
1

Recent highlights from Belle

Youngjoon Kwon 
Yonsei Univ. / Belle

Dec. 21, 2015  
The 12th Saga-Yonsei Joint Workshop on HEP



2

18#countries#
84#institutes#
~400#members

� L dt
=

10
39

fb
�1

Lpeak = 21.1 nb�1s�1

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4

counter

Si Vtx. det. 
4(3) lyr. DSSD

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 2



3

• CPV, CKM & rare decays of B 
• CP, mixing, spectroscopy of charm 
• exotic particles 
• τ & 2γ

2008

Belle achievements include:

• CPV, CKM, and rare decays of B (and Bs,
too)

• Mixing, CP, and spectroscopy of charm
hadrons

• Quarkonium spectroscopy and discovery
of (many) exotic states, e.g. X(3872)

• Studies of ⌧ and 2�
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Congratulations, Steven
for Panofsky Prize in Physics 2016!
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Menu
• Appetizer

* FL, AFB in B ! K⇤`+`� (BaBar) arXiv:1508.07960

• Plate of pastas
* First Belle-BaBar joint analysis [CPV] PRL 115, 121604 (2015)
* ACP in dileptons (BaBar) PRL 114, 081801 (2015)

• Plate of meats

* B ! D(⇤)
⌧+⌫⌧ (Belle) PRD 92, 072014 (2015)

* B+ ! `+⌫� (Belle) PRD 91, 112009 (2015)

• Dessert
* Dark photon search (Belle) PRL 114, 211801 (2015)
* Dark photon search (BaBar) PRL 113, 201801 (2014)
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First Belle-BaBar joint analysis
PRL 115, 121604 (2015)

• Allows for combined use of all 1.25 ⇥ 109 BB pairs collected by both
experiments at ⌥(4S)

• Systematic cross-checks between datasets, as well as for increased
statistics

• A single analysis by a single group of analysts who have full access to
both datasets

• Prospects for more joint analyses forthcoming.
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• sin 2�(= sin 2�1) is known with high precision, with �� . 1�.
Yet, 9 some tension between direct and indirect estimation of �.
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Time-dependent CP-violation in B0 ! D⇤0
CP h0

• sin 2�(= sin 2�1) is known with high precision, with �� . 1�.
Yet, 9 some tension between direct and indirect estimation of �.

* possibly related to penguin contributions to b ! cc̄s processes?

Time-dependent CP violation in B0 ! D⇤0h0 Time-Dependent CP Violation in B0 → D(*)0h0      

!  sin(2β) is known at high precision from golden modes (mediated by 
ccs); the uncertainty on β corresponds to less than 1°. 

!  Motivation for measurement in B0 → D(*)0h0  ? : 
•  Some tension exists between direct and indirect estimations of β. 
•  Possibly related to penguin contributions to the b → ccs process ?? 
•  Want first joint analysis to have a reasonably solid result expectation

to bootstrap confidence in sound results from the technique.    

• sin 2� is known at high precision, with �� . 1�. Yet, 9 some tension between
direct and indirect estimations of �

* possibly related to penguin contributions to b ! cc̄s processes?

• B0 ! D⇤0h0 is very nearly clean b ! cūd color-suppressed tree, hence can be a
good cross-check for sin 2�

• Moreover, for the first joint analysis, we want to have a mode with reasonably
solid expectations as a confidence-builder for the methods.

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 5

 Time-Dependent CP Violation in B0 → D(*)0h0      

!  B0 → D(*)0h0  decays with h0 ∊ {π0, η(’), ω} are mediated by tree-level 
amplitudes only. 

!  Interference between mixing and decay occurs when D(*)0 and D(*)0 
decay to a common final state. 

!  No penguin amplitudes, theoretically clean [NPB 659, 321 (2003)] : 
→  Enables testing of, and comparison with, precision measurements 

from b → ccs. 
→  Can provide an alternative Standard Model reference for sin(2β). 
→  Belle2 and LHCb will be able to provide further precision in this 

set of channels.  

8

• B0 ! D⇤0
CP h0 is very nearly clean b ! cūd color-suppressed tree, hence can be

good cross-check for sin 2�.

* a nice confidence-builder, with reasonably solid expectations, for the first
joint analysis

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 9
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Principle of the combined analysis

• Perform the CPV measurement by maximizing the combined
log-likelihood function:

7

the decay vertices of the signal B meson and of the ac-

companying B meson. The B0 ! D(⇤)
CP h0 signal decay

vertex is reconstructed by a kinematic fit including in-
formation about the IP position. For Belle, an iterative
hierarchical vertex reconstruction algorithm following a
bottom-up approach starting with the final state particles
is applied, while for BABAR the vertex reconstruction in-
cludes simultaneously the complete B meson decay tree
including all secondary decays. In the kinematic fits,
the invariant masses of ⇡0, �, �, and DCP candidates
are constrained to their nominal values [22]. The decay
vertex and the b-flavor content of the accompanying B
meson are estimated from reconstructed decay products
not assigned to the signal B meson. The b-flavor con-
tent is inferred by flavor-tagging procedures described in
Refs. [6, 32]. The applied algorithms account for di�erent
signatures such as the presence and properties of prompt
leptons, charged kaons and pions originating from the
decay of the accompanying B meson, and assign a flavor
and an associated probability. Selection requirements on
the quality of the reconstructed decay vertices and the
�t measurements are applied.

The CP violation measurement is performed by maxi-
mizing the log-likelihood function

ln L =
�

i

ln PBABAR
i +

�

j

ln PBelle
j , (2)

where the indices i and j denote the events reconstructed
from BABAR and Belle data, respectively. The probability
density function (p.d.f.) describing the �t distribution
for BABAR is defined by

PBABAR =
�

k

fk

�
[Pk (�t0) Rk (�t � �t0)] d (�t0) , (3)

and for Belle by

PBelle = (1 � fol)
�

k

fk

�
[Pk (�t0) Rk (�t � �t0)] d (�t0)

+folPol (�t) , (4)

where the index k represents the signal and background
p.d.f. components. The symbol Pk denotes the p.d.f. de-
scribing the proper time interval of the particular phys-
ical process, and Rk refers to the corresponding reso-
lution function. The fractions fk are evaluated on an
event-by-event basis as a function of Mbc. Belle treats
outlier events with large �t using a broad Gaussian func-
tion in the p.d.f. component Pol with a small fraction of
fol � 2⇥10�4, while BABAR includes outlier e�ects in the
resolution function. The signal p.d.f. is constructed from
the decay rate in Eq. (1), including the e�ect of incorrect
flavor assignments and convolution with resolution func-
tions to account for the finite vertex resolution. The mod-
els of the �t resolution e�ects at BABAR and Belle follow
di�erent empirical approaches and are described in detail

in Refs. [6, 31]. The background p.d.f.s for BABAR and
Belle are composed of the sum of a Dirac delta function
to model prompt background decays and an exponential
p.d.f. for decays with e�ective lifetimes. The background
p.d.f. is convolved with a resolution function modeled as
the sum of two Gaussian functions. The background pa-
rameters are fixed to values obtained by fits to the events
in the Mbc < 5.26 GeV/c2 sidebands.

FIG. 2. (color online). The proper time interval distributions
(data points with error bars) for B0 tags (red) and B0 tags

(blue) and the CP asymmetries of B0 ! D(⇤)
CP h0 decays for

(a)-(b) BABAR and (c)-(d) Belle for candidates associated with
high quality flavor tags. The solid lines show projections of
the sum of signal and background components in the fit, while
the hatched areas show only the background components.

The combined BABAR and Belle measurement is
performed by maximizing Eq. (2) for events in the
5.27 GeV/c2 < Mbc < 5.29 GeV/c2 signal region. The
values of ⌧B0 and �md are fixed to the world aver-
ages [22]. The free parameters in the fit are S and C.
The result is

��fS = +0.66 ± 0.10 (stat.) ± 0.06 (syst.),

C = �0.02 ± 0.07 (stat.) ± 0.03 (syst.). (5)

The linear correlation between ��fS and C is �4.9%.
Through comparison of the log-likelihood of the fit to the

• Use the standard Belle and BaBar resolution functions and B
flavor-tagging algorithms.

• The backgrounds and �t resolution functions, used to fit the data from
the two experiments share the same parametrizations, and those
parameters are all precisely determined via the mES sidebands
(mES = Mbc < 5.26 GeV).

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 10
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 CP Violation Results      

Signal yield = 
508 ± 31 events 

Signal yield = 
757 ± 44 events 

PRELIMINARY 

PRELIMINARY 

PRELIMINARY 

PRELIMINARY 

11
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t-CPV in B0 ! D⇤0
CP h0, Results Significance of the Results      

!  Excludes the hypothesis of no mixing-induced CPV in 
B0 → D(*)0h0 at a confidence level of 1 – (6.6 x 10-8), 
corresponding to a significance of 5.4σ.  

PRELIMINARY 

Excludes the hypothesis of no mixing-induced
CPV in B0 ! D⇤0

CP h0 at a significance of 5.4�.

�⌘fS = +0.66 ± 0.10 ± 0.06
C = �0.02 ± 0.07 ± 0.03

* World average from b ! cc̄s:

sin 2� = 0.68 ± 0.02

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 12
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•B	➔	D*	τ	ν
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B ! D(⇤)
⌧+⌫⌧ , motivations

• New physics may show up * m⌧ � mµ, me

June 2nd, 2015 XXVIIth Rencontre de Blois 7 

Physics Motivations 
A little bit more in the case of  2HDM type-II 

𝑅 𝑣𝑠. 𝑅∗ 

BABAR’s 
2012 

(approx.) 

Allowed regions in 1-𝜎 band. 

measurement 

Contribution of the charged Higgs: 
Shift in the 𝑞2 distribution. 

2HDM type-II 
at the verge? 

SM 

𝑅 𝐷 = 0.440 ± 0.058 ± 0.042 
𝑅 𝐷∗ = 0.332 ± 0.024 ± 0.018 

SM 

𝑹(𝑹∗) each matches for  
𝒕𝒂𝒏𝜷/𝒎𝑯+ = 𝟎. 𝟒𝟒 ± 𝟎. 𝟎𝟐 𝟎. 𝟕𝟓 ± 𝟎. 𝟎𝟒  𝑮𝒆𝑽−𝟏 

PRL 109, 101802 (2012) 

Revised a plot in the Ph.D. thesis of Mattias Huschle “Measurement of the branching ratio 
of 𝐵 → 𝐷(∗)𝜏𝜈𝜏 relative to 𝐵 → 𝐷(∗)ℓ𝜈ℓ decays with hadronic tagging at Belle” 

B ! D
(⇤)

⌧+⌫, motivations

30

− −

• Existing measurements: B(B ! D(⇤)
⌧+⌫⌧ ) & BSM

- e.g. BaBar (2012), 3.4� away from SM,
and not compatible with 2HDM(II)

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 14
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ment of the light lepton by the higher-mass ⌧ leads to an
increased sensitivity to new physics (NP) e�ects. In par-
ticular, models with charged Higgs bosons [5, 6], whose
couplings are proportional to mass and thus more pro-
nounced for ⌧ leptons, predict measurable deviations of
the branching fraction and kinematic distributions from
SM expectations. The measurement of B̄ ! D(⇤)⌧�⌫̄⌧

is challenging because the ⌧ must be reconstructed from
its decay products that include one or more neutrinos.

The first observation of an exclusive semitauonic B
decay was reported by the Belle Collaboration in 2007
in the channel B̄0 ! D⇤+⌧�⌫̄⌧ [7]. Subsequent measure-
ments by BaBar and Belle [8–10] reported branching frac-
tions above—yet consistent with—the SM predictions.
In 2012, a significant excess over the SM expectation was
reported by BaBar [11] that suggested the presence of
NP; this called for an independent confirmation. Inter-
estingly, the two-Higgs doublet model (2HDM) of type II,
which might explain a deviation from the SM expecta-
tion in a (semi)tauonic B decay [5], is incompatible with
this result.

In this paper, we report an updated measurement of
the branching fraction ratios

R(D) =
B(B̄ ! D⌧�⌫̄⌧ )

B(B̄ ! D`�⌫̄`)
(1)

and

R(D⇤) =
B(B̄ ! D⇤⌧�⌫̄⌧ )

B(B̄ ! D⇤`�⌫̄`)
, (2)

where B(B̄ ! D(⇤)`�⌫̄`) = [B(B̄ ! D(⇤)e�⌫̄e) + B(B̄ !
D(⇤)µ�⌫̄µ)]/2, with the full Belle ⌥(4S) ! BB̄ dataset
of 711 fb�1. The ⌧ is reconstructed in the leptonic de-
cays ⌧� ! e�⌫̄e⌫⌧ and ⌧� ! µ�⌫̄µ⌫⌧ so that the signal
and normalization modes have the same detectable final
state particles. This reduces the systematic uncertainty
in R but requires a method to distinguish the modes ex-
perimentally. For this purpose, we exploit the kinematics
of e+e� ! ⌥(4S) ! BB̄ by reconstructing the accom-
panying B meson, Btag, in a hadronic decay mode and
extracting the invariant mass squared,

M2
miss = (pbeam � ptag � pD(⇤) � p`)

2/c2 , (3)

of all undetected signal-B meson daughters, where pbeam,
ptag, pD(⇤) , and p` are the four-momenta of the collid-
ing beam particles, the Btag candidate, and the recon-
structed signal-B daughters, respectively.

The M2
miss distribution peaks at (above) zero for the

normalization (signal) mode with one neutrino (three
neutrinos) in the final state. The separation power is
weaker for backgrounds where multiple final-state par-
ticles are not reconstructed. We improve the rejection
of such backgrounds by training a neural network to
distinguish them from the signal in the high-M2

miss re-
gion. Since the low- and high-M2

miss regions are domi-
nated by di�erent backgrounds, the data sample is split

at M2
miss = 0.85 GeV2/c4 and the subsamples are fit si-

multaneously. In the low-M2
miss region, which is domi-

nated by the normalization mode, we fit the M2
miss distri-

bution; in the high M2
miss region, where the background

with multiple missing particles contributes, we fit the
neural-network output distribution. The analysis pro-
cedure is developed and optimized with simulated data
before applying it to the experimental data.

BELLE EXPERIMENT

This measurement is based on a data sample that con-
tains 772⇥106BB pairs, collected with the Belle detector
at the KEKB asymmetric-energy e+e� (3.5 on 8 GeV)
collider [12] operating at the ⌥(4S) resonance. The Belle
detector is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector (SVD), a 50-layer cen-
tral drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an elec-
tromagnetic calorimeter comprised of CsI(Tl) crystals
(ECL) located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux-return lo-
cated outside of the coil is instrumented to detect K0

L
mesons and to identify muons (KLM). The detector is
described in detail in Ref. [13]. Two inner-detector con-
figurations were used. A 2.0-cm beampipe and a 3-layer
silicon vertex detector was used for the first sample of
152 ⇥ 106BB̄ pairs, while a 1.5-cm beampipe, a 4-layer
silicon detector, and a small-cell inner drift chamber were
used for the remaining 620 ⇥ 106BB̄ pairs [14].

RECONSTRUCTION

We reconstruct Btag candidates using the hierarchi-
cal hadronic full reconstruction algorithm [15], which in-
cludes 1149 B final states. The e�ciency of the Btag re-
construction is 0.3% for B+ and 0.2% for B0 mesons [15].
Requirements on three observables are applied to en-
hance the sample’s purity: the beam energy-constrained
mass Mbc � �

E2
beam � (ptagc)2/c2 must lie between

5.274 and 5.286 GeV/c2, where Ebeam is the colliding-
beam energy and ptag is the Btag momentum, both mea-
sured in the center-of-mass system (CMS); the absolute
value of the energy di�erence �E � Etag � Ebeam must
be smaller than 50 MeV, where Etag is the Btag CMS
energy; and the full-reconstruction neural-network qual-
ity estimator for Btag (which incorporates modified Fox-
Wolfram moments [16] to suppress e+e� ! qq̄ continuum
events) must exceed a channel-dependent threshold that
preserves � 85% of the B̄ ! D(⇤)⌧�⌫̄⌧ events.

In each event with a selected Btag candidate, we search
for the signature D(⇤)`, with ` = e or µ, among the re-
maining tracks and calorimeter clusters. The four dis-
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Hadronic B tagging for B ! D(⇤)
⌧+⌫⌧

• Exploit the unique feature of the e+e� B-factories

e+e� ! ⌥(4S) ! BsigBtag

• Full reconstruction of Btag in hadronic B decay modes
) constrain the charge, flavor, & (E,~p) of Bsig

) resulting in very high-purity, but with low-efficiency (⇠ O(0.1%) )

• Neurobayes M. Feindt, et al., NIM A 654, 432 (2011)

- multivariate analysis using a neural network,
for an improved full-recon of B mesons

- The output of the network can be interpreted as Bayesian probability
- provides a well-discriminating variable for intermediate cuts, whose

behaviors are under control

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 16
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Hadronic B tagging for B ! D(⇤)
⌧+⌫⌧

• Neurobayes performance for hadronic B-tagging
- multivariate analysis using a neural network
- much improvement in B-tagging by adding more Btag and D modes

Full reconstruction of B mesons

(2! 3)ˆ statistical gain wrt previous algo.

› ‰ (0:2! 0:5)% depending on the signal mode.

With large datasets the full reco will be the ultimate technique:

Better background rejection and less model dependent than other techniques.

C. Beleño Exclusive B ! Xu‘� decays at Belle LLWI 2012 4/13

⇥(2 ⇠ 3) statistical gain over previous
hadronic B tagging

 Neurobayes + data re-processing in
2011

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 17
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B ! D(⇤)
⌧+⌫⌧ , analysis overview
arXiv:1507.03233, submitted to PRD

• Hadronic B-tagging (Btag) using NeuroBayes

• Signal side (Bsig): reconstructed in D(⇤)` (` = e, µ) [⌧ ! e⌫⌫̄, µ⌫⌫̄ only]

* no extra tracks or ⇡0; total charge = 0

• �0.2 < M2
miss < 8.0 GeV2 and q2 > 4 GeV2

* M2
miss = ( missing mass )2 of the event

* q2 = ( momentum transfer to ⌧⌫(`⌫) )2 = (pB � pD(⇤))2

• Signal fitting in split regions

* M2
miss < 0.85 GeV2 mostly B ! D(⇤)`⌫ (` = e, µ); fit M2

miss

* M2
miss > 0.85 GeV2 B ! D(⇤)

⌧+⌫⌧ enhanced; fit neural-net variable, o0
NB

• Measure relative ratios R(D), R(D⇤) R(D(⇤)) ⌘ B(B ! D(⇤)⌧⌫)/B(B ! D(⇤)`⌫)

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 18
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Network Output

● Transformation for easier 
parametrization:

Tau signal

D**

Neural net for background separation
25. Dark matter 15
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Figure 25.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [61], CREST II, CDMS-Si,
and CoGeNT enclosed areas are regions of interest from possible signal events; the
dot is the central value for CDMS-Si ROI. References to the experimental results
are given in the text. For context, some supersymmetry implications are given:
Green shaded 68% and 95% regions are pre-LHC cMSSM predictions by Ref. 62.
Constraints set by XENON100 and the LHC experiments in the framework of the
cMSSM [63] give regions in [300-1000 GeV; 1 ⇥ 10�9 � 1 ⇥ 10�12 pb] (but are not
shown here). For the blue shaded region, pMSSM, an expansion of cMSSM with 19
parameters instead of 5 [64], also integrates constraints set by LHC experiments.

dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
(see the next section) and typical regions of SUSY models, before and after LHC results.
These figures have been made with the dmtools web page, thanks to a nice new feature
which allows to include new limits uploaded by the user into the plot [59].

Sensitivities down to ��p of 10�13 pb, as needed to probe nearly all of the MSSM
parameter space [27] at WIMP masses above 10 GeV and to saturate the limit of
the irreducible neutrino-induced background [60], will be reached with detectors of
multi ton masses, assuming nearly perfect background discrimination capabilities. Such
experiments are envisaged by the US project LZ (6 tons), the European consortium
DARWIN, and the MAX project (a liquid Xe and Ar multiton project). For WIMP
masses below 10 GeV, this cross section limit is set by the solar neutrinos, inducing an

August 21, 2014 13:17

• (left)
M2

miss < 0.85 GeV2

B ! D`⌫ dominant

• (right)
M2

miss > 0.85 GeV2

B ! D⌧⌫ enhanced
fitting for o0

NB

o0
NB � ln

oNB � omin

omax � oNB

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 3

Transformation+of+the+neural+net+
output+(oNB)+for+easy+parametrization:+

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 19
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Fits for B ! D`(X) final states9
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FIG. 1. Fit projections and data points with statistical uncertainties in the D+`� (top) and D0`� (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2/c4; right: o�

NB distribution for M2
miss > 0.85 GeV2/c4.

feed probability ratios g+,0 give the largest contributions,
comparable to the D⇤⇤ composition and D(⇤(⇤))`⌫ shape
uncertainties.

To evaluate the e�ect of PDF uncertainties, the shapes
of all components are modified and the fit is repeated.
The nominal fit uses smoothed-histogram PDFs in M2

miss;
here, these are replaced by unsmoothed-histogram PDFs.
The variation of the best-fit R is taken as the symmetric
systematic uncertainty for “M2

miss shape” in Table IV.
For the o0

NB alternate model, we replace the bifurcated
Gaussians by kernel-estimator functions with adaptive
bandwidth. Again, the deviation from the nominal fit

value is taken as the symmetric systematic uncertainty
for “o0

NB shape” in Table IV. It is among the dominant
systematic uncertainties.

The identification e�ciencies for primary and sec-
ondary leptons are slightly di�erent between simulated
and real data. This di�erence a�ects the measurement
by modifying the e�ciency ratios. It has been calibrated
for di�erent lepton kinematics and run conditions using
J/� ! `+`� decays, leading to a 0.5 % relative uncer-
tainty in R(D) and R(D⇤).

The correlations of R(D) and R(D⇤) for each item-
ized systematic-uncertainty contribution are given in the

• (top) D+`�

(bottom) D0`�

• (left) M2
miss < 0.85 GeV2

* B ! D`⌫ dominant
* fit M2

miss for backgr’d
normalization

• (right) M2
miss > 0.85 GeV2

* B ! D⌧⌫ enhanced
* fit o0

NB

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 20
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Fits for B ! D⇤`(X) final states10
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FIG. 2. Fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2/c4; right: o�

NB distribution for M2
miss > 0.85 GeV2/c4.

last column of Table IV. These are calculated using 500
pseudo-experiments, with two exceptions: the shape un-
certainties are assumed to be uncorrelated while the lep-
ton ID e�ciencies are assumed to be 100% correlated
between R(D) and R(D⇤). The total correlation of the
systematic uncertainties is �0.32.

RESULTS AND DISCUSSION

The best-fit results, including systematic uncertainties,
are

R(D) = 0.375 ± 0.064 ± 0.026 (12)

R(D⇤) = 0.293 ± 0.038 ± 0.015 . (13)

Figure 6 shows the exclusion level in the R(D)–R(D⇤)
plane, based on the likelihood distribution that is con-
voluted with a correlated two-dimensional normal distri-
bution according to the systematic uncertainties. The
exclusions of the central values of the BaBar measure-

• (top) D⇤+`�

(bottom) D⇤0`�

• (left) M2
miss < 0.85 GeV2

* B ! D⇤`⌫ dominant
* fit M2

miss for backgr’d
normalization

• (right) M2
miss > 0.85 GeV2

* B ! D⇤⌧⌫ enhanced
* fit o0

NB

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 21
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FIG. 4. Projections of the fit results and data points with statistical uncertainties in a signal-enhanced region of M2
miss >

2.0 GeV2/c4 in the EECL dimension. Top left: D+`�; top right: D⇤+`�; bottom left: D0`�; bottom right: D⇤0`�.

function of tan �/mH+ for the type II 2HDM, together
with our results for the two studied values of 0 (SM)
and 0.5 c2/GeV. In contrast to BaBar’s measurements,
our results are compatible with the type II 2DHM in the
tan �/mH+ regions around 0.45 c2/GeV and zero.

The observable most sensitive to NP extensions of the
SM with a scalar charged Higgs is q2. We estimate the
signal q2 distributions by subtracting the background, us-
ing the distributions from simulated data and the yields
from the fit procedure, and correcting the distributions
using e�ciency estimations from simulated data. The
D+`� and D0`� samples and the D⇤+`� and D⇤0`�

samples are combined to increase the available statistics,
then the full procedure is repeated using the assump-
tions for the ⌧ signal in a type II 2HDM model with
tan �/mH+ = 0.5 c2/GeV. Figure 8 shows the measured
background-subtracted and e�ciency-corrected q2 distri-
butions for the SM and the NP point. A �2 test shows
that both hypotheses are compatible with our data with
p-values for the SM distribution of 64% (D⌧�⌫̄⌧ ) and 11%
(D⇤⌧�⌫̄⌧ ), and for the NP distribution of 53% (D⌧�⌫̄⌧ )
and 49% (D⇤⌧�⌫̄⌧ ).
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miss >

2.0 GeV2/c4 in the EECL dimension. Top left: D+`�; top right: D⇤+`�; bottom left: D0`�; bottom right: D⇤0`�.

function of tan �/mH+ for the type II 2HDM, together
with our results for the two studied values of 0 (SM)
and 0.5 c2/GeV. In contrast to BaBar’s measurements,
our results are compatible with the type II 2DHM in the
tan �/mH+ regions around 0.45 c2/GeV and zero.

The observable most sensitive to NP extensions of the
SM with a scalar charged Higgs is q2. We estimate the
signal q2 distributions by subtracting the background, us-
ing the distributions from simulated data and the yields
from the fit procedure, and correcting the distributions
using e�ciency estimations from simulated data. The
D+`� and D0`� samples and the D⇤+`� and D⇤0`�

samples are combined to increase the available statistics,
then the full procedure is repeated using the assump-
tions for the ⌧ signal in a type II 2HDM model with
tan �/mH+ = 0.5 c2/GeV. Figure 8 shows the measured
background-subtracted and e�ciency-corrected q2 distri-
butions for the SM and the NP point. A �2 test shows
that both hypotheses are compatible with our data with
p-values for the SM distribution of 64% (D⌧�⌫̄⌧ ) and 11%
(D⇤⌧�⌫̄⌧ ), and for the NP distribution of 53% (D⌧�⌫̄⌧ )
and 49% (D⇤⌧�⌫̄⌧ ).
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FIG. 5. Projections of the fit results and data points with statistical uncertainties in a signal-enhanced region of M2
miss >

2.0 GeV2/c4 in the p⇤
� dimension. Top left: D+`�; top right: D⇤+`�; bottom left: D0`�; bottom right: D⇤0`�.

CONCLUSION

We present a measurement of the relative branching
ratios R(D(⇤)) of B̄ ! D(⇤)⌧�⌫̄⌧ to B̄ ! D(⇤)`�⌫̄` using
the full ⌥(4S) data recorded with the Belle detector. The
results are

R(D) = 0.375 ± 0.064(stat.) ± 0.026(syst.)

R(D⇤) = 0.293 ± 0.038(stat.) ± 0.015(syst.) .

In comparison to our previous preliminary results [9],
which are superseded by this measurement, we utilize
a more sophisticated fit strategy with an improved han-

dling of the background from B̄ ! D⇤⇤`�⌫̄` events, im-
pose an isospin constraint, and exploit a much higher
tagging e�ciency. By these methods, we reduce the sta-
tistical uncertainties by about a third and the systematic
uncertainties by more than a half.

Our result lies between the SM expectation and the
most recent measurement from the BaBar collabora-
tion [11] and is compatible with both. It is also com-
patible with a 2HDM of type II in the region around
tan �/mH+ = 0.5 c2/GeV, as illustrated in Figs. 7 and 8.
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Correlation of stat. uncertainties: -0.56
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FIG. 5. Projections of the fit results and data points with statistical uncertainties in a signal-enhanced region of M2
miss >

2.0 GeV2/c4 in the p⇤
� dimension. Top left: D+`�; top right: D⇤+`�; bottom left: D0`�; bottom right: D⇤0`�.

CONCLUSION

We present a measurement of the relative branching
ratios R(D(⇤)) of B̄ ! D(⇤)⌧�⌫̄⌧ to B̄ ! D(⇤)`�⌫̄` using
the full ⌥(4S) data recorded with the Belle detector. The
results are

R(D) = 0.375 ± 0.064(stat.) ± 0.026(syst.)

R(D⇤) = 0.293 ± 0.038(stat.) ± 0.015(syst.) .

In comparison to our previous preliminary results [9],
which are superseded by this measurement, we utilize
a more sophisticated fit strategy with an improved han-

dling of the background from B̄ ! D⇤⇤`�⌫̄` events, im-
pose an isospin constraint, and exploit a much higher
tagging e�ciency. By these methods, we reduce the sta-
tistical uncertainties by about a third and the systematic
uncertainties by more than a half.

Our result lies between the SM expectation and the
most recent measurement from the BaBar collabora-
tion [11] and is compatible with both. It is also com-
patible with a 2HDM of type II in the region around
tan �/mH+ = 0.5 c2/GeV, as illustrated in Figs. 7 and 8.

R(D(⇤)) � B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
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HFAG average for B ! D(⇤)
⌧+⌫⌧HFAG average for EPS-HEP 2015

Results B ! D(⇤)⌧⌫, hadronic tag

HFAG average for EPS-HEP 2015

The combined R(D) and R(D⇤) result exceed the SM predictions. Considering the
R(D) � R(D⇤) correlation of �0.29, the resulting �2 is 18.2 for 2 degree of freedom,
corresponding to a p-value of 1.1 ⇥ 10�4. The di�erence with the SM predictions
reported above is at 3.9� level.
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R
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) = 55.5%2χP(

P. Hamer (Uni Göttingen) Tree-level NP in B � � at Belle EPS 2015 14 / 18
The combined R(D) and R(D⇤) result exceeds the SM predictions
at 3.9� level, with a p-value of 1.1 ⇥ 10�4. The R(D) vs. R(D⇤)
correlation of �0.29 is considered.
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Testing 2HDM(II) for B ! D(⇤)
⌧+⌫⌧

40

B ! D
(⇤)

⌧+⌫, any new physics?

FPCP 2015-05-25Thomas Kuhr Page 36

What About New Physics?

● Analysis repeated
for 2HDM of type II
with tanβ/m

H+
 =

0.5 c2/GeV:

25. Dark matter 15
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Figure 25.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [61], CREST II, CDMS-Si,
and CoGeNT enclosed areas are regions of interest from possible signal events; the
dot is the central value for CDMS-Si ROI. References to the experimental results
are given in the text. For context, some supersymmetry implications are given:
Green shaded 68% and 95% regions are pre-LHC cMSSM predictions by Ref. 62.
Constraints set by XENON100 and the LHC experiments in the framework of the
cMSSM [63] give regions in [300-1000 GeV; 1 ⇥ 10�9 � 1 ⇥ 10�12 pb] (but are not
shown here). For the blue shaded region, pMSSM, an expansion of cMSSM with 19
parameters instead of 5 [64], also integrates constraints set by LHC experiments.

dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
(see the next section) and typical regions of SUSY models, before and after LHC results.
These figures have been made with the dmtools web page, thanks to a nice new feature
which allows to include new limits uploaded by the user into the plot [59].

Sensitivities down to ��p of 10�13 pb, as needed to probe nearly all of the MSSM
parameter space [27] at WIMP masses above 10 GeV and to saturate the limit of
the irreducible neutrino-induced background [60], will be reached with detectors of
multi ton masses, assuming nearly perfect background discrimination capabilities. Such
experiments are envisaged by the US project LZ (6 tons), the European consortium
DARWIN, and the MAX project (a liquid Xe and Ar multiton project). For WIMP
masses below 10 GeV, this cross section limit is set by the solar neutrinos, inducing an

August 21, 2014 13:17

• Analysis repeated for 2HDM(II)
with tan �/mH+ = 0.5/GeV

R(D) = 0.329 ± 0.060 ± 0.022
R(D⇤) = 0.301 ± 0.039 ± 0.015

• Belle results, consistent with
2HDM(II)
for 0 < tan �/mH+ . 0.45/GeV

Y. Kwon (Yonsei Univ.) Studies of dark sector at Belle Mar. 26, 2015 4
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•Dark	sector	searches



Dark photon and dark higgs
Dark photon & kinetic mixing

• First proposed by P. Fayet, PL B 95, 285 (1980)
• (Holdom, 1986) A boson A0 belonging to U(1)0 of dark sector particles would

mix kinetically with �

Search'for'dark'sector'at'Belle
Phys. Rev. Lett. 114, 211801 (2015)

Dark%photon%&%kinetic%mixing%

• First proposed by P. Fayet, PL B 95, 285 (1980) 
• (Holdom, 1986) A boson A! belonging to U(1)! of dark sector particles 

would mix kinetically with γ 

Dark%higgs%

• For A! to acquire mass, an extended Higgs sector is demanded for breaking 
this U(1)!

Dark photon & kinetic mixing – a window to dark sector

• Dark photon, first proposed in P. Fayet, PL B95, 285 (1980)
• (Holdom, 1986) A boson A0 belonging to an additional U(1)0 would

mix kinetically with �

- in general, one can express kinetic mixing as (1/2)✏ Fµ�F0µ�

- ✏, the strength of the kinetic mixing, is supposed to be small,
(10�5 ⇠ 10�2).

• For A0 to acquire mass, an extended Higgs sector is required to break
this U(1)0

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 23

(1/2)✏Fµ�F 0µ�

Y. Kwon (Yonsei Univ./Belle) Physics from e+e� B-factory in the LHC era Oct. 22, 2015 @ KPS 13

1

2
✏ Fµ�F 0µ�

Dark higgs

• For A0 to acquire mass, an extended Higgs sector is required in order to break
this U(1)0.
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Dark photon searches at e+e� B-factory

• low-multiplicty final state
• A0 ! `+`� or ⇡+⇡� with prompt or displaced vertex
• also study invisible final state, e.g. e+e� ! � A0(! ��̄)

( need special single-� trigger (BaBar did; Belle did not)

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 30



Dark photon search via Higgs-strahlung

• Search mode depends on Mh0 and MA0

• In this talk, only Mh0 > 2MA0 is considered ) h0 ! A0A0 is used
* A0 ! `+`� or ⇡+⇡� with prompt or displaced vertex
* ‘exclusive’: 3 charged-track pairs, each with the same invariant mass
* ‘inclusive’: 2 charged-track pair, each with the same invariant mass, and

missing (E,~p)

Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 31



Background
• estimated using “same-sign” pairs from e+e� ! (`+`+)(`+`�)(`�`�)

• Sort the pairs by invariant mass, m1 > m2 > m3
then plot m1 � m3 vs. m1

• For each M`+`� region, scale same-sign yield to `+`� in the side-band,
then extrapolate into the M`+`� signal region.
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FIG. 2: (a) : Signal candidates observed versus dark pho-
ton canditate mass, mA0cand. , and dark Higgs candidate mass,
mA0cand.A0cand. , for the 13 final states. There are 3 entries
per event. (b) and (c): Projection onto mA0cand.A0cand. and
mA0cand. for the data (red squares) and same-sign normalized
(blue squares). The dark photon mass candidate distribu-
tion has been scaled by 3. (d): Normalized residual between
data and same-sign scaled distribution for the dark photon
candidate mass (red points) and dark Higgs mass candidate
(black squares). The same-sign error bars contain statistical
and systematic errors. For empty bins, the systematic error
is 1 count.

momenta of the initial-state electron and positron and
the two-final state dark photon candidates. The mass
mX of this missing four-momentum is then compared to
the reconstructed masses of dark photon candidates 1
and 2 using �m = mX � (m1

A0cand. + m2
A0cand.)/2. We

select final states with

��mmin < �m < �mmax (2)

, where the optimized limits �mmin and �mmax each
depend on the measured mean mass of dark photons 1
and 2.

For exclusive (inclusive) channels, we then require the
invariant masses of dark photon candidates, mA0cand. , to
be consistent with three (two) distinct A0 ! l+l� or
⇡+⇡� decays. Signal candidates with three (two) “equal”
dark photon masses are kept by requiring

mmin
A0cand. < mA0cand. < mmax

A0cand. (3)

, where the optimized limits mmin
A0cand. and mmax

A0cand. each
depend on the measured mean mass of the three exclusive
(two inclusive) dark photon candidates and the simulated
width of the invariant mass distribution of the dark pho-
ton.

If, for a given final-state, more than one signal candi-
date per event fulfills the selection criteria, we select the
candidate with the smallest �m (for the exclusive chan-
nels: �3

1�m2
i with

�mi = mi
A0cand. � (m1

A0cand. + m2
A0cand. + m3

A0cand.)/3).
To ensure only one final-state per event is selected, we

place the candidates into one of the following categories
in this order: (1) exclusive channels with 6 leptons, (2)
exclusive channels with four leptons, (3) exclusive chan-
nels with two leptons, (4) the 3(⇡+⇡�)�channel, and fi-
nally (5) inclusive channels. We apply this ordering after
we select three dark photon candidates but selecting a
signal candidate from the highest category. For the sig-
nal MC simulation, the fraction of events with multiple
signal candidates ranges from 7% to 15% in the 7 chan-
nels, where we apply this ordering. For data, the fraction
is below 0.5% in all channels.

We optimize the particle identification, final mass con-
straint, and �mmin, �mmax, mmin

A0cand. and mmax
A0cand. pa-

rameters on a signal MC simulation using the figure-
of-merit S/

�
S + B, where S is the number of selected

events correctly reconstructed, and B is the number
scaled of misreconstructed events in the signal region, as
illustrated in Fig. 1. The scaling is equivalent to deter-
mine the expected signal yield. We estimate B by count-
ing “same-sign” signal candidates scaled from the signal
MC sample, where at least one dark photon candidate is
reconstructed from two tracks with charges of the same
sign, enforcing all selection criteria except charge conser-
vation. We determine the figure-of-merit by simulating
MC samples with specific combinations of dark photon
and dark Higgs masses, and interpolating between sam-
ples. The detection e�ciency is in average for 3(e+e�)
and 3(µ+µ�): 20% and 30%, respectively.

We estimate the background with a data driven
method using “same-sign” events. We sort the dark pho-
ton candidates by mass in descending order: m1 > m2 >
m3 and calculate the mass di�erence m1�m3. We divide
the data into di�erent bins of m1, with each bin analyzed
separately. We divide the m1 � m3 distribution into two
regions: the signal and sideband. The signal region size is
determined by equation (3). The sideband region starts
at 1.5 times and ends at 5.0 times the signal region upper
limit. Figure 1 shows the mass di�erence m1�m3 for the
bin m1 = 2.0 ± 0.1 GeV/c2 for the six-pion final state.
We assume that the same-sign and the opposite-sign dis-
tributions have the same shape (but di�erent normaliza-
tion) in both the signal region and the sideband, in the
absence of signal. Therefore, the same-sign distribution
(blue points) is normalized to the opposite-sign distribu-
tion (red points) by a factor calculated from the sideband
of each m1 bin. The expected background in each bin is
then the scaled number of events counted in the signal
region of the same-sign distribution. This procedure is
illustrated by Fig. 1. The opposite-sign and scaled same-
sign distributions are consistent in the signal region and
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Limits on kinetic mixing parameters 6
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FIG. 4: 90% CL upper limit on the product �D�2 versus dark photon mass (top row) and dark Higgs mass (bottom row) for
Belle (solid red line) and BaBar [30] (dashed black line). BaBar limits need to be divided by (1+�) to compare with our limits.
The predicted limit is the blue dotted line.

The combined limit can also be expressed as the prod-
uct of ↵D times ✏2 by using the equations described in
Ref.[25]. Figure 4 shows for five di�erent hypotheses of
the dark Higgs (Fig. 4-top-row) and dark photon (Fig. 4-
bottom-row) masses the 90% CL upper limit on ↵D✏2 for
Belle, predicted and measured, and BaBar which is based
on the visible cross section. For the predicted limit, we
assume: Nobs = Nbkg.

The inclusion of 3(⇡+⇡�)-channel dramatically im-
proves the limit around the � and � resonances. The
sources of the systematic error are the integrated lumi-
nosity: 1%, branching fraction: 4%, track identification:
6%, particle identification e�ciency: 5%, detection ef-
ficiency: 15%, background estimation: 10% and initial-
state radiation: 15%. All the systematic errors are added
in quadrature and amount in total to 25%.

In summary, we searched for the dark photon and dark
Higgs in the mass ranges 0.1 – 3.5 GeV/c2 and 0.2 –
10.5 GeV/c2, respectively. No significant signal was ob-
served. We obtain individual and combined upper (90%
CL) limits on the product of branching fraction times the
Born cross section, B ⇥ �Born, on the Born cross section,
�Born, and on the product of dark photon coupling to
dark Higgs and kinetic mixing between Standard Model
photon and dark photon, ↵D✏2. These limits improve
upon and cover wider mass ranges than previous exper-
iments and the limits in the final states 3(⇡+⇡�) and
2(e+e�)X, where X is a partially reconstructed dark
photon candidate, are the first limits placed by any ex-
periment. For ↵D equal to 1/137, mh0 < 8 GeV/c2,
and mA0 < 1 GeV/c2, ✏ the values of the mixing pa-
rameters are ⇠ 8 ⇥ 10�4. In the mass ranges and for

modes where previous measurement from BaBar exist,
the limits reported here are almost a factor of 2 smaller,
as backgrounds are very low to non-existent. The im-
provement scales nearly linearly with the integrated lu-
minosity. This bodes well for future searches with Belle
II.
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Dark photon prospects with Belle II
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Search for dark photon decaying to `+`� (BaBar)

Physics 7, 115 (2014)

FIG. 1: Researchers have studied electron-positron (e+e�)
collisions for interactions that produce a normal photon � and
a dark photon A� that interacts with ordinary matter parti-
cles. The dark photon can potentially decay into an e+e�

pair (shown here) or a µ+µ� pair (not shown). However,
the latest results from the BaBar collaboration o�er no sign
of dark photons, thus placing new limits on these types of
models. (APS/Alan Stonebraker)

For its part, the BaBar collaboration has looked for
interactions of hypothetical dark photons with ordinary
matter using electron-positron collision data [3]. BaBar
extended its previous studies [7] to higher sensitivity and
a wider range of masses by using a larger set of data
taken at the asymmetric e+e� collider center-of-mass
energy corresponding to the �(4S) resonance (approx-
imately 10.6 GeV) and other energies. In particular,
the researchers searched for events where an electron-
positron collision produced a dark photon and a normal
photon, followed by the dark photon decaying into either
an electron-positron pair or a muon-antimuon pair (see
Fig. 1). The data analysis covered the A� mass range
between 0.2 and 10.2 GeV/c2. The presence of the dark
photon would be indicated by the appearance of an unex-
pected peak in the total mass of its decay products above
smooth backgrounds. Dark photons may be expected to
decay in these ways if there are no lighter dark matter
particles, but the researchers discovered no evidence for
peaks in the energy range studied. From this nondetec-
tion, they set new upper limits on the strength of the
mixing of dark photons with standard model particles,
representing improvements by about an order of mag-
nitude over previous studies that also looked for dark
photon decays into electrons/muons.

Null results like these, while not ruling out the exis-
tence of dark photons, serve as important constraints on
the development of novel theories, which might extend
the standard model. A case in point is the anomalous
magnetic moment of the muon. Standard model predic-

tions for the muon moment include corrections due to
electromagnetic, weak, and strong interactions. If a dark
photon existed, and its mass and mixing strength were
within a certain range of values, then it could contribute
additional corrections. Theorists have proposed that a
dark photon contribution could explain a possible (but
not yet confirmed) discrepancy reported between the ex-
pected and measured values for the anomalous magnetic
moment of the muon [8–10]. However, the BaBar re-
sult nearly rules out the remaining parameter space for
the simplest dark sector explanation. Future experiments
covering a wide scope of possibilities, such as fixed target
experiments planned at Je�erson Laboratory in Virginia,
will extend the sensitivity and mass range of the search
for dark photons [1] or possibly find evidence for them if
they actually exist. Another exciting possibility is that
the highly sensitive experiments searching for dark pho-
tons could discover some new phenomenon (unrelated to
current speculations about dark matter particles) that
lead the field in entirely new directions.

This research is published inPhysical Review Letters.
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Search&for&dark&photon&decaying&to&
e+e−&or&μ+μ−&&

a	slide	taken	from	a	talk		
by	G.	Finnochiario	(INFN)	@	ICNFP	2015
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Search for dark photon decaying to `+`� (BaBar)

ICNFP#2015 Recent BABAR physics results

&σ(e+e−&➝AY&γ;&AY➝&�+�−)
• Fit#signal#peak#over#smooth#background##

– background:#3rd/4th#order#polynomial#+#

Crystal#Ball#+#interference#

– signal#mass#shape#from#MC,#tuned#on#data#

using#e+e−#➝J/ψ#γ;#J/ψ➝#�+�−#

– σm(A~)#from#1.5#to#8#MeV#

– about#5500#fits#to#scan#the#A~#mass#spectrum#

from#0.02/0.212#GeV#(e+e−/μ+μ−)#up#to#

10.2GeV#in#steps#of#1/2#σm(A~)
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Figure 1: Fit to the dielectron mass (left) and the reduced dimuon
mass distribution (right) yielding the most significant deviations from
zero for each channel. The fit is shown as a solid red line, and the
background component as a red dashed line. The di�erence between
the data and the fitted background is shown in the lower panel, to-
gether with the fitted signal component (dashed green curve).

formed in steps of approximately half of the dark photon
mass resolution, sampling a total of 5704 (5370) mass
hypotheses for the dielectron (dimuon) channel. Each fit
is performed over a range at least 20 times larger than
the corresponding signal resolution, with the constraint
me+e� > 0.015 GeV for the dielectron channel.

The signal probability density function (pdf) is mod-
eled from simulated signal mass distributions using a
non-parametric kernel pdf, and interpolated between the
known simulated masses [22]. A sample of e+e� �
�J/� , J/� � l+l� events is used to validate the signal
resolution predicted by the simulation. We find that
the simulation underestimates the dielectron (dimuon)
mass resolution 8% (4%), and we increase the signal
pdf width by the corresponding amount. The radiative
Bhabha background is described by a third or fourth or-
der polynomial, depending on the mass range, while the

radiative dimuon background is parametrized by a third
order polynomial, constrained to pass through the origin
for fits in the region below 0.05 GeV. Peaking contribu-
tions from the J/� , �(2S ), �(1S ), and�(2S ) resonances
are modeled by Crystal Ball functions. The interference
between the � or � resonances with radiative dilepton
production is described with an empirical function. We
exclude the resonant regions from the search, vetoing
ranges of ±30 MeV around the nominal mass of the �
and � resonances, and ±50 MeV around the J/� , �(2S ),
and �(1S , 2S ) resonances. Example of fits yielding the
most significant signals are shown in Fig. 1. Alternative
descriptions of the radiative Bhabha and dimuon contri-
butions based on second or fourth order polynomials are
used to assess the uncertainty on the background model-
ing. This uncertainty is at the level of a few percents for
most of the mass hypotheses, but reaches almost 100%
(50%) of the statistical uncertainty near me+e� � 20 MeV
(the �(1S , 2S ) resonances).
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Figure 2: The e+e� � �A�, A� � e+e� (top) and e+e� � �A�, A� �
µ+µ� (bottom) cross-sections together with their respective statistical
significance (S S ) as a function of the dark photon mass. The gray
bands indicate the regions excluded from the analysis.

e+e−

• σ(e+e−#➝A~#γ;#A~➝#�+�−)#vs#A~#mass;#

regions#around#known#resonances#(grey#

bands)#excluded#from#fits#

• Calculate#(signed)#signal#significance#with#

respect#to#background.only#hypothesis#

!
– Largest#significance#at#7.02#GeV#for#electrons#
(3.4#σ#➝0.6#σ#with#trial#factor)

Alberto Lusiani – SNS & INFN Pisa Light New Physics Searches with BABAR Search for Dark Photon into �+��

BABAR      L. de BrunhoffC

Measure signal cross section as function of mass

• scan fitting for signal mass peak over smooth background
� steps 1/2 the mass resolution
� scan excludes known resonances (grey bands in plots below)
� signal shape from Monte Carlo simulation, tuned with data known resonances

• determine signed signal significance from likelihood ratios
S = sign[N(signal)]

�
2 log[L(signal + bkg)/L(bkg)]

• measure �(e+e� � �A�, A� � �+��) from fitted signal events yields

�(e+e� ! �A�, A� ! e+e�)
and its significance

no evidence of signal
(with “look elsewhere” effect)
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BABAR

�(e+e� ! �A�, A� ! µ+µ�)
and its significance

no evidence of signal
(with “look elsewhere” effect)
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Figure 1: Fit to the dielectron mass (left) and the reduced dimuon
mass distribution (right) yielding the most significant deviations from
zero for each channel. The fit is shown as a solid red line, and the
background component as a red dashed line. The di�erence between
the data and the fitted background is shown in the lower panel, to-
gether with the fitted signal component (dashed green curve).

formed in steps of approximately half of the dark photon
mass resolution, sampling a total of 5704 (5370) mass
hypotheses for the dielectron (dimuon) channel. Each fit
is performed over a range at least 20 times larger than
the corresponding signal resolution, with the constraint
me+e� > 0.015 GeV for the dielectron channel.

The signal probability density function (pdf) is mod-
eled from simulated signal mass distributions using a
non-parametric kernel pdf, and interpolated between the
known simulated masses [22]. A sample of e+e� �
�J/� , J/� � l+l� events is used to validate the signal
resolution predicted by the simulation. We find that
the simulation underestimates the dielectron (dimuon)
mass resolution 8% (4%), and we increase the signal
pdf width by the corresponding amount. The radiative
Bhabha background is described by a third or fourth or-
der polynomial, depending on the mass range, while the

radiative dimuon background is parametrized by a third
order polynomial, constrained to pass through the origin
for fits in the region below 0.05 GeV. Peaking contribu-
tions from the J/� , �(2S ), �(1S ), and�(2S ) resonances
are modeled by Crystal Ball functions. The interference
between the � or � resonances with radiative dilepton
production is described with an empirical function. We
exclude the resonant regions from the search, vetoing
ranges of ±30 MeV around the nominal mass of the �
and � resonances, and ±50 MeV around the J/� , �(2S ),
and �(1S , 2S ) resonances. Example of fits yielding the
most significant signals are shown in Fig. 1. Alternative
descriptions of the radiative Bhabha and dimuon contri-
butions based on second or fourth order polynomials are
used to assess the uncertainty on the background model-
ing. This uncertainty is at the level of a few percents for
most of the mass hypotheses, but reaches almost 100%
(50%) of the statistical uncertainty near me+e� � 20 MeV
(the �(1S , 2S ) resonances).
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Figure 2: The e+e� � �A�, A� � e+e� (top) and e+e� � �A�, A� �
µ+µ� (bottom) cross-sections together with their respective statistical
significance (S S ) as a function of the dark photon mass. The gray
bands indicate the regions excluded from the analysis.
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SuperKEKB''&''Belle'II
Body)Level)One)

* Body Level Two 
- Body Level Three 

• Body Level Four 

• Body Level Five

25
e� �! (�) � e+7 GeV 4 GeV

B+ ! ⌧+⌫⌧ , B+ ! `+⌫` prospects @ Belle II

• Lpeak = 8 ⇥ 1035cm�2s�1, Lint = 50ab�1

• B+ ! ⌧+⌫⌧

* �B ⇠ a few %
* need better precision for fB|Vub|

• B+ ! µ+⌫µ, B+ ! e+⌫e

* 5� observation expected for
B+ ! µ+⌫µ (SM) at ⇠ 10ab�1

* O(10�8) sensitivity at 10ab�1

* interesting to compare with B+ ! ⌧+⌫⌧

Prospect at Belle II�
•  7GeV e- ×4GeV e+,  
•  Lpeak = 8 ×1035cm-2s-1,  
•  Lint = 50ab-1 

•  B � τν%
•  Precision ~ a few % 

•  Need better precision for fB |Vub|. 

•  B � µν, eν%
•  5σ observation expected for 

B(B�μ�)SM at ~10 ab−1. 
•  O(10−8) sensitivity at 50 ab−1. 
•  Interesting to compare w/ B�τν%
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Charged Higgs constraint (Type-II 2HDM) 

50 ab−1 

Assume  
Δexp�~ 1/√L,  
ΔfB|Vub| = 4 % �
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µ>0, mh = 125±1 GeV, mt = 173.3 GeV 
blue: m0 < 5 TeV, orange: m0 < 20 TeV 

2-parameter nonuniversal Higgs model 
H. Baer, V. Barger, and A. Mustafayev,PRD85, 075010 
�

July 8, 2014 4

� goal

L dt = 50 ab�1
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CY 2014 CY 2015 CY 2016 CY 2017 CY 2018

SuperKEKB'
construction

start@
up

Detector'

Belle'II'
installation

Run'w/o'
VTX

VTX'
install

Run'w/'
full'Belle'IIcommissioning

CY 2

26

SuperKEKB''&''Belle'II'@'current'plan

➔ Igal Jaegle’s talk on 4/28 for more details about SuperKEKB & Belle II
Y. Kwon (Yonsei Univ./Belle) Recent highlights from the e+e� B-factories Nov. 12, 2015 @ KIAS-CFHEP 39
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