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About me
● Undergraduate studies in physics at Youngstown State 

University in Youngstown, OH

● Physics PhD right here at UMD, working on the BABAR

experiment at SLAC

○ Studied unique “finalscan” data as well as 

antideuteron (antimatter version of 1
2𝐻+) production

● PostDoc at UMD as group switched to LHCb

○ First followup to BaBar Colleagues’ hint of Lepton 

Flavor Universality violation and first measurement 

of ത𝐵 → 𝑋𝑐𝜏 ҧ𝜈 at a hadron collider. 

○ Developed new ways of doing analysis, including for 

“1-track+neutral” B decays

● Assistant professor here since ‘23
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The “Zoo” of Particle Physics

● All the known fundamental (as far as 

we can tell!) particles organized 

according to their interaction 

properties under the strong, weak, 

and electromagnetic forces

○ Matter particles (fermions) which 

either do (quarks) or do not 

(leptons) experience the strong 

nuclear force

○ Force carriers (gauge bosons) 

which transmit the fundamental 

forces



The “Zoo” of Particle Physics

11 August 2025 PM Hamilton - UMD QuarkNet 2025 4

● Of note today, the strong force is so strong the 

energy density stored in the color fields between 

two separated quarks is so large as to create 

new quarks from the stored energy

○ Quarks eventually bind themselves into 

“colorless” hadrons 

○ Like how atoms are composed of electrically 

charged objects but are neutral overall



The “Zoo” of Particle Physics
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● The simple rules for creating color neutral objects 

combined with the various kinds of quarks makes 

for a beautiful symmetric zoo of mesons and 

baryons

● All told, the mesons are usually the simplest 

laboratory for us to study the properties of 

heavier quarks

○ Especially those composed of a heavier 

quark and a light (up or down) quark – these 

are like the hydrogen atom in terms of 

symmetry and simplicity

■ Not that anything about the strong force 

is simple!



Heavy-Light Mesons
● In fact, these can be quite a bit hydrogen-

like, with fine and hyperfine structure and 

various energy splittings, all telling us about 

the nature of the strong force holding them 

together!

● What’s important here is that the lightest

heavy-light states are stable as far as the 

strong and electromagnetic forces care. 

● They can only decay to lighter particles by 

the weak interaction changing their 

identities!
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Heavy-Light Mesons
● They can only decay to lighter particles by the weak 

interaction changing their identities!

● But the weak force is weak, the probability of this 

transmutation happening in any given moment is small

○ This probability is also constant in time, that is, for any 

moment the particle is still around, the probability it 

decays in the very next moment is always the same –

these objects are “too simple to age”!

● The smallness of the probability (due to the weakness of 

the force) is what causes them to have detectable lifetimes 

rather than immediately disintegrating
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Lifetimes
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● We characterize this all in terms of a “mean lifetime” –

“if I start with a large collection of these guys, about 

how long do I have to wait until 1/𝑒 of them are gone”

○ If that sounds like a half-life to you, that’s because 

it is, except for a factor of ln(2) ☺

○ We’ll see better tomorrow how this lifetime arises 

from the statements I made about probability 

before – though maybe some are remembering 

their diff. eq. already!

● Anyway, how do we measure such short lifetimes?

○ The secret sauce is time dilation! This lifetime 1/𝑒

is like a clock, and all moving clocks run slow!

● Heavy-light mesons mean lifetimes:

○ 𝐷0 − 4.1 × 10−13𝑠

○ 𝐵0 − 1.5 × 10−12𝑠



Neutral mesons
● The neutral mesons with a heavy quark -

𝐾0 ҧ𝑠𝑑 , 𝐷0 𝑐ത𝑢 , 𝐵0(ത𝑏𝑑) are especially interesting to us at 

LHCb

● They have the surprising property that they “mix” with 

their matter-antimatter mirror selves

○ So, e.g., 𝐷0 𝑐ത𝑢 ⇔ ഥ𝐷0( ҧ𝑐𝑢). Since we still have one 

quark and one antiquark, we haven’t violated any 

(anti)matter conservation!

■ A principle of quantum mechanics: everything 

that is not forbidden is mandatory!

● So there’s very good reason to look for and study the 

production and decay of these guys! – Let’s get an idea of 

how we do that
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From protons to plots
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CERN’s Large Hadron Collider (LHC)

● g
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A Complex Machine of Simple Principles
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Beam is steered and shaped using Ԧ𝐹 = 𝑞 Ԧ𝑣 × 𝐵

(note, if you look closely, the magnetic field is 

opposite in each pipe, because Ԧ𝑣 is opposite!)

Protons are accelerated via Ԧ𝐹 = 𝑞𝐸 force, 

“riding an electromagnetic wave”

(note, because a wave is involved, this means 

the beam can’t be continuous, contrary to what  

the word “beam” might evoke – it is pulsed or 

“bunched”)
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● Each trip builds energy, and the magnetic forces do less and less 

to actually turn the path, they have to get stronger each turn! 

(“Synchrotron” because the magnetic fields are synchronized to 

the beam energy)

○ Relativistically, Ԧ𝐹 =
𝑑 Ԧ𝑝

𝑑𝑡
≠ 𝑚 Ԧ𝑎 and 

𝑑 Ԧ𝑝

|𝑝|
shrinks with growing 𝑝

○ Eventually, the electromagnets reach their limit, and the 

beam must be sent to a bigger ring to continue acceleration



Collisions
● Eventually, at the target energy, the two 

counter-rotating beams are steered into one-

another to produce high-energy collisions

● But all this work and energy (see what I did 

there?) to get collisions is useless without 

something to study them

● The story of the collision unfolds over a very 

small space in less than a nanosecond

○ The most interesting particles decay to 

more stable ones (proper mean lifetime ≳

10 𝑛𝑠) long before they could be directly 

studied

○ Big detectors are designed to look at all 

the remnants to reconstruct the story of 

the collision
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“Colliding Colour: Collision #7” by Sascha Mehlhase
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The Detector
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● Bookshelf stack of radiation 

detectors using different 

technologies each playing a 

crucial role to reconstruct the 

“story” of a collision

● We’ll come back to how they fit 

together

● For now, lets talk about how we 

reconstruct charged particles



Principles of Radiation Detectors

● For charged particles: start with some prepared 

medium which responds to being ionized, and set up 

electronics to see that response

● Ex: silicon  structure which is essentially a big diode 

array

● Apply a backwards voltage on the diode 

○ At high enough backwards voltage, no free 

charge carriers in material left to conduct –

insulator!

● Particle ionizes the material-> a small amount of 

current flows! Amplify that signal
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It’s a hit!

● When a signal above an 

expected minimum size is 

detected, we have a “hit”

● A “hit” tells us that a 

charged particle moved 

through this bit of volume on 

its way out from the collision
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Detective Work: “pattern recognition”

● Images from our detector closest to the collision, the “Pixel VELO” 

(VErtex Locator)

● Called “Pixel VELO” because the hits indeed correspond to individual 

X-Y “pixel” volumes

○ As opposed to long, thin strips

● Here the job is quite clear: follow the trail and “connect the dots!”
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Looking for heavy quark decays
● Most of the “connect the 

dots” line point to the 

collision, but some lines 

will come together mm or 

cm from the others

● This is the signature of a 

particle containing a heavy 

quark – a “displaced 

vertex” 

○ vertex in the sense of 

“where two or more 

trajectories meet”
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Combine information to tell the whole story

● Different detector 

technologies with 

different kinds of “hits” 

in different places all 

working together!
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The Magnet
● It’s not enough to follow straight 

lines, we need to know about the 

energy and momentum of these 

particles so we can use relativity to 

work backwards from the pieces

● LHCb’s Magnet bends particles 

according to the sign of their 

charge and their momentum

○ Δ𝑠𝑙𝑜𝑝𝑒 ~ 𝑞/𝑝

○ “Magnetic dipole spectrometer”
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Whodunnit?

● Different kinds of charged particles 

are identified according to which 

other detectors they interact with

○ Electrons will be stopped by 

the electromagnetic 

calorimeter

○ Muons will pass through all the 

material in their way

○ Charged hadrons (protons and 

light mesons) look alike in their 

interaction with the detector
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Whodunnit?
● Different kinds of charged hadrons can be 

sorted by specialized detectors which use 

Cherenkov light to measure 𝑐/𝑣

○ Know momentum 𝑝, Cherenkov light 

estimates 𝑣, can decide which 𝑚 is 

most consistent!
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𝑛 cos 𝜃 =
𝑐

𝑣



From this

● Specialized algorithms search 

reconstructed events for combinations of 

particles consistent with the desired 

decay pattern the user asks for and 

“combine” them to find the location of a 

possible decay and the energy and 

momentum of the particle before 

decaying (conservation!)

● You’ll get the chance to do this search for 

yourself tomorrow!
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Who’s gonna dig 
through this mess?



Data written out to “tuple” (big table)
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And the sausage is made

● The statistical signature of particle decays is accumulation of data at certain values of key variables 

like the “invariant mass” (more from Prof Franco Sevilla on that!)

● We employ a variety of statistical techniques and both classical and machine learning algorithms to 

extract features and parameter estimates from the data – always pushing for maximum robustness, 

especially with machine learning

○ It can be surprisingly easy sometimes to accidently mislead yourself or bias your measurement!
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That’s all for now!
● We hope you have a great, educational time here over the next two days!
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