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Two-lepton tales: Dalitz decays of heavy quarkonia
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We study the Dalitz decays of heavy quarkonia, which result from the internal virtual photon conversion
into an £7¢~ lepton pair. Heavy-quark symmetries allow us to establish systematic relations between
transitions of different quarkonium states and to precisely determine the branching fractions for several
charmonium and bottomonium decay modes. For charmonium, existing data on y.;(1P) — J/w£" ¢~ and
W (2S) = y.;(1P)¢* ¢~ enable us to determine the parameters of the transition form factors and to predict
the rates of yet-unobserved modes. The Dalitz transitions of y.;(3872) are important, as they can help
assessing the structure of this meson. For bottomonium, recent LHCb measurements allow us to predict the
branching fractions of y,,;(nP) — Y(1S)¢*¢~ and h,(nP) — n,(18)¢+¢~ (n = 1, 2). We also investigate
the sensitivity of heavy quarkonia Dalitz modes to the contribution of a new light vector mediator, such as

the putative X(17).

DOI: 10.1103/6wdr-trdf

I. INTRODUCTION

The Dalitz decays of mesons [1], electromagnetic
process where a virtual photon converts into a charged
lepton pair (known as the internal photon conversion
mechanism), are important probes of hadron structure.
Inspection of the Review of Particle Properties [Particle
Data Group (PDG)] indicates that several Dalitz modes
have been observed and studied in detail for light
mesons [2—4]. Conversely, only a few measurements are
available in the charmonium sector and none in the
bottomonium sector. Nevertheless, there is a substantial
interest in the Dalitz modes of heavy quarkonia. These
processes are valuable to study QCD properties, specifi-
cally the consequences of spin symmetry emerging in the
heavy quark limit [5,6]. Moreover, they can aid in assessing
the structure of controversial states, with y.;(3872) meson
[formerly X(3872)] being the prime example. An addi-
tional motivation is their potential sensitivity to non-
Standard-Model contributions, as the contribution of light
vector mediators very feebly coupled to Standard Model
(SM) particles, which are generally referred to as dark
photon (y’) or dark Z. The hypothetical X(17), whose
existence has been invoked in connection with the
ATOMKI anomaly [7], is one of such examples.
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For pointlike particles, the M’ — Mt ¢~ decay distri-
bution (where £ is a charged lepton) can be computed in
terms of the radiative branching fraction Bq(M' — My)
and of a QED factor Fogp which depends on g%, the
squared lepton pair invariant mass. For extended hadrons, a
transition form factor (TFF) must be included in the
expression of the decay distribution,

dB(M' - M¢+¢7)
dq?

/ll/z(mi,l,, mi;, q*)
Al/z(mi,l,, m2,, 0)

x Forn(?)If (4. (1)

= Brad<Ml - M)/)

with 1 the triangular function. f(g?) is the transition form
factor normalized to f(g*> = 0) = 1 [4,8]. It is sensitive to
the structure of the particles involved in the decay and must
be determined in a nonperturbative QCD approach or by
comparing the spectrum to measurement.

For heavy quarkonia, the symmetries that emerge in the
large heavy quark (HQ) mass limit establish relationships
among the decay modes of different states. These symmetries
allow us to utilize existing measurements to predict the rates
of unobserved decays. Furthermore, the connections of the
Dalitz rates to the radiative ones are useful to gaining
additional information about y.;(3872) meson through
Dalitz processes. The relationship involves the measured
radiative branching fraction B, = B(y.,(3872) — J/yy),
as well as B, = B(y.;(3872) = y(2S)y) and their ratio
B,/B,. The availability of both the electron and muon
channels doubles the set of accessible observables.
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We discuss the application of the heavy quark symmetries
to heavy quarkonia to determine radiative and Dalitz decay
amplitudes in Sec. 11, after a derivation of Eq. (1). Section III
presents an analysis of charmonia and bottomonia Dalitz
modes with predictions relevant for ongoing and future
experimental investigations. Section IV contains a study
of the potential contribution of a light new vector mediator in
two specific charmonium Dalitz channels and an assessment
of the precision required to achieve sensitivity to this effect.
We conclude with a summary.

II. DALITZ DECAYS OF HEAVY QUARKONIA

A. Dilepton mass distribution in Dalitz decays

To apply Eq. (1) to heavy quarkonia exploiting the
relation between Dalitz and radiative modes, we derive this
expression in a straightforward way [4]. Consider the decay
M'(p' = mypv') = M(p = myw)¢~ (ky)¢* (ky) where M’
and M are heavy quarkonium states of mass m,, and m,,
and 4-velocity +' and v, respectively. The internal photon
conversion amplitude

AM' — M£=¢") = (ieeg) (M(v)| Oy QM' (v'))

_lg v N —
qzﬂ (—ie)itg (ki )y ve(ksy)

= —ie*eg MV i}’” (2)

involves the matrix element M* of the quark vector current
MH = (M(v)|Qy*QIM'(v')), with Q the heavy quark of
charge eey, (e is the positron charge). ¢ = p’ — p is the
virtual photon momentum, and L" is the leptonic current.
The ¢? distribution for a decaying particle of spin J reads

A~ o)

dq?
1 aeQ 172
N T 4N /’ ) F
a 4m2
F(q*)]> = X MAM?,

(the sum is over the hadron spins), and m, the lepton mass.
This can be written as

Z PR

dq
=I(M - M}/)/Wz( mips iy )| F(®)
M2(m2,,m3,,0) | F(0)
a 4m?
X —— (2m% + ¢? i (4
37[44( 4 ) q )

where

1 ae2Q
QI+ 1)am},

(M- My) = A2 (miy.m3 0)[F(0)] (5)

is the radiative decay width. Equation (1) is obtained

defining f(¢*) = %’{)Z)) and

a 4
Foep(q?) = g 2m3 + ¢*)y /1 - —=. (6)

The relationship between Dalitz modes and radiative modes
is useful to extract information on Dalitz processes using
existing results on radiative modes, and vice versa. For
heavy quarkonia, the analysis is further enhanced by
exploiting the symmetries arising in QCD in the heavy
quark limit."

B. Heavy quark symmetries and radiative
decays of quarkonia

In the heavy quark limit, the radiative decays of quarkonia,
important for the description of the Dalitz modes as wit-
nessed by Eq. (1), can be described in an effective Lagrangian
approach. The effective Lagrangian is built on the basis of the
symmetries holding in QCD in the infinite mass limit
mg — oo (the heavy quark HQ limit) [6].

The QCD Lagrangian in the HQ limit is obtained
defining the field h,(x) = e™e"*P_Q(x), where Q is
the HQ field in QCD and v is the heavy quark 4-velocity.
The field £, is obtained through the velocity projector
P, =Y<L h, = P, Q,and satisfies the condition yh, = h,.
The QCD Lagrangian for the heavy quark Q can be written
in terms of /,, as an expansion in m, Q , with the leading term
in the expansion (the heavy quark effective theory (HQET)
Lagrangian),

‘CHQET = ljlvl.’li . th (7)

D is the QCD covariant derivative. For N, heavy flavors,
the Lagrangian (7) is invariant under SU(2N) spin/flavor
rotations. The next-to-leading terms in the heavy quark
expansion can be systematically included, and they break
the spin/flavor symmetry. The subleading operators are
suppressed by powers of k/mg, where k is a residual
momentum of O(Aqcp) introduced to take into account
that the HQ is off shell writing its momentum as
p =mgov+ k. At O(1/my), two operators arise:

Is aﬁ Gaﬁ

1 - 1 -
) = —h, (i} )*h —h
L v(lpl) v 2 2

h,, (8
g o (8)

'Dalitz decays of open charm mesons are discussed in Ref. [9].
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the HQ kinetic energy operator due to the residual
momentum k, and the chromomagnetic operator due to
coupling of the HQ spin to the gluon field. Both the
operators break the flavor symmetry, and the second one
also breaks the heavy quark spin symmetry. Such properties
have extensively been applied in the analysis of hadrons
comprising a single heavy quark [5]. However, for systems
comprising a heavy quark-antiquark pair, the heavy quar-
konia, the flavor symmetry cannot be exploited even at the
leading order in the expansion [10]. The reason is that for
two heavy quarks with the same velocity diagrams describ-
ing their gluon exchanges are affected by infrared diver-
gences that can be regulated going beyond the leading
order in the HQ expansion, including of the kinetic
energy operator. Nevertheless, the HQ spin symmetry still
survives.

A consequence of the spin symmetry is that in the heavy
quark limit hadrons differing for the HQ spin orientation
are degenerate, and they can be treated in a unified way
collecting them in spin multiplets. The degeneracy is
broken starting from terms of O(1/my), i.e., from the
chromomagnetic operator. Heavy-light mesons can be
organized in spin doublets, the two states obtained in
correspondence to the two orientations of the spin of the
heavy quark. For QQ systems, both the spin of the heavy
quark and of the heavy antiquark can be rotated, and the
spin multiplets contain a number of states which depends
on the relative orbital angular momentum L between
the heavy quarks. We are interested in L = 0 (S-wave)
states, that can be organized in a spin doublet, and L =1
(P-wave) states organized in a spin quartet. The two
multiplets can be represented as follows [11,12]:

(i) L =0 doublet.

1+ 11—y
=2y, Hes @)

(i) L =1 quartet.

V46 (o i
JH = T {Hg( Ya T %eﬂaﬁyvayﬁHW

1 b
+7§(7”—7J”)H0+K’1‘75}T- (10)

v* is the heavy quark four-velocity, with the transversality
condition v,J# = 0. Hy and K, are the effective fields for
the members of the multiplets with total spin J = A.

In terms of the spin multiplets, effective Lagrangians can
be constructed to describe the heavy quarkonium phenom-
enology. We use the effective Lagrangian describing
radiative decays of heavy quarkonia in the soft-gluon-
exchange approximation [13]. The electric dipole radiative
transitions of members of P-wave multiplet to members of
the S-wave doublet, with the orbital angular momentum of

the decaying and of the produced quarkonium differing by
AL =1, are described by the effective Lagrangian

Lypoms = 8y "STr[J(mS)J,(nP)lv, F* +H.e., (11)

where n and m are radial quantum numbers, J = y°J 70,
and F* is the electromagnetic field strength tensor. 55"
indicates the single coupling governing the transitions from
the quartet of P states with radial quantum number 7 to the
doublet of S states with radial quantum number m, for
mesons comprising the heavy quark Q. This Lagrangian is
invariant under parity (P), charge conjugation (C), and time
reversal (7') transformations,

JH1-HL —P>;/OJMMML70 (12)

JH1-bL _C> (_1)L+lc[Jﬂl-~ﬂL]TC (13)
I -1

JH L—»—TJMMMT , (14)

where C = iy?y? and T = iy'y>. Moreover, the Lagrangian
(11) is invariant under heavy quark spin transformations,
that for a generic L-wave multiplet J*1-#¢ read

SU(2)s,
Jripe 5 S gHyH ST (15)

S and S’ belong to SU(2), , the group of heavy quark spin
rotations, and satisfy the relations [S, ] = [S', ] = 0. The
spin symmetry implies that the single coupling constant
8¢S describes all transitions between QQ states in a nP
multiplet to the states in a mS doublet [13-15]. The
expressions of the corresponding decay widths are col-
lected in the Appendix.

The AL = 0 magnetic dipole transitions among mem-
bers of the S-wave doublets are instead governed by the
effective Lagrangian

Losoms = é’és’”STr[j(mS)GWJ(nS)]F”” +Hec., (16)

which is invariant under P, C, T transformations but
violates the spin symmetry [16]. The resulting expression
of the decay width [15] is also reported in the Appendix.

The effective Lagrangians (11) and (16) can be exploited
to analyze the radiative heavy quarkonia transitions, to
verify the accuracy of the HQ limit, to determine the
couplings from the measured radiative rates, and to predict
unmeasured decay widths [15]. They can also be used to
get information on the structure of debated states. For
example, the comparison of the computed radiative
decay rates y.;(3872) — w(1S,2S)y with measurements
supports the identification of y.(3872) as y.(2P) [15].
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TABLE L

Measured branching fractions of radiative and Dalitz decays of charmonium and bottomonium states [2].

M - M B(M' — My)

B(M' — Mu*tu~) B(M' — MeTe™)

Xeo(1P) = J/w
Xea(1P) = J/y
Xe2(1P) = J/wr

(1.41 +0.09) x 1072
(343 +1.3) x 1072
(19.54+0.7) x 1072

h(1P) — 5. (60 £ 4) x 1072
w(2S) = xco(1P) (9.75 +0.22) x 1072
w(28) = x1(1P) (9.75 £0.27) x 102
w(28) = x2(1P) (9.38 4+ 0.23) x 1072
Xc1(3872) = J/w (7.8 +£2.9) x 1073

Xpo(1P) = Y(15)
X (1P) = T(15)
X2(1P) = Y(1S)
hy(1P) = 1, (1S)

Xp0(2P) = Y(15)
X (2P) = T(15)
X02(2P) = Y(1S)
hy(2P) = 1,(1S)

(352 £2.0) x 1072
(18.0 & 1.0) x 1072
(5218) x 1072

(3.8 4+1.7) x 1073
(9.9 + 1.0) x 1072
(6.6 +0.8) x 1072

)
)
)
)
)
)
)
(1.94 4+ 0.27) x 1072
)
)
5)
) X
)
)
(22 £5) x 1072

<1.9x%x 1073
(233 +£0.29) x 10
(2.07 +0.34) x 10~

(1.34 +0.30) x 10~
(3.46 +0.24) x 1073
(2.20 £ 0.15) x 1073

(1.05 +0.25) x 1073
(8.5+0.7) x 107
(6.8 +0.8) x 10~

The framework based on spin symmetry can also be applied
to the heavy quarkonium Dalitz modes.

III. HEAVY QUARKONIUM DALITZ MODES

The L = 0 charmonium and bottomonium spin doublets
are (n.(nS),w(nS)) and (n,(nS), Y(nS)), with JPC =
(0=, 177) and radial quantum number n. For L = 1, the spin
multiplets comprise four states (¥.(5)0, Xe(b)1: Xe(b)2> Me(s))
with JP€ = (0*+, 17+, 2%+, 177). The available data quoted
in Ref. [2] for the radiative and Dalitz branching ratios are
collected in Table I. Only in a few cases, the rates of both
channels are known. The Dalitz branching ratios are not known
for most modes; in particular, no measurement is available for
bottomonium, even though some processes have been
observed. In our analysis, we systematically make use of
Eq. (1) relating the Dalitz decay distribution and the radiative
branching fraction.

A. Charmonium 1P — 1§ Dalitz decays

The transitions from the charmonium 1P quartet to the
1.8 doublet, for which more abundant data are available, can
be used to verify the results based on the heavy quark limit
and to predict the branching fractions of unmeasured Dalitz
modes. The missing information is about the transition
form factor f(g?) that should be computed by nonpertur-
bative QCD methods or using models [19]. An alternative
approach, that we follow here, is to bound the TFF using
data. Inspired by vector meson dominance arguments, we
choose a simple pole parametrization

*The radiative decay modes of h,,(1P) and y. (1P) are
analyzed by lattice QCD in Refs. [17,18].

f(qz): 2 (17)

which involves the mass parameter a. We assume this form
in the full kinematical range of the momentum transferred
to the lepton pair, 4m2 < g*> < (myy — my;)?. Considering
that the range of ¢ is quite narrow, the parameter a should
be regarded as an effective quantity describing the slope of
the transition form factor in the kinematical region acces-
sible in Dalitz decays, rather than as the mass of a physical
vector resonance.

Integrating the distribution 5—82 in (1), one obtains
the Dalitz branching fraction depending on B4 and on
the mass parameter a. The linear dependence on the radiative
B4 gives the excursion for the Dalitz branching ratio:
Bmin(M/ _)Mf+l/ﬂ_) :B(Cl, Brad _ABrad)’ Bmax(M/_)
M) =B(a,Bag+ ABrag), with AB,,4 the error on Biyq.

The radiative widths computed using the effective
Lagrangian (16) and collected in the Appendix, when
compared to measurement, confirm that the single coupling
01p1s governs the 1 P — 1S transitions for all members of the
initial quartet decaying to states in the final doublet [15]. In the
heavy quark limit, the matrix elements of the current QI"Q
(with I" a Dirac matrix) between two quarkonium states for g*
close to g2, can be related [11]. Such relations can be
extended to the full kinematic range for the narrow phase
space of the Dalitz decays to muons. Moreover, in the HQ
limit, the mass splitting among the states belonging the various
multiplets vanishes. The consequence is that the mass
parameter a in (17) is the same for all 1P — 1S transitions.

The value of a can be obtained from data. For the
transitions y.(1P) — J/w and y.,(1P) — J/y, both the
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radiative and the Dalitz branching fractions are measured,
and a is constrained requiring that the range [B,(M' —
MEYE™), B (M - M¢t¢7)] overlaps with the exper-
imental range in Table I. The obtained intervals are further
restricted minimizing y> = (B(a) — Bexp)?/ 0%, With B(a)
the prediction for B(M’ — Mu*u~) obtained for the central
value of the radiative By, By, and o, the Dalitz
branching fraction and error in Table I. We use the meson
masses quoted in Ref. [2]. From the mode y.(1P) —
J/wutu~, we obtain a. = 0837 GeV; from
Xe2(1P) = J/wutp~, we have a., = 0.717013 GeV. As
expected, the pole mass parameters in the two modes are
close to each other. In correspondence to a.; and a,,, the
computed branching fractions of the muon and electron
modes are

B(yei(1P) = J/yutu=(ete™))
= (234 4£0.10) x 1074((3.06 £0.12) x 1073)  (18)

B(ye(1P) = J/yu*u=(ete™))
= (2.06 £ 0.10) x 1074((1.83 £ 0.08) x 10-3).  (19)

Because of the larger phase space for the dielectron
channel, the extension of the HQ limit to the whole
kinematical range is expected to produce a less satisfactory
agreement with measurements in case of electrons. Using
together the measured B(y. (1P) - J/yu p~) and
By (1P) = J/wu'pu~), we obtain

a. =0.77 +0.10 GeV, (20)

the value we use for all 1P — 1§ transitions.

The computed branching fractions are collected in
Table II; some of them are predictions for unobserved
1P — 1S charmonium modes. The uncertainties quoted in
Table II are mainly due to the errors for the branching ratios
of the radiative decays, which cancel out in the ratios
between the muonic and the electronic decay rates. For this
reason, in Table II, we do not quote the error for

%. The BESII measurements %:

(6.73£0.51£0.50) x 1072, FE2=IVI)— (9.40:£0.79 +

1.15)x 1072, and the upperbound%m< 14x 1072

(at 90% C.L.) [20], in which the systematic uncertainties
largely cancel out, agree with the results in Table II.

For B(y.o(1P) — J/weTe™), the obtained value favor-
ably compares with the average in Table I. The prediction
for B(y.o(1P) = J/wutu~) is also compatible with the
upper bound reported in the same Table. For the Dalitz
decays of h.(1P), no result is quoted in Ref. [2]. An
analysis by the BESIII Collaboration reports the measure-
(h (1P)—n (1S)e*e™)
B(h.(1P)-n.(1S)y)
depending on the &, production mechanism [21]. Two
possibilities are considered: &, producted via w(3686) —
ete"h., which gives R = (0.46 4 0.12 4 0.05) x 1072,
and h, produced through ete™ — ztz~h,, which gives
R = (0.89 £0.19 +0.09) x 1072, Combining the two
results, the average is quoted: R = (0.59 + 0.10 & 0.04) x
1072, where the first error is statistical and the second is
systematic. Using the radiative branching fraction in
Table I, this corresponds to B(h.(1P) — n.(1S)eTe™) =
(3.540.9) x 1073, The prediction in Table II is marginally
consistent with this experimental result, which, however,
suffers from the method to obtain it.

For the modes y. (1P) = J/yu"u~ and y.,(1P) —
J/wutu~, the BESII Collaboration has measured the
branching fraction, respectively, in four and five bins of
g*, determining in each bin the transition form factor [20].
In Fig. 1, we compare the result obtained using a,;, d.,
(magenta regions), and a, (dark blue regions) to the BESIII
measurement (binned cyan regions). The effect of the
transition form factor also emerges considering the ratios

Rﬁf’y = % With the expression (17), we obtain

R, =8.4x107%, R{¢,=9.0x107%, and R, =9.2x 107,
to be compared to the measurements Rffy|exp:
(9.5+1.940.7)x 1073, Rffy|exp:(10.1i0.3j:0.5)x10‘3,
and RS, 11.34+0.4£0.5) x 107* [22]. For con-
stant TFF, f(¢*) = 1, the computed ratios are systemati-
cally reduced: R, =82x107°, R{, =8.6x107,
and R$¢, = 8.8 x 1077

The M, ,- distributions of y.;(1P) — w(1S)ete™ have
been measured in the full kinematic range for J = 1, 2 [22],
and recently with higher precision in the low range up to
0.12 GeV for J =0, 1, 2 [23]. Figures 2 and 3 show the
comparison of the distributions obtained using Egs. (1),
(17), and (20) (setting a suitable normalization in the

ment of the ratio R =2 with result

|exp = (

TABLE II. Computed branching fractions of 1P — 1§ charmonium Dalitz modes using the TFF in (17) and the
pole mass parameter in (20).

M~ M B(M' — My ) B(M' > Me*e”) )
Xeo(1P) = J/w (4.02 £0.26) x 107° (1.2£0.1) x 107 3.4 %1072
1 (1P) = J )y (2.47 £0.09) x 107* (3.08 £0.12) x 1073 8.0 x 1072
X2 (1P) = J /)y (1.8540.08) x 10~ (1.80 4-0.08) x 1073 10.3 x 1072
h.(1P) =, (8.7+£0.6) x 107 (5.9+£04)x 1073 14.7 x 1072
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XetP)= Iy ™

f(g)

0.06 0.08 0.10 0.12 0.14 0.16
q* [GeV’]

FIG. 1.

Xe2(IP)= Iyt ™

0.05 0.10 0.15 0.20

Transition form factor f(g?) for y. (1P) — J/wutu~ (left panel) and y.,(1P) — J/wu"u~ (right panel). The binned cyan

regions are the BESIII results [20]. The magenta regions are obtained using Eq. (17) with the values a.; and a., determined
independently for the two modes, and the blue regions are obtained for the common value a. in (20).

Xc1(IP) = I/ e™e”

1000 T T T
S 100¢
()
=
wv
= 10¢
i<
=
()
>
54 1
0.1 1 " " " " 1 " " " " 1 " " " " 1 " " 1
0.0 0.1 0.2 0.3 0.4
Me* e‘[GeV]

Xc2(1P) = Iy e e”
1000 T T

T

100

Events/(5 MeV)
>

00 o1 02 03 04
M .+ -[GeV]

FIG.2. M, distributions for y.;(1P) — J/weTe™ (J = 1, 2) in the full kinematical range, computed using the TFF in (17) and the
pole mass parameter in (20) (continuous line), compared to the BESIII data [22].

various cases) with the measured spectra. Overall agree-
ment is found. The enhancement near the real photon
production is clearly observed. In the case of y.,(1P) and
X2 (1P), there is an apparent excess of events in the
dielectron mass distribution for low M ,,-; see Fig. 3.
This is a warning that we shall discuss in the last section.

We conclude with acomment on the size of the corrections
expected for the predictions based on the heavy quark spin
symmetry. Such a comment also applies to the processes
analyzed in the following. The breaking of the heavy quark
spin symmetry affects the radiative amplitude at zero recoil
and the extrapolation in the dilepton invariant mass, which is
extended for the dielectron mode to a kinematical range
broader than the range of the dimuon mode. A quantitative
assessment of the size of such effects must be based on
explicit calculations in a QCD based framework, and it is not
affordable within the present approach. However, informa-
tion on the heavy quark spin breaking effects comes from the
spectrum of the decaying particles. Using the central values
of the masses quoted by PDG, the spin-spin and spin-orbit

parameters entering in the hyperfine and fine mass splittings
are Agg ~ —2 MeV and A; g ~ 44 MeV for the 1P charmo-
nium quartet, Agg ~ 0.1 MeV and A; ¢ ~ 16.4 MeV for the
1P, and Agg ~ —0.01 MeV and A; g ~ 11 MeV for the 2P
bottomonium quartet. This amounts to effects of the order
102 for the 1P charmonium and 10~ and 10~ for the 1P
and 2P bottomonium quartets. It is reasonable that the
corrections to decay amplitudes at zero recoil are not
exceedingly larger; the available data on the radiative widths
confirm this. As for the extrapolation in ¢, it is reassuring
that the same value of the pole mass parameter a obtained in
the dimuon case reproduces the spectrum in the dielectron
case in the case where a comparison is possible,
Xe12(1P) = J/wutu=(eTe™). This suggests that the ratios
quoted in Table II are robust.

B. Charmonium 2S — 1P Dalitz decays

Among the transitions from the 2§ doublet to the 1P
quartet, measurements are available for the widths of the
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FIG.3. M, distributions for y.;(1P) — J/we*e™ (J = 0, 1, 2) in the low range of dilepton mass, computed using the TFF in (17)
and the pole mass parameter in (20) (continuous line). The dots are the BESIII measurement [23].

decays y(2S) - y.;v and of the Dalitz modes y(2S) —
xesete” (J =0, 1, 2) in Table I. No data are available
for Dalitz decays to muons. The measured B(y(2S) —
YeseTe”) can be used to determine the TFF mass
parameter:

dens = 0.2867090 GeV. (21)

Y(2S) = xc1(1P) e*e”
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0 ‘
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wv
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& F
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s i
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The comparison of the M,+,- distribution obtained with
this TFF, setting a suitable normalization, with the spectra
measured by BESIII [22], shown in Fig. 4, supports the
statement that the same transition form factor enters in
both the modes w(2S) — y.12(1P)e"e™. The small value
obtained for a, ,g is responsible of the agreement mainly
for large dielectron invariant mass.
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FIG.4. M,-,- distributions of y/(2S) — y.;(1P)e*e™ (for J = 1, 2) in the full kinematical range, computed using the TFF in (17) with
the parameter in (21) (continuous line), compared to the BESIII data [22].
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TABLE III. Branching fractions of charmonium 2§ — 1P and
2P — 1S Dalitz decays computed using spin symmetry relations.
For y.1(2P), see the discussion in the text. For y.(2P) and
h.(2P), the uncertainties of the input data (when available) are
too large to obtain predictions.

M - M BM' - Mu*tu~) B(M' — Me"e™)
w(2S) = xeo(1P)  (1.514£0.04) x 107 (11.1£0.3) x 107*
w(2S) =z (1P) (246 +0.07) x 1075 (7.6 +0.2) x 10~

w(25) = xo(1P)  (1534+0.04) x 1074 (6.6 +0.2) x 107

1c(25) = he(1P)

Xe1(2P) = J/w
Xe2(2P) = J ]y

(42+1.7)x 1073
(1.6 £0.7) x 1073

(134+0.5) x 107

)

)
(5.740.9) x 107°

)

) (2.9+0.9) x 107

)
)
(135 +0.2) x 107
)
)

With the parameter (21), we compute the branching
fractions in Table III. For 7.(2S), no measurement is
available. Using the expressions in the Appendix, the
HQ spin symmetry relations allowed us to predict
B(1.(28) = h.(1P)y) = (0.20 £ 0.03) x 1072 [15]. With
this result and the mass parameter in (21), we obtain the
predictions for B(5,.(2S) — h.(1P)u"p~) and B(5.(2S) —
h.(1P)e*e™) in Table IIL

C. Charmonium 2P — 1§ Dalitz decays

The 2P — 1§ transitions are of interest since they
involve the debated state y.(3872). If x.(3872) is
identified with y ., (2P), a piece of information comes from
the measured B(y.,(3872) — J/wy) in Table 1. Exploiting
the HQ relations, using meson masses and widths in
Ref. [2] and the expressions in the Appendix, this meas-
urement implies3

By (2P) = J/wy) = (40+1.8) x 107*.  (22)
In the HQ limit, the TFF mass parameter a is expected
to be the same for y.(2P) —» J/wy¢ ¢~ and y.,(2P) —

J/w¢T¢~. Imposing a conservative bound
+ —_
B(ﬂm( ) = J/ypt o)
we obtain
a.,p = 0.826 GeV. (24)

This allows us to compute the branching fractions of
the Dalitz modes y.;,(2P) — J/y reported in Table III.
For the y.(2P) and h.(2P) Dalitz modes, the input
data (when available) are too uncertain to derive
predictions. In the case of y.(2P) decay, a further con-
tribution to the y.(2P) — J/wf"¢~ amplitude comes

This value updates the result in Ref. [15] due to a slight
change of the datum for B(y,;(3872) — J/wy) used as input.

from y.; (2P) = J/w(p°, w) = J/w&* ¢~ 1t involves the
isospin-violating y.(2P) — J/yp® mode observed for
¥c1(3872), the branching fraction of which is quoted in
Ref. [2] and is connected to the tale of the p° line shape
(the intermediate virtual @ is too narrow for providing a
relevant effect). To estimate such a contribution, we
compute the y.;(2P) — J/w¢ "¢~ branching fraction tak-
ing into account only the p®-exchange amplitude. We use a
constant transition form factor and a p° mass 0.5 MeV away
from the nominal value. We obtain results about a factor of
2 smaller than those quoted in Table III, both for the
electron and muon mode. This implies that this contribution
cannot be neglected, mainly because the relative phase with
respect to the internal photon conversion amplitude is not
known. A possibility to account for this contribution is to
double the errors quoted in Table III. The study of the g>
distribution would allow us to isolate the vector meson-
exchange contribution, since an enhancement is foreseen in
the end point ¢> region.

Let us conclude with a comment on the identification of
xc1(3872) with y.;(2P). Our description of a Dalitz decay
relies on (1) the radiative width of the parent state, (2) the
TFF associated with the process y.;(3872) — wy*, and (3)
the QED conversion form factor describing the virtual
photon decay into a lepton pair. The QED form factor is
determined by electrodynamics; it is insensitive to the
internal structure of the decaying resonance. Any depend-
ence on the structure enters through the radiative decay
amplitude and the TFF.

In our analysis, since experimental radiative branching
ratios are used as input, the single Dalitz decay rate does not
directly discriminate among different interpretations.
Nevertheless, information on the structure is encoded in
the pattern of radiative transitions within a heavy—quark
spin multiplet: heavy-quark spin symmetry (HQSS) pre-
dicts correlations among radiative decay amplitudes of
states belonging to the same multiplet and holds for a
conventional . (2P) assignment. In contrast, if the
¥c1(3872) had a dominant molecular or multiquark com-
ponent, radiative transitions would receive contributions
not only from the heavy quark pair but also from other light
degrees of freedom. In that case, the HQSS-based corre-
lations among radiative widths would not necessarily hold,
and deviations from the predicted multiplet relations can be
expected. The alignment of the predictions obtained using
HQSS for the radiative decay rates with recent measure-
ments supports the conventional interpretation.

The transition form factor may depend on the structure of
the decaying state. However, in the kinematic region
relevant for Dalitz decays, the virtual photon invariant
mass is restricted to relatively small values. The TFF, which
is normalized at ¢g> = 0, is expected to vary slowly with the
photon virtuality. Possible differences between a charmo-
nium configuration, a molecular, a multiquark, or a mixed
scenarios could manifest in a different ¢> dependence.
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Quantifying such effects requires a dedicated dynamical
calculation within a specific model for the internal structure
of y.1(3872), each one predicting a shape of the form
factor. Such an analysis goes beyond the present work, it
would be a topic for an investigation focused on the
differences between Dalitz decays of conventional and
exotic mesons. The measurement of the ¢? distribution in
Xc1(3872) = w£ ¢~ will add information on the under-
lying transition dynamics, giving in future new elements to
discriminate among different interpretations of y.,(3872).

D. Bottomonium 1P — 1S and 2P — 1S Dalitz modes

For bottomonium, there are no measurements of y;,; and
h;, Dalitz decay widths. A piece of information has been
provided by the LHCb Collaboration with the analysis of
Zp12(1P) = Y(18)utu~ and of the analogous modes for
2P excitations y;,; »(2P) — Y(1S)u"u~ [24]. The analysis
has improved the mass determination of y;; ,(1P,2P) with
respect to the PDG values: m,  p) = 9892.50 £ 0.26 +
0.10+0.10 MeV,  m, qp) =9911.92£0.29 £0.11 &
0.10 MeV, m,,  opy=10253.97+£0.75+0.22+0.09 MeV,
m, op)y = 10269.67 +0.67 + 0.22 £+ 0.09 MeV [the first
error is statistical, the second error is systematic, and the
third one is from the knowledge of the Y (1S) mass] [24].
Moreover, yields has been measured from a fit of the
Y(1S)ut ™ mass distribution:

N(zp1(1P) = Y(1S)utu~) = 53.6 7.7,

N(zpo(1P) = Y(1S)utu~) = 47.9 7.4,

N(rp1(2P) = Y(1S)ut ™) = 51.1 £ 10.4,

Nz (2P) = Y(1S)u ™) = 59.3 + 10.4. (25)

For each process, the yield N is proportional to the decay
branching fraction B through the relation

N=LxoxAxexDhB, (26)

where L is the integrated luminosity, A is the acceptance, ¢
is the production cross section, and ¢ is the reconstruction
efficiency. We consider ratios of branching fractions for
decaying particles in the same spin multiplet,

 Blun(1P) > TS )

Rotr = Bl (P) = X(1Siw) 2
 Blyn(2P) = TSt )

Roor = Blym@P) > TSy 2

and, invoking spin symmetry, we assume that for the two
modes in each ratio (27) and (28) the TFF is the same. The
quantities in Eq. (26) depending only on the detector and
not on the decaying particle cancel out in the ratios. As for
the production cross section, a simple argument assumes

that it is proportional to the number of the spin states of
the decaying particle. This gives o(yp.)/0(xs) = 5/3.
Deviations are exgected in particular for production in
the low p; region.” Actually, the production pattern of the
¥y States at hadron colliders may depend on the transverse
momentum and on the underlying production mechanism.
Studies based on nonrelativistic QCD indicate variations of
the relative production rates of the different spin states at
the level of tens of percent [25,26]. A systematic uncer-
tainty at this level must be included in the estimates of the
Dalitz branching fractions.

Using the simple assumption based on spin states
counting, we have

3N(rp(1P) = Y(AS)u ™)
SNQpi(1P) = Y(AS)u p)

Ry1p= =0.54+0.11  (29)

3N (e (2P) > Y(AS)u'p~)

R ~ =0.70+0.19.
PP TSN (2P) — Y(1S)utp7)

(30)

Requiring that the ratios (29) and (30) are recovered within
20 constrains each TFF mass parameter a:

a,p €[0.48,1] GeV, a,,p €10.82,2] GeV. (31)
Varying the mass parameter a in (31) produces a correlation
between the two modes in each ratio, as shown in Fig. 5.
Although the bounds (29) and (30) can be fulfilled for
values of a,, ; p and a,, ,p above the ranges (31), there are no
visible differences in the correlation plots since such large
values only populate the region of smallest branching
fractions.

Using the radiative rates in Table I and setting a;, ;p =
0.74 GeV and a;,p = 1.41 GeV, we compute the branch-
ing ratios of all 1P — 1S and 2P — 1§ Dalitz bottomo-
nium decays in Table IV. The branching fractions of the
Dalitz decays of y;,;,(2P) due to w-exchanges, obtained
using the measured B(y;;,(2P) — Y(1S)w) [2], turn out to
be 2 orders of magnitude smaller than the ones quoted in
Table IV. The w-exchange contribution can be efficiently
subtracted in the g distributions. The results in Table IV are
within the reach of the present experimental facilities.

IV. SENSITIVITY OF HEAVY QUARKONIUM
DALITZ MODES TO A DARK PHOTON

The sensitivity of Dalitz decays of heavy quarkonia to
the contribution of a new light vector mediator, such as the
dark photon (') or U boson, merits investigations. This
mediator is a prediction of models extending the Standard
Model with an additional U(1)" gauge symmetry.

The proposed dark photon has been connected to anoma-
lies reported by experiments utilizing the ATOMKI

*We thank 1. Belyaev for pointing this out to us.
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Y(1S)utu~) and B(y, (2P) - Y(1S)uTu~) (right panel), obtained varying the TFF parameters a,,p and a,,p in the

ranges in Eq. (31).

spectrometer [7,27,28]. Specifically, an excess of events was
observed in the distribution of e e~ pair opening angle at
large angles, resulting from the internal conversion in nuclear
deexcitation of ®Be, “He, and '2C. The observation was
confirmed by the VINATOM experiment [29]. In contrast,
other searches, as the MEG II experiment, have neither
confirmed [30] nor excluded the anomaly [31]. Proposed
explanations of the ATOMKI anomaly require a new boson,
often designed X(17), with an approximate mass of
my ~ 17 MeV.

Excluding other possibilities, the X (17) particle could be
the U(1)" gauge mediator with feeble interaction with SM
particles [32,33]. The interaction of this mediator (the A’
field) with ordinary fermions is described by a Lagrangian
analogous to the electromagnetic Lagrangian,

Lx == (ckTiA,). (32)
f

where J? = fy"f is the fermion current. The dimensionless
parameters k; govern the coupling strengths and are
specified as k, = ¢, for leptons (e, is the lepton specific

TABLE IV. Branching fractions of bottomonium 1P — 1S and
2P — 18 Dalitz decays computed using the TFF mass parameters
ap1p = 0.74 GeV and a;,p = 1.41 GeV.

M - M

Ipo(1P) = Y(18
xn(1P) = Y(18
Xn(1P) = Y(1S
hy,(1P) = n,(18
X00(2P) = T(1S
Xp1(2P) = Y(1S
In(2P) - Y(18
h,(2P) = n,(18

BM' — Mu*p~)
13+0.2) x 107

B(M' — Me"e™)

( (1.7 +£0.25) x 1074
(3.0£02)x10™*  (3.2+£02)x 1073
(1.74+0.1) x 1074 1.7+0.1) x 1073
(
(

NS NGN

) ( )
) ( )
65+08)x 107 (5.6+0.6) x 107
6.4+29)x107°  (3.8+1.7)x 107
) ( )
) ( )
) )

o

(1.75 £0.2) x 107 1.04£0.1) x 1073
(12£0.15) x 107 6.74+0.8) x 1074
(435+1.0) x 107 (2.254+£0.5) x 1073

— A

coupling) and k, = e €, for quarks (e, is the quark electric
charge and ¢, the quark specific coupling). Furthermore,
the new mediator can interact with the Standard Model
electromagnetic field via the kinetic mixing

‘Cmix = EF’

2 "

(33)

with e the mixing parameter governing the interaction
[34,35]. A small width is expected for light ¥/, with mass
below 1 GeV [36-38]. Such a light mediator has been
searched at beam dump experiments [39,40], fixed target
facilities [41-48], and colliders [49—60] including PADME
experiment at the Frascati INFN National Laboratories
[61,62]. Methods designed for searching the ATOMKI
X(17) signal have been proposed [63-66]. Constraints
for the parameter space have been derived, with the
conclusion that the results of the ATOMKI experiment
are compatible with the e*e™ coupling e, in the range
€, €[0.2,1.4] x 1073 [67].

Charm decays are important processes where to inves-
tigate X(17)(y") [68-73]. If produced in processes such as
M' — My' followed by y — £*¢~, the y' contribution
would modify the Dalitz decay width and the dilepton
invariant mass distribution. The largest effect would be
close to m, if the mass is in the g* kinematical range.

Experimental studies have been carried out on the chan-
nels J/yw—n"y (ete”) [53,54] and y., —J/wy'(ete)
(with J =0, 1, 2) [23]. Here, we analyze the role of
X(17)(y') in the Dalitz decays y.;»(1P) — J/w& ¢, with
¢ = u, e, for which the most precise data are available. The
contribution of a new vector mediator of mass my and width
I'y modifies Eq. (6),

2 2

i q
Fpak(q%) = Foep(q%) % |1 + ee.e, P — 12 + imyTy|
—myx xI'x

(34)
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FIG. 6. Dilepton distributions with (red continuous lines) and without (green dashed lines) the dark photon contribution in y; (1P) —
J/w&T ¢~ (top panels) and y ., (1P) — J/w£ "¢~ (bottom panels). The left plots refer to the muon channel, and the right ones refer to the

electron channel.

with ¢ a phase between the photon and dark photon ampli-
tudes. We fit B(y.i(1P) = J/weTe™) and B(y. (1P) —
J/wup~) to determine the parameters in Eq. (34) together
with TFF mass parameter. The results are used to compute the
Yo decayrate. Wesetmy = 17 MeVande, = 1.4 x 1073 at
the upper edge of the range obtained in Ref. [67]. For I'y, we
choose the experimental resolution in the variable M ,+,-
quotedin Ref. [23]: 'y ~ 2 MeV. We vary €. in arange up to
1072, considering the upper bound e, < 1.2 x 1072 at
90% C.L. obtained in Ref. [23]. The experimental branching
fractions require ¢ = 7. The best fit produces a set of pairs
(a,€.), with a benchmark point

a=0.71 GeV, €, =32x1073. (35)
The inclusion of the dark photon contribution modifies the
preferred value of the mass parameter a in the transition form
factor. After having verified that at the benchmark point the
Dalitz branching fractions to electrons and muons of the
partner state y., are obtained, we analyze the dilepton
distributions for ¢ = e, u; they are displayed in Fig. 6.
The impact on the dilepton distribution is small, even though
non-negligible. A similar effect is found in the y., —
J/w¢t ¢~ distributions, shown in the same figure. These
results are an indication of the kind of precision requested to

display a dark photon effect. Since the deviations are related
in all modes, the sensitivity to the new contribution is
enhanced if the decays are analyzed altogether.

It would be tempting to attribute the excess of events
observed at low values of M, -, for y. and y., as
displayed in Fig. 3, to a non-Standard-Model contribution.
Arguments disfavoring this interpretation include the lack
of the related deviation in the case of ., the broad shape of
the signal, and that a deviation of this size would necessitate
a very large value of the coupling €,.. The full Monte Carlo
simulation of the Dalitz processes described in Ref. [23]
does not report deviations with respect to the measure-
ments. These arguments induce us to refrain considering
the excess as significant. Nevertheless, the warning mes-
sage should be kept, these modes warrant continued
attention.

V. CONCLUSIONS

We have analyzed a set of charmonium and bottomo-
nium Dalitz processes, organized in classes where the
decaying mesons belong to the same spin multiplet and
also the produced states are comprised in the same spin
multiplet. This organization has allowed us to exploit the
heavy quark spin symmetry, establishing relations among
different modes. The connection with the radiative
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processes has been systematically used, while the transition
form factors have been determined using measurements.
A remarkable overall agreement is found between the
computed branching fractions and dilepton mass distribu-
tions with existing measurements. Predictions have been
provided for many unobserved modes. The predicted rates
are within the reach of the present experimental facilities.
We have also investigated the sensitivity of two charmo-
nium Dalitz processes to a dark photon contribution.

Note added—Recently, the decay y.(3872) — J/yu"u~
has been observed by the LHCb Collaboration [74]. The
measured branching fraction is consistent with the value
reported in this study.
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APPENDIX: RADIATIVE DECAY WIDTHS
OF HEAVY QUARKONIUM

We collect the expressions of the widths of electric dipole
decays described by the effective Lagrangian (11) [15].
For a quarkonium state, the spectroscopic notation n>*!'L,
is adopted, with n the radial number, L the orbital angu-
lar momentum, s the spin of the quark pair, and J the total
spin:

(61(12Pm5)2 MSI
F(I’ESPJ g m3517) = Tk; M—PJ (Al)
(611PmS)2 MS
F(n]Pl = mlSoy) = Tk; MP(: (A2)
5anS 2 M
C(m3S, —» n’Pyy) = (27 + 1)( 0") Bl (A3)
97[ MS]
(5anS)2 M ]
C(m'Sy — n'Pyy) = Q k;M—P (A4)
So

M; are the quarkonium masses, and k, is the photon energy.
Because of the heavy quark spin symmetry, the same coupling
5’5’ ™S governs all channels. The width of the magnetic dipole
decay described by the effective Lagrangian (16) reads

4(57(125’"5)2 k3 MS(J

F(H3Sl - mlSOy) = T yMS .
1

(A5)
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