B → χc2K are taken to be the same as298

χc1, with the exception of the mX distribution.299

The background PDFs are fitted to events from generic300

B+B−, B0B0, qq (q = u, d, s, c), and τ+τ− MC samples.301

The backgrounds are dominated by events from BB de-302

cays that include a J/ψ or ψ(2S) in their decay chain.303

Based on MC, the important backgrounds to theX(3872)304

decay modes are found to be of the type B → J/ψK(∗)(π)305

and B → ψ(2S)K(∗)(π), where a random photon is306

picked up by the reconstruction and/or a pion is lost or307

gained in the reconstruction. “Cross feed” events where308

one signal mode is misreconstructed as another (mainly309

K plus π to form K∗, or vice versa), are found to be310

a negligible source of background. Background from the311

misreconstruction of X(3872) → J/ψπ+π− decays is also312

found to be negligible.313

For the B± → XK± and B0 → XK0
S

decay modes,314

the background in mmiss consists of two parts: a “flat”315

combinatoric component modeled with an ARGUS func-316

tion [18], and a peaking component that shares the Crys-317

tal Ball parameterization used for signal events. These318

backgrounds are modeled as linear in mX .319

The K∗ decay modes have three background compo-320

nents: events that peak in mmiss but are flat in mK∗321

(“non-resonant”) and vice versa (“K∗ combinatoric”),322

and those that do not peak in either distribution (“com-323

binatoric”). The peaking mmiss and mK∗ distributions324

use the same parameterization and values found by fit- 325

ting for the signal modes. The non-peaking mmiss dis- 326

tributions are fit with an ARGUS function, while the 327

non-peaking mK∗ distribution is modeled with a linear 328

function. The two combinatoric background types are 329

similarly flat inmX , while the non-resonant backgrounds, 330

typically B → XKπ, have both a flat and peaking com- 331

ponent in mX . However, because these non-resonant 332

events are not signal-like in both mmiss and mK∗ , they 333

are not present in the sPlot projection in mX . 334

The effectiveness of the signal extraction method is 335

validated on MC samples for χc1,2 and X(3872) signal 336

events, and toy samples generated from the MC back- 337

ground distribution. Successful performance of the fit is 338

verified on simulated datasets assuming nS and nB from 339

the known branching fractions and efficiencies. For the 340

X(3872) and χc2 modes, we test the signal extraction 341

covering the range from a null result up to the B(B → 342

χc2K) upper limits [12] or using B(X(3872) → ψ(2S)γ) 343

several times higher than B(X(3872) → J/ψγ). Small 344

biases found in the results of the MC fit validation are 345

applied as a correction to the determination of the effi- 346

ciency and final results. 347

The efficiency is determined by calculating the fraction 348

of the events generated in MC simulation that survive the 349

analysis selection criteria and are returned by the fitting 350

procedure. Standard BABAR corrections are applied to 351

account for particle identification differences found be- 352

tween simulation and data. These corrections are at the 353

level of a few percent. The efficiencies for each mode are 354

given in Table I. 355

We calculate the branching fraction for each decay 356

mode using B(B → XK) = NS/(NBB× ǫ×f) where NS 357

is the bias-corrected number of signal events from the fit 358

to the mX sPlot, NBB is the number of BB pairs in the 359

data set, ǫ is the total signal extraction efficiency, and 360

f represents all secondary branching fractions. The fit 361

results and derived branching fractions are summarized 362

in Table I. 363

For B(B → χc1K), the largest source of systematic 364

uncertainty is due to the uncertainties on the secondary 365

branching fractions beyond the control of this analysis (∼ 366

6%); the second-most is uncertainty associated with par- 367

ticle identification (∼ 4%). In the case of B0 → χc2K
∗0, 368

the largest systematic error by far comes from a lack of 369

adequate MC for determining the fit efficiency (∼ 20%). 370

For the remaining B → χc2K and B → X(3872)K decay 371

modes, statistical uncertainty tends to completely domi- 372

nate systematic effects. ForX(3872) → J/ψγ, the largest 373

source of systematic uncertainty is due to uncertainties 374

associated with particle identification (∼ 4%). The pre- 375

dominant systematic uncertainty for X(3872) → ψ(2S)γ 376

comes from MC/data differences in modeling the back- 377

ground mmiss and mX shapes (∼ 11%). 378

Figure 1 shows the fit to mX in the mass range 379

3.411 < mX < 3.611 GeV/c2. We observe all of the ex- 380
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TABLE I: Summary of the analysis results. NS is the bias-
corrected number of signal events extracted from the mX

sPlot, σ is the statistical significance defined as square root
of the difference in χ2 values between the fit result to the
data and a result assuming zero signal events, ǫ is the total
efficiency for the decay mode, and Derived B is the measure-
ment (with 90% confidence level upper limit in parentheses)
of B(B → χc1,2K) or B(B → X(3872)K) · B(X → ccγ) with
statistical and systematic uncertainty.

Decay Mode NS σ ǫ(%) Derived B

χc1 ×10−4

χc1K
± 1021 ± 35 31 11.0 4.6 ± 0.2 ± 0.3

χc1K
0 242 ± 16 14 8.7 4.1 ± 0.3 ± 0.3

χc1K
∗± 71 ± 13 4.9 5.7 2.7 ± 0.5 ± 0.3

χc1K
∗0 255 ± 25 11 7.9 2.5 ± 0.2 ± 0.2

χc2 ×10−5

χc2K
± 14.4 ± 7.7 1.8 12.3 1.0 ± 0.6 ± 0.3(< 1.8)

χc2K
0 6.5 ± 3.9 0.6 11.0 1.5 ± 0.9 ± 0.3(< 2.8)

χc2K
∗± 1.4 ± 4.7 0.2 4.2 1.2 ± 4.3 ± 6.2(< 13)

χc2K
∗0 40.6 ± 10.5 3.6 8.6 6.4 ± 1.7 ± 1.7

X(J/ψ γ) ×10−6

X(3872)K± 23.3 ± 6.4 3.8 14.5 2.9 ± 0.8 ± 0.2
X(3872)K0 5.4 ± 3.6 1.4 11.0 2.6 ± 1.7 ± 0.2(< 4.9)
X(3872)K∗± 0.6 ± 2.3 0.0 6.9 0.7 ± 2.6 ± 0.1(< 4.7)
X(3872)K∗0 2.8 ± 5.2 0.8 10.4 0.7 ± 1.4 ± 0.1(< 2.8)

X(ψ(2S)γ) ×10−6

X(3872)K± 21.9 ± 7.2 3.2 10.4 8.5 ± 2.8 ± 1.0
X(3872)K0 8.0 ± 3.8 2.0 8.4 11.5 ± 5.5 ± 1.1(< 19)
X(3872)K∗± 1.6 ± 3.0 0.6 5.0 5.5 ± 10.4 ± 8.4(< 21)
X(3872)K∗0

−1.4 ± 3.3 − 6.7 −1.3 ± 3.1 ± 0.5(< 4.4)

pected B → χc1K decay modes and find good agreement381

with previous measurements, in all cases improving upon382

the existing results. We find 3.6σ statistical evidence for383

B0 → χc2K
∗0, and set upper limits for the remaining384

B → χc2K decays.385

Fits to mX in the range 3.772 < mX < 3.972386

GeV/c2 are shown in Fig. 2 for decays to J/ψγ. We387

confirm evidence for the decay X(3872) → J/ψγ in388

B± → X(3872)K±, measuring B(B± → X(3872)K±) ·389

B(X(3872) → J/ψγ) = (2.9 ± 0.8(stat.) ± 0.2(syst.)) ×390

10−6 with a significance of 3.8σ. This value is in good391

agreement with the previous BABAR result [4], which it392

supersedes, and represents the best measurement of this393

branching fraction to date. We find no significant signal394

for B → X(3872)K,X(3872) → J/ψγ in the other decay395

modes.396

Figure 3 shows the fit to the mX distribution for X →397

ψ(2S)γ in the range 3.772 < mX < 3.972 GeV/c2. In our398

search for X(3872) → ψ(2S)γ in B± → X(3872)K±, we399

find the first evidence for this decay with a significance400

of 3.2σ. We derive B(B± → X(3872)K±) ·B(X(3872) →401

ψ(2S)γ) = (8.5± 2.8(stat.)± 1.0(syst.))× 10−6. We find402

no significant results in any of the other decays modes in403

this search.404

Finally, in Fig. 4, we present the mX distribution405
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FIG. 1: sPlot projection of the number of signal events versus
mX for (a) B±

→ χc1,2K
±, (b) B0

→ χc1,2K
0

S , (c) B±
→

χc1,2K
∗±, and (d) B0

→ χc1,2K
∗0. The solid curve is the fit

to the data.
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FIG. 2: sPlot projection of the number of extracted sig-
nal events versus mX for (a) B±

→ X(3872)K±, (b)
B0

→ X(3872)K0

S , (c) B±
→ X(3872)K∗±, and (d) B0

→

X(3872)K∗0, where X(3872) → J/ψ γ. The solid curve is the
fit to the data.

above 3.8 GeV/c2. The results from all decay modes in 406

this analysis have been summed together without cor- 407

recting for branching fractions or efficiency. While the 408

X(3872) signal features prominently, there are no indi- 409

cations of any other signals. 410
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FIG. 3: sPlot projection of the number of extracted sig-
nal events versus mX for (a) B±

→ X(3872)K±, (b)
B0

→ X(3872)K0

S , (c) B±
→ X(3872)K∗±, and (d) B0

→

X(3872)K∗0, where X(3872) → ψ(2S)γ. The solid curve is
the fit to the data.
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FIG. 4: sPlot projection for the entire mX range above
3.8 GeV/c2, summing all modes in this analysis.

In summary, we present first evidence for the decay411

X(3872) → ψ(2S)γ in B± → X(3872)K±, and updated412

measurements of the X(3872) → J/ψγ, and B → χc1,2K413

decays. We find evidence of B0 → χc2K
∗0, an expect-414

edly factorization-suppressed decay [19], although we see415

no evidence for decays of this type in the other χc2K416

decay modes. Taking the statistical and systematic er-417

rors in quadrature, we find a ratio of B(X(3872)→ψ(2S)γ)
B(X(3872)→J/ψγ) =418

3.0± 1.3. Comparing to the branching fraction B(B± →419

X(3872)K±) [20] with the errors again in quadrature,420

we find the ratios B(X(3872)→J/ψγ)
B(X(3872)→J/ψπ+π−) = 0.3 ± 0.1 and421

B(X(3872)→ψ(2S)γ)
B(X(3872)→J/ψπ+π−) = 1.0 ± 0.4. This relatively large422

branching fraction for X(3872) → ψ(2S)γ is generally 423

inconsistent with D0D∗0 molecular interpretations of the 424

X(3872), and could indicate a significant amount of cc- 425

D0D∗0 mixing [9]. 426
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