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The total cross section and energy spectrum for the (e,P) reaction on nickel has been measured for 15-MeV
neutrons using a modified broad-range magnetic spectrograph and nuclear emulsions. Proton spectra were
measured at scattering angles of 0' and 138'. A nuclear temperature of 1 MeV was determined from the
138' spectrum. If isotropy of the compound nucleus reaction products is assumed, the cross section for the
compound nucleus part of the (e,P) reaction can be estimated as 650&150mb. The additional contribution
from direct interaction is estimated as 160&80 mb.

INTRODUCTION DISCUSSION OF EXPERIMENT

HIS experiment is an attempt to add some
significant information to the body of data on

nuclear reactions produced by high-energy particles
(10 to 20 MeV). The most generally studied reactions
in this energy region are inelastic scattering of neutrons
and protons. Neutron-induced reactions in which
charged secondary particles are emitted have also been
studied recently. In either case, one might expect the
statistical model continuum theory to account for the
total cross sections, energy distributions and finally
angular distributions. However, this is found not to be
entirely correct. It was suspected that some of the
discrepancies observed might be explained by carefully
identifying the types of charged particles as well as
measuring their energies. Many of the previous experi-
ments were performed with no means of adequately
identifying the charged particles.
The present work was undertaken to provide identi-

fication of the outgoing charged particles in reactions
produced by 15-MeV neutrons on nickel and to measure
the yields and angular distribution of these particles.
Several investigators have measured the cross sections
and nuclear temperatures associated with (st,p) re-
actions in nickel. ' ' Results from these experiments are
discussed and compared with the present data in the
section on discussion of results.

In the experiment reported here, measurements were
made which differentiate among protons, deuterons,
and alpha particles. Total and differential cross sections
were determined for the proton component. A broad-
range charged particle spectrograph was adapted for
this purpose. Natural nickel was bombarded by 15-MeV
neutrons and the charged particles were detected on
nuclear emulsions at the exit pole face of the spectro-
graph. A schematic view of the experimental arrange-
ment is shown in Fig. 1.
Exposures were made at three different momentum

settings which covered the proton energy range from 2
to 16 MeV. The measurements were repeated at four
different angles of observation relative to the neutron
beam: 0, 45, 90, and 138 deg.
The neutrons in this experiment were produced by

the H'(d, st)He' reaction with a tritium gas target and
deuterons accelerated by an electrostatic accelerator.
The very high Q of the reaction, 17.578 MeV, makes
possible the production of high-energy neutrons with
relatively low incident deuteron energy, and by selecting
the laboratory angle it can provide neutrons of from 12
to 20 MeV by using deuterons of energy up to 3 MeV.
With gas targets the limitation on the neutron fIux
obtainable is usually due to heating and thus weakening
of the foil window by the deuteron beam. The cooling
system of the present gas target was a modification of
he system of Nobles. ' A cooling channel was formed
etween two molybdenum foils of 0.0004 in. thickness
laced upstream of the tritium cell proper, The tritium
ar get was designed to completely stop 600=keV
euterons.
The beam of deuteruns approachinj, the tritium was
ollimated by a series of tantalum apertures ranging
rom —,'6 in. to 4 in. in size. The first one, lying nearest
he beam entrance channel, had two small holes lying

' R. Nobles, Rev. Sci. Instr. 28, 962 (1957).

*Supported in part by the Lockheed Missiles and Space
Company Independent Research Fund. bf This work was based on a thesis submitted by L. D. S, to
Northwestern University in partial fullllment of the require- p
ments for the degree of Doctor of Philosophy.' D. L. Allan, Proc. Phys. Soc. (London) 70, 195 (1957).

2 F. V. March and W. T. Morton, Phil. Mag. , 3, 577 (1958}.3L. Colli, U. Facchini, I. Iori, M, G. Marcazzan, and A. M.
Sona, Nuovo Cimento 13, 730 (1959).

4 I. Kumabe and R. W, Fink, Nucl. Phys. 15, 316 (1960).
5 R. S. Storey, W. Jack, and A. Ward, Proc. Phys. Soc. (London)

75, 526 (1960);W. Jack and A. Ward, ibid 75, 833 (1960.).
~ R. N. Glover and K. H. Purser, Nucl. Phys. 24, 431 (1961).
7 D. L. Allan, Nucl. Phys. 24, 2/4 (1961).
s F.L. Hassler and R. A. Peck, Jr., Phys. Rev. 125, 1011 (1962).
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뒷받침을 하는 현상론 전문가로 구성된 강력한 연구팀을 발족할 수 있게 되었다 이 연구팀을 . 
통해 앞으로 프로젝트에서 검출기 및 건설 관련 연구를 선도하게 될 것으로 기대CEPC R&D 
하고 있다. 

그림 좌측부터 권영준 박성찬 유휘동 연세대 이세욱 경북대 교수4: , , ( ), ( ) .

5. Institute of High Energy Physics (IHEP)
은 중국과학원 소속 연구소로서 년에 설립되었으며 중국에서 고에너지 물리연구를 IHEP 1973

총괄하는 핵심 연구 기관이다 베이징에 위치하고 있으며 약 여명의 연구자 및 직원들로 . 2000
구성되어 있는 중국내 최대 규모의 입자물리 연구기관이다 현재 중국내에서 수행되고 있는 . 
대부분의 고에너지 물리 관련 실험연구들을 주도하고 있다 프로젝트 역시 중국내에서 . CEPC 

소속의 연구자들이 주도하고 있다 프로젝트를 성공적으로 진행하기 위해 해외의 IHEP . CEPC 
유수 연구 기관들과 협력 연구를 진행 하고 있으며 해외 연구기관들과 가속기 및 검출기 

를 위한 양해각서 협정을 지속적으로 추진 중에 있다R&D . 

현재 연구소장인 교수는 입자물리실험과 관련한 세계적인 명성을 가진 IHEP Wang Yifang 
물리학자로 특히 중성미자의 성질에 관한 연구에 많은 업적을 가지고 있다 주요 수상실적으. 
로는 년 상 년 번째 아시아상 년 2013 W.K.H. Panofsky , 2015 20 Nikkei , 2016 Breakthrough 

상 그리고 상을 수상하였다in Fundamental Physics , Bruno Pontecorvo . 

그림 베이징 고에너지 가속기 연구 시설을 방문 중인 시진핑 주석과 교수 5: Wang Yifang 
시진핑 우측( )

• Prof. Hwidong Yoo 
• Particle Expt. (CMS)
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• Prof. Ju Hwan Kang 
• Nuclear Expt. (ALICE / PHENIX)

•  Prof. Youngil Kwon 
•  Nuclear Expt. (ALICE / PHENIX)

Quark-Gluon Plasma (QGP): State of matter at extremely high 
temperature, density after a few μs after big bang.  

ALICE @ CERN/LHC 
with 42 countries, 174 institutes, 
   1800 members 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• Prof. Ju Hwan Kang 
• Nuclear Expt. (ALICE / PHENIX)

Letter from PRL for highlighted  PRL 
paper prepared by Mr. M. Song  

as one of the main authors
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• Prof. Youngil Kwon 
• Nuclear Expt. (ALICE / PHENIX)

Inner Tracking System Upgrade:
    Assembled ALPIDE barrel
ALPIDE: 
    Monolithic Active Pixel Sensors   
    based CMOS image sensor technology

Heavy flavor production & ITS upgrade

Charge collection:
    Diffusion & Drift
50 µ or 100 µ thick Si, Area of 3 (cm) x 1.5 (cm)
0.5 M pixels of size 25µ x 25µ
In-pixel digitization, buffering, priority-encoder,
1.2 Gbps readout
Power consumption: < 100 mA/cm2 
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• Prof. Youngil Kwon 
• Nuclear Expt. (ALICE / PHENIX)

Heavy flavor production & ITS upgrade

Development of Probe-card & Automatic Test Equipment

Test Environment and Operation

Mass Production Test
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• Prof. Su Houng Lee 
• Nuclear Theory (Hadrons)

Members Research Highlights

1990’s S. Cho, S. Kim (Phd) Vector meson in medium

2000’s
T. S. Song, Y.Park (Phd) 
Y.Oh, H.Kim, K. Morita, K. Ohnishi 
(Researcher)

Charmonium at finite 
temperatures

2010’s
K. Kim, W. Park, K. Jeong (Phd) 
S. Ozaki, K. Hattori, Y. Kwon, S. 
Cho (Researcher)

Exotics and Heavy Ion collision

Research activities at a glance
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the relative momentum to become smaller and hence the
light quark to probe larger distances. This will thus lead to a
larger potential energy coming from the string tension.
This effect is well reflected in the wave function obtained

for different constituent quark masses. The blue solid curve
in Fig. 4 shows the wave function obtained with the vacuum
constituent mass of 324 MeV, while the red dashed curve
represents that with a mass of 160 MeV; the black dot-
dashed curve shows the Coulomb and confining part of the
potential. As can be seen in the figure, the wave function for
the smaller mass spreads out more and thus probes higher
values of the potential energy. Therefore, while a smaller
quark mass will decrease the heavy-light meson mass, the
contribution from probing larger confinement properties
will increase its total mass.
The spread of the wave function is also responsible for

keeping the mass splitting between D and D! only weakly
dependent on the constituent quark mass. As can be seen in
Eq. (6), the spin-spin interaction responsible for the mass
splitting between the D and D! meson masses has an
overall factor proportional to the inverse of the quark
masses. However, when calculating the masses, the
Gaussian potential will pick up the strength of the wave
function at the origin. Therefore, while the overall constant
will enhance the mass splitting between D and D! as the
constituent quark mass decreases, the wave function will be
more spread out and reduce the strength at the origin
keeping the mass splitting almost independent of the
constituent quark mass. Actually, from a simple estimation
of the size given in Eq. (2), one can estimate the square of
the wave function at the origin is proportional to
jΨð0Þj2 ∼ ½ðσmqÞ1=3%3 ¼ σmq. Then the splitting is just
proportional to 1=mc and independent of mq.
A few comments are in order here. First, in this simple

model we did not introduce any modification of the string

tension in relation to the (partial) restoration of chiral
symmetry. This is so because in nuclear matter, while the
chiral order parameter is expected to be reduced by more
than 20% at normal nuclear matter density, the gluon
condensate is expected to change by less than 5%. While
there is no direct relation between confinement and gluon
condensate, some connection can be made between the
Wilson loop and gluon condensate via the operator product
expansion (OPE) [24]. Moreover the abrupt (slow) change
of the electric (magnetic) condensate across the phase
transition can be associated with the critical (soft) change of
the space-time (space-space) Wilson loop across the same
phase transition temperature [25]. We furthermore note that
the picture of unmodified confinement while chiral sym-
metry is partially restored has some resemblence to the
“quarkyonic phase”, proposed in [26]. Second, we did not
consider any potential D=D̄ splitting in medium. Such an
effect could be introduced by including a vector meson
exchange type interaction of the D mesons with the
surrounding medium. Hence, the present mass change
should be understood as the average mass shift of these
mesons. Third, we expect that the present framework will
break down for too small quark masses as the nonrelativ-
istic approximation will become invalid. Fourth, the present
argument will not be reliable for light-light meson systems
as the hyperfine potential VSS in Eq. (6) will become
unrealistically large as the light quark masses decrease. VSS

in fact will increase at a 1=m2
q rate with a decreasing

constituent quark mass, eventually leading to a negative
pion mass, which does not seem to be realistic.
As a last point, let us discuss the results of theD! and B!

mesons, shown as red triangles in Figs. 2 and 3. It is seen in
these figures that these mesons within our model behave
almost exactly in the same way as their pseudoscalar
counterparts. This means that our model predicts the D!
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FIG. 2. mq dependence of D meson (lower curves) and D!

meson (upper curves) masses in the constituent quark model. The
dashed lines are the results with β ¼ 0.
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FIG. 3. mq dependence of B meson (lower curves) and B!

meson (upper curves) masses in the constituent quark model. The
dashed lines are the results with β ¼ 0.

TABLE I. Parameters fitted to the experimental meson masses using the variational method with a single
Gaussian.

κ a0 D α β mq mc mb

0.48 5.43 GeV−2 0.911 GeV 2.2 ðfmÞ−1 0.277 0.324 GeV 1.83 GeV 5.21 GeV

MASS OF HEAVY-LIGHT MESONS IN A CONSTITUENT … PHYSICAL REVIEW D 93, 054035 (2016)

054035-3
and B! meson masses to increase as chiral symmetry is
restored and the constituent quark mass decreases. The
existence of the heavy quark symmetry implies the degen-
eracy between pseudscalar and vector heavy-light mesons
in the vacuum, which is expected to be intact in the dense
matter.1 Then, the analysis here is consistent with the heavy
quark symmetry similarly to the result obtained in
Ref. [16]. It is not yet clear whether this behavior will
be consistent with the predictions of QCD sum rules, in
which the operator product expansion (OPE) relates various
order parameters of chiral symmetry to certain properties of
the spectral function. In the D! (or B!) channel sum rules,
the OPE term involving the quark condensate has the same
sign as in the D (or B) case [14,28,29], which could
indicate an increasing mass as chiral symmetry is restored,
consistent with our model. There are, however, more terms
present in the OPE, which could modify this naive expect-
ation. Therefore, only a full QCD sum rule analysis done in
the same way as in Refs. [10,11] will make a consistency
check with our model possible. We leave this topic for
future work.

III. SUMMARY

In this work, we have studied masses of heavy-light
meson in a dense environment such as nuclear matter, in

which chiral symmetry is partially restored. For this
purpose, we have made use of a simple quark model with
one heavy and one constituent light quark. This constituent
quark becomes lighter as chiral symmetry is restored and
therefore likely changes the mass of the whole heavy-light
meson. Naively, one would expect the heavy-light meson to
decrease its mass as one of its constituents becomes lighter.
We have however shown in this article that this is not
necessarily the case. Assuming that the confining potential
remains approximately constant at normal nuclear matter
density, we have demonstrated that the wave function
spreads out as the constituent quark mass decreases and
therefore receives a larger potential energy due to the
linearly rising confining potential. For constituent quark
masses below about 0.3 GeV, this effect leads to an increase
of the heavy-light meson, as shown for instance in Fig. 1. In
our quark model calculations, we have examined states
containing both a charm and bottom quarks and found the
same behavior for both cases (see Figs. 2 and 3). Our results
for D and B mesons are consistent with recent sum rule
analyses which obtain increasing masses with increasing
density [10,11] and with calculations based on the Skyrme
crystal model [16]. A Polyakov-Nambu-Jona-Lasinio
model calculation finds that the decrease in the constituent
quark mass leads to an increase in the D− mass due to the
Pauli blocking effect [30]. Hence, for a more detailed study,
it would be necessary to combine the Pauli blocking effect
into our work and thereby also probe the splitting between
D and D̄ in the nuclear medium. Moreover, to consistently
take into account the splitting between D and D̄ as well
as medium effects such as screening and Pauli blocking, a
T-matrix approach, discussed for instance in Refs. [31,32],
should be pursued in the future.
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FIG. 4. r dependence of the Dmeson radial wave function with
mq¼ 324 MeV (blue solid line) and with mq¼ 160 MeV (red
dashed line). The black dot-dashed line represents the sum of the
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1Although two mesons with different spins mix with each
other when the spin symmetry of light quark sector is broken, the
degeneracy between heavy-quark partners persists [27].
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the relative momentum to become smaller and hence the
light quark to probe larger distances. This will thus lead to a
larger potential energy coming from the string tension.
This effect is well reflected in the wave function obtained

for different constituent quark masses. The blue solid curve
in Fig. 4 shows the wave function obtained with the vacuum
constituent mass of 324 MeV, while the red dashed curve
represents that with a mass of 160 MeV; the black dot-
dashed curve shows the Coulomb and confining part of the
potential. As can be seen in the figure, the wave function for
the smaller mass spreads out more and thus probes higher
values of the potential energy. Therefore, while a smaller
quark mass will decrease the heavy-light meson mass, the
contribution from probing larger confinement properties
will increase its total mass.
The spread of the wave function is also responsible for

keeping the mass splitting between D and D! only weakly
dependent on the constituent quark mass. As can be seen in
Eq. (6), the spin-spin interaction responsible for the mass
splitting between the D and D! meson masses has an
overall factor proportional to the inverse of the quark
masses. However, when calculating the masses, the
Gaussian potential will pick up the strength of the wave
function at the origin. Therefore, while the overall constant
will enhance the mass splitting between D and D! as the
constituent quark mass decreases, the wave function will be
more spread out and reduce the strength at the origin
keeping the mass splitting almost independent of the
constituent quark mass. Actually, from a simple estimation
of the size given in Eq. (2), one can estimate the square of
the wave function at the origin is proportional to
jΨð0Þj2 ∼ ½ðσmqÞ1=3%3 ¼ σmq. Then the splitting is just
proportional to 1=mc and independent of mq.
A few comments are in order here. First, in this simple

model we did not introduce any modification of the string

tension in relation to the (partial) restoration of chiral
symmetry. This is so because in nuclear matter, while the
chiral order parameter is expected to be reduced by more
than 20% at normal nuclear matter density, the gluon
condensate is expected to change by less than 5%. While
there is no direct relation between confinement and gluon
condensate, some connection can be made between the
Wilson loop and gluon condensate via the operator product
expansion (OPE) [24]. Moreover the abrupt (slow) change
of the electric (magnetic) condensate across the phase
transition can be associated with the critical (soft) change of
the space-time (space-space) Wilson loop across the same
phase transition temperature [25]. We furthermore note that
the picture of unmodified confinement while chiral sym-
metry is partially restored has some resemblence to the
“quarkyonic phase”, proposed in [26]. Second, we did not
consider any potential D=D̄ splitting in medium. Such an
effect could be introduced by including a vector meson
exchange type interaction of the D mesons with the
surrounding medium. Hence, the present mass change
should be understood as the average mass shift of these
mesons. Third, we expect that the present framework will
break down for too small quark masses as the nonrelativ-
istic approximation will become invalid. Fourth, the present
argument will not be reliable for light-light meson systems
as the hyperfine potential VSS in Eq. (6) will become
unrealistically large as the light quark masses decrease. VSS

in fact will increase at a 1=m2
q rate with a decreasing

constituent quark mass, eventually leading to a negative
pion mass, which does not seem to be realistic.
As a last point, let us discuss the results of theD! and B!

mesons, shown as red triangles in Figs. 2 and 3. It is seen in
these figures that these mesons within our model behave
almost exactly in the same way as their pseudoscalar
counterparts. This means that our model predicts the D!
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and B! meson masses to increase as chiral symmetry is
restored and the constituent quark mass decreases. The
existence of the heavy quark symmetry implies the degen-
eracy between pseudscalar and vector heavy-light mesons
in the vacuum, which is expected to be intact in the dense
matter.1 Then, the analysis here is consistent with the heavy
quark symmetry similarly to the result obtained in
Ref. [16]. It is not yet clear whether this behavior will
be consistent with the predictions of QCD sum rules, in
which the operator product expansion (OPE) relates various
order parameters of chiral symmetry to certain properties of
the spectral function. In the D! (or B!) channel sum rules,
the OPE term involving the quark condensate has the same
sign as in the D (or B) case [14,28,29], which could
indicate an increasing mass as chiral symmetry is restored,
consistent with our model. There are, however, more terms
present in the OPE, which could modify this naive expect-
ation. Therefore, only a full QCD sum rule analysis done in
the same way as in Refs. [10,11] will make a consistency
check with our model possible. We leave this topic for
future work.

III. SUMMARY

In this work, we have studied masses of heavy-light
meson in a dense environment such as nuclear matter, in

which chiral symmetry is partially restored. For this
purpose, we have made use of a simple quark model with
one heavy and one constituent light quark. This constituent
quark becomes lighter as chiral symmetry is restored and
therefore likely changes the mass of the whole heavy-light
meson. Naively, one would expect the heavy-light meson to
decrease its mass as one of its constituents becomes lighter.
We have however shown in this article that this is not
necessarily the case. Assuming that the confining potential
remains approximately constant at normal nuclear matter
density, we have demonstrated that the wave function
spreads out as the constituent quark mass decreases and
therefore receives a larger potential energy due to the
linearly rising confining potential. For constituent quark
masses below about 0.3 GeV, this effect leads to an increase
of the heavy-light meson, as shown for instance in Fig. 1. In
our quark model calculations, we have examined states
containing both a charm and bottom quarks and found the
same behavior for both cases (see Figs. 2 and 3). Our results
for D and B mesons are consistent with recent sum rule
analyses which obtain increasing masses with increasing
density [10,11] and with calculations based on the Skyrme
crystal model [16]. A Polyakov-Nambu-Jona-Lasinio
model calculation finds that the decrease in the constituent
quark mass leads to an increase in the D− mass due to the
Pauli blocking effect [30]. Hence, for a more detailed study,
it would be necessary to combine the Pauli blocking effect
into our work and thereby also probe the splitting between
D and D̄ in the nuclear medium. Moreover, to consistently
take into account the splitting between D and D̄ as well
as medium effects such as screening and Pauli blocking, a
T-matrix approach, discussed for instance in Refs. [31,32],
should be pursued in the future.
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1Although two mesons with different spins mix with each
other when the spin symmetry of light quark sector is broken, the
degeneracy between heavy-quark partners persists [27].
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We probe effects of the partial chiral symmetry restoration to the mass of heavy-light mesons in a
constituent quark model by changing the constituent quark mass of the light quark. Due to the competing
effect between the quark mass and the linearly rising potential, whose contribution to the energy increases
as the quark mass decreases, the heavy-light meson mass has a minimum value near the constituent quark
mass typically used in the vacuum. Hence, the meson mass increases as one decreases the constituent quark
mass consistent with recent QCD sum rule analyses, which show an increasing D meson mass as the chiral
order parameter decreases.
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I. INTRODUCTION

Investigating the relation between chiral symmetry
breaking and physical observables has been the subject
of great interest up to this date as these effects can be
probed in heavy ion collisions and/or nuclear target experi-
ments. The restoration of chiral symmetry has been linked
to vector meson masses, σ meson masses, the quenching of
fπ and even to the η0 mass (see, e.g. Refs. [1–9]).
Of particular interest is the heavy-light quark meson as it

embodies both chiral symmetry breaking and heavy quark
symmetry. Recently, one of us in collaboration with other
authors employed QCD sum rules to show that the D
meson mass increases as the chiral symmetry is partially
restored [10]. A qualitatively similar conclusion was
obtained in Ref. [11] (see however Refs. [12–14] for other
views). These results from QCD sum rules are consistent
with the results obtained in analyses using effective chiral
models in Refs. [15,16] which are based on the chiral
partner structure proposed in Ref. [17]. At a first glance, an
increasing D meson mass with a decreasing chiral param-
eter however seems counterintuitive. Within the naive
heavy quark limit, the D meson can be thought of as a
heavy quark playing the role of a color source, with a
constituent quark around it, so that when chiral symmetry is
partially restored, the light quark would become lighter
making the D meson also light.

However, as we will see, if confinement persists, the
decreasing light quark will allow the light quark to probe
larger distances and hence a higher confining energy
inducing a competition between the kinetic term and the
confinement term. The combined effect produces a mini-
mum energy value for a certain constituent quark mass so
that when the quark mass decreases below the minimum
point, the mass of theDmeson will increase. In this article,
we would like to highlight this effect and discuss why
partial chiral symmetry restoration will not necessarily
decrease the mass of the heavy-light system. We will first
try to understand this effect with the help of a simple
argument and then confirm the validity of our claim in a
realistic and more quantitative constituent quark model
calculation.
In the constituent quark model, the energy, or the mass,

of a meson made of an anticharm quark and a light quark
can be roughly expressed as

E ¼ mc þmqþ
p2

2mq
þ σrþ C; ð1Þ

where mc and mq are masses of the charm quark and the
light quark, respectively. p denotes a typical relative
momentum between the two quarks, r stands for the typical
size of the hadron, and σ is the string tension of the
potential between the two quarks. Note that we omit
the Coulomb part of the potential since it will not change
the following naive analysis, as can be seen in the explicit
quark model computation of the next section. C is a
constant which is used to fit the total energy to the physical
mass spectrum. Furthermore, we use mq as the reduced
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Fig. 1. Dominant DM annihilation channels: (a) s-channel annihilations into leptons (ℓ = µ, τ ) through a Z ′ boson exchange and (b) t-channel annihilation into a pair of Z ′

bosons.

Fig. 2. Preferred parameter regions in the mZ ′ –g′ plane for Q ′
ψ = 2. In the nar-

row red band, the relic density of DM ψ is in the range of 0.11 < $DMh2 < 0.13. 
In the blue band, the annihilation cross section into µ+µ− and τ+τ − satisfies 
⟨σ v⟩ψψ→µ+µ− ,τ+τ − ≈(0.95–1.49) × 10− 26 cm3/s, which is required to fit the GeV 
gamma-ray excess. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

where the best fits are ⟨σ v⟩ ≈0.86 × 10− 26 cm3/s with χ2 =
10.21 for the democratic leptonic final state and ⟨σ v⟩ ≈1.42 ×
10− 26 cm3/s with χ2 = 14.22 for branching ratios of µ+µ− :
τ+τ − = 2 : 1. Accepting the χ2 < 29.6, which provides a p-value 
larger than 10− 3 for 10 degrees of freedom (i.e. 11 data points 
and one fitting parameter ⟨σ v⟩), we found the preferred inter-
val ⟨σ v⟩ = (0.95–1.49) × 10− 26 cm3/s. In Fig. 3, we plot our best 
fit as a red line with an interval corresponding to a p-value 
of 10− 3. The data points are presented by black dots and their 
error bars are represented by blue lines. As can be seen in 
Fig. 2, the plot for the right relic abundance reproduces suc-
cessful GeV excess in the GC as was originally observed in [5,
6] and also in [14] for leptonic annihilations taking into account 
the contributions by the ICS and bremsstrahlung with the an-
nihilation cross section of ⟨σ v⟩ ≈(0.95–1.49) × 10− 26 cm3/s for 
the preferred mass range near 10 GeV. In Fig. 2, for the case 
with Q ′

ψ = 2, the parameter space fitting both the relic abun-
dance and the GC GeV excess lies in three regions (mZ ′ [GeV], g′)
= (! 9.6, 0.027), (19.7–20.3, 0.006–0.0012), and (30–42, 0.028–
0.056). The parameter space would be slightly changed with dif-
ferent values of Q ′

ψ : e.g. for Q ′
ψ = 0.1, (19.7–20.3, 0.026–0.0054)

and (27–44, 0.10–0.27).

3. Experimental constraints for the preferred parameter space

We now check whether the preferred parameter space mZ ′ ∼
O(10–100) GeV and g′ < 1 is still available after taking the rel-
evant experimental constraints from the processes potentially in-
duced by the gauged lepton number interactions: (g − 2)µ , τ de-

Fig. 3. Fits to the GC GeV γ -ray excess for 10 GeV DM annihilating into µ+µ− and 
τ+τ − with branching ratios of µ+µ− : τ+τ − = 1 : 1. The best fit is obtained with 
⟨σ v⟩ ≈1.22 × 10− 26 cm3/s, which is plotted as a red line. Upper and lower fits 
corresponding to a p-value greater than 10− 3 are presented as purple dashed and 
dotted curves, respectively. The black points with blue error bars are the data points 
extracted from Ref. [14]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

cay, neutrino trident production, loop-induced DM-nucleon scat-
tering and leptonically interacting Z ′ searches at colliders.

3.1. (g − 2)µ

The gauged lepton number interaction leads to corrections to 
the muon anomalous magnetic moment aµ = (g − 2)µ through a 
Feynman diagram shown in Fig. 4(a). The one-loop contribution to 
(g − 2)µ is given by [41–43]

(aµ ≃ g′ 2

12π2

m2
µ

m2
Z ′

, (7)

where we assume that mZ ′ ≫ mµ , which is indeed valid with 
mZ ′ ∼ 10 GeV. The experimentally measured value and the SM pre-
diction of (g − 2)µ are respectively given as [44]

aExp
µ = (11659209.1 ± 6.3) × 10− 10 , (8)

aSM
µ = (11659180.3 ± 4.9) × 10− 10 . (9)

Thus, there exists discrepancy between the experimental value and 
the SM prediction:

(aµ ≡aExp
µ − aSM

µ = (28.8 ± 8.0) × 10− 10 . (10)

Even though the difference may be a sign of new physics but, more 
conservatively, we would set an upper bound on the size of the 
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Fig. 8. Allowed parameter space of the U(1)Lµ–Lτ charged dark matter model in the mZ ′ − g′ plane for four representative DM charges Q ′
ψ = 2, 1, 0.5, and 0.1 (from top-left 

to bottom-right), respectively. We present the regions satisfying the DM relic abundance 0.11 < #DMh2 < 0.13 and the annihilation cross section ⟨σ v⟩ψψ→µ+µ− ,τ+τ − ≈
(0.95–1.49) × 10− 26 cm3/s required to fit the GC GeV excess as red and blue bands. The upper regions of green, orange, cyan dot-dashed, purple dashed, gray dotted, 
and black long-dashed curves are constrained by (g − 2)µ , τ decay, neutrino trident production, LUX, LHC, and LEP, respectively. In this analysis, DM mass is fixed as 
mψ = 10 GeV. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

constrain the parameter space of mZ ′ ≈5–40 GeV since the 
4ℓ production has been measured at the Z resonance and the 
selection cuts of P T ,µ > 4 GeV and Mµ+µ− > 5 GeV are used.

• LEP Z → 4ℓ limit: Dark grad-shaded region with the black 
long-dashed curve is excluded by measurements of the Z →
4µ at LEP [42].

For Q ′
ψ ! 1, considerable parameter space has already been ruled 

out by neutrino trident production and Z → 4µ observations at 
the 8 TeV LHC and LEP, except the region around the resonance of 
mZ ′ ≈2mψ . In near future, for larger Q ′

ψ " 1 most of preferred pa-
rameter space will be verified by DM direct detection experiments 
such as XENON1T. The region around the resonance will be com-
plementarily proved by Z → 4µ searches at the 14 TeV LHC.

4. Conclusion

In this work, we have explored a leptophilic DM model with 
the gauged U(1)Lµ− Lτ symmetry in the light of the Fermi-LAT GeV 
gamma-ray excess. With this simple leptophilic DM model, we can 
simultaneously explain the observed DM relic abundance and the 
Fermi-LAT GeV excess. Our leptophilic Z ′ DM model additionally 
contributes to the muon (g − 2), tau decay process, and neutrino 
trident production. In particular, neutrino trident production mea-
surements provide the most stringent constraint to the DM model 
in most of the parameter space. Despite the absence of direct cou-

plings with quarks, this model can be strongly constrained by DM 
direct detection bounds through the loop-suppressed process. For 
DM with a large charge under the U(1)Lµ− Lτ , Q ′

ψ " 2, the cur-
rent LUX direct search limit is comparable or stronger than the 
neutrino trident production limit. The U(1)Lµ− Lτ gauge boson can 
be produced through the radiation process from Drell–Yan leptons, 
which has been constrained by Z → 4µ searches at the LHC and 
LEP, especially for mZ ′ ≈5–40 GeV.
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The recently observed excess in gamma-ray signal near the Galactic center suggests that dark matter 
particles may annihilate into charged fermions that produce gamma-ray to be observed. In this paper, we 
consider a leptonic dark matter, which annihilates into the standard model leptons, µ+µ− and τ+τ − , 
by the interaction of the gauged lepton number U(1)Lµ− Lτ and fits the observed excess. Interestingly, the 
necessary annihilation cross section for the observed gamma-ray flux provides a good fit to the value for 
the relic abundance of dark matter. We identify the preferred parameter space of the model after taking 
the existing experimental constraints from the precision measurements including the muon (g − 2), tau 
decay, neutrino trident production, dark matter direct detection, LHC, and LEP experiments.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The dark matter (DM) problem is one of the pressing issues 
in particle physics and cosmology. While the existence of DM has 
been firmly established through various observations of its grav-
itational effects on multiple scales, its microscopic nature still 
remains unknown [1]. This situation stimulates a variety of DM 
searches including the direct detection of dark matter scattering off 
detector materials, the detection of indirect signals from the dark 
matter annihilation or decay, and the collider searches of miss-
ing energy signatures due to the produced dark matter particles. 
Of particular, we notice that the new cosmic-ray detection experi-
ments, such as PAMELA [2], AMS-02 [3], and Fermi-LAT [4], based 
on satellites reach unprecedented sensitivity to the cosmic-ray sig-
nals, which leads to better chance to get the indirect information 
of dark matter properties.

An intriguing observation was made using the public data of 
the Fermi Large Area Telescope (Fermi-LAT) by Hooper et al. and 
also other independent groups [5–16]: a gamma-ray excess at 
Eγ ≈ O (GeV) coming from the Galactic center (GC) is found. In 

* Corresponding author at: Department of Physics & IPAP, Yonsei University, Seoul 
120-749, Republic of Korea.

E-mail addresses: jcpark@cnu.ac.kr (J.-C. Park), jongkukkim@skku.edu (J. Kim), 
sc.park@yonsei.ac.kr (S.C. Park).

the analyses, it is claimed that the gamma-ray excess spectrum is 
in good agreement with the emission expected from DM annihila-
tion into standard model (SM) charged particles.1 The GeV excess 
is well fitted by a DM particle with a mass of mDM ≈ 30–40 GeV
annihilating to bb with an annihilation cross section of ⟨σ v⟩ ≈
2 × 10− 26 cm3/s [13,16].2 Silk et al. pointed out that contributions 
of the diffuse photon emissions from primary and secondary elec-
trons produced in DM annihilation processes are significant, espe-
cially for leptonic final states (ℓℓ̄) [14]. It is also noticed that with 
the inverse Compton scattering (ICS) and bremsstrahlung contri-
butions from electrons, annihilations of DM particles with a mass 
of mDM ≈ 10 GeV into ℓℓ̄ provide a good fit with an annihilation 
cross section of ⟨σ v⟩ ≈ (1–2) × 10− 26 cm3/s [14]. The bb̄ final 
state may be understood by Higgs portal type DM models and 
studied by several authors [21–24] but a model for the leptonic 
explanation based on leptophilic DM is relatively less studied for 
the GeV excess. Here we explore a leptophilic model with the DM 
mass mDM ≈ 10 GeV.

1 In Ref. [17], the authors proposed a new mechanism naturally inducing a con-
tinuum bump signature in cosmic γ -ray measurements even with a particle directly 
decaying into two photons, introducing Energy Peak idea together with the postu-
late of a generic dark sector [18].

2 We note that recent observation of AMS-02 [19] has started to exclude the 
χχ → bb̄ dominant DM explanation of relic abundance [20].

http://dx.doi.org/10.1016/j.physletb.2015.11.035
0370-2693/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396%7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS→ πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

Sdaughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.

We thank the KEKB group for the excellent operation of
the accelerator; the KEK cryogenics group for the efficient
operation of the solenoid; and the KEK computer group, the
National Institute of Informatics, and the PNNL/EMSL
computing group for valuable computing and SINET4 net-
work support. We acknowledge support from theMinistry of
Education, Culture, Sports, Science, and Technology
(MEXT) of Japan, the Japan Society for the Promotion of
Science (JSPS), and the Tau-Lepton Physics Research Center
of Nagoya University; the Australian Research Council
and the Australian Department of Industry, Innovation,
Science and Research; Austrian Science Fund under Grant
No. P 22742-N16; the National Natural Science Foundation
of China under Contracts No. 10575109, No. 10775142,
No. 10825524, No. 10875115, No. 10935008 and
No. 11175187; the Ministry of Education, Youth and
Sports of the Czech Republic under Contract
No. LG14034; the Carl Zeiss Foundation, the Deutsche
Forschungsgemeinschaft and the VolkswagenStiftung; the
Department of Science and Technology of India; the Istituto
Nazionale di Fisica Nucleare of Italy; the WCU program
of the Ministry of Education Science and Technology,
National Research Foundation of Korea Grants No. 2011-
0029457, No. 2012-0008143, No. 2012R1A1A2008330,
No. 2013R1A1A3007772; the BRL program under
NRF Grant No. KRF-2011-0020333, No. KRF-2011-
0021196, Center for Korean J-PARC Users, No. NRF-
2013K1A3A7A06056592; the BK21 Plus program and the
GSDC of the Korea Institute of Science and Technology
Information; the Polish Ministry of Science and Higher
Education and the National Science Center; the Ministry
of Education and Science of the Russian Federation and the
Russian Federal Agency for Atomic Energy; the Slovenian
Research Agency; the Basque Foundation for Science
(IKERBASQUE) and the UPV/EHU under program UFI
11/55; the Swiss National Science Foundation; the National
Science Council and the Ministry of Education of Taiwan;
and the U.S. Department of Energy and the National Science
Foundation. This work is supported by a Grant-in-Aid from
MEXT for Science Research in a Priority Area (“New
Development of Flavor Physics”) and from JSPS for
Creative Scientific Research (“Evolution of Tau-lepton
Physics”).

TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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selection efficiency, and NBþB− is the number of
ϒð4SÞ → BþB− events in the data sample. Using
Bðϒð4SÞ → BþB−Þ ¼ 0.513% 0.006 [3], we estimate
NBþB− as ð396%7Þ × 106.
We obtain Nbkg

exp by fitting the pB
l sideband of the data

sample with a PDF obtained from the background MC. We
then estimate the expected background yield in the pB

l
signal region from the ratio of the fitted background MC
yields in the pB

l sideband and the pB
l signal region.

The systematic uncertainties on Nbkg
exp are estimated

according to the uncertainties in the background PDF
parameters, the branching fraction of background decays,
and the statistics of the data sample in the pB

l sideband. We
vary each source in turn by its uncertainty (%1σ), and the
resulting deviations in Nbkg

exp are added in quadrature. To
calculate the effect of the branching fraction uncertainties
of the background modes, we refer to the experimental
measurements [3] for the Bþ → D̄ð&Þ0lþνl, Bþ → π0lþνl,
Bþ → πþK0, and Bþ → Kþπ0 modes and vary each
branching fraction one by one from the world-average
value by its error. For the Bþ → lþνlγ, an uncertainty of
%50% is applied. For modes where a clear estimate of the
background level is not available, we assume a conservative
branching fraction uncertainty of þ100

−50 %. The values of
Nbkg

exp and their uncertainties for both Bþ → eþνe and Bþ →
μþνμ decays are listed in Table I.
The efficiencies ϵs are 0.086% 0.007and 0.102% 0.008

for Bþ → eþνe and Bþ → μþνμ, respectively, as summa-
rized in Table I. The uncertainties of ϵs are calculated from
the following sources: lepton identification, signal MC
statistical error, track finding uncertainties of the signal
lepton, ϵtag correction, and pB

l shape.
The lepton identification efficiency correction is esti-

mated by comparing the efficiency difference between the
data and MC using γγ → eþe−=μþμ− processes, from
which we obtain a 2.0% uncertainty for Bþ → eþνe and
2.3% for Bþ → μþνμ. The uncertainty due to signal MC
statistics is 1.4% for Bþ → eþνe and 1.3% for Bþ → μþνμ.
The track-finding uncertainty is obtained by studying the
partially reconstructed D&þ → D0πþ, D0 → K0

Sπ
þπ−, and

KS→ πþπ− decay chain, where one of the K0
S daughters is

not explicitly reconstructed. We compare, between data and
MC, the efficiency of finding theK0

Sdaughter pion which is

not explicitly used in the partial D& reconstruction and
estimate a contribution of 0.35% uncertainty for both Bþ →
eþνe and Bþ → μþνμ modes. We also include the 6.4% ϵtag
correction uncertainty mentioned earlier.
To account for the difference of pB

l shapes in the signal
MC and the data, we study Bþ → D̄0πþ decays as a control
sample. The control sample is similar to our signal decay
since it is also a two-body decay of a Bþ meson. The D̄0

meson is identified in the D̄0 → Kþπ− and D̄0 →
Kþπ−πþπ− decay channels. We follow the same analysis
procedure as in the Bþ → lþνl analysis, where the πþ

from the primary decay of the Bþ meson (primary πþ) is
treated as the lepton and the D̄0 decay products as a whole
are treated as the invisible neutrino. We compare the
distributions of the primary πþ momentum in the rest
frame of the signal B (pB

π ) between the background
subtracted data sample and the control sample MC, which
are displayed in Fig. 2.
We estimate the pB

l shape correction factor as the ratio of
the pB

π selection efficiencies between the background-
subtracted data and MC for the control mode. The
yields are compared for the wide (2.15 GeV=c <
pB
π < 2.45 GeV=c) and the peak (2.28 GeV=c < pB

π <
2.36GeV=c) region, separately for data and MC. By
comparing the ratios of the peak region yield to that of
the wide region, we obtain the pB

l shape correction factor as
0.953% 0.034, where the error includes both the statistical
uncertainty of the study as well as systematic uncertainties
in fitting. With this correction applied to the MC sample,
the control sample yield of data and MC agree within 0.3σ.
The total systematic uncertainty related to ϵsNBþB−

is 8.0% for both Bþ → eþνe and Bþ → μþνμ. The
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FIG. 2 (color online). The pB
π distributions of the Bþ → D̄0πþ

control sample study. The points with error bars indicate the
background-subtracted data and the solid histogram shows the
MC distribution. The region between the two dashed lines
represents the pB

π selection region for the control sample study.

TABLE I. Summary of the signal selection efficiency (ϵs), the
number of events observed in the pB

l signal region (Nobs), and
the expected background yield in the pB

l signal region (Nbkg
exp) for

the Bþ → lþνl search.

Mode ϵs [%] Nobs Nbkg
exp

Bþ → eþνe 0.086% 0.007 0 0.10% 0.04
Bþ → μþνμ 0.102% 0.008 0 0.26þ0.09

−0.08
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multiplicative uncertainties related to ϵsNBþB− are
summarized in Table II.
In the pB

l signal region, we observe no events for either
search as shown in Fig. 3. We set 90% C.L. branching
fraction upper limits using the POLE program [25] based
on a frequentist approach [26]. In the calculation, we
assume a Gaussian distribution of Nbkg

exp , with a conservative
assumption by choosing the larger deviation of the asym-
metric uncertainty in Nbkg

exp . We obtain upper limits of the
branching fraction for each mode as BðBþ → eþνeÞ <
3.5 × 10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L.,
which include the systematic uncertainties.

In summary, we have searched for the leptonic decays
Bþ → eþνe and Bþ → μþνμ with the hadronic tagging
method using a data sample containing 772 × 106BB̄ events
collected by the Belle experiment. We find no evidence of
Bþ → eþνe and Bþ → μþνμ processes. We set the upper
limits of the branching fraction at BðBþ → eþνeÞ < 3.5 ×
10−6 and BðBþ → μþνμÞ < 2.7 × 10−6 at 90% C.L., which
are by far the most stringent limits obtained with the
hadronic tagging method. Given the low background level
demonstrated in this search, we expect more stringent
constraints on the new physics models to be set by Belle
II [27], the next generation B factory experiment.
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TABLE II. Summary of multiplicative systematic uncertainties
related to the ϵsNBþB− calculation, in percent.

Source Bþ → eþνe Bþ → μþνμ

NBþB− 1.8 1.8
Lepton ID 2.0 2.3
MC statistics 1.4 1.3
Tracking efficiency 0.35 0.35
ϵtag correction 6.4 6.4
pB
l Shape 3.6 3.6

Total 8.0 8.0
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FIG. 3 (color online). The pB
l distributions for Bþ → eþνe (top)

and Bþ → μþνμ (bottom). The points with error bars are the
experimental data. The solid histograms are for the signal MC
distributions which are scaled up by a factor of 106 (40) from the
SM expectation for Bþ → eþνe (Bþ → μþνμ). The dashed (blue)
curves show the background PDF fitted in the sideband region
(2.0 GeV=c < pB

l < 2.5 GeV=c). The vertical dotted line shows
the upper bound of the pB

l sideband, while the region between
the two dot-dashed (red) vertical lines correspond to the pB

l
signal region.
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We present a search for a non-Standard-Model invisible particle X 0 in the mass range 0.1–1.8 GeV=c2 in
Bþ → eþX 0 and Bþ → μþX 0 decays. The results are obtained from a 711 fb−1 data sample that
corresponds to 772 × 106BB̄ pairs, collected at the ϒð4SÞ resonance with the Belle detector at the KEKB
eþe− collider. One B meson is fully reconstructed in a hadronic mode to determine the momentum of the
lepton of the signal decay in the rest frame of the recoiling partner Bmeson. We find no evidence of a signal
and set upper limits on the order of 10−6.

DOI: 10.1103/PhysRevD.94.012003

Since the theoretical proposal by Pauli [1] and the
discovery by Cowan et al. [2], neutrinos have played a
crucial role in developing and shaping the standard model
(SM) of elementary particle physics. Recent observation of
neutrino oscillation [3] requires that they have nonzero
masses. But in the minimal SM, there is no mechanism for
them to acquire nonzero mass.
Many new physics models beyond the SM introduce

heavy neutrinos to explain neutrino masses through the

so-called seesaw mechanism [4]. Moreover, these heavy
neutrinos can help explain dark matter in the Universe. It is
of great interest to search for heavy neutrinolike particles.
Such a heavy neutrino is an invisible particle, which we
denote X 0, and can be studied in Bþ decays to lþX 0 [5],
where l denotes an electron or muon.
There are further possibilities for the X 0 candidate in

hypotheses of new physics beyond the SM. One is sterile
neutrinos in large extra dimensions [6] and in the neutrino
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FIG. 1: Some Feymann diagrams to produce lightest neutralino from B meson decays in
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• Search for massive neutral invisible
fermion “X0”
It can be a heavy neutrino, or an LSP in RPV models, or

whatever

• Experimentally, very similar signature to
B+ ! `+⌫`

• But, pB
` gives a handle on MX
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More than 95% of b → c decays result in observed

Dð"Þlþ νl final states, so we use their branching fraction
uncertainties [23]. The values of Nbkg

exp and their uncertain-
ties for both Bþ → eþ X0 and Bþ → μþ X0 are listed in
Table I.
Figure 4 shows the expected and obtained 90% C.L.

upper limits of BðBþ → lþ X0Þ for each assumed value of
MX0 . Table I summarizes the pB

l signal region, estimated
background, signal efficiency, number of observed events,
and upper limit of the branching fraction at 90% C.L. for
each assumed value of MX0 for both modes.
From the branching fraction upper limits, assuming

R-parity violation, we can set bounds on the MSSM-related
parameter ξl

ξl ¼ λ02l13

!
1

2M2
~l

þ 1

12M2
~uL

þ 1

6M2
~bR

"
2

¼ 8πðmu þ mbÞ2BðBþ → lþ X0Þ
τBþ g02f2Bm

2
Bþ pB

l ðm2
Bþ −m2

l −m2
X0Þ

ð2Þ

where λ0 is a dimensionless R-parity-violating coupling
constant, g0 the weak coupling constant, fB the decay
constant of the Bþ meson,mBþ its mass, pB

l the momentum
of the lþ in the B rest frame, mu and mb the up and bottom
quark mass,ml the charged lepton mass,mX0 the neutralino
mass, and M ~f the sfermion mass that appears as an
intermediate particle. The range of upper bounds of ξe is
4.1 × 10−14 to 1.7 × 10−13 GeV−4c8 and on ξμ is 4.2 ×
10−14 to 2.3 × 10−13 GeV−4c8.
In summary, we obtain first upper limits for the branch-

ing fraction of Bþ → eþ X0 and Bþ → μþ X0 for anX0 mass
range 0.1 GeV=c2 to 1.8 GeV=c2 using Belle’s full data
set, where X0 is assumed to leave no experimental
signature. For 18 assumed values of MX0 for both modes,
upper limits of branching fraction are found to be Oð10−6Þ.
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factors is 1.10–1.11 for the electron mode and 0.93–0.99 for
the muon mode.
The signal branching fractions are obtained by the

following equation:

BðB þ → lþX 0Þ ¼ Nobs − Nbkg
exp

2 · ϵs · NB þB −
; ð1Þ

where Nobs is the number of observed events and Nbkg
exp is

the number of expected background events, both in the
pB
l signal region, ϵs is the signal efficiency, and

NB þB − ¼ ð396%7Þ × 106 is the number of B þB − events.
The factor of 2 in the denominator appears because we
search for signals in both B þ and B − decays (see [5]).
To evaluate ϵs, signal MC samples are generated using

EvtGen [18], including final-state radiation using PHOTOS
[19]. These samples are processed with a detector simu-
lation based on GEANT3 [20]. The signal efficiencies are
summarized in Table I.
Figure 3 shows the pB

l distribution of the on-resonance
data. The fitted yield of background in the pB

l sideband
of on-resonance data is extrapolated to the signal region.
The extrapolation factor is determined from background
MC samples.
The observed yields in the signal region are summarized

in Table I. There is no signal excess for either mode in any
MX 0 range. In the muon mode for MX 0 ¼ 1.5 GeV=c2

(1.6GeV=c2), we find 5 (4) events in the pB
l signal region

while we expect 1.12% 0.34 (0.95% 0.29) background
events. The local p-value of this yield, assuming a

background-only hypothesis, is 0.60%(1.59%). We obtain
the 90% confidence level (C.L.) upper limit of the signal
yield in each case by using the frequentist approach [21]
implemented in the POLE (Poissonian limit estimator)
program [22], where the systematic uncertainties are taken
into account.
The systematic uncertainty consists of the multiplicative

uncertainty on ϵs · NB þB − and the additive uncertainty on
the background. The multiplicative uncertainty is calcu-
lated from the uncertainties on the number of B þB − events,
track finding and lepton identification for the signal lepton,
the ϵtag correction, the pB

l shape, and the signal MC
sample size.
A 1.8% uncertainty is assigned for the uncertainty

on the number of B mesons and the branching fraction
of ϒð4SÞ → B þB − [23]. The track-finding uncertainty is
estimated by comparing the track-finding efficiency in data
and MC, determining it in both cases from the number of
pions in the partially and fully reconstructed D& → πD0,
D0 → ππK0

S, K0
S → ππ decay chain. For the pB

l shape
uncertainty, we use the 3.6% uncertainty from the B þ →
D̄0πþ control sample study in the B þ → lþνl search [13]
due to its similar kinematics. The lepton identification
uncertainty is estimated by comparing the efficiency differ-
ence between data and MC using γγ → lþl−. The multi-
plicative systematic uncertainties are summarized in
Table III.
The systematic uncertainties on the background estima-

tion are determined by considering the following sources:
uncertainties in the background PDF parameters, the
branching fraction of the background modes and the
statistical uncertainty from the pB

l sideband. Each source
is varied one at a time by its uncertainty ð%1σÞ and the
resulting deviations from the nominal background yield are
added in quadrature. For the branching fraction uncertain-
ties of the background modes, we use the world-average
values in Ref. [23] for B þ → π0lþνl and B þ → πþK0. For
B þ → lþνlγ, a variation of %50% is applied. For other
modes, where an estimate of the background level is not
clearly available, a conservative branching fraction uncer-
tainty of þ100

−50 % is assumed.

TABLE III. Summary of multiplicative systematic uncertainties
on ϵs · NB þB − . The lepton identification and MC statistical
uncertainties depend on MX 0 and are given as ranges.

Source B þ → eþX 0 B þ → μþX 0

NB þB − 1.8% 1.8%
Tracking 0.35% 0.35%
ϵtag correction 6.4% 6.4%
pB
l shape 3.6% 3.6%

Lepton ID (1.0–1.1)% (0.8–0.9)%
MC sample size (1.8–2.0)% (1.8–1.9)%
Total 7.9% 7.8%
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new untagged  B+ ➔ μ+ν  from Belle
all particles except for the μ+ are to come from the other B, but 
its decay chain is not explicitly reconstructed (hence, untagged) 

• require −3 < ΔE < +2  and  5.1 < Mbc

In the B rest frame, pμ = 2.64 GeV (sharp!), but 

• in the CM frame, 2.45 <         < 2.85 GeV

Use      and neural net (NN) for signal extraction (2D fit)

 26
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scribed in Ref. [31], taking into account the uncertainty
arising from the finite number of events in the tem-
plate MC histograms. The fit region covers muon mo-
menta from 2.2 to 4GeV/c with 50MeV/c bins and the
full range of the onn variable from �1 to 1 with 0.04
bins. The region at high muon momentum p⇤µ and high
onn is sparsely populated; to avoid bins with zero or a
few events, which are undesirable for the fit method em-
ployed, we increased the bin size in this region. The fine
binning in the signal region is preserved. After the re-
binning, the p⇤µ-onn histogram is reduced from 1800 to
1226 bins. The fit method tends to scale low-populated
templates to improve the fit to data; because of this,
background components with the predicted fraction of
under 1% of the total number of events are fixed in the
fit to the MC prediction. The fitted-yield components
are the signal, B̄ ! ⇡`�⌫̄`, B̄ ! ⇢`�⌫̄`, the rest of
the charmless semileptonic decays, BB̄, cc̄, uds, ⌧+⌧�,
and e+e�µ+µ�. The fixed-yield components are µ+µ�,
e+e�e+e�, e+e�uū, e+e�ss̄, and e+e�cc̄.

To obtain the signal branching fraction, we fit the ratio
R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably
estimate the fit uncertainty. The result of the fit is R =
(1.66± 0.57)⇥ 10�2, which is equivalent to a signal yield
of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio
of B(B� ! µ�⌫̄µ)/B(B̄ ! ⇡`�⌫̄`) = (4.45 ± 1.53stat) ⇥
10�3. This result can be compared to the MC predic-
tion of this ratio RMC = 114.6/11746 = 0.976 ⇥ 10�2,
obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and
B(B̄ ! ⇡`�⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [3]).
The fitted value of R results in the branching fraction
B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted
uncertainty is statistical only. The statistical significance
of the signal is 3.4�, determined from the likelihood ra-
tio of the fits with a free signal component and with the
signal component fixed to zero. The fit result of the
reference process B̄ ! ⇡`�⌫̄` agrees with the MC pre-
diction to better than 10%. The projections of the fit-
ted distribution in the signal-enhanced regions are shown
in Fig. 2. The fit qualities of the displayed projections
are �2/ndf = 27.6/16 (top panel) and �2/ndf = 29.1/25
(bottom panel), taking into account only data uncertain-
ties.

The double ratioR/RMC benefits from substantial can-
cellation of the systematic uncertainties from muon iden-
tification, lepton and neutral-kaon vetos and the compan-
ion B-meson decay mis-modelling, as well as partially
cancelling trigger uncertainties and possible di↵erences
in the distribution of the onn variable.

In the signal region, the main background contribution
comes from charmless semileptonic decays; in particu-
lar, the main components B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`,
which peak at high onn values, are carefully studied.
With soft and undetected hadronic recoil, these decays
are kinematically indistinguishable from the signal in an
untagged analysis. For the B̄ ! ⇡`�⌫̄` component,
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FIG. 2: Projections of the fitted distribution to data onto

the histogram axes in the signal-enhanced regions 0.84 < onn
(top plot) and 2.6GeV/c < p⇤µ < 2.85GeV/c (bottom plot).

we vary the form-factor shape within uncertainties ob-
tained with the new lattice QCD result [5] and the pro-
cedure described in Ref. [4], which was used to estimate
the value of |Vub|. Since the form-factor is tightly con-
strained, the contribution to the systematic uncertainty
from the B̄ ! ⇡`�⌫̄` background is estimated to be only
0.9%. For the B̄ ! ⇢`�⌫̄` component, the form-factors
at high q2 or high muon momentum have much larger
uncertainties and several available calculations are em-
ployed [24, 25, 32], resulting in a systematic uncertainty
of 12%.
The rare hadronic decay B� ! K0

L⇡
�, where K0

L is
not detected and the high momentum ⇡ is misidentified
as a muon, is also indistinguishable from the signal decay
and has a similar onn shape. This contribution is fixed
in the fit and the signal yield di↵erence, with and with-
out the B� ! K0

L⇡
� component, of 5.5% is taken as a

systematic uncertainty since GEANT3 poorly models K0
L

interactions with materials.
The not-yet-discovered process B� ! µ�⌫̄µ� with a

soft photon can mimic the signal decay. To estimate
the uncertainty from this hypothetical background, we
perform the fit with this contribution fixed to half of
the best upper limit B(B� ! µ�⌫̄µ�) < 3.4 ⇥ 10�6 at
90% C.L. by Belle [33] and take the di↵erence of 6% as
the systematic uncertainty.
Previous studies [13, 14] did not characterize these

backgrounds in a detailed manner, which could have led
to a substantial underestimation of the systematic uncer-
tainties.
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reference process B̄ ! ⇡`�⌫̄` agrees with the MC pre-
diction to better than 10%. The projections of the fit-
ted distribution in the signal-enhanced regions are shown
in Fig. 2. The fit qualities of the displayed projections
are �2/ndf = 27.6/16 (top panel) and �2/ndf = 29.1/25
(bottom panel), taking into account only data uncertain-
ties.

The double ratioR/RMC benefits from substantial can-
cellation of the systematic uncertainties from muon iden-
tification, lepton and neutral-kaon vetos and the compan-
ion B-meson decay mis-modelling, as well as partially
cancelling trigger uncertainties and possible di↵erences
in the distribution of the onn variable.

In the signal region, the main background contribution
comes from charmless semileptonic decays; in particu-
lar, the main components B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`,
which peak at high onn values, are carefully studied.
With soft and undetected hadronic recoil, these decays
are kinematically indistinguishable from the signal in an
untagged analysis. For the B̄ ! ⇡`�⌫̄` component,
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we vary the form-factor shape within uncertainties ob-
tained with the new lattice QCD result [5] and the pro-
cedure described in Ref. [4], which was used to estimate
the value of |Vub|. Since the form-factor is tightly con-
strained, the contribution to the systematic uncertainty
from the B̄ ! ⇡`�⌫̄` background is estimated to be only
0.9%. For the B̄ ! ⇢`�⌫̄` component, the form-factors
at high q2 or high muon momentum have much larger
uncertainties and several available calculations are em-
ployed [24, 25, 32], resulting in a systematic uncertainty
of 12%.
The rare hadronic decay B� ! K0

L⇡
�, where K0

L is
not detected and the high momentum ⇡ is misidentified
as a muon, is also indistinguishable from the signal decay
and has a similar onn shape. This contribution is fixed
in the fit and the signal yield di↵erence, with and with-
out the B� ! K0

L⇡
� component, of 5.5% is taken as a

systematic uncertainty since GEANT3 poorly models K0
L

interactions with materials.
The not-yet-discovered process B� ! µ�⌫̄µ� with a

soft photon can mimic the signal decay. To estimate
the uncertainty from this hypothetical background, we
perform the fit with this contribution fixed to half of
the best upper limit B(B� ! µ�⌫̄µ�) < 3.4 ⇥ 10�6 at
90% C.L. by Belle [33] and take the di↵erence of 6% as
the systematic uncertainty.
Previous studies [13, 14] did not characterize these

backgrounds in a detailed manner, which could have led
to a substantial underestimation of the systematic uncer-
tainties.
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I Helicity suppression (of B+
! `+⌫) is avoided by �.
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I �B is needed for QCDF to calculate, e.g., charmless hadronic B decays
I SM expectation: B(B+

! `+⌫�) ⇠ O(10�6)

* Calculation is reliable only for E� > 1 GeV

I Previous Belle (2015): �B(B+
! `+⌫�) < 3.5 ⇥ 10�6

I Updated results from Belle (2018) with ‘FEI’ algorithm
* a new B-tagging algorithm developed for Belle II
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FIG. 2: The post-fit M2
miss distributions for the simultaneous fit to the four categories are shown (cf. Section III). The

individual fit components are shown as colored histograms, and the filled gray histogram shows their sum.

the numbers of entries are varied using a Poisson distri-
bution. The templates of the ensemble are used to repeat
the fit to estimate the total uncertainty. The largest addi-
tive systematic uncertainty for the B+

! ⇡0 `+⌫` branch-
ing fraction is given by the uncertainty on the BCL form
factors and is evaluated by variations using the covari-
ance matrix from the global fit of Ref. [20].

The remaining additive uncertainties on both chan-
nels are evaluated as follows: The fraction of the in-
dividual channels in which the B tag is reconstructed
di�ers between MC and data. To estimate the im-
pact of this mismatch, the MC samples are corrected
to the fraction in data of the reconstructed tag chan-
nels and the di�erence is taken as an estimation for
the systematic uncertainty. In the fit, the individ-
ual branching fractions of charmless semileptonic back-
ground decay modes are kept fixed and modeled as
a single floating background template. To estimate

uncertainties due to slight shape di�erences in M2
miss

from these templates, we vary the decay branching frac-
tions of B+

! � `+ ⌫`, B+
! ⇢0 `+ ⌫`, B0

! ⇢� `+ ⌫`,
B+

! � `+ ⌫`, B+
! �� `+ ⌫`, and B0

! ⇡� `+ ⌫` indi-
vidually within their uncertainties [24]. The uncertainty
on the B+

! `+⌫`� signal model is estimated by correct-
ing the simulated events from the prediction of Ref. [18]
to the state-of-the-art prediction of Ref. [3] and repeating
the fit.

VI. RESULTS

Figure 2 shows the M2
miss distribution of the selected

data events in the four categories of B+
! e+⌫e�, B+

!

µ+⌫µ�, B+
! ⇡0 e+⌫e , and B+

! ⇡0µ+⌫µ. The selected
events are used to maximize the likelihood function Eq. 7
numerically, determining the four (B+

! `+⌫`�) and

11

TABLE II: Measured central values and the corresponding
significance for the di�erent channels.

` B(B
+ ! ⇡

0
`
+

⌫�) (10
�5

) � �B(B
+ ! `

+
⌫��) (10

�6
) �

e 8.3+0.9
�0.8 ± 0.9 8.0 1.7+1.6

�1.4 ± 0.7 1.1

µ 7.5+0.8
�0.8 ± 0.6 9.6 1.0+1.4

�1.0 ± 0.4 0.8

e, µ 7.9+0.6
�0.6 ± 0.6 12.6 1.4+1.0

�1.0 ± 0.4 1.4

TABLE III: Comparison to previous results of the partial
branching fraction measurement. All limits correspond to
the 90% CL.

�B(B+ � �+���) limit (10�6)

� BaBar [34] Belle [9] This work

e - < 6.1 < 4.3

µ - < 3.4 < 3.4

e, µ < 14 < 3.5 < 3.0

�(B+
! ⇡0 `+⌫`) = |Vub|

2
⇥ (2.4 ± 0.2) ⇥ 10�12 GeV.

For the partial B+
! `+⌫`� decay rate the predictions

and uncertainties of Ref. [5] extrapolated to E� > 1 GeV
are used. In Ref. [5] three di�erent models are used to
evaluate the dependence of the partial decay rate on the
functional form of the light-cone distribution amplitude.
Figure 4 shows the predicted and measured R⇡ ratio
as a function of �B . We solve Eq. 19 numerically and
in Table IV the determined value of �B for each of the
three models are given, including the corresponding
theoretical uncertainties of Ref. [5]. We use the shift in
the central value between all three models to also quote
a value of �B , whose uncertainty should incorporate the
overall model dependence. For this we find

�B = 0.36+0.25
�0.08

+0.03
�0.03

+0.03
�0.03 GeV = 0.36+0.25

�0.09 GeV , (21)

where the first uncertainty is experimental, the second
from the theoretical uncertainty on the B+

! `+⌫`�
prediction of Ref. [5] and the B+

! ⇡0 `+⌫` uncertainty
from Ref. [20], and the third uncertainty is due to the
light-cone distribution amplitude model dependence. We
further obtain a one-sided limit of

�B > 0.24 GeV (22)

at 90% CL.
Note, that these estimates might su�er from additional

uncertainties from the extrapolation to E� > 1 GeV. Fur-
ther details can be found in Ref. [5].

VII. SUMMARY

In this manuscript, an improved search for the radia-
tive leptonic decay B+

! `+⌫`� on the full Belle data set
recorded at the �(4S ) resonance is presented. The re-
sults improve the previous analysis by our collaboration
and increase the signal e�ciency by a factor of three. In

TABLE IV: The determined values of �B using the
predictions of Ref. [5] are given. A detailed description of
the three approaches to model the functional form of the
light-cone distribution amplitude (LCDA) can be found in
Ref. [5]. The first uncertainty are experimental and the
second from theory.

�B (GeV)

Model I 0.36+0.25
�0.08

+0.03
�0.03

Model II 0.38+0.25
�0.06

+0.05
�0.08

Model III 0.32+0.24
�0.07

+0.05
�0.08

FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
dark red band shows the theoretical uncertainty, the light
red band additionally contains the light-cone distribution
amplitude model dependence.

addition, the description of the important B+
! ⇡0 `+⌫`

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫` signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
experiment, the Full Event Interpretation [10]. Although
this drastically improves the sensitivity, no significant sig-
nal of B+

! `+⌫`� decays is observed. As it is not possi-
ble to determine the statistical overlap with the previous
Belle result, this work supersedes Ref. [9].

The determined partial branching fraction for B+
!

`+⌫`� decays with photon energies E� > 1 GeV in the
B sig rest frame is found to be

�B(B+
! `+⌫`�) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (23)

with a significance of 1.4 standard deviations over the
background-only hypothesis. Using the likelihood con-
tour and a flat prior, we determine a Bayesian upper
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the numbers of entries are varied using a Poisson distri-
bution. The templates of the ensemble are used to repeat
the fit to estimate the total uncertainty. The largest addi-
tive systematic uncertainty for the B+

! ⇡0 `+⌫` branch-
ing fraction is given by the uncertainty on the BCL form
factors and is evaluated by variations using the covari-
ance matrix from the global fit of Ref. [20].

The remaining additive uncertainties on both chan-
nels are evaluated as follows: The fraction of the in-
dividual channels in which the B tag is reconstructed
di�ers between MC and data. To estimate the im-
pact of this mismatch, the MC samples are corrected
to the fraction in data of the reconstructed tag chan-
nels and the di�erence is taken as an estimation for
the systematic uncertainty. In the fit, the individ-
ual branching fractions of charmless semileptonic back-
ground decay modes are kept fixed and modeled as
a single floating background template. To estimate

uncertainties due to slight shape di�erences in M2
miss

from these templates, we vary the decay branching frac-
tions of B+

! � `+ ⌫`, B+
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! ⇢� `+ ⌫`,
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! � `+ ⌫`, B+
! �� `+ ⌫`, and B0

! ⇡� `+ ⌫` indi-
vidually within their uncertainties [24]. The uncertainty
on the B+

! `+⌫`� signal model is estimated by correct-
ing the simulated events from the prediction of Ref. [18]
to the state-of-the-art prediction of Ref. [3] and repeating
the fit.

VI. RESULTS

Figure 2 shows the M2
miss distribution of the selected

data events in the four categories of B+
! e+⌫e�, B+

!

µ+⌫µ�, B+
! ⇡0 e+⌫e , and B+

! ⇡0µ+⌫µ. The selected
events are used to maximize the likelihood function Eq. 7
numerically, determining the four (B+
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(a) Two-dimensional likelihood scan (b) One-dimensional likelihood scan and Bayesian PDF

FIG. 3: Plot (a) shows the two-dimensional likelihood ratio contour �2� for the combined measurement of B+ � �+��� and
B+ � �0 �+��. The ellipses correspond to the given confidence level, including systematic uncertainties. Plot (b) shows the
one-dimensional likelihood contour and its conversion into a Bayesian PDF F(�j |n) using a flat prior for the B+ � �+���
measurement, see Section III for details.

three (B+
! ⇡0 `+⌫`) event types detailed in Section III.

The fitted B+
! `+⌫`� signal, B+

! ⇡0 `+⌫` normal-
ization and other background contributions are shown
as colored histograms and the summed signal plus back-
ground template is shown as a filled gray histogram. The
observed partial branching fraction of B+

! `+⌫`� with
E� > 1 GeV is

�B(B+
! `+⌫`�) = (1.4 ± 1.0 ± 0.4) ⇥ 10�6 , (16)

where the first error is statistical and the second error
contains all systematic uncertainties discussed in Sec-
tion V. The significance over the background-only hy-
pothesis for the B+

! `+⌫`� signal, as calculated us-
ing the likelihood ratio, is 1.4 standard deviations. The
B+

! ⇡0 `+⌫` branching fraction is found to be

B(B+
! ⇡0 `+⌫`) = (7.9 ± 0.6 ± 0.6) ⇥ 10�5 , (17)

and has better statistical precision than the measurement
of Ref. [33]1. A summary of all fit results, including fits of
the individual electron and muon samples, is presented in
Table II. Figure 3a shows the two-dimensional likelihood
ratio contours of �2� (see Eq. 10) for both branching
fractions. The correlation between �B(B+

! `+⌫`�)
and B(B+

! ⇡0 `+⌫`) is found to be ⇢ = �2.7%.
Due to the low significance of the measured B+

!

`+⌫`� signal, we convert the likelihood into a Bayesian

1
The statistical overlap with the previous measurement is un-

known. Since the current result is not measured in bins of q
2
,

the previous result should still be used for the determination of
|Vub | and world averages of the branching fraction.

probability density function (PDF), with the proce-
dure detailed in Section III. Figure 3b shows the
one-dimensional likelihood ratio scan and the obtained
Bayesian PDF, which was obtained using a flat prior in
the partial branching fraction. The resulting limit for
B+

! `+⌫`� at 90% CL is

�B(B+
! `+⌫`�) < 3.0 ⇥ 10�6 at 90% CL . (18)

This provides a significantly more stringent limit than
previous searches, and a summary of previous limits and
individual limits for the electron and muon signal channel
can be found in Table III.

Using the B+
! `+⌫`� and B+

! ⇡0 `+⌫` branching
fractions, the first inverse moment �B of the leading-
twist B meson light-cone distribution amplitude �+ can
be determined. Instead of directly using the measured
B+

! `+⌫`� partial branching fraction, we use the the-
oretically well understood B+

! ⇡0 `+⌫` decay rate to
derive a measurement of �B which is independent of Vub .
The value of �B is related to this ratio as

R⇡ =
�B(B+

! `+⌫`�)

B(B+
! ⇡0 `+⌫`)

=
��(�B )

�(B+
! ⇡0 `+⌫`)

, (19)

with ��(�B ) denoting the partial decay rate as a func-

tion of �B with E� > 1 GeV, and �(B+
! ⇡0 `+⌫`)

denoting the total decay rate of B+
! ⇡0 `+⌫`. Using

the central values and the full experimental covariance
we measure

Rmeas
⇡ = (1.7 ± 1.4) ⇥ 10�2 . (20)

For the prediction of the B+
! ⇡0 `+⌫`

decay rate, we use the global fit [20] of

0.9 =

R UL
0 F(�B)d�B
R �
0 F(�B)d�B
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TABLE II: Measured central values and the corresponding
significance for the di�erent channels.

` B(B
+ ! ⇡

0
`
+

⌫�) (10
�5

) � �B(B
+ ! `

+
⌫��) (10

�6
) �

e 8.3+0.9
�0.8 ± 0.9 8.0 1.7+1.6

�1.4 ± 0.7 1.1

µ 7.5+0.8
�0.8 ± 0.6 9.6 1.0+1.4

�1.0 ± 0.4 0.8

e, µ 7.9+0.6
�0.6 ± 0.6 12.6 1.4+1.0

�1.0 ± 0.4 1.4

TABLE III: Comparison to previous results of the partial
branching fraction measurement. All limits correspond to
the 90% CL.

�B(B+ � �+���) limit (10�6)

� BaBar [34] Belle [9] This work

e - < 6.1 < 4.3

µ - < 3.4 < 3.4

e, µ < 14 < 3.5 < 3.0

�(B+
! ⇡0 `+⌫`) = |Vub|

2
⇥ (2.4 ± 0.2) ⇥ 10�12 GeV.

For the partial B+
! `+⌫`� decay rate the predictions

and uncertainties of Ref. [5] extrapolated to E� > 1 GeV
are used. In Ref. [5] three di�erent models are used to
evaluate the dependence of the partial decay rate on the
functional form of the light-cone distribution amplitude.
Figure 4 shows the predicted and measured R⇡ ratio
as a function of �B . We solve Eq. 19 numerically and
in Table IV the determined value of �B for each of the
three models are given, including the corresponding
theoretical uncertainties of Ref. [5]. We use the shift in
the central value between all three models to also quote
a value of �B , whose uncertainty should incorporate the
overall model dependence. For this we find

�B = 0.36+0.25
�0.08

+0.03
�0.03

+0.03
�0.03 GeV = 0.36+0.25

�0.09 GeV , (21)

where the first uncertainty is experimental, the second
from the theoretical uncertainty on the B+

! `+⌫`�
prediction of Ref. [5] and the B+

! ⇡0 `+⌫` uncertainty
from Ref. [20], and the third uncertainty is due to the
light-cone distribution amplitude model dependence. We
further obtain a one-sided limit of

�B > 0.24 GeV (22)

at 90% CL.
Note, that these estimates might su�er from additional

uncertainties from the extrapolation to E� > 1 GeV. Fur-
ther details can be found in Ref. [5].

VII. SUMMARY

In this manuscript, an improved search for the radia-
tive leptonic decay B+

! `+⌫`� on the full Belle data set
recorded at the �(4S ) resonance is presented. The re-
sults improve the previous analysis by our collaboration
and increase the signal e�ciency by a factor of three. In

TABLE IV: The determined values of �B using the
predictions of Ref. [5] are given. A detailed description of
the three approaches to model the functional form of the
light-cone distribution amplitude (LCDA) can be found in
Ref. [5]. The first uncertainty are experimental and the
second from theory.

�B (GeV)

Model I 0.36+0.25
�0.08

+0.03
�0.03

Model II 0.38+0.25
�0.06

+0.05
�0.08

Model III 0.32+0.24
�0.07

+0.05
�0.08

FIG. 4: The theory prediction of Refs. [5] and [20] (red line
with 1� uncertainties) for R� is compared to the measured
value and 1� uncertainty (blue dashed line and band). The
dark red band shows the theoretical uncertainty, the light
red band additionally contains the light-cone distribution
amplitude model dependence.

addition, the description of the important B+
! ⇡0 `+⌫`

background was improved, by analyzing simultaneously
B+

! ⇡0 `+⌫` signal events and using the global fit result
of Ref. [20] to describe its form factors. The large im-
provement in sensitivity stems from employing a newly
developed tagging algorithm developed for the Belle II
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R&D for Belle II DAQ
DAQ firmware test and improvement

• e.g. fixing bug in high-f transmission
FTSW board test and installation (picture below)
jtagft S/W development for FTSW firmware remote control

• Prof. Youngjoon Kwon 
• Particle Expt. (Belle / Belle II)
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9 papers 
(평균인용수 40.6)

3 papers 
(평균인용수 37)

2 papers 
(평균인용수 228)

5 papers 
(평균인용수 10.6)

풍부하고, 임팩트있는 공동연구 실적Lab. for Dark Universe
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Now, the Workshop is 
launched. 

Enjoy the workshop, the 
physics, the campus, and 

the town!


