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About this colloquium

Nominally, this is a talk about “The Belle II Upgrade”

As a colloquium, this is a really brutal topic (for speaker and audience!)

Instead: The Belle II upgrade as a selfish excuse to talk about collider experiment 
design (particularly B factories); past, present, and future

… framed as a series of questions/observations followed by 
answers/implications

(and hopefully undergrads can mostly follow it)
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Observation: There is a matter/antimatter asymmetry in the universe (it’s ~all matter!)

Matter and antimatter are typically equivalent and produced equally

If in the early universe they were created exactly equally there would be no matter left

There has to be something favoring matter over antimatter about once every few billion times

Q: What process could “favor” matter over antimatter at this level?
3

e–

e+

b

b Matter and antimatter typically 
annihilate or are produced in pairs 

There must be something that treats 
them different at the ppb level



Q: What process could “favor” matter over antimatter at this level?

Three conditions (“Sakharov conditions”) include: there must be a source of “CP violation”

 Basically: 
1. Start with a process
2. Make a mirror image out of it (Parity swap)
3. Swap particles/antiparticles (Charge swap)
4. CP is “violated” if this new process is NOT identical in all respects to the original (probabilities and dynamics)

So: to understand matter/antimatter asymmetry, we have to find and measure major sources of CP violation…
4



So: to understand matter/antimatter asymmetry, we have to find and measure major sources of CP violation…

The CKM mechanism explains CP violation in quarks (but requires six of them)

Implication: some b-containing particles may exhibit large CP violation (enough to explain asymmetry?)

Q: How then to confirm and measure this CP violation in b-containing particles?
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Bar shading indicates “strength” of 
transition. The b quark is special!

(the 3x3 CKM matrix describing these 
transitions has one meaningful complex 
phase and it leads to CPV)



Q: How then to confirm and measure this CP violation in b-containing particles?

Thankfully, nature was very kind to us:

Implication: We can cleanly produce lots of BB pairs

Q: How, exactly, do we produce these 𝛶(4S) particles and measure CPV in the B mesons?
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This is a bound pair of b 
and anti-b quarks that 
decays almost exclusively 
to BB

These are bound pairs of b or 
anti-b quarks with light quarks

All we have to do is collide 
electrons and positrons at just 
the right energy!



Q: How, exactly, do we produce these 𝛶(4S) particles and measure CPV in the B mesons?

The key trick is asymmetric collisions…

Implication: we need to develop a detector that can resolve these displaced vertices
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This is the velocity of the 𝛶(4S) in the lab frame. 
More energy asymmetry in beams → higher 
“boost” → better separation

Here we are looking for CPV in the 
time-dependent asymmetry in decay rates 
between B and anti-B



Implication: we need to develop a detector that can resolve these displaced vertices

But we also need to measure momentum of tracks…
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The vertexing detectors need to be:
● Near the interaction point (IP)
● Extremely thin*
● Highly granular (~50µm pitch)
● Radiation tolerant

Solution: silicon pixel/strip detectors

* To avoid multiple scattering… this 
needs to be a minimally destructive 
measurement

Charged particle “track”

1 m



But we also need to measure momentum of tracks…

Curvature in B-field determines momentum p of track… but what is m? (can’t ID particles)
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The tracking detector needs 
minimally-destructively measure 3D 
hit points over long distance:

● Very large
● Minimal material
● Highly granular (~100 µm 

resolution)

Solution: gas-filled wire chamber (50:50 
He:C

2
H

6
)

1 m



Curvature in B-field determines transverse momentum p
T
 of track… but what is m?

Q: how can we uniquely identify particles?
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Ionization of gas over path length helps 
us resolve track ID…

…but these distributions overlap, so we 
can’t uniquely identify particles here!



Q: how can we uniquely identify particles?

We now have comprehensive track identification… but what about photons?
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Particles entering a transparent medium 
emit Cherenkov radiation in a cone. 

The opening angle of the cone measures v, 
which, when combined with p gives us m. 



We now have comprehensive track identification… but what about photons?

But still some particles interact so rarely they rarely show up even here…
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This detector has to collect nearly all 
energy from photons (destructive!) and 
tell us where they are. So:
● High density/thickness
● High granularity (~cm)
● Fast timing

Solution: high-density transparent 
scintillating crystals: CsI(Tl)

(notice that these are angled towards the 
interaction point)

This is actually an electron… a 
photon would look similar but 
would leave no track and 
would not bend



But still some particles interact so rarely they rarely show up even here…

Let’s put it all together…
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K-long mesons (K
L

0) are heavy, long-lived, and 
neutral; they rarely interact in inner detectors

In order to see K
L

0 we need:
● Lots of material (iron!)
● Interleaved gas ionization detectors

Additional benefit: better identification of 
muons, which reach uniquely far

K
L

0

𝜇



14

K
L

0

𝛾

e

𝛾K
L

0 e

𝜇
𝜇

𝜇

𝜇



15

Meet Belle II, a second-generation “B factory” experiment, running since 2019

How are things going?
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How are things going?

The plot I used to show (our plan)

Last year!

The green line measures how much data we 
have taken. We need as much as we can get!



17

How are things going?

Q: So what’s going on? And what happens in 2032 that helps so much?

The plot I used to show (our plan)

Last year!

The green line measures how much data we 
have taken. We need as much as we can get!

What we are showing now…

Today

Currently we have <0.8 of our 
target 50 ab–1
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Q: So what’s going on? 

There are accelerator reasons and detector reasons, and I will focus on the latter.

Common theme: higher-than-expected backgrounds, leading to:

● High occupancy
● High pileup
● High rate of detector aging
● High rate of radiation damage

Q: And what happens in 2032 that helps so much?

A: a major upgrade of the accelerator and detector…

This is actually an optimistic early 
simulation… the reality is even more 
difficult!



A: a major upgrade of the accelerator and detector…

General approaches to solving these problems:

● High occupancy → make detectors more granular 

● High pileup → make detectors faster (remove the out-of-time blue hits)
● High rate of detector aging → decrease gain in detectors and … ?

Meanwhile: existing performance has to be maintained while increasing luminosity by a factor of ~10

Let’s see how this works detector-by-detector…
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3/20 = 15% occupancy

4/80 =  5% occupancy

More granularity 

Faster timing
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Let’s see how this works detector-by-detector…

For the vertex detector
Background occupancy in SVD (silicon 
strips) will limit performance soon → go 
to all pixels

Pixel detector (PXD) is relatively slow 
(integrating backgrounds) and is already 
damaged by radiation

New all-pixel vertexer: thinner , 
more-granular, faster, ++
(CMOS → low-power, monolithic → 
reduced complexity…)
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Moving outwards towards tracker…

Sensors: State-of-the-art ultra-thin 
monolithic active CMOS pixel ASICs 

Mechanics: Omega-shaped carbon supports 
for maximum stiffness with minimum 
material (inner layers are “self-supported”)

Cooling: remove excess heat with minimal 
material (two-phase CO

2
 evaporative 

cooling)

The total detector (five layers) has a 
“radiation length” (quantifies 
material) equivalent to 
approximately one smartphone. 
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Moving outwards towards tracker…

For the central drift chamber (CDC)

But… we do particle identification and tracking with the CDC… we don’t want to lose those!

Abandon this volume… 

Big issues are aging and occupancy; 
both are far worse in inner region*… 
we don’t think the drift chamber 
technology can survive there!

* there’s a rough 1/r scaling 
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But… we do particle identification and tracking with the CDC… we don’t want to lose those!

Enter two all-new detectors

How does this help?

We lose particle ID for low-p
T
 tracks 

specifically

Advanced fast-timing detectors* can 
measure v directly via time-of-flight

* “Low-Gain Avalanche Diodes” with a 
timing resolution of ~30 picoseconds!

Roughly “how likely are we to conclude that a 
particle is a pion when it really is one?”
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Single-hit ID
(decent)

Multi-hit ID
(excellent if available)

CDC dE/dx lost here

The hardest PID

Single-hit discrimination about 2𝜎 here

Far better discrimination on 
second hit (from curler)

Leaves DC but 
comes back 
(missing E)

Killed in ECL

This would give Belle II high-quality 
“soft physics” PID that would be 
totally unique

But we also need to plug the tracking gap…
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But we also need to plug the tracking gap…

Let’s move outwards…

Hits from tracks in vertexer and 
tracker have a big gap now (~17cm). 

Bridge the gap with more silicon… 
75µm x 1cm CMOS strips

(advantage over pixels: large area 
coverage at low cost, few channels)

Vigorous studies ongoing to test benefits (tracking performance) vs costs 
(extra material, $$)
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TOP: decrease/redistribute HV → decreased aging

(which is always a function of integrated charge)

But if you change the HV, you change the pulse → all-new electronics (including AI/ML?)

“Time of propagation” style Cherenkov 
PID detector enabled by fast 
electronics developed at UH!

Backflowing ions impact 
photocathode, damaging it → 
reduced quantum efficiency 
(probability that a particle 
generates a signal) 

How MCP-PMTs work How MCP-PMTs age
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Electromagnetic calorimeter: faster shaping → lower background pileup

CsI(Tl) is relatively slow, so advanced signal processing is key!

This necessitates a complete overhaul of the electronics chain for the detector (opportunity!)

Shameless plug for my PHYS 475 
class in the fall! There’s actually 
very cool Heisenberg-like 
“uncertainty principle” for shaping, 
come and find out!

If your signal pulses are shorter, the 
probability of overlap decreases in 
proportion

But your analog-to-digital conversion 
needs to be correspondingly faster → 
all new “front end electronics” on all 
~9000 crystals in ECL
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K-long and Muon detector RPCs: “streamer mode” to “proportional mode” 
→ reduce aging 

A complex optimization of gain, performance, gas considerations, and lifetime is ongoing

Two different 
amounts of 
deposited charge

Applied voltage
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Geiger Breakdown
(Self-sustaining)

Resistive Plate Chambers: use high-R electrodes 
to “quench” discharges and avoid breakdown for 
long life with high efficiency…

…but aging can still happen!

Proportional Streamer

You measure amount of 
charge here

No charge info 
above here
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A lot more is going on too!

ChiralBelle: install spin-rotators to make a polarized beam and access some unique physics

Data acquisition: leverage advances in hardware to improve data rates and robustness

Trigger: realtime decision “is this event worth keeping?” → embedded AI/ML? 

(I haven’t even touched the major accelerator upgrades that make high luminosity possible!)

Stay tuned for more over the upcoming years!

2025 2026 2027 2028 2029 2030 2031 2032 2033

Define upgrade baseline 

LS2: these dates are 
unalterable

Production/constructionPrepare TDR

Finalize upgrade 
configuration


