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The SuperKEKB accelerator is pushing the collider luminosity
frontier for Belle II to study the matter/antimatter asymmetry

Belle
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Higher luminosities → higher precision measurements at Belle II.
LHC+ATLAS prioritize energy. All parts of the bigger picture.

Integrated Luminosity =
∫

1
σ
dNevents

dt dt
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The SuperKEKB particle collider accelerates beams of electrons
and positrons, stores them in a ring, and collides them.

Figure 1: Schematic view of SuperKEKB. The electron and positron rings have four straight sections named Tsukuba, Oho,
Fuji, and Nikko. The electron and positron beams collide at the interaction point in the Tsukuba straight section.

2. Overview of the upgrade to SuperKEKB

2.1. Collider ring design

Achieving higher luminosity in ring colliders requires higher beam currents I±, larger vertical beam–beam
tune-shift parameters ⇠⇤y±, and smaller vertical beta functions at the interaction point (IP) �⇤

y±. Luminosity
L is given as follows:

L =
�±
2ere

✓
1 +

�⇤
y

�⇤
x

◆✓
I±⇠y±
�⇤

y

◆✓
RL

R⇠y

◆
, (1)

where �± are the Lorentz factors, re the classical electron radius, and �⇤
x,y the beam sizes at the IP.

Parameters RL and R⇠y
are correction factors for the geometrical loss due to the hourglass e↵ect and the

crossing angle at the IP. In this equation, �⇤
x,y and �⇤

y are assumed to be equal in both rings.
From practical viewpoints, such as those of hardware feasibility and operating costs, it is preferable to

increase the beam currents minimally. Much higher values of ⇠y than those ever achieved in real colliders
are impractical. Thus, to considerably increase the luminosity of SuperKEKB compared to that of KEKB,
we pursued much smaller values of �⇤

y .
The design strategy for SuperKEKB is based on the nanobeam collision scheme originally proposed by

Raimondi [5], in which beam bunches with su�ciently small �⇤
x collide at a large horizontal crossing angle,

as shown in Fig. 2. In other words, we adopted a large Piwinski angle (�Piw ⌘ ✓x�z/�
⇤
x ⇠ 20, where ✓x is

the half horizontal crossing angle). The longitudinal size of the overlap between colliding bunches decreases
by the Piwinski angle as �z/�Piw, which is much shorter than the bunch length �z. Therefore, �⇤

y can be
expected to be squeezed to ⇠ �z/�Piw, avoiding the hourglass e↵ect. To achieve a large �Piw, ✓x must be
su�ciently large, and �⇤

x su�ciently small, which means that both low horizontal emittance "x and low �⇤
x

are required.
The machine parameters of SuperKEKB and KEKB are listed in Table 1; to summarize this comparison,

SuperKEKB’s beam currents are doubled, its ⇠y are almost the same as those of KEKB, and its �⇤
y are

reduced by a factor of 1/20. Thus, we can expect a luminosity 40 times higher than that of KEKB. The
main features of SuperKEKB are:

• Low �⇤
y of ⇠300 µm.

2

I e− beam: 7 GeV

I e+ beam: 4 GeV

I Centre of mass energy:√
s = 10.58 GeV

I Beam energies increased
in the linear accelerator

I ∼ 3 bunches per ring are
topped up at ∼ 50 Hz for
continuous collisions.

arXiv:1809.01958
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SuperKEKB set a world record for instantaneous luminosity in
June 2020 while on our way to target nominal specifications

Continuously improving... Unofficially on May 17th: Lpeak
inst. = 2.957× 1034 cm−2s−1

https://www.kek.jp/en/newsroom/2020/06/26/1400/

https://www.bnl.gov/newsroom/news.php?a=117285
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https://www.bnl.gov/newsroom/news.php?a=117285


Introduction

Frontiers

Luminosity
frontier

Accelerator

World Record

Luminosity

Belle II

Bunch spacing

Belle II collisions

Belle II Detector

B Factory

Physics goals

Tau mass

B → η′K

Axion-like
particle

Outro

Backup

Recorded > 180fb−1 of data but the target = 50ab−1. Early days
for experiment but enough data for initial or new studies.

https://confluence.desy.de/display/BI/Belle+II+Luminosity
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Belle II is the only detector along the collider ring
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The accelerator collides the beams at the centre of the Belle II
detector, nominally every 4 ns
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The final state particles are measured by Belle II.
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Various sub-detectors measure the trajectories of charged particles,
the energies of particles, and perform particle identification

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

I Asymmetric particle beam
energies + detector

I Cylindrical layout of layers of
detectors

I Solenoid (1.5 T) bends
trajectories of charged particles
in φ (in plane orthogonal to
beam axis)

I The K Long and Muon
detector is a tracking detector
with alternating layers of iron
and detectors: make
K0
L shower for more hits.

I Particle identification detectors
to distinguish K± from
π± etc.
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SuperKEKB will produce a relatively large number of B0 and
B± mesons

I The collider centre of mass energy = 10.58 GeV ∼ m [Υ (4S)]
→ large cross-section for producing Υ (4S).

I Υ (4S)→ BB̄
I Υ (4S)→ B0B̄0 : 47% of decays
I Υ (4S)→ B+B− : 49% of decays

I SuperKEKB is a “B factory” .... b-quarks !!!
2 Theory

Figure 2.8: Feynman diagram of the B meson pair production via the ⌥(4S) resonance as done

at Belle II [9]

as continuum background. The cross section ratio of the continuum events and the

production of a ⌥(4S) is about 3 : 1. From the ⌥(4S), a BB̄ pair is produced in more

than 96% of the cases [19]. The production of B+B� and B0B̄0 pairs is expected to be

even with a ratio of �(B+B�)/�(B0B̄0) ⇡ 1.06 ± 0.03 [19].

2.6.2 Flavor Tagging

The two produced B mesons are in an entangled P-wave due to the conservation of angular

momentum. In the case of a B0B̄0 pair the mesons will oscillate but they do so in a

coherent way before any of them decays. Measuring the flavor of one particle immediately

determines the flavor of the second one to be opposite at this point in time. The flavor is

identified at the moment of the decay of the first particle ttag. Then, the second particle

can oscillate until its decay at tCP . The di↵erence of the decay times �t = tCP � ttag

and the individual B flavors at the decay time are used for the determination of time

dependent CP violation parameters. Unfortunately the time di↵erence �t is too small

to be measured by timing devices, such as fast scintillators. For this reason, the decay

positions are measured. Using the boost of the system, which comes from di↵erent particle

energies, the decay time di↵erences can be calculated from the decay length. A sketch of

this procedure is shown in figure 2.9.

20

Υ (4S) = bb̄ meson
B ≡ B±, B0, B̄0

B+ = ub̄ meson
B0 = db̄ meson
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Goals are to study matter/anti-matter asymmetry, perform
precision measurements, and search for new physics

Belle II physics goals:

I Search for new physics through precision measurements that are sensitive to the
presence of heavy virtual particles (e.g. through studies of the τ -lepton and rare
B decays)

I Direct searches for physics beyond the standard model (e.g. Axion-like particles, Dark
matter)

I Matter/antimatter asymmetry: Investigation of CP violation and the weak force
largely by looking at B decays (e.g. through decay time dependent studies of the
B0 − B̄0 system)

q

q′

W−
Vqq′

CKM matrix V =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


, where some Vqq′ contain a CP

violating complex phase, δ.
Ewan Hill
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MEASUREMENT OF THE TAU MASS
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The tau mass is a SM quantity that needs measuring and will help
test the SM.

I mτ is a SM quantity that needs
measuring.

I Deviations from certain relations
involving the lepton masses in the
SM could (indirectly) signal the
presence of physics beyond our
current understanding. e.g.

I B (τ → e or µ) ∝ mτ
5

SM branching ratio of
τ → e or µ is highly sensitive to
the tau mass.

Ewan Hill
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Look at di-tau events with one 1-prong tau decay and one tau
decay to 3 charged pions

Measure mτ in: e+e− → τ+τ− events

Require four track final state:

I two tau decays = 1-prong decay +
3-prong decay

I Selected 3-prong tau decays:

I τ+ → ν̄τπ
+π−π+

I A variety of 1-prong tau decays are
selected

I Only one π0 → γγ allowed in final state
(on the 1-prong side).

Assume charge conjugates throughout

γ/Z

τ+

τ−

e

e

π+ π−

π+

ντ

ντ

ν`

`−

Ewan Hill
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Measure mτ in just the 3-prong decays by determining the
endpoint of the distribution of Mmin ≤ mτ

Measure the mass of the τ that underwent the 3-prong decay.

Pseudomass, Mmin, method developed by the ARGUS Collaboration.

Take pτ = p3π + pντ

... Assume cosα = 1, mν = 0 ...

Mmin ≡
√
m3π

2 + 2
(
ECOM

beam − E3π

)
(E3π − |p3π|) ≤ mτ

I Fit the Mmin distribution for the end-point → mτ .

I Apply corrections to compensate for the neutrino assumptions etc.

Apply somewhat simple event selection to 8.8fb−1 of data taken in 2019....

ARGUS Collaboration, Phys. Lett. B 292, 221 (1992)

Ewan Hill
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Correct end-point position by 0.72 MeV/c2 to get tau mass
measurement.
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Figure 4. Distribution of the pseudomass for e+e� ! ⌧+⌧� process with subsequent 3-prong
(⌧+ ! ⇡+⇡�⇡+⌫̄⌧ ) and 1-prong (⌧� ! `�⌫̄`⌫⌧ , ⌧� ! h�⌫⌧ or ⌧� ! ⇡�⇡0⌫⌧ ) decays in the
entire range (up), and in the range 1.70 to 1.85 GeV/c2 (bottom). The description of the plot is
the same as that of Fig. 2.

• Momentum shift due to the B-field map: The leading source of uncertainty
for this measurement comes from a momentum scale factor of 0.056+0.051

�0.042% that
is introduced to compensate for the imperfections of the magnetic-field map used
during the reprocessing of data. The scale factor is measured according to an
observed shift in the invariant mass of D0 in data vs the PDG [13] value. The
central value for the scale factor is used to correct the momenta of the tracks in
data, and the average of the impact due to the up and down variations is used in
Monte Carlo to estimate the associated systematic uncertainty of 0.29 MeV/c2.

12

I Fit MMC
min distribution to determine end-point.

I Difference between measured MC end-point and mMC truth
τ is 0.72± 0.12 MeV/c2.

I Use this measured bias in MC to convert measured end-point in data to mτ measurement.

BELLE2-CONF-PH-2020-010 https://arxiv.org/abs/2008.04665

Ewan Hill
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First Belle II tau mass measurement:
mτ = 1777.28± 0.75 (stat.)± 0.33 (syst.) MeV/c2
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2 0.75 MeV/c± = 1777.28 τm

Figure 5. The pseudomass (Mmin) distribution in the data sample (black points) and the results
of the fit (blue line).

1773 1774 1775 1776 1777 1778 1779 1780 1781

]2 [MeV/cτm

Belle II (2020) 2 0.33 MeV/c± 0.75 ±1777.28 

BaBar (2009) 2 0.41 MeV/c± 0.12 ±1776.68 

Belle (2007) 2 0.35 MeV/c± 0.13 ±1776.61 

ARGUS (1992) 2 1.4 MeV/c± 2.4 ±1776.3 

BES III (2014) 2 0.13 MeV/c± 0.12 ±1776.91 

PDG average 2 0.12 MeV/c±1776.86 

 

Figure 6. The comparison of the ⌧ mass measurements obtained in this analysis (in blue text)
with the PDG average and measurements from various experiments. The green and blue bands
indicate the systematic and total uncertainties, respectively.

The leading source of systematic uncertainty is the momentum scale factor, which
is expected to be reduced in the near future. With the present level of the systematic

15

I Largest systematic uncertainty:
momentum shift due to B field map
= 0.29 MeV/c2

I Second largest systematic: estimator
bias for conversion from end-point to
mass = 0.12 MeV/c2

I Each remaining systematic
< 0.1 MeV/c2

I Comparatively small overall σsyst.; BES
III better having done an energy scan.

mτ = 1777.28± 0.75 (stat.)± 0.33 (syst.) MeV/c2

BELLE2-CONF-PH-2020-010 https://arxiv.org/abs/2008.04665
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MEASUREMENT OF THE BRANCHING FRACTIONS

OF B → η′K DECAYS
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B → η′K branching ratios sensitive to new physics and a good
channel for CP violation measurements

There has been considerable recent interest in charmless hadronic B decays, partly be-
cause of the observation of several of these decays [1–3], and partly because of their an-
ticipated importance in understanding the phenomenon of CP violation. These decays are
expected to proceed primarily through b → s loop (“penguin”) diagrams and b → u specta-
tor diagrams. In Fig. 1 we show four such diagrams which may be expected to contribute
to the decays involving isoscalar mesons which are the subject of this Letter. An earlier
search [2] found a large rate for the decay B → η′K, and set upper limits on other decays
to two-body final states containing η or η′ mesons. Recent effective Hamiltonian predictions
[4,5] of the decay branching fractions of the B → η′K decay are still somewhat smaller than
the measurement [2].

I
II

b s ,

,

,

II

b s

u

uu

uu uu

uu

W+

W+ W+

W+

u, c, t

u, c, t u, c, t
K+, K*+

K+, K*+

K+, K*+
gg

g

g
B+ B+

B+B+
I

b

u

II

b s
Is

s

Is

u

Iu

K+, K*+

3300198-001

( a ) ( b )

( c ) ( d )
FIG. 1. Feynman diagrams describing the representative decays B+ → η(′)K(∗)+: (a, b)

internal penguins; (c) external spectator; (d) flavor-singlet penguin.

We present results of improved experimental searches for B meson decays to two-body
final states containing η or η′ mesons with the first observation of the decay B → ηK∗. These
results are based on data collected with the CLEO II detector [6] at the Cornell Electron
Storage Ring (CESR). The data sample corresponds to an integrated luminosity of 9.13 fb−1

for the reaction e+e− → Υ(4S) → BB, which in turn corresponds to 9.66 × 106 BB pairs
[7]. To study background from continuum processes, we also collected 4.35 fb−1 of data at a
center-of-mass energy below the threshold for BB production. These constitute the complete
data sample from the CLEO II and CLEO II.V experiments, and the measurements we report
here supersede our earlier results [2] from a subset of these data.

The CLEO II detector emphasizes precision charged particle tracking, with specific ion-
ization (dE/dx) measurement, and high resolution electromagnetic calorimetry based on

4

B → η′K decays are:

I rare charless hadornic B decays

I sensitive to new physics via the hadronic loop

I good for precise measurements of CP violation
parameters because of relatively large branching
fractions

(
O
[
10−5

])

Penguin diagrams ! :D

https://en.wikipedia.org/wiki/Penguin_diagram

BELLE2-CONF-PH-2021-007 https://arxiv.org/abs/2104.06224

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.85.520

Ewan Hill
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CLEO Collaboration Phys. Rev. Lett. 85, 520 – Published 17 July 2000
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Measure branching ratio for four different decay chains

Look at four specific decays chains:

I B+ → η′K+

I B0 → η′K0
s , K0

s → π+π−

I with two selected η′ decays:
I η′ → ηπ+π−, η → γγ
I η′ → ργ, ρ→ π+π−

B+ final state: K+, charged pions, and photons

B0 final state: charged pions and photons

Assume charge conjugates throughout

BELLE2-CONF-PH-2021-007 https://arxiv.org/abs/2104.06224

Ewan Hill
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Maximum likelihood fit performed on several variables like mass
and energy

Use multidimensional maximum likelihood fit to data to determine number of
signal events. Inputs:

I ∆E = ECOM
B − ECOM

beam
I Difference in the energies of the beam and the B.
I ∆E ∼ 0 for true B since all particle-antiparticle decays leave each with half the

centre of mass energy.

I Mbc =
√
ECOM

beam − pCOM
B

I Measurement of the reconstructed B mass.
I Mbc = mB for true B

I Output classifier from a Boosted Decision Tree trained to remove the
ee→ qq̄ background (q = u, d, s, c).

BELLE2-CONF-PH-2021-007 https://arxiv.org/abs/2104.06224
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Mass and energy plots look reasonable

For likelihood ratio, L > 0.7 and the decay chain:
B+ → η′K+, η′ → ηπ+π−, η → γγ

plots, which optimizes the figure of merit FoM = S/
p

S + B, where S and B are the number
of expected signal and background events in the signal region, respectively. Figure 6 shows
the distribution the ⌘0 invariant mass in the signal-enriched region for the four channels.
This variable has not been used for signal yield extraction.

0.2− 0.1− 0 0.1 0.2
E [GeV]Δ

0

10

20

30

40

50

60

70

80

90

Ev
en

ts
 / 

( 1
2.

5 
M

eV
 )

Belle II - Preliminary
±)Kππ

γγ
η→'(η→±B -1 Ldt=62.8 fb∫

>0.7RL
Data
Fit
Signal
Continuum
Peaking

4− 2− 0 2 4

varCS

0

10

20

30

40

50

60

70

80

Ev
en

ts
 / 

( 0
.2

5 
)

Belle II - Preliminary
±)Kππ

γγ
η→'(η→±B -1 Ldt=62.8 fb∫

>0.7RL
Data
Fit
Signal
Continuum
Peaking

5.2 5.22 5.24 5.26 5.28 5.3
]2 [GeV/cbcM

0

20

40

60

80

100 )2
Ev

en
ts

 / 
( 2

.5
 M

eV
/c

Belle II - Preliminary
±)Kππ

γγ
η→'(η→±B -1 Ldt=62.8 fb∫

>0.7RL
Data
Fit
Signal
Continuum
Peaking

FIG. 2. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection

reported on the plot, for the channel B± ! ⌘0K± with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D

distributions are the results of the extended ML fit as described in the text.

The branching ratio is computed as:

B(B ! X) =
Nsig

2 · N(BB) · f00/+� · "B , (3)

where Nsig is the yield for signal as returned by the ML fit, N(BB) is the number of BB

pairs in the dataset, f00/+� is the fraction of B0B0 and B+B� [9], respectively, and "B is
the product of the signal reconstruction and selection e�ciency and the branching ratios of
the daughter particles for the decay channels considered.
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PDG world average: mB+ = 5279.25± 0.26 MeV/c2

plots, which optimizes the figure of merit FoM = S/
p

S + B, where S and B are the number
of expected signal and background events in the signal region, respectively. Figure 6 shows
the distribution the ⌘0 invariant mass in the signal-enriched region for the four channels.
This variable has not been used for signal yield extraction.
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FIG. 2. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection

reported on the plot, for the channel B± ! ⌘0K± with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D

distributions are the results of the extended ML fit as described in the text.

The branching ratio is computed as:

B(B ! X) =
Nsig

2 · N(BB) · f00/+� · "B , (3)

where Nsig is the yield for signal as returned by the ML fit, N(BB) is the number of BB

pairs in the dataset, f00/+� is the fraction of B0B0 and B+B� [9], respectively, and "B is
the product of the signal reconstruction and selection e�ciency and the branching ratios of
the daughter particles for the decay channels considered.
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Measured branching ratio consistent with world averages to within
the uncertainties
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FIG. 3. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection

reported on the plot, for the channel ⌘0 ! ⇢�. Superimposed on the 1D distributions are the results

of the extended ML fit as described in the text.

TABLE 1. Summary of results for the four decay channels, corresponding to an integrated luminos-

ity of L = 62.8 fb�1. Measured signal yields (Nsig), statistical significances (sig.), e�ciencies ("),

total e�ciencies including the secondary branching ratios ("B), and the measured B are reported.

The uncertainties are statistical, the second uncertainty in the last column (B) is the systematic

uncertainty.

Mode Nsig sig. "(%) "B(%) B (10�6)

B± ! ⌘0(! ⌘(! ��)⇡+⇡�)K± 263 +18
�19 25.7 31.7 ± 0.03 5.45 63.9 +4.6

�4.4 ± 4.0

B± ! ⌘0(⇢(! ⇡+⇡�)�)K± 335 +26
�25 22.2 24.2 ± 0.04 7.05 62.9 +4.8

�4.8 ± 5.5

B0 ! ⌘0(! ⌘(! ��)⇡+⇡�)K0
S 80.0 +11.2

�10.4 13.8 31.0 ± 0.03 1.80 61.6 +8.6
�8.0 ± 3.9

B0 ! ⌘0(⇢(! ⇡+⇡�)�)K0
S 99.7 +14.2

�12.7 14.2 23.6 ± 0.04 2.35 58.5 +7.9
�7.4 ± 4.4

12

Each of the four channels has a different largest
systematic uncertainty.

PDG world averages:
B
(
B+ → η′K+

)
= (70.4± 2.5)× 10−6

B
(
B0 → η′K0

)
= (66± 4)× 10−6

BELLE2-CONF-PH-2021-007 https://arxiv.org/abs/2104.06224
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Belle II sensitive to axion-like particles as portals to dark matter.

An Axion-like particle, a

I couples to bosons. Here focus on
a→ γγ

I could be a “portal” or “mediator” to
connect SM to Dark Matter
candidates if ma ∼ O (1 GeV)

I has mass and couplings that are
independent

a

DM

DM

J
H
E
P
1
2
(
2
0
1
7
)
0
9
4

a

γ
∗

γ

γ

γ

e
+

e
−

e
+

e
−

γ

γ

a

e
+

e
−

Figure 1. Feynman diagrams for ALP production in e+e− collisions via ALP-strahlung (left) and
photon fusion (right) and the subsequent decay of the ALP into two photons.

The same interaction can also be responsible for the production of ALPs, for example

in e+e− collisions. There are two different production processes of interest: ALP-strahlung

(e+e− → γ∗ → γ + a) and photon fusion (e+e− → e+e− + a), see figure 1. For the former

process (and in the limit ma → 0) the differential cross section with respect to the photon

angle in the centre-of-mass (CM) frame is given by [30]

dσ

d cos θ
=

g2aγγ α

128
(3 + cos 2θ)(1−m2

a/s)
3 , (2.7)

which has a mild angular dependence and is notably independent of the CM energy
√
s for

ma $
√
s.4 ALP-strahlung therefore typically leads to a photon with sizeable transverse

momentum, which is a promising experimental signature.

The cross section for ALP production via photon fusion can be calculated by replacing

the colliding particles by their equivalent photon spectra γ(x) and making use of the ALP

production cross section from a pair of photons [22]:

σ(γγ → a) =
π g2aγγ ma

16
δ(mγγ −ma) . (2.8)

Unless ma is close to
√
s, ALP production via photon fusion typically dominates over

ALP-strahlung. However, the ALPs produced in this way are much harder to detect

experimentally, as they carry only little energy and therefore decay into relatively soft

photons in the laboratory frame. We will return to the experimental feasibility of searches

for ALPs produced in photon fusion in section 5.3.

This work focuses on ALPs with mass below 10GeV, so that the decay a → γZ is

forbidden. The aγZ interaction nevertheless plays an important role, as it leads to the

decay Z → γ + a [28, 49] with partial decay width given by

Γ(Z → γ + a) =
g2aγZ
384π

(
m2

Z −m2
a

mZ

)3

. (2.9)

Depending on the ALP lifetime, this process can either lead to the signature Z → γ + inv

or to Z → 3γ, both of which can be tightly constrained by experiments.

4Even for very light ALPs there remains a slight dependence on
√
s due to the running of both α and

gaγγ , which can change by up to 10% over the range of energies that we consider [28].

– 5 –
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After selecting clean events with self-consistent photons, no excess
observed and exclusions set

I 445± 3pb−1 of data taken in 2018

I Search for bump on large
ee→ γγγ background

I Require that the photon t/∆t are all
consistent with each other

I No tracks from the interation point

I 0.88
√
s ≤ mγγγ ≤ 1.03

√
s

I No significant excesses observed

I Even with a small data set, results
exclude previously unexplored parts of
phase space.

where αQED is the electromagnetic coupling [6]. This
calculation does not take into account any energy depend-
ence of αQED and gaγγ itself [32]. An additional 0.2%
collision-energy uncertainty when converting σa to gaγγ
results in a negligible additional systematic uncertainty.
Our median limit expected in the absence of a signal and
the observed upper limits on σa are shown in Fig. 4. The
observed upper limits on the photon couplings gaγγ of
ALPs, as well as existing constraints from previous experi-
ments, are shown in Fig. 5. Additional plots and numerical
results can be found in the Supplemental Material [33]. Our
results provide the best limits for 0.2 < ma < 5 GeV=c2.
This region of ALP parameter space is completely uncon-
strained by cosmological considerations [34]. The remain-
ing mass region below 0.2 GeV=c2 is challenging to probe
at colliders due to the poor spatial resolution of photons
from highly boosted ALP decays, and irreducible peaking
backgrounds from π0 production.
In conclusion, we search for eþe− → γa; a → γγ in the

ALP mass range 0.2 < ma < 9.7 GeV=c2 using Belle II
data corresponding to an integrated luminosity of
445 pb−1. We do not observe any significant excess of
events consistent with the signal process and set 95% C.L.
upper limits on the photon coupling gaγγ at the level of
10−3 GeV−1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restrictive
than existing limits from LEP-II [11]. In the future, with
increased luminosity, Belle II is expected to improve the
sensitivity to gaγγ by more than one order of magnitude [6].
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FIG. 5. Upper limit (95% C.L.) on the ALP-photon coupling
from this analysis and previous constraints from electron beam-
dump experiments and eþe− → γ þ invisible [6,9], proton beam-
dump experiments [8], eþe− → γγ [11], a photon-beam experi-
ment [12], and heavy-ion collisions [13].
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Early Belle II results show signs of promise for the future

Summary:

I Some early results already probing the
unexplored

I Other early measurements show promise for
the future

I The collider has set a new world record for
instantaneous luminosity

I There is still a lot of work to be done to
reach target of 50ab−1

For all the latest Belle II results see:
https://docs.belle2.org/

https://arxiv.org/archive/hep-ex

To get to the future:

I Remove “draft” pixel detector and insert
full one

I Upgrades to accelerator (shorter term)

I Upgrades to detector (longer term)

I Polarized beams?

I Me: Start applications for next postdoc
position :D

Belle II Canada: UVic, UBC, McGill, St. Francis Xavier
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The higher luminosities are largely achieved by squeezing the
beams to be even smaller at the collision point

Instantaneous luminosity of
SuperKEKB ×30 that of KEKB
(old collider):

I ×1.5: more particles per
beam (increased current,
number of bunches, etc.)

I ×20: squeezing the beams
(“nano-beam” collision
scheme)
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Test of lepton universality

I’m not entirely clear on this...

BSM
τ` = Bµe

ττ
τµ

mτ
mµ

fτ`r
τ
W rτγ

fµer
µ
W
r
µ
γ

...
BSM
τe ∝ m5

τ ττ

●

HFLAV
Spring 20170.1770

0.1775

0.1780

0.1785

0.1790

289 290 291 292
ττ(fs)

B
τeʹ

Figure 1. Test of the SM prediction of the
relation between the ⌧ leptonic branching
fractions and the ⌧ lifetime and mass. B0⌧e
denotes the statistical average of
Be = B(⌧! e⌫̄e⌫⌧) and the Be SM
prediction from the Bµ measurement
Be(Bµ) = Bµ · ( f⌧e/ f⌧µ). The yellow band
represents the uncertainty from the ⌧
lifetime.

Using semi-hadronic processes

 
g⌧
gµ

!2

=
B(⌧! h⌫⌧)
B(h! µ⌫̄µ)

2mhm2
µ⌧h

(1 + �h)m3
⌧⌧⌧

0BBBBB@
1 � m2

µ/m
2
h

1 � m2
h/m

2
⌧

1CCCCCA
2

,

where h = ⇡ or K and the radiative corrections are �⇡ = (0.16± 0.14)% and �K = (0.90± 0.22)% [11].
We measure:

⇣
g⌧/gµ

⌘
⇡
= 0.9961 ± 0.0027 ,

⇣
g⌧/gµ

⌘
K
= 0.9860 ± 0.0070 .

Similar tests could be performed with decays to electrons, however they are less precise because the
hadron two body decays to electrons are helicity-suppressed. Averaging the three g⌧/gµ ratios we
obtain

⇣
g⌧/gµ

⌘
⌧+⇡+K

= 1.0000 ± 0.0014 ,

accounting for all correlations.

4 |Vus| measurement

The measurements of the kaon branching fractions are used in conjunction with lattice QCD estimates
of hadronic form factors to provide the most precise determinations of |Vus| [1]. The ⌧ exclusive
branching fractions to strange final states can be used in a similar way to obtain additional less precise
|Vus| determinations. Furthermore, the inclusive branching fraction of the ⌧ to all strange final states,
B(⌧! Xs⌫), can be used to compute |Vus|with a procedure that does not require lattice QCD estimates
and has an independent and small theory uncertainty [12]:

|Vus|⌧s =
s

Rs/

"
RVA

|Vud |2
� �Rtheory

#
.

Rs and RVA are the ⌧ hadronic partial widths to strange and to non-strange hadronic final states
(�s and �had) divided by the universality-improved branching fraction B(⌧ ! e⌫⌫̄) = Buni

e =

(17.815 ± 0.023)% [2, 3]. We compute �Rtheory = 0.242 ± 0.032 using inputs from Ref. [12]

https://arxiv.org/abs/1804.08436

Skip most the definitions...

I ττ is the lifetime of the τ

I Bτ` is the branching ratio of τ decaying to `νν

I We can measure Bτe, mτ , and ττ

I The BSM
τe equation is what the Standard Model

says on how Bτe varies with ττ after inputting
mτ .

I The red point is(
τdata measurement
τ , Bdata measurement

τe

)
=

((290.3± 0.5) fs, (17.85± 0.04)%).

I The yellow line is BSM
τe , based on the measured

value of mτ with a width corresponding to the
τ lifetime uncertainty, which is dominated by
the τ mass uncertainty.
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Look at di-tau events with one 1-prong tau decay and one tau
decay to 3 charged pions

Measure tau mass in di-tau events: e+e− → τ+τ−

Require four track final state: Require one 1-prong decay and one 3-prong decay of
the two taus:

I Selected 1-prong tau decays:
I τ− → ντh

−, h− ≡ π− or K−

I τ− → ντπ
−π0

I τ− → ντ `
−ν`, `− ≡ e− or µ−

I τ− → ντ
(
≤ 1π0

)
(1 charged particle)

I Selected 3-prong tau decays:
I τ+ → ν̄τπ

+π−π+

I Results in at most one π0 in the final state.

Assume charge conjugates throughout
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A simple selection to pick out clean events and good charged pions
is used

8.8fb−1 of data taken in 2019

Some of the event selections:

I EECL/plab < 0.8 for charged pions
I Enhances the selection of τ+ → ν̄τπ

+π−π+

I For π0 → γγ:
I Require EECL (γ) > 100 MeV
I Require 0.115 < mγγ < 0.152 GeV/c2

I Reject events with a photon of E > 200 MeV that is not the daughter of a π0

I Reduces background contamination from ee→ qq̄ processes.

After selections:

I Efficiency of reconstructing signal events = 16.6%

I Purity of sample = 84.5% (over non-zoomed Mmin window).
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Backgrounds small and flat in the end-point region
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Figure 3. The invariant mass M3⇡ of the three tracks on the 3-prong side after the selection
criteria. The description of the plot is the same as that of Fig. 2.

extracting the ⌧ mass. Unlike the invariant mass distribution where the main background
contamination is due to misidentified ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ decays, in the region of interest
of the pseudomass distribution all background contributions are negligible except for
e+e� ! qq̄. While ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ decays show the endpoint behaviour, the background
processes in the selected region have a featureless Mmin distribution.

An empirical probability density function (p.d.f.)

F (M, ~P ) = (P3 + P4M) · tan�1[(M � P1)/P2] + P5M + 1 , (7)

is used to estimate the ⌧ lepton mass from the e+e� ! (⌧+ ! ⇡+⇡�⇡+⌫̄⌧ )(⌧
� !

e�, µ�, ⇡�, ⇡�⇡0) Monte Carlo sample [11, 12], in which the parameter P1 is an estimator
of the ⌧ lepton mass. The fit results in

P1 = 1777.72 ± 0.17 MeV/c2 . (8)

At the generator level, m⌧ is set to 1777 MeV/c2; thus, the P1 parameter shows a bias in
the estimation of the ⌧ mass as observed in previous measurements of the ⌧ mass using the
pseudomass method [4–6]. The average bias of P1 is estimated to be 0.72 ± 0.12 MeV/c2

independently of the generated ⌧ mass, by performing fits to Monte Carlo samples that
were generated using m⌧ values shifted with respect to the nominal values.

IV. SYSTEMATIC UNCERTAINTIES

The impact of various systematic sources of uncertainties on the ⌧ mass measurement
has been estimated. Table I summarizes the systematic uncertainties; the sources are
described in detail below.
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Figure 4. Distribution of the pseudomass for e+e� ! ⌧+⌧� process with subsequent 3-prong
(⌧+ ! ⇡+⇡�⇡+⌫̄⌧ ) and 1-prong (⌧� ! `�⌫̄`⌫⌧ , ⌧� ! h�⌫⌧ or ⌧� ! ⇡�⇡0⌫⌧ ) decays in the
entire range (up), and in the range 1.70 to 1.85 GeV/c2 (bottom). The description of the plot is
the same as that of Fig. 2.

• Momentum shift due to the B-field map: The leading source of uncertainty
for this measurement comes from a momentum scale factor of 0.056+0.051

�0.042% that
is introduced to compensate for the imperfections of the magnetic-field map used
during the reprocessing of data. The scale factor is measured according to an
observed shift in the invariant mass of D0 in data vs the PDG [13] value. The
central value for the scale factor is used to correct the momenta of the tracks in
data, and the average of the impact due to the up and down variations is used in
Monte Carlo to estimate the associated systematic uncertainty of 0.29 MeV/c2.
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I Dominant background in these plots is from other 3-prong tau decays but does
not contaminate the end-point region where fit is performed.

I Small and flat background in the fit region
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Tau mass measurement systematics

Systematic uncertainty MeV/c2

Momentum shift due to the B-field map 0.29
Estimator bias 0.12
Choice of p.d.f. 0.08
Fit window 0.04
Beam energy shifts 0.03
Mass dependence of bias 0.02
Trigger efficiency  0.01
Initial parameters  0.01
Background processes  0.01
Tracking efficiency  0.01

Table I. Summary of systematic uncertainties.

• Estimator bias: The limited size of the samples used in determining the fit bias
results in an uncertainty of 0.12 MeV/c2.

• Dependence on the choice of p.d.f.: Two alternate functions,

F1(M, ~P ) = (P3 + P4M) · M � P1p
P2 + (M � P1)2

+ P5M + 1, (9)

F2(M, ~P ) = (P3 + P4M) · �1

1 + exp
�
(M � P1)/P2

� + P5M + 1, (10)

are used for estimating the fit bias. The RMS of the corrected m⌧ values corre-
sponding to these alternative methods versus the nominal one is calculated to be
0.08 MeV/c2.

• Choice of the fit window: The importance of the Mmin window used for the fit
procedure is tested by varying the lower and upper edges of the window separately
and repeating the fit bias estimation for each case. The weighted average of the
differences between the true mass and the corrected m⌧ values corresponding to
each window is 0.04 MeV/c2.

• Beam energy shifts: The calculation of the pseudomass variable relies on an
accurate knowledge of the beam energy. The energy of the beam is measured by
using the beam-energy-constrained mass (Mbc) of fully reconstructed neutral and
charged B decays for various data taking periods with statistical uncertainties of
up to 0.19 MeV. This uncertainty is then propagated to the ⌧ mass measurement
by taking advantage of additional Monte Carlo samples with beam energies shifted
with respect to the nominal beam energy value. The measurement procedure is
applied to each Monte Carlo sample to estimate the ⌧ mass as a function of the
beam energy shift. This yields a systematic uncertainty of 0.03 MeV/c2. Additional
systematic uncertainties in the measurement of the beam energy shift are not cur-
rently estimated. Once these uncertainties are available, they will be propagated to
the ⌧ mass measurement as well.
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Future of the Belle II tau mass measurement

uncertainties, the Belle II ⌧ mass measurement is expected to be statistically dominated
until around 50 fb�1 of data. After improvements in the momentum scale factor systematic
uncertainty, a scenario with a total systematic uncertainty of 0.15 MeV/c2 is foreseen,
and about 300 fb�1 of data would be needed to become systematically dominated, as
illustrated in Fig. 7. The systematic uncertainties can be reduced further by increasing
the Monte Carlo statistics in the estimation of the bias, which is currently the second-
largest systematic uncertainty. Thus, a better systematic precision is expected in the
future.
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Figure 7. Projection of the statistical uncertainty as a function of luminosity for the ⌧ mass
measurement. The black dot represents the statistical uncertainty in this measurement and the
red triangles mark the projected statistical uncertainties for 50, 100 and 300 fb�1.
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I After improvements in the momentum
scale factor systematic uncertainty,
expect a future total systematic
uncertainty of ∼ 0.15 MeV/c2.

I After that, need ∼ 300fb−1 of data for
the measurement to become
systematically dominated.

mτ = 1777.28± 0.75 (stat.)± 0.33 (syst.) MeV/c2
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Each of the four decay channels of the B has a different largest
systematic uncertainty
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FIG. 6. Distributions of invariant mass of ⌘0, without any mass constraint, for the four channels

in the signal-enriched region (LR > 0.7).

TABLE 2. Summary of systematics uncertainties (in %) by category and channel.

Channel B± ! ⌘0K± B0 ! ⌘0K0
S B± ! ⌘0K± B0 ! ⌘0K0

S

Source ⌘0 ! ⌘⇡+⇡� ⌘0 ! ⇢�

Tracking e�ciency 2.1 2.8 2.1 2.8

Photon e�ciency 0.5 0.5 0.5 0.5

K0
S e�ciency - 4.5 - 4.5

⇡± PID - - 2.4 2.4

K± PID 2.5 - 2.5 -

Cont. supp. modelling 5.0 1.0 5.5 2.3

SxF fraction 2.6 1.8 5.9 3.2

N(BB) 1.4

Total 6.6 5.9 9.1 7.2

VII. CONCLUSIONS

In this paper, we described the rediscovery of the B ! ⌘0K hadronic-penguin mediated
decays, both for charged and neutral B mesons. The full Belle II luminosity collected up to
summer 2020 has been used, corresponding to L = 62.8 fb�1 and 68.2 ⇥ 106 BB pairs. The
signal yield is extracted via a maximum likelihood fit to the data, and has been validated on
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candidate. We correct for the observed linear energy bias
that ranges from 0 (low energy) to 0.5% (high energy).
We vary the energy selection by !1% and the angular-
separation selection by the approximate position resolution
of !5 mrad, and take the respective full difference in the
signal selection efficiency with respect to the nominal
selection as a systematic uncertainty. We add these three
uncertainties in quadrature assuming no correlations
amongst them. The total relative uncertainty due to the
selection efficiency is approximately 5.5% for ALP masses
above 0.5 GeV=c2, and increases to approximately 8% for
the lightest ALP masses considered. As additional system-
atic checks we vary the photon-timing selection by !1 and
the shower-shape classifier selection by !5% to account
for possible between data and simulation samples, the
invariant mass Mγγγ selection by !0.002 GeV=c2 to
account for uncertainties in the beam energy, and the
polar-angle-acceptance selection by propagating the effect
of a !2 mm shift of the interaction point relative to the
calorimeter to account for maximal possible misalignment
of the ECL. For all of these checks, we find that they have a
negligible effect on the signal selection efficiency, so we do
not associate any systematic uncertainty with them.
We extract the signal yield as a function of ma by

performing a series of independent binned maximum-
likelihood fits. We use 100 bins for each fit range. The
fits are performed in the range 0.2 < ma < 6.85 GeV=c2

for the M2
γγ spectrum, and in the range 6.85 < ma <

9.7 GeV=c2 for the M2
recoil spectrum. The resolution of

M2
γγ worsens with increasing ma, while that of M2

recoil
improves with increasing ma (see Fig. 2). The transition
between M2

γγ and M2
recoil fits is determined as the point of

equal sensitivity obtained using background simulations.
The signal probability density function (PDF) has two

components: a peaking contribution from correctly recon-
structed signal photons and a combinatorial-background
contribution from the other two combinations of photons.
We model the peaking contribution using a Crystal Ball
(CB) function [29]. The mass-dependent CB parameters
used in the fits to data are fixed to those obtained by fitting
simulated events. For the simulated M2

recoil distribution, the
CB mean is found to be unbiased. For the simulated M2

γγ

distribution, we observe a linear bias of the CB mean of
about 0.5% resulting from the combination of two photons
with asymmetric reconstructed-energy distributions. This
bias is determined to have negligible impact on the signal
yield and mass determination; therefore, no attempt to
correct for it is made. Combinatorial-background contri-
butions from the wrong combinations of photons in signal
events are taken into account by adding a mass-dependent,
one-dimensional, smoothed kernel density estimation
(KDE) [30] PDF obtained from signal simulation. The fits
are performed in steps ofma that correspond to half the CB
width (σCB) for the respective squared mass. This results in

FIG. 2. M2
γγ and M2

recoil resolutions with uncertainty as a
function of ALP mass ma. The inset shows an enlargement of
the low-mass region ma < 1 GeV=c2.

(a)

(b)

FIG. 1. M2
recoil distribution (a) and M2

γγ distribution (b) together
with the stacked contributions from the different simulated SM
background samples. For M2 ≤ 16 GeV2=c4, the selection is
Eγ > 1.0 GeV; for M2 > 16 GeV2=c4, it is Eγ > 0.65 GeV.
Simulation is normalized to luminosity. The inset in (b) shows
an enlargement of the low-mass region M2

γγ < 1 GeV2=c4.

PHYSICAL REVIEW LETTERS 125, 161806 (2020)

161806-6

I Photon energy cuts:
I ma > 4 GeV: Eγ > 0.65 GeV
I ma ≤ 4 GeV : Eγ > 1 GeV
I Helps avoid shaping effects on the

background mass distribution

I Look at mγγ , and similar quantity calculated
from recoil photon energy
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candidate. We correct for the observed linear energy bias
that ranges from 0 (low energy) to 0.5% (high energy).
We vary the energy selection by !1% and the angular-
separation selection by the approximate position resolution
of !5 mrad, and take the respective full difference in the
signal selection efficiency with respect to the nominal
selection as a systematic uncertainty. We add these three
uncertainties in quadrature assuming no correlations
amongst them. The total relative uncertainty due to the
selection efficiency is approximately 5.5% for ALP masses
above 0.5 GeV=c2, and increases to approximately 8% for
the lightest ALP masses considered. As additional system-
atic checks we vary the photon-timing selection by !1 and
the shower-shape classifier selection by !5% to account
for possible between data and simulation samples, the
invariant mass Mγγγ selection by !0.002 GeV=c2 to
account for uncertainties in the beam energy, and the
polar-angle-acceptance selection by propagating the effect
of a !2 mm shift of the interaction point relative to the
calorimeter to account for maximal possible misalignment
of the ECL. For all of these checks, we find that they have a
negligible effect on the signal selection efficiency, so we do
not associate any systematic uncertainty with them.
We extract the signal yield as a function of ma by

performing a series of independent binned maximum-
likelihood fits. We use 100 bins for each fit range. The
fits are performed in the range 0.2 < ma < 6.85 GeV=c2

for the M2
γγ spectrum, and in the range 6.85 < ma <

9.7 GeV=c2 for the M2
recoil spectrum. The resolution of

M2
γγ worsens with increasing ma, while that of M2

recoil
improves with increasing ma (see Fig. 2). The transition
between M2

γγ and M2
recoil fits is determined as the point of

equal sensitivity obtained using background simulations.
The signal probability density function (PDF) has two

components: a peaking contribution from correctly recon-
structed signal photons and a combinatorial-background
contribution from the other two combinations of photons.
We model the peaking contribution using a Crystal Ball
(CB) function [29]. The mass-dependent CB parameters
used in the fits to data are fixed to those obtained by fitting
simulated events. For the simulated M2

recoil distribution, the
CB mean is found to be unbiased. For the simulated M2

γγ

distribution, we observe a linear bias of the CB mean of
about 0.5% resulting from the combination of two photons
with asymmetric reconstructed-energy distributions. This
bias is determined to have negligible impact on the signal
yield and mass determination; therefore, no attempt to
correct for it is made. Combinatorial-background contri-
butions from the wrong combinations of photons in signal
events are taken into account by adding a mass-dependent,
one-dimensional, smoothed kernel density estimation
(KDE) [30] PDF obtained from signal simulation. The fits
are performed in steps ofma that correspond to half the CB
width (σCB) for the respective squared mass. This results in
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function of ALP mass ma. The inset shows an enlargement of
the low-mass region ma < 1 GeV=c2.
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FIG. 1. M2
recoil distribution (a) and M2

γγ distribution (b) together
with the stacked contributions from the different simulated SM
background samples. For M2 ≤ 16 GeV2=c4, the selection is
Eγ > 1.0 GeV; for M2 > 16 GeV2=c4, it is Eγ > 0.65 GeV.
Simulation is normalized to luminosity. The inset in (b) shows
an enlargement of the low-mass region M2

γγ < 1 GeV2=c4.
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a total of 378 fits to the M2
γγ distribution and 124 fits to the

M2
recoil distribution. CB signal parameters are interpolated

between the known simulated masses, and the KDE shape
is taken from the simulation sample generated with the
closest value of ma to that assumed in the fit.
The photon-energy resolution σðEγÞ=Eγ in simulation is

about 3% for Eγ ¼ 0.65 GeV and improves to about 2% for
Eγ > 1 GeV. Using the same muon-pair sample as used for
the photon-energy bias study, we find that the photon
energy resolution in simulation is better than that in data by
at most 30% at low energies. Therefore, we apply an
energy-dependent additional resolution smearing to our
simulated signal samples before determining the CB
resolution parameter σCB; we assume conservatively that
the full observed difference between data and simulation is
due to the photon-energy-resolution difference. We assign
half of the resulting mass-resolution difference as a
systematic uncertainty. The effect of a $2 mm shift of
the interaction point relative to the calorimeter is found to
have a negligible impact on the mass resolution and is not
included as a systematic uncertainty.
We describe the backgrounds by polynomials of the

minimum complexity consistent with the data features.
Polynomials of second to fifth order are used: second for
0.2<ma≤0.5GeV=c2, fourth for 0.5<ma≤6.85GeV=c2,
and fifth for 6.85 < ma ≤ 9.7 GeV=c2. The background
polynomial parameters are not fixed by simulation but are
free parameters of each data fit. Each fit is performed in a
mass range that corresponds to −20σCB toþ30σCB forM2

γγ,
and −25σCB to þ25σCB for M2

recoil. In addition, the fit
ranges are constrained between M2

γγ > 0 GeV2=c4 and
M2

recoil < 100.5 GeV2=c4. The choice of the order of
background polynomial and fit range is optimized based
on the following conditions: giving a reduced χ2 close to
one, providing locally smooth fit results, and being con-
sistent with minimal variations between adjacent fit ranges.
Peaking backgrounds from eþe− → Pγ are very small
compared to the expected statistical uncertainty on the
signal yield and found to be modeled adequately by the
polynomial background PDF.
The systematic uncertainties due to the signal efficiency

and the signal mass resolution are included as Gaussian
nuisance parameters with a width equal to the systematic
uncertainty. The systematic uncertainty due to the back-
ground shape, which is the dominant source of systematic
uncertainty, is estimated by repeating all fits with alter-
native fit ranges changed by $5σCB and with the poly-
nomial orders modified by $1. For each mass value ma,
we report the smallest of all signal significance values
determined from each background model. The local sig-
nificance including systematic uncertainties is given by
S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðL=LbkgÞ

p
, where L is the maximum likelihood

for the fit, and Lbkg is the likelihood for a fit to the
background-only hypothesis. The local significances,

multiplied by the sign of the signal yield, are shown in
Fig. 3. The largest local significance, including systematic
uncertainties, is found near ma ¼ 0.477 GeV=c2 with a
value of S ¼ 2.8σ.
By dividing the signal yield by the signal efficiency

and the integrated luminosity, we obtain the ALP cross
section σa. We compute the 95% confidence level (C.L.)
upper limits on σa as a function of ma using a one-sided
frequentist profile-likelihood method [31]. For each ma fit
result, we report the least stringent of all 95% C.L. upper
limits determined from the variations of background model
and fit range. We convert the cross section limit to the
coupling limit using

σa ¼
g2aγγαQED

24
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FIG. 3. Local signal significance S multiplied by the sign of the
signal yield, including systematic uncertainties, as a function of
ALP mass ma. The vertical dashed lines indicate (from left to
right) changes in the default background PDF (0.5 GeV=c2), in
the photon energy selection criteria (4.0 GeV=c2), and in the
invariant-mass determination method (6.85 GeV=c2).

FIG. 4. Expected and observed upper limits (95% C.L.) on the
ALP cross section σa. The vertical dashed lines are the same as
those in Fig. 3.
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