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® Undergraduate studies in physics at Youngstown State
University in Youngstown, OH
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® Physics PhD right here at UMD, working on the B4BAR
experiment at SLAC
O Studied unique “finalscan” data as well as
antideuteron (antimatter version of 2H*) production Collaboration Home Page
® PostDoc at UMD as group switched to LHCb
O First followup to BaBar Colleagues’ hint of Lepton
Flavor Universality violation and first measurement
of B - X_.tv at a hadron collider.
O 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
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The "Zoo"” of Particle Physics

e 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 ” '

e All told, the mesons are usually the simplest 3,,,.m Antibargon
laboratory for us to study the properties of
heavier quarks

o 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

m Not that anything about the strong force
is simple!
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Heavy-Light Mesons

o
=281,
5 I

e In fact, these can be quite a bit hydrogen-

w L
like, with fine and hyperfine structure and 261

various energy splittings, all telling us about 2‘4;_ (ME/\'/?‘?S E t
the nature of the strong force holding them 2'2;_ 100.000F H Emission of W
together! 1 : 1000}
e What's important here is that the /ightest ' - c
heavy-light states are stable as far as the i 3
strong and electromagnetic forces care. ol s
e They can only decay to lighter particles by
the weak interaction changing their PF
identities! 1: . o
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Heavy-Light Mesons

e They can only decay to lighter particles by the weak
interaction changing their identities!
e But the weak force is weak, the probability of this
transmutation happening in any given moment is small
o 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™
e 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

® \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”
o If that sounds like a half-life to you, that’s because
it is, except for a factor of In(2) ©
o  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?
O The secret sauce is time dilation! This lifetime 1/e
is like a clock, and a// moving clocks run slow!
® Heavy-light mesons mean lifetimes:
O D%—41x10"13s

o BY—-15x10"1%s
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Type Name Symbol
Electron/ Positron | ¢ / et
Lepton Muon/Antimuon = g1 / ;L+
Tau lepton / Antitau = 7 / T+
Neutral Pion 7(0
Meson s -
Charged Pion T / w
Proton / Antiproton p+ / P
Baryon _
Neutron / Antineutron n / n
W boson W+ / W=
Boson
Z boson 70
v=0
©®) =221
v =0.995¢c

m) T=22us=107,

@ v =0.99995¢

Energy (MeV) Mean lifetime
0511 > 4.6 x 10% years
105.7 2.2 x 107° seconds
1777 2.9 x 10 seconds
135 8.4 x 107! seconds
139.6 2.6 x 107® seconds
9

938.2 > 10* years
939.6 885.7 seconds

80,400 10~2° seconds

91,000 10~2° seconds

The mean lifetime of a muon in its
own reference frame, called the
proper lifetime, is T, =2.2 Us. Ina
frame moving at velocity v with
respect to that proper frame, the
lifetime is T = YT, where Y is the
time dilation factor.

T=220 us = 1007,

Mean lifetime T as measured in laboratory frame
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Neutral mesons

e The neutral mesons with a heavy quark -
K°(5d),D° (cit), B°(bd) are especially interesting to us at
LHCb
e They have the surprising property that they “mix” with
their matter-antimatter mirror selves
o So, e.g., D°(cu) © D°(cu). Since we still have one
quark and one antiquark, we haven't violated any
(anti)matter conservation!
m A principle of quantum mechanics: everything
that is not forbidden is mandatory!
e 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
v _




From protons to plots
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CERN'’s Large Hadron Collider (LHC)

Versoix

"0

Collex-Bossy
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Protons always
feel a force in the
forward direction.

A voltage generator induces an electric field
inside the RF cavity. Its voltage oscillates
with a radio frecuency of 400 MHz.

Protons in LHC
Protons never feel a force

in the backward direction.

Protons are accelerated via F = gE force,
“riding an electromagnetic wave”

(note, because a wave is involved, this means Beam is steered and shaped using F = q¥ x B
the beam can’t be continuous, contrary to what

the word “beam” might evoke — it is pulsed or (note, if you look closely, the magnetic field is
“bunched”) opposite in each pipe, because v is opposite!)

W
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. ) _ CERN Accelerators
e Each trip builds energy, and the magnetic forces do less and less (not to scale)

to actually turn the path, they have to get stronger each turn!
("Synchrotron” because the magnetic fields are synchronized to

the beam energy)

71 H 3 d 7] - d 7] . . . ;
o Relativistically, F = == # md and ITEDI shrinks with growing |p| 0.999999¢ by here

o Eventually, the electromagnets reach their limit, and the
beam must be sent to a bigger ring to continue acceleration Avee

0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSH: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring Radolt LEY. P§ Drvsece € 20w 90
r Bowm C

CNGS: Cemn Neutrinos to Gran Sasso ® colisteraon Wb B Oesfonges, 3L Drv., sl
1084
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Collisions

e Eventually, at the target energy, the two
counter-rotating beams are steered into one-
another to produce high-energy collisions

e But all this work and energy (see what I did
there?) to get collisions is useless without
something to study them

e The story of the collision unfolds over a very
small space in less than a nanosecond

o The most interesting particles decay to
more stable ones (proper mean lifetime =
10 ns) long before they could be directly -
studied

o Big detectors are designed to look at all
the remnants to reconstruct the story of
the collision
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Muon stations

The Detector g oA
Magnet RICH2 EC ALHCAL M2 113 =
T-layers M1
TIT2T =
RICHI ml
- . Loy
e Bookshelf stack of radiation

detectors using different

technologies each playing a _

- O u —
crucial role to reconstruct the -
“story” of a collision = E

Muon
VELO TT Magnet T-layers ECALHCAL stations

e We'll come back to how they fit
together

Electron

e For now, lets talk about how we Charged hadron

Muon

reconstruct charged particles
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Principles of Radiation Detectors

® For charged particles: start with some prepared
Roias 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
o 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

W

couling

particle
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It's a hit!

e When a signal above an
expected minimum size is
detected, we have a “hit”

e 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”

, A [mm)

T - : — — -
L -2iHl T Al i :
—ar| 2H 0 =Bl | 0 B 2 v

e Images from our detector closest to the collision, the “Pixel VELO”
(VErtex Locator)
e Called "Pixel VELO"” because the hits indeed correspond to individual
X-Y “pixel” volumes
o As opposed to long, thin strips
e 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 Event 251784647
particle containing a heavy R RESUE
quark — a “displaced Thu, 09 Aug 2012 05:53:58 Ay
vertex”
O vertex in the sense of
“where two or more
trajectories meet” collision point

|
|
|
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Combine information to tell the whole story

1 LHCb Upgrade event

e Different detector 000 — it fom tiong
. _: —— hit from long
technologies with ey

different kinds of “hits” Eo -

VELO
in different places all 20: v&ori
working together! o003

Dircct (X,y,z) measurements (X, [Ypins Ymaxl> 2) measurements  (x, [0, * 2.7m], z) mcasurcments




The Magnet

e It's not enough to follow straight

Bending plane of the magnet

lines, we need to know about the

energy and momentum of these

particles so we can use relativity to True tléfajectory

_ reconstructed \\ reconstructed
work backwards from the pieces VELO track Q ﬁ:k
e LHCb’s Magnet bends particles ‘ T Hﬂﬂlll l B ‘
according to the sign of their T | Zbending | | | ‘
charge and their momentum VeloPixel Ut Sci-Fi

o Aslope ~q/p
o "“Magnetic dipole spectrometer”
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Whodunnit?

e Different kinds of charged particles
are identified according to which
other detectors they interact with

o Electrons will be stopped by
the electromagnetic

calorimeter

o Muons will pass through all the
material in their way

o Charged hadrons (protons and
light mesons) look alike in their
interaction with the detector
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Electron

Charged hadron
Muon

VELO

Photon s s peen=snennns

Neutral hadron =s=sss=sss=s==

TT Magnet T-layers

Muon stations
Calorimeters M5

M4
HCAL M3
RICH2 ECAL

M2
T-layers M1
TITIT

Magnet

L~
-

Muon

ECALHCAL stations




Whodunnit?

e Different kinds of charged hadrons can be

sorted by specialized detectors which use
Cherenkov light to measure c/v
o Know momentum p, Cherenkov light
estimates v, can decide which m is

most consistent!
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Lk

1 Who's gonna dig
Eepapa e through this mess?

| e =
PP H =

e
collision point

® Specialized algorithms search
reconstructed events for combinations of SO
particles consistent with the desired Huliaup e oss 5
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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=

Data written out to "tuple” (big table)

Row

Kplus PY *

Kplus PZ * muplus PE * muplus PX * muplus PY * muplus PZ

7T o=

16 °
17 °
18 °

28793.111 °
38792.753 °
30558.4098 °
29966.491 °
11786.331 °
186948 .46 °
38748.784
44742 961 °
37785.167
28193 .227 °
33983 .423 °
83581.243 °
23329.285 °
58118.3584 °
22328.984 °
25843 .393 °
13466.131 °
13523.188 °
38315 .8584 °
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-34668.6095 °
1841.2873 °
3841 .4817 °
£11.78266 °
-429.,2887 °
2243.9485 °
29386.2447
3481.7164 °
-2457.935 ¢
-862 . 3866 °
36.7330953 °
2841.3978 °
-2182.449 ¢
-3783.198 °
357.85283 °
-1137.769 °
697.15159 °
-312.9163 °
699 /2015
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-2111.169 *
1448.1424 °
-566.4382 °
-2843 155 °
1833.5191 °
2899 .7382 °
1575.68738 °
744 74321 °
2816.3177
1727.6479 °
1955.3788 °
-1813. 805 °
516.56757 °
2179.7841 °
1352.1422 °
1423.6157 °
023.9441 °
2821.2827 °
371/, 6990 °

28388.142 °
38737 .466
39434 237
29888 .388 °
11716.659 °
186895.15
38508.265
44598 ,330 °
37647 .958 °
28122 .695 °
33923.589 °
83535.268 °
23223 .285 °
57940 .184 °
22279 585 °
25774 .320 °
13481.1583 °
13358.588 °

388

13734 .3083 °
73384 .547
8213 .3875 °
63781.6831 °
34419 ,558 °
17458 .839 °
18785.714 °
28978.266 °
24718 .865 °
be727.573
22288.994 °
25717 .256 °
0158.4168 °
13496.897 °
4354 8866 °
26839 .854 °
17656.254 °
23117 .745 °
8/7/53.629 °

-2661.
2426.
1398.
3818.

-2139,

169.
1354,
3656.

-1845,

082.
-577.

468.
-955.

-2392.
-162.

-2872.

173.

Q8.

-569.
3852.
1385.
-1191.
547.
742 .
-589.
475,
791,
1952.
2847 .
-992 .
1171.
-284.
857.

93.
1215.
2375.
4814 .

13461.

59 *

f3288.7 *®

J986.
68624,
.49 ®
17433,
18729,
.46 *
24683,
BB6ES.
22186.
25603,

0824 .
13275.

4267.
26759,
17613.

34343

28651

71 *
28 *

91 *
58 *

81 *
14 *
L9 *®
59 °®
11 *®
15 *®
g5 *
32 °
18 *®

22995 *

48491 ,

45 *
27
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m(K *m-) [GeV/c?] m(K ~m*) [GeV/c?]

Decay time [ps]
e 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!)

e 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

o It can be surprisingly easy sometimes to accidently mislead yourself or bias your measurement!

W
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That’'s all for now!

e We hope you have a great, educational time here over the next two days!

LHCb Experiment at CERN

< < L Run / Event: 327475 / 15592853627
THEP

Data recorded: 2025-08-10 09:4B8:07 GMT
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