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Overview
» Part |: BaBar » Part ll: Belle Il
» Experiment overview » Experiment overview
» Dark Photon to Dark Matter » Dark Photon to Dark Matter

» Axion-Like Particles

» Other planned searches
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BaBar: Experiment NED
» First generation B-factory: Suf . T
£l
BaBar at PEP-II, USA, took teb o TGS
data until 2008. A T AN
contlnuum backgroun

O e s [ s \’\‘ ......... P
0.44 9.46 10. oo1o 02 71034 10.37 >10.54 \ 10.

eTe™ Center-of-Mass Energy [Gel

» Very high luminosity: ~1.2x103% /cm?/s
FR __________BABAR Detector
» Collision energy at Y(nS):

Mainly at Ecy = 10.58 GeV.
BR(Y(4S)—BB) > 96%

. Tracking Chamber

. Support Tube

» Asymmetric beam energies: 7 Vertex betector
9 GeV(e)/ 3.1 GeV (e) e
— Boosted BB pairs.



Dark Sector Physics at BaBar and Belle Il (Torben Ferber) 4

Dark photons: Visible and invisible

» In the Vector Portal, a (massive) Dark
Photon A’ can mix with the SM photon with

Initial State Radiation (ISR) /

/
strength €. A
4 SM leptons
or
» Searches at BaBar and Belle Il assume on- . Dark Matter
, , AN
shell A" decays (Mdecay<ma/2): .
N\

» Mono-energetic ISR photon.

| Standard Model
SU3)e x SU@)L x U(1)y

» If A'is the not the lightest Dark Sector “Holdom, Phys Lett B166, 193¢
particle, it will decay into Dark Matter (DM).

» Invariant di-lepton mass equals ma;

_Y_ ¢ A Dark Sector
| - U(1)o (massive) |
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BaBar: Dark Photons to invisible ("Single photon search”)

» Single photon trigger was » Signal selection using a BDT with 12
implemented for final BaBar running variables, including:
period (~10% of all data):

» Energies and polar angles of highest
two energetic y's.

» 48 fb' for high ma- (low E,), mostly

at EXM=Y(2S) and E“M=Y{(3S) » Distance of missing momentum vector

to EMC tal edges.
» 53 fb! for low ma- (high E,), O “lystal EE9ES

(additional 5 b1 at E€M=Y(49)). » Additional clusters in muon system (IFR).
» Trigger threshold: E,” > 1.5 GeV. > ..
Usable at analysis level: » Trained on 3 fb™' Y(3S) data and simulated

E,” > 1.8 GeV (calibration issues). signal samples uniform in ma.
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BaBar: Dark Photons to invisible ("Single photon search”)

» Backgrounds:

» ete vy, Ty undetected:
Peaking, identical to the signal for
ma < 1.6 GeV/c?. Photons can
escape undetected through
azimuthal gaps between
calorimeter crystals and other
inefficient detector regions.

» ete > vyvyy, 1y undetected, 2" out
of the detector acceptance.

» ete—=etrey, both electrons out of
the detector acceptance (y energy
imited by kinematics).

» Beam background photons do not
fake signal y, but can be the 2"y
in a signal event.

» Irreducible SM background
ete = vvy is negligible.



Dark Sector Physics at BaBar and Belle Il (Torben Ferber)

BaBar: Dark Photons to invisible ("Single photon search”)

» High A" mass region (low vy energy) » Low A" mass region has both peaking and
My, >5.5 GeV/c’ is dominated by radiative smooth backgrounds. Select data using two
Bhabha background smooth in recoil mass. statistically independent cuts on BDT and 6.
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to appear in PRL(2017), arXiv:1702.03327


https://arxiv.org/abs/1702.03327
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BaBar: Dark Photons to invisible ("Single photon search”)

1072

1073

to appear in PRL(2017), arXiv:1702.03327

1074
10~ 1072 10! 1
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Belle II: SuperKEKB collider

: : - Belle I detector
e collson polnt F
— il KEKB
b ‘~L S N / P

| (A): ~1.6/1.2
B*y (mm): ~5.9/5.9
Crossing angle (mrad): 22

......

Electron-Positron
linear accelerator

SuperKEKB
| (A): ~ 3.6/2.2
B*y (mm): ~0.27/0.3 ot
Crossing angle (mrad): 83

Positron damping ring
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Belle |l: Detector

S e-
\.\‘
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Belle |l: Detector

K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

Electromagnetic calorimeter (ECL):

Csl(TI) crystals, waveform sampling to measure time
and energy (possible upgrade: pulse-shape)

Non-projective gaps between crystals

Magnet:

1.5 T superconducting

.....
.........
.....

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)

Central drift chamber (CDC):

He(50%):CoHg (50%), small cells,
fast electronics

Aerogel Ring-Imaging Cerenkov Counter (ARICH)
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Belle llI: Expected luminosity

Integrated Luminosity
(ab™)

Peak Luminosity
(10%cm2s)

70

F Goalof Blle /Super

50
40

) S SPRNS SRS SRR SN 40 S—
wf e

W B ——

2?)17 2018 2019 2020 2021 2022

Calendar Year

2023

----------------------

2024 2025

Belle: ~1 ab™?
BaBar: ~0.5 ab™?
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Expected calorimeter performance

Belle Il

Energy resolution in Belle Il barrel
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» Effects of beam background

107"

E, .. [GeV]

» Degrades energy resolution.

» Radiation damage.

» Pile-up and increased event size.

» Physics background.

— Upgrades of hardware (detector) and software (reconstruction) are crucial.
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Belle Il: Dark Photons to invisible ("Single photon search”)

» Goalisto produce a competitive single

ohoton measurement using the Phase 2
data (2018):

» Belle Il calorimeter is more hermetic
than BaBar's (no projective gaps):
Better sensitivity for low mass A’ than
BaBar.

» Aim for trigger energy threshold EY* >
1.0 GeV, at least during initial low
luminosity running: Higher mass reach
than BaBar.

» Belle had no triggers for this physics.

Entries / Bin

R/o

Simulated event:
|eTe YA, A\ XX

Signal (example)

1 1 1
U/O-flow: none

/ none
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Belle Il: Dark Photons to invisible ("Single photon search”)
» Qualitatively the same backgrounds
. . Background MC, 40 fb! after selection (not fully optimized)
as in the BaBar analysis, but: 6.0 _
= fe
O 5.3 | 5 ~
» Almost no backgrounds tfrom =] Ny, b ) 1%
A ) N\ ONAS, L \ee - -
. O 7 Q
ee—yy outside the endcap gaps. I SRS § 2 | M107 3
400 . NG 2 -
T aor Rate at full luminosity §
99 (lcHz] 3.50 S AR 8 - 1
¥ B T 10
1 GeV* 4 kHz (barrel) 3.0 e TR aLERSNT
7 kHz (endcaps) ee—3y,endcap 1§ I S o _
E*>1 GeV and second cluster E* < 0.3 GeV gaps
- _ | 0
100 120 140 10

0y " (deg)

2 GeV* 3y 2.0F =
E*>2 GeV and Bhabha veto 5 kHz (barrel) by, ost Shy; |
99¢, re 20 40 60 380
/"a[.e
Belle Il MC Preliminary (BG16), C. Hearty
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Belle Il: Dark Photons to invisible ("Single photon search”)
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Belle Il (20 fb")
Belle Il (50 ab™)

" LDMX1@4GeV

LDMX2@8GeV
dp = 0.5

B2TIP, to be submitted to PTEP (2017).

107 1072 10~ 1
m, [GeV/c?]
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Belle Il: Axion-Like Particles (ALPs)

» Axion-like particles (ALPs) are pseudo-
scalars and couple to bosons. Unlike
Axions, ALPs have no relation between
mass and coupling.

» They can be Dark Matter candidates,
Dark Sector mediators, and they
appear in many BSM scenarios.

» Focus on coupling to photons (gayy) IN
this talk. B-decays give access to
coupling to charged bosons (not in

this talk).

Simulated event:
efeya, a—yy
(m,=1 GeV)
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Belle Il: Axion-Like Particles decaying into two photons or Dark Matter

—

Two of the
photons overlap
or merge.
10_1 L | N N\ L L |
Resolved
10-2 )
Y
QO@
107 <
= Three resolved,
> 107 high energetic
O %
405 7/)) photons.
gg’ ALP decays outside of 0/)) @@/
10-6k the detector or decays /@@ /G//
into invisible particles: % {96
—7 - . ///
10 Single photon final state. %
108 —— vl il il il Nominal analyses veto
104 10° 102 10" 10 10 o S
ong-lived topologies.
Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, m, [GeV]

submitted to JHEP (2017), arXiv:1709.00009
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https://arxiv.org/abs/1709.00009
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Belle ll: ALPs decaying into Dark Matter

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,
submitted to JHEP (2017), arXiv:1709.00009

» ALP decays can be invisible because 102
the ALP decays outside of the

detector or because the ALP decays 3 I
° ° ° ) ) 10_ B
into an invisible final state: Dark
— Qh? = 0.12 vi
Matte r. T> resonant freez\e”aout -
O
O 107 Ao My =042 M
» We re-interpreted BaBar's Dark B T e my = 046 Mo ...
. > : RN my =047 Mg __.. .
Photon analysis interms of ALPs Ll e 2048,
decaying into Dark Matter. 107 Bosooomo oo L sma e my=049m, =
» We studied the Belle Il sensitivity for Goz =0
o . -6 | IR
ALPs decaying into Dark Matter. 1000~ 0 107

m., [GeV]


https://arxiv.org/abs/1709.00009
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Belle Il: Axion-Like Particles, revised constraints

only couplings to y's with couplings to Z's
10_1 1 Por T B Cr T 10_1 II| L Cor e
‘o LEP - | LEP
10-2 ce=wo . 10-2 -
§ LYy
1073 Decay . 1073 .
too early. -
10745 E 1074} _
< 55 HB stars : < 55 HB stars
> 107>« = > 10>« =
() - = ()
0] : | i O,
= 10_6§— Decay E > 107°:- / ~
S i too'late. - S ,f
07 | SN 1987A . 107 | SN 1987A -
108 o - 108 .
-9f_ // _ _ 9| // Gayz = -
10 = SN 1987A(a - yy) Jayz = 0 107 SN 1987A (a - yy) ~2tan Oy Gayy -
10—10\ T T T BT N R 10—10\ T T T T S A
10> 10% 103 102 107 10° 10’ 10> 10% 102 102 107 10° 10’
m, [GeV] m, [GeV]

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, submitted to JHEP (2017), arXiv:1709.00009


https://arxiv.org/abs/1709.00009
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, : : 1.0—— —— —
Belle Il: ALPs decaying into two Photons L ow mass selection, min 1 ECL orysta
| e em—— Low mass selection, min 2 ECL crystals
) > 0-8_' ----- - Low mass selection, min 4 ECL crystals
» Select events with three ECL clusters & | High mass selection
. < 0.6} Simplified Belle Il simulation
with m,; = 0.2 GeV and search for a © |
° . . -8 04 - Tt eess ;?’\z’*-,-.,./\
bump in the invariant 2y mass spectrum. g ;o
(C,D) 02- ; Ill |
» Main backgrounds: ool A
0.05 0.10 0.50 1

m., [GeV]

» e"e’vyyy (reduced by helicity cuts)
» Trigger: For small ALP masses, events
» e'e’yy + beam background y look like e*e—=yy events.

(reduced by timing cuts)
» At BaBar/Belle: Prescaled at L1.

» efe vy, Yy2e'e outside of tracking

volume (reduced by angular cuts) » At Belle ll: Delay trigger decision,
no prescale at L1.
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Belle Il: Axion-Like Particles, future experiments for visible decays

only couplings to y's with couplings to Z's
10_1 ] T T T T T T T 10_1
LEP 1 LEP
ALPs decay :

102 inside Belle Il. 102
:‘
1073 1073 |
_ — é
% \\ we % /I’j
O 107 Vv B v )0 O 107 .
-~ - . ‘\\‘x N, (8D 9‘9*) E ~ - :
> i ., LT } > [ ;

> i v ] > L 3
1", 3 )
1075 ?—_B_eﬂ?_”_z_*_'f‘l’_@g ab’) . S0 - 1075 VSRR -
10_6‘ Limited by st ‘ 10_6‘ |
- (and/or backgro L v
B v SHIP - - - v SHIP 1
- Qayz=0 . : ) ~ Qayz = -2tan Oy gayy '. 1
10—7 Lo Lol Lol | |~|..|.|.|T|_' Lo Ll 10—7 Lol Lol R | |~|-.|.|.|T|" Lo Ll
1074 1073 1072 107" 10° 10’ 1074 1073 1072 107" 10° 10"
m, [GeV] m, [GeV]

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, submitted to JHEP (2017), arXiv:1709.00009
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Belle Il: ALPs below 200 MeV?

» For ALP masses below ~200 MeV, the decay photons
are reconstructed as one ECL cluster even in oftline
analysis. Currently under study:

» Untagged (electrons not seen) ALP fusion
production has a much higher cross section and
produces ALPs with less boost (difficult to trigger).

» Shower shapes for merged cluster are different,
MVA based reconstruction has better separation
power (but events have to pass L1 trigger).

» Pair conversion of one decay photon costs
statistics, but yields a distinctive four particle final
state.

1y

0.100}
0.010|
o’ |
Z 0.001f
S |

1074} |

5 Photon fusion '

1075} |

T ALP-strahlung \

10761 - - ...1

0.1 0.5 1 5 10
m, [GeV]

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg,
submitted to JHEP (2017), arXiv:1709.00009
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Belle ll: Other planned Dark Sector and exotic searches

» Search for Dark Photons decaying » Invisible Y(1S) decays via
into pseudo-Dirac DM: *** Y(3S)— Y(1S)n*n (Requires beam

y A1y Yoo x AL Alreter energies at Y(39)).

» Off-shell A’ decays. *** » Muonic Dark Force:

» Long-lived neutral particle decays. » eTe DT, Loty

» Visible Dark Photon decays. » e'e” 2utpZ, Z'=Invisible ***
» Dark Scalar: ete” = T*1'S, S0 » Dark Higgs
» Magnetic monopoles with small > ...

magnetic charges. ***
*** Possible during Phase 2 (2018 data)
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Summary
» BaBar single photon search excludes » The early running of Belle Il offers
g-2 region of parameter space. possibilities for many unique physics

| | | analyses in the Dark Sector.
» Still ongoing Dark Sector searches in

BaBar and Belle. » Belle Il Physics Book in preparation*
(Belle Il detector, simulation, software,
analysis tools, physics program incl.

dark sectors), to be submitted to PTEP
expected 2018 data due to the more (2017)

hermetic calorimeter and better

» The Belle Il search for light dark matter
is competitive with BaBar already with

triggers.

* https://confluence.desy.de/display/Bl/B2TiP+ReportStatus


https://confluence.desy.de/display/BI/B2TiP+ReportStatus
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Leaning out of windows"' (E. Zack/V. Kwan/T. Ferber/J. Roman)
Outreach project of TRIUMF, UBC and Emily Carr University

N\

Exhibition Jan 25 - Feb 8, 2018 (Vancouver)
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Additional information
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Beam backgrounds at Belle |l

Average dose per crystal [Gy / year]

12th campaign

Touschek HER
= Touschek LER
= Coulomb HER
g== Coulomb LER
= RBBHER
=== RBBLER
- BHWide HER

BHWide LER

Coulomb Bremsstrahlung Bhabha Two Photon

e+ eT e+ e™ eT e~ e+
+ Synchrotron
Radiation
+ Touschek
Gi 6i ei

* Degrades calorimeter resolution.
* Radiation damage.
e Pile-up and event size.

* Physics background.
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Triggers

Rate at full luminosity
[kHZz]

Trigger

4 kHz (barrel)

1 GeV*
Ge 7/ kHz (endcaps)

E*>1 GeV and second cluster E* < 0.3 GeV

2 GeV*

E*>2 GeV and Bhabha veto

5 kHz (barrel)

Belle [l MC Preliminary (BG16), C. Hearty
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