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Energy or Intensity?
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• Energy frontier: 

• Production of New Physics (NP) from collisions. 

• Limited by beam energy.  
 

• Intensity frontier: 

• NP in virtual processes. 

• Limited by statistics.
3/28

Motivation for Belle II: Flavour Frontier.
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Production of New Physics (NP) from collisions

Limited by beam energy

>Intensity frontier:
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Belle and BaBar.
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• Belle at KEKB, Japan and  
BaBar at PEP-II, USA. 

• Very high luminosity:  
~2×1034 /cm2/s (Belle) 

• Collision energy at Y(nS):  
Mainly at ECM = 10.58 GeV. 
BR(Y(4S)→BB) > 96% 

• Asymmetric beam energies:  
8 GeV (e-) / 3.5 GeV (e+) (Belle) 
→ Boosted BB pairs.

CUSB @ CESR



(Some) Belle II Physics.
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VII. SUMMARY OF THE SENSITIVITY FOR SELECTED OBSERVABLES

TABLE XXXVIII: Expected errors on several selected observables with an integrated
luminosity of 5 ab�1 and 50 ab�1 of Belle II data. The current results (from Belle) are also
given. L

s

denotes the approximate integrated luminosity at which the statistical precision
of a given observable will match its systematic uncertainty. Errors given in % represent

relative errors.
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s
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B. Golob et al., BELLE2-NOTE-PH-2015-002



(Some) Belle II Physics.
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B. Golob et al., BELLE2-NOTE-PH-2015-002

FIG. 5: LFV UL (90% C.L.) results from CLEO, BaBar and Belle, and extrapolations for
Belle II (50 ab�1) and LHCb updgrade (50 fb�1).
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over 10 times
smaller for other modes, such as ⌧ ! `� that have irreducible background contributions.

51



Peak luminosity over time.
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6/34Torben Ferber, DESY

From KEKB to SuperKEKB.

*L = 50 ab-1 by 2025 (50x Belle)
Lpeak = 8 1 1035cm-2s-1 (40x KEKB)



SuperKEKB: Nano Beam Scheme.
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7/34Torben Ferber, DESY

Nano beam scheme.
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SuperKEKB is running!
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e+ (LER)

e- (HER)

February 26, 2016

May 31, 2016: LER beam current at 825 mA, HER at 730 mA. 



Belle II Collaboration.
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620 members  
(including 220 grad students) 
100 institutes

UBC 
UVictoria 
McGill  
UMontreal  



Belle II Detector.
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7/29Torben Ferber (DESY)

Detector Upgrade: Belle II at SuperKEKB.

Possible 
upgrade

Need to cope with much higher 
luminosity and beam background.



Belle II Detector: Calorimeter (ECL).
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• Precise measurement of γ (π0) and the so called ‘extra 
energy’ are crucial, in particular with respect to LHCb. 

• A generic Y(4S)→BB decay creates 11 photons on 
average, almost only from π0 decays. About half of the 
photons having energies less than 200 MeV. Lowest photon 
energy used for physics ~40 MeV. 

• Reuse existing CsI(Tl) crystals from Belle (excellent energy 
resolution but quite slow). Belle achieved an energy 
resolution of about 1.8% at high energies.



Belle II ECL: Background.

12

BIBLIOGRAPHY

Radiation Dose in Crystals

IDθ
0 10 20 30 40 50 60

G
y/
yr

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

IDθCrystal Radiation Dose vs 

12th Campaign

Maximum dose of 4.46Gy/yr

ThetaID
0 10 20 30 40 50 60

G
y/
yr

0

0.5

1

1.5

2

2.5

3

Crystal Radiation Dose

11th Campaign

Maximum dose of 3.16Gy/yr

Samuel de Jong (University of Victoria) 13th Background campaign: ECL February 3, 2016 7 / 5

Figure 3.2: Background in the ECL crystals as function of ✓ID where ✓ID = 0 is the most forward ECL
ring, and ✓ID = 68 is the most backward ECL ring.
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Belle II Detector: Calorimeter (ECL).
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• New digitization and waveform fitting electronics to cope 
with much higher beam background (pile up).  

• New robust reconstruction (need a conceptually different 
approach for very high backgrounds) and calibration 
(including time).  

• Possible upgrade of forward endcap crystals to pure CsI 
under study (worse energy resolution but very fast).



Belle II ECL: Background.
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Belle II ECL: Reconstruction.
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Belle II ECL: Reconstruction.
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π0 reconstruction using two photon combinations:  
Significantly better energy and position reconstruction and 
overlap energy sharing.



Belle II Luminosity Projection.
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Belle II Luminosity Projection.
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Phase 1 (ongoing).
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• No Belle II detector.  

• BEAST II (Beam Exorcism 
for A STable Belle II 
Experiment). 

• Simple background 
detectors (diodes, TPCs, 
CsI crystals, He3 tubes). 

• No final focus magnets.

A. Beaulieu



Phase 2: End of 2017.
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• Final focus magnets (superconducting). 

• Full Belle II outer detectors and drift chamber. 

• No final vertex  
detectors.

12/28

2cm

Towards First Physics: Phase 2.

>Mid 2017: Belle II without nominal vertex detectors 

but with final calorimeter, drift chamber, etc.

>Main goals:

Measure beam bkg.

Tune accelerator

>Conditions (expected):

E
CMS
=10.58GeV

L
int
 = (0-300) fb

-1  
 ~ only 1/3 Belle

? Unique physics with that dataset possible?



Phase 2: Beam Background Monitoring.
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• Goal: Providing live background rate information to 
SuperKEKB operators during Phase 2 (Detector 
commissioning) and Phase 3 (Physics run). 

• 4 LYSO or CsI crystals with photopentode readout in each 
endcap shield. 

• Readout time fast enough to observe injection backgrounds.

McGill 
UMontreal



Phase 2: First Physics.
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• Main purpose of Phase 2 is detector and accelerator 
commissioning. 

• Unlike at the energy frontier, Belle II needs more data than 
Belle+BaBar to address anomalies (and find new 
physics). Possible scenarios for the very first data include:  

• Run at non-Y(4S) energy. 

• Implement special triggers (that may have too high rate 
at full luminosity): Search for a dark photon decaying 
invisibly.
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Dark photons.
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• We know there is dark matter (DM), but we don’t know 
what it is. 

• We know DM couples very weakly to SM particles. 

• In the so called “vector portal”, a dark photon A’ mixes* 
with the SM photon γ with strength ε:

13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 

and a new scalar or gauge boson A'  as s-channel 

annihilation mediator (m
A'
 > 2m

N
)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 

massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

Standard Model  
SU(3)C x SU(2)L x U(1)Y

Dark Sector 
U(1)D (massive)×γ A’ 



Dark photon decaying invisibly.
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data

taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e

+

e

� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e

+

e

�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A

0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e

+

e

� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden

photon. In this scenario, the A

0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A

0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <

p
4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0

/mA0 . 1
which is necessary for the A

0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e

+

e

� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /

E events at
low-energy e

+

e

� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

ge (=εe) gχ

• If DM is part of a dark sector, the dark photon A’ can 
decay into dark matter χ:



Dark photon decaying invisibly.
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Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /

E events at
low-energy e

+

e

� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

ge (=εe) gχ

Invisible!

• If DM is part of a dark sector, the dark photon A’ can 
decay into dark matter χ:

Single photon  
(“Single Photon Search”)



Dark photon decaying invisibly.
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Minimal ingredients: 

Off-shell  
heavy A’

yes no

Off-shell light A’ On-shell light A’

yes no

A’ on-shell  
decay to DM

Long-lived 
ultra light A’

Off-shell heavy A’

Off-shell light A’

On-shell decay  
to DM

Long-lived ultra light A’



Dark photon decaying invisibly at BaBar.
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4th B2TiPYi-Ming Zhong

How to produce DM at B-factories?

9

e�

e+

b

b̄

⌥(3S)

�

�

�̄
A0 (⇤)

e�

e+

�

�

�̄
A0(⇤)

Through Υ(3S) decay Through direct e+e− collision

e.g. BaBar, ’08; Yeghiyan,’09

• BaBar recorded 57 fb-1 with a single photon trigger 
(E*≳1-2 GeV, trigger rate ~1/3 of all triggers). Belle never 
had a single photon trigger.  

• BaBar used about 28 fb-1 in a search for a light Higgs via 
Y(3S)→γA0, A0 → invisible (unpublished, BaBar-
CONF-08/019).
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Background from 
ee→γγ where one γ is 

undetected.

Background from 
ee→γγ(γ) and ee→ee(γ) 

with two undetected 
particles.



Dark photon decaying invisibly at Belle II.
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• General requirement:  

• Trigger (both to collect  
signal events and to  
understand backgrounds). 

• Understanding of peaking  
background (for on-shell  
decays). 

• Understanding of (absolute) continuum QED 
backgrounds (off-shell decays). For on-shell decays this 
is a smooth exponential.

15/28

Towards First Physics: Dark Photon decay to invisible.

m
A'
 = 6 GeV

Belle II MC
Preliminary

Belle II MC
Preliminary

n(T)
45-135°, E*>1.0 GeV

=1

No other T
 E*>0.25 GeV

No track p
t
>0.25GeV

L
int
 = 1fb

-1
, ee?ee(T) (generator only)

>If A' is not the lightest DM particle:

Decay into dark matter dominates: ee?A'T, A'?NN

>SM background: ee?ee(T) and ee?TT

BHWIDE

TEEGG O(V
3
)

TEEGG O(V
4
) soft

TEEGG O(V
4
) hard

BHWIDE:  Jadach et al., Phys. Lett. B 390, 298 (1997)

TEEGG: Karlen, Nucl. Phys. B289, 23 (1987)



Dark photon decaying invisibly at Belle II: 
Background (E* > 1GeV, γ in barrel).
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12/11

Single Photon Search: Total Bhabha Background.

“selection” acceptance: 45-135 degree (CM)
selection 11:  n⇢selection(E*>1.0 GeV)=1 

  additional n⇢selection  (E*>0.25GeV)=0
  neCDC  (p_t>0.25 GeV)=0

Dominant process below 2 GeV is 
one electron at ~0 deg, other 

outside of detector acceptance.  

Above 2 GeV, both e± are 
scattered at wide angles.

ee→ee(nγ)
Belle II MC preliminary



Dark photon decaying invisibly at Belle II: 
Peaking backgrounds.
• Unlike BaBar, Belle II Barrel ECL is not projective  

in φ: No “gaps” between the crystals, only between 
barrel and endcaps. 

• The probability that a photon does not interact in an ECL 
crystal is about (e(-7/9))L/X0 ≈ 3.4×10-6 (L/X0 ≈ 16.2).

32



Dark photon decaying invisibly at Belle II.
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Chris Hearty

• Extrapolating from BaBar preliminary result; correct for 
different angular distribution of signal; improved 
systematic error at low mass. 
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Dark photon decaying visibly at Belle II.
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Towards First Physics: Dark Photon decay to visible.

Belle II MC
Preliminary

Phys. Rev. Lett. 113, 201801 (2014)

arXiv:1406.2980

>If A' is the lightest DM particle:

Decay into SM matter dominates

B
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n
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h
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n Phys.Rev.D79, 115008, (2009), arXiv: 0903.0363
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• Belle II offers high sensitivity to New Physics at the intensity 
frontier, largely complementary to LHCb. 

• Significantly higher beam background require new 
reconstruction software. The calorimeter software development 
and calibration is one main contribution of the Canadian 
groups. 

• Belle II will start detector commissioning end of 2017, 
significant Canadian contribution in beam background 
simulations and measurements. The search for a dark photon 
decaying invisibly may be possible even in that phase. 

• Physics data taking starts end of 2018. “50 × Belle” by 2024.
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ECL.
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yield, weak hygroscopicity, mechanical stability
and moderate price.

8.1. Design and construction of ECL

The overall configuration of the Belle calori-
meter system, ECL, is shown in Fig. 69. ECL
consists of the barrel section of 3:0 m in length
with the inner radius of 1:25 m and the annular
end-caps at z ¼ þ2:0 and #1:0 m from the
interaction point. The geometrical parameters of
each section are given in Table 8.

Each crystal has a tower-like shape and is
arranged so that it points almost to the interaction
point. There is a small tilt angle of B1:31 in the y
and f directions in the barrel section to avoid
photons escaping through the gap of the crystals.
End-cap crystals are tilted by B1:51 and B41 in
the y direction in the forward and backward
sections, respectively. The calorimeter covers the
polar angle region of 17:01oyo150:01; corre-
sponding to a total solid-angle coverage of 91%
of 4p: Small gaps between the barrel and end-cap
crystals provide a pathway for cables and room for

supporting members of the inner detectors. The
loss of solid angle associated with these gaps is
approximately 3% of the total acceptance. The
entire system contains 8736 CsI(Tl) counters and
weighs 43 tons:

The size of each CsI(Tl) crystal is determined by
the condition that approximately 80% of the total
energy deposited by a photon injected at the center
of the crystal is contained in that crystal. Crystals
with smaller cross-sections would have somewhat
improved position resolution and two-photon
separation but at the cost of an increased number
of channels and poorer energy resolution. The
latter is caused by the increase of gaps and inactive

Fig. 69. Overall configuration of ECL.

Table 8
Geometrical parameters of ECL

Item y coverage y seg. f seg. No. of
crystals

Forward end-cap 12.4–31:41 13 48–144 1152
Barrel 32.2–128:71 46 144 6624
Backward end-cap 130.7–155:11 10 64–144 960

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232 175



Vertex detectors.
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PXD module 0.
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Belle II ECL: Background Noise (MC).
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Belle II vs. LHCb.
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TABLE XLI: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and 50 ab�1 of Belle
II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also given. Items marked with a ‡

are estimates based on similar measurements. Errors given in % represent relative errors.

Observables Belle or LHCb⇤ Belle II LHCb
(2014) 5 ab�1 50 ab�1 8 fb�1(2018) 50 fb�1

UT angles sin 2� 0.667 ± 0.023 ± 0.012(0.9�) 0.4� 0.3� 0.6� 0.3�

↵ [�] 85 ± 4 (Belle+BaBar) 2 1
� [�] (B ! D

(⇤)
K

(⇤)) 68 ± 14 6 1.5 4 1
2�s(Bs ! J/ �) [rad] 0.07 ± 0.09 ± 0.01⇤ 0.025 0.009

Gluonic penguins S(B ! �K

0) 0.90+0.09
�0.19 0.053 0.018 0.2 0.04

S(B ! ⌘

0
K

0) 0.68 ± 0.07 ± 0.03 0.028 0.011
S(B ! K

0

SK

0

SK

0

S) 0.30 ± 0.32 ± 0.08 0.100 0.033
�

e↵

s (Bs ! ��) [rad] �0.17 ± 0.15 ± 0.03⇤ 0.12 0.03
�

e↵

s (Bs ! K

⇤0
K̄

⇤0) [rad] � 0.13 0.03

Direct CP in hadronic Decays A(B ! K

0

⇡

0) �0.05 ± 0.14 ± 0.05 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 2.4%) 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 3.0%

ex. ± 2.7%
th.) 1.8% 1.4%

|Vub| incl. 4.47 · 10�3(1 ± 6.0%
ex. ± 2.5%

th.) 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 10.8%) 4.7% 2.4%

Leptonic and Semi-tauonic B(B ! ⌧⌫) [10�6] 96(1 ± 26%) 10% 5%
B(B ! µ⌫) [10�6] < 1.7 20% 7%
R(B ! D⌧⌫) [Had. tag] 0.440(1 ± 16.5%)† 5.6% 3.4%
R(B ! D

⇤
⌧⌫)† [Had. tag] 0.332(1 ± 9.0%)† 3.2% 2.1% ...

Radiative B(B ! Xs�) 3.45 · 10�4(1 ± 4.3% ± 11.6%) 7% 6%
ACP (B ! Xs,d�) [10�2] 2.2 ± 4.0 ± 0.8 1 0.5
S(B ! K

0

S⇡
0

�) �0.10 ± 0.31 ± 0.07 0.11 0.035
2�e↵

s (Bs ! ��) � 0.13 0.03
S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 0.23 0.07
B(Bs ! ��) [10�6] < 8.7 0.3 �

Electroweak penguins B(B ! K

⇤+
⌫⌫) [10�6] < 40 < 15 30%

B(B ! K

+

⌫⌫) [10�6] < 55 < 21 30%
C

7

/C

9

(B ! Xs``) ⇠20% 10% 5%
B(Bs ! ⌧⌧) [10�3] � < 2 �
B(Bs ! µµ) [10�9] 2.9+1.1

�1.0
⇤ 0.5 0.2

70

B. Golob et al., BELLE2-NOTE-PH-2015-002



Belle II ECL: Crystal Calibration.
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• Energy calibration: Convert 
fitted amplitude to 
deposited energy. Possible 
non-uniform effects due to 
radiation damage. 

• Time calibration: Convert 
fitted ADC clock ticks to 
time relative to zero 
(trigger). Depends on 
amplitude and background 
level.
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longitudinal leakage!

No background
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FIG. 8: Fit time distributions after corrections (ns), for various energy ranges, with background

mixing. Energy in MeV is the amplitude divided by 20.

estimate the timing resolution for each ECLCalDigit.

This study of resolution ignores two significant e↵ects. First, the timing resolution varies

strongly with background level (Fig. 10). A more complete study will need to include

the variation of the parameters from Fig. 9 with background level. Second, the e↵ective

resolution (FWHM/2.35) is not the optimal quantity for use by the reconstruction code, in

that it does not correctly account for the significant tails. Figure 11 shows the fraction of

the area of the double Gaussian fit that is included in a range of ±2.58� as a function of the

histogram number. This is as low as 77% in the presence of backgrounds, compared to the

99% that would be expected for a single Gaussian. This is somewhat pessimistic, in that the

study did not verify that the digits included in the fits were actually from the signal photon.

The red curve in Fig. 10b is the time distribution of digits found within 25 cm of a fake

seed located 16 crystals away in phi from the true seed location. Clearly, some component

8

Example: 36.5 MeV < E < 40.2 MeV



Dark photon decaying invisibly at BaBar.
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4

FIG. 3: Typical simulations of �+/E signals compared to data that was scanned from the BABAR Collaboration (un-
published) [37], in both the “High-E” (left) and “Low-E” (right) search regions (where 3.2 GeV < E⇤

� < 5.5 GeV and
2.2 GeV < E⇤

� < 3.7 GeV, respectively; see Sec. IV for more details). The red histogram illustrates �� production through
an o↵-shell heavy mediator (region (a)), resulting in a rising spectrum. The histogram corresponds to m� = 1 GeV and
mA0 = 12 GeV. The orange histograms show the peaked spectra arising from on-shell production of an invisible mediator (re-
gion (b)), with mA0 = 0.5 MeV (left) or 4 GeV (right). The green histogram shows the typical broad spectrum resulting from
�� production through an o↵-shell light mediator (region (c)) (we show m� = mA0 = 1 GeV). In each case the cross-section is
scaled to lie at the 95% CL limits presented in Sec. IV.

(b): For mediators produced on shell, m� and g� are
irrelevant as long as the mediator does not have a
significant branching fraction to SM fermions. The
signal spectrum is controlled by mA0 , and the rate is
proportional to g

2

e , with corrections of order g

2

e/g

2

�.

(c): For mA0 ⌧ m�, the signal spectrum depends on
m� but not on mA0 , and the rate is proportional to
(geg�)2, with corrections of order m

2

A0/m

2

��.

IV. CONSTRAINTS FROM BABAR DATA

The BABAR Collaboration performed an unpublished
analysis of mono-photon events in a search for decays of
the ⌥(3S) to � A

0, where A

0 is an invisible pseudoscalar
particle [37]. We reproduce their preliminary data in
Fig. 3. The search was performed on a sample of 122⇥106

⌥(3S) decays, corresponding to about 28/fb of data atp
s ⇡ m

⌥(3S)

⇡ 10.355 GeV [66]. The data was analyzed
in two overlapping photon CM energy regimes with dis-
tinct trigger requirements: 3.2 GeV < E

⇤

� < 5.5 GeV
and 2.2 GeV < E

⇤

� < 3.7 GeV, referred to respectively
as the High-E and Low-E regions. The former used
the full dataset, and the latter a subset corresponding
to 19/fb. The main SM backgrounds are a peak at
m

2

�� = 0 from e

+

e

� ! �

/

�, a continuum background

from e

+

e

� ! �

/

e

+

/

e

�, e

+

e

� ! �

/

�

/

�, where
/

e

± and
/

� represent particles that escape undetected (down the
beam pipe or in a detector crack) and, to a lesser ex-
tent, two-photon production of hadronic states decaying
to photons where only one is detected. The results of

a bump hunt in the photon spectrum were presented as
preliminary upper limits on the branching fraction (BF)
B(⌥(3S) ! �A

0) ⇥ B(A0 ! inv.).
We use this data below to constrain the non-resonant

production of LDM in e

+

e

� collisions as shown in Fig. 1-
right, for the three regions shown in Fig. 2. (A simi-
lar analysis is performed in Ref. [28] to constrain LDM
couplings to b-quarks through an e↵ective dimension-6
operator.) The BABAR analysis applies both geomet-
ric and non-geometric cuts to the mono-photon data,
with total e�ciency for signal events given as 10-11%
(20%) in the High-E (Low-E) region. By simulating
e

+

e

� ! ⌥(3S) ! �A

0 events, we find that geometric
acceptance accounts for 34% and 37% of this e�ciency
in the two respective regions, with non-geometric cuts
therefore having about 30% and 55% e�ciencies. In our
analysis, we determine the geometric cut acceptances for
each search region from simulation, and apply a further
cut of 30% (55%) in the High-E (Low-E) region to ac-
count for the e�ciencies of other cuts. Photon energies
are smeared using a crystal-ball function, with tail pa-
rameters ↵ = 0.811 and n = 1.79, obtained from fitting
the E

⇤

� distribution of e

+

e

� ! �

/

� to the data in [37]. We

take the width, �E�/E� , to be 1.5%/(E�/ GeV)1/4 � 1%
to match the values of �m2

��
given in [37]. The signal was

simulated with Madgraph 5 [67].

A. Constraints for O↵-shell Heavy Mediators

When � +�� events are produced through a heavy o↵-
shell mediator (region (a) of Fig. 2), the mono-photon

R. Essig et al., JHEP 1311 (2013) 167  
Y.M. Zhong, B2TIP Pittsburg 2016

mA’ = 12 GeV
mχ = 1GeV

Off-shell heavy A’

Off-shell light A’

On-shell decay  
to DM

Long-lived ultra light A’

mA’ = 1 GeV
mχ = 1GeV

mA’ = 0.5 GeV
mA’ = 4 GeV


