Collider Physics

Patrick Oare

This document will seek to provide an introduction collider physics, especially aspects of collider
physics which may be readily seen on the Part III exams. This may have a slightly different feel
to it than most of the other writeups we’ve seen— there is some physics to explore, but more than
anything there will be a lot of information to absorb with relatively specific details. As I write, I'm
going to tabulate the formulas / numbers that I think you should try to remember in the Appendix.
Ideally most of the things in here will be pertinent to the exam, but the Appendix will give you a
good idea about the things that you should really be taking away. With that said, let’s dig into it!

1 Overview

1.1 Collider types

We begin by defining the parameters and observables that are necessary to describe the physics
that occurs at colliders. Knowledge of the general parameters will allow us to make estimates of
production rates at different colliders. The basic dimensional unit that is used at colliders is called
the barn, which is defined as:

1bn =107 m? (1.1.1)

It is defined so that the nucleon-U%% cross section is about equal to one barn: Fermi once said that
having neutrons in a reactor hit a uranium-235 nucleus was as easy as hitting the side of a barn,
which is where the name comes from. The other quantity we may need to keep in the back of our
minds is the conversion factor from natural units to SI units: this conversion is done in terms of fc.
One can use that (Ac)? = 3.894 x 10732 m? GeV?, but the easiest way to remember this conversion
is that the radius of the proton is about a femtometer, and is about equal to Aqcp, which is about
200 MeV. This gives the conversion (and we record the factor for energy and time as well):

1 1
200 MeV ~ — 1 GeV ~ 1.52 x 10** — (1.1.2)
fm sec

The setup that most colliders use is of colliding two beams A and B, where each beam has N4
and Np particles in it, respectively. The center of mass energy scale at a collider is just the
typical y/s variable in the CoM frame

Vs =1/(pa+pp)* (1.1.3)

When we look at collider processes, we will generally be looking to compute the scattering
cross section o, which gives us a probability. To relate this to experiment, we need an additional
quantity called the luminosity. The luminosity comes in two forms: a differential luminosity L,
or an integrated luminosity Liy = f dt L. The number of events that one sees at a collider is
proportional to both the cross section of the process and the luminosity of the beam:

N = 0 Lin :a/dtL (1.1.4)
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Intuitively, the luminosity is a parameter that one can control by varying the shape, size, and
density of the beam. A formula for the differential luminosity is:

_ fNaNp
A

where f is the frequency of revolution (for a circular collider), N4 and Np are the numbers of
particles in each beam, and A is the area of the beam. We see that one can increase the integrated
luminosity in a few ways: adding more particles to the beam, increasing the frequency of revolution,
decreasing the area, and also increasing the amount of time for a run. Changing any one of these
parameters as specified makes the probability of a particle collision between the two beams more
likely, hence why L scales in this way.

To put this jargon into play, here’s a list of some common colliders to get a feel for what types
of energies and processes we’ll be looking into. Maxim Perelstein’s TASI lectures [3] have a good
list; keep in mind these lectures were given in 2010, so some of the things here may be well out of
date. We will mostly be considering the LHC for our examples as it is the most energetic particle
collider in the world: however, there are other colliders of different types which also may reveal
interesting physics.

L (1.1.5)

Collider Type Energy Ling (pb™1 / year) Years
LHC PP 13 TeV 10 K or 100 K 2009 - present
Large Electron-Positron (LEP) | ete™ | ~ 200 GeV 600 1989 - 2000
HERA eTp 320 GeV 500 1992-2007
Tevatron pD 2 TeV 6000 2000 - 2011
Electron-Ion Collider (EIC) e-ion ? ? 20257

Table 1: Table of some colliders in use around the world. Note that “Energy” is the total energy
involved in the collision in the center of mass frame, 1/s. The energy per beam is /s/2.

The type of reaction the collider uses will determine the distribution of products formed in the
collision. For example, the HERA collider measures the results of electron-proton collision, and its
cross sections can therefore be computed using techniques from deep inelastic scattering. On the
other hand, the LHC and tevatron use hadronic collisions to study new physics: instead of DIS, the
process they use is Drell-Yan scattering. Some colliders also collide heavy ions together: the LHC
occasionally does this, as well as the Relativistic Heavy Ion Collider (RHIC) and its soon-to-be
successor, the EIC. Heavy ion collisions allow one to probe nuclear physics and to determine the
ways that QCD influences the structure of the nucleon.

A general rule of thumb is that hadronic colliders are used to discover new physics, while leptonic
ones are used to refine other measurements. This is because hadrons can be heuristically thought
of as a “bag of partons” where each parton has an energy that is not specified from the kinematics
of the mother parton, so their interactions can encompass a wider range of parameter space than
simply colliding together leptons. Once a discovery is made, typically at a hadronic collider, it
is then refined at leptonic colliders. This paradigm can be seen in the colliders in the table: the
Tevatron discovered the top quark and the LHC discovered the Higgs boson, but the LEP was
primarily used for precision measurements of Standard Model parameters like myy and my.

1.2 Kinematics

This section is going to be a bit messy; there’s a whole slew kinematical quantities used in collider
physics, and I highly doubt we’ll need to know more than transverse momentum / energy for the



exam. When reading this, don’t focus on the definitions themselves, instead try to get the broader
picture of why collider physicists care about these observables.
Let’s first briefly recall some formulas for the cross section and the decay rate in terms of the
invariant matrix element M for the scattering process of interest:
1 1
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where E1, By (¥, 72) are the energies (velocities, o' = /p°) of the incoming particles, and dIlyips
is the volume element for Lorentz-invariant phase space:

3L
1 ps = (27)46@ (Zp) I1 (2733321& (1.2.2)

final states j

Some simplifications here can also be made for specific purposes. For two body decay in the CoM
frame:

Loyl
6472s |p;]

iRy vielts do =

[M]2d
~ 3272 M2 M

Furthermore, the energies of the colliders are so high that in these notes, we will assume the
incoming particles are massless, ma ~ mp ~ 0. If we assume this and that the outgoing
particles all have the same mass m; = my = my, then the cross section formula is quite simple:

1 4

m
oI |M\2dQ (Massless initial, equal mass final) (1.2.3)
m2s

do =

Note that kinematically for this process to occur, we need to be at the threshold, /s > mj + mao.
Furthermore, when all the masses of the outgoing particles vanish, the square root factor vanishes
and we have simply that:

do =

5 4 2 |M[2dQ2 (All incoming/outgoing particles massless)

Collider data is often plotted against kinematical quantities which are invariant of a boost along
the collider axis. Such variables have the same values in the lab frame and in the center of mass
frame, and therefore there is no ambiguity when we work in either frame. The center of mass frame
is shown in Figure 1. A notable kinematical variable is the transverse momentum pr, which is
simply the transverse portion of the three momentum of a particle:

= (Pr,p-) (1.2.4)

where the z axis is taken to be the direction of motion of the particles. The transverse momentum
is a two vector pr = (pg,py) With norm pr := |pp|.

Another boost invariant is the azimuthal angle, which is simply the angle of the transverse
momentum relative to the transverse plane, ¢ = tan~! 22. We can also study the rapidity:

Py

1 E+p,
= -1 1.2.
y=glog - (1.2.5)

Under a boost, the rapidity transforms as y — y + log(cos 8 + sin ), where 3 is the boost angle.
The difference in rapidities y; — y2 thus clearly a boost invariant.
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Figure 1: Kinematics of final-state momentum ' in the center of mass frame. Note that ¢ is taken
to be 0 on the y axis instead of the x axis as it’s technically defined, that’s just an inconsistency in
this drawing.

The polar angle 0 is often replaced with a coordinate 7 called the pseudorapidity, which is
defined as:

n := log cot g ~ g — 04+ 0(6% (1.2.6)

where we have Taylor expanded 7 for small values of #. This is a geometrical quantity which is
typically used as a replacement for ¢ in collider data. If we consider the production of massless
particles, my = 0, then the rapidity ends up precisely equalling the pseudorapidity. Nonetheless,
the n coordinate is used for all particles, despite the fact that it only has a clear kinematical
interpretation for massless particles. 7, as well as differences in 7, is not a boost invariant when
particles are not massless.

We often abuse notation and define the invariant mass of a process:

>, ¥

final states j

2
M? .=

(1.2.7)

If the process features a parent decaying into daughters, this will give us the original mass of the
parent particle, assuming all the daughters are measured. Furthermore, in a two particle collision
this will equal the Mandelstam variable s. For a 1 — 2 particle decay A — BC (this often happens
in W production and is how the mass of the W boson is measured) with final state transverse

S(1 _(2
momenta pT( ) and pT( ), we define the transverse energy and transverse mass as:

Ep =/ M?+ p2 ma = (E’gpl) + E¥)>2 — (;5?}1) +ﬁT(2)>2 (1.2.8)

where M is the invariant mass of the process. If the final momenta are purely longitudinal (ﬁ:ﬁl)

and ﬁq@ are 0), then the transverse mass vanishes, and if the final momenta are purely transverse

(ﬁ:ﬁl) =5 and p@ = 5(2)) then the transverse mass equals the invariant mass. In any case,
the transverse mass is always bounded by 0 < mp < my4, and when the bounds are saturated
the daughters are either purely transverse or longitudinal. The transverse mass is invariant
upon boosting the parent particle A along its collinear axis, and it is also not sensitive
to transverse perturbations: upon boosting B or C' by a small parameter 8 in the transverse
plane, one can show that mp does not change at first order in S and the first corrections are
mr — mr + O(B2).

Let’s turn our attention to what is actually measured at colliders. On paper, a collider event is
completely defined by knowledge of the final state particles and their momenta; the final particle
trajectories, once measured, can be extrapolated back to the collision point as long as their momenta



are picked up in the detector. Since the detector is measuring final state particles at some length
away from the collision point, it often happens that there are intermediate particles formed after
the collision but before the final particles are picked up in the detector. For example, in the Higgs
discovery, the Higgs was created through gluon fusion and then decayed into two photons as gg —
h — ~vv. When the LHC picked up this process, it did not measure the Higgs directly, but rather
the two photons. Since they decayed from a real Higgs, their trajectories did not originate from
the collision point, but rather from where the Higgs decayed. With complete knowledge of the final
state momenta, we see that one can extrapolate what occurred to generate that final state, but it
is by no means easy to establish this.

Unfortunately, not all particles are picked up by detectors, and so complete knowledge of the
final state is not always possible. Detectors are made to pick up energy deposits from a variety
of particles, but the one type of particles that they will not pick up is neutrinos, since they are
uncharged and don’t interact with much. As such, we often measure the missing transverse
momentum / energy

pr=— > Hr = || (1.2.9)

final states j

where the sum on j picks up only the measured final states. Since > pr = 0 whens summing over
all final states, pfr will give the sum of the transverse momenta of the final states which were not
measured by the detector. For example in a W~ — e~ 7, decay, since there will be one missing
particle (the neutrino), g = ﬁr}l') and we therefore know where the neutrino went after the collision.

Detectors are typically made in layers, where each layer is able to track a particle with different
hadronic or electronic properties [11]. Once a detector triggers, as the particle passes through the
different layers it deposits a different amount of energy in each layer it interacts with. There are
three primary units which make up a detector; they are usually layered around the collision point
in the following order, with the trackers being the innermost part and the muon detector being the
outermost.

e Trackers: Measures the momentum of charged particles.

e Calorimeters: Measures the energy of particles. Calorimeters can either be electric or hadronic:
electric calorimeters measure energies of photons and electrons, and hadronic calorimeters
measure energies of hadrons. They are designed to stop any particle other than a muon or a
neutrino.

e Particle identifier: Identifies the type of particles which passes through based on determining
what type of radiation the particle emits.

e Muon detector: Muons don’t interact very much with matter. They are very fast and require
a lot of material to stop them, and chambers to identify muons and track them usually make
up the outer layer of most detectors.

Particle detectors also have finite resolution: in general, particles need to travel far enough in
the detector to be identified. The spatial resolution of a detector is how far apart two particles
need to be for the detector to resolve them as distinct: typically this is on the order of 10 to 100
pm. Likewise, the time resolution of a detector is the amount of time required to resolve two
distinct events, and is also the smallest amount of time a particle’s lifetime (in the lab frame; since
particles are moving so fast there is usually significant time dilation between the rest frame lifetime
7 and the lab frame lifetime 77) must be to be picked up by the detector. In modern detectors,
the time resolution is typically on the order of nanoseconds to microseconds.



2 Boson production at hadron colliders

To estimate observables and cross sections from the LHC, we must start off by computing the
inclusive! pp scattering cross section. Unfortunately, this is not easy to do theoretically or experi-
mentally, so we will provide a quick and dirty way to estimate the inclusive cross section. We know
that o(n — U?3%) ~ 1 bn and the scattering cross section should roughly scale like the area of the
nucleon. The volume of the nucleon is roughly proportional to the atomic number Z, so r ~ Z/3

and therefore Area(pt)/Area(U?) ~ (ﬁ)z/3 ~ 0.03. Thus we expect the pp cross section to be
about:
o(pp; inclusive) ~ 30 mbn (2.0.1)

It turns out that this gives us a reasonably good estimate of the proton’s total cross section. This
is a good thing to keep in the back of your mind for LHC physics, because to get a relative cross
section for a process one typically wants to look at o(pp — X), normalized by o(pp; inclusive).
This is also consistent with the proton’s size being about a femtometer. If we want o ~ 777"227, then
we see that:
- . — 2 =30 .2 _ —
o(pp; inclusive) ~ 7ry &~ 3 x 107" m* = 0.03 bn = 30 mbn (2.0.2)

Suppose we wish to compute how frequently a W boson is produced at the LHC. This will be
(very) roughly on the order of the scale of the weak interactions, which is the Fermi coupling Gp.
Naive dimensional analysis gives us a direct scaling with G, as both ¢ and G has mass dimension
-2, s0:

olpp = W) ~Gp~10°GeV 2 ~4x 107" fm?> =4 x 107% bn

We thus see that o(pp — W)/o(pp; inclusive) is roughly 10~7, so we can estimate that a W boson
will be produced at the LHC in about every 107 proton collisions.

2.1 Z bosons and the Drell-Yan process

Let’s most towards something a little more quantitative: the Drell-Yan process. This process
is very useful for our purposes for estimating cross sections, and is particularly useful in hadron-
hadron colliders. The cross section is often used in computations to rigorously provide relations
between partonic processes and hadronic processes, which is necessary when we’re colliding hadrons
together and want to compute cross sections with the parton model?>. The Drell-Yan process is
leption-antilepton pair production through mediator bosons, i.e. at the LHC it is

HH — (yor Z) — Ul (2.1.1)

where H is a hadron. The important point regarding Drell-Yan is that the process factorizes in
the parton model just like DIS, so that we can write the total hadronic cross section as an integral
with the appropriate PDF insertions:

do(qq — U0, 1)

% = /dﬁﬁl dxy fo(x1, 1) (22, 1) 5 +(g+7q) (2.1.2)

dm

where m? = 3 is the invariant mass. The total do /dm? is what would be shown in data at the LHC,

so the parton model allows us to relate this to things we can easily compute from the Standard
Model. Since the partonic momenta p1, po are related to the hadronic momenta P, P> by p; = x; P;,

!By inclusive, we mean > x o(pp = X), where |X) is any state that the proton collision can generate.
2If we were instead working in an electron-hadron collider like HERA, we’d want to use DIS instead of Drell-Yan
because it is process specific.



we see that § = (p1 +p2)? = 2p1-po = 2z129P; - Py = 21295, where /'S = 13 TeV is the CoM energy
of the colliding hadrons (this is all assuming the particles have sufficiently small mass << v/S).
We can therefore explicitly write the factorization as a multiplication of a partonic cross section
with a so-called luminosity function L:

do do
dm? ds

= Lyg(m®) Lgg(5) = /dl"l dzy fo(x1, p) fq(we, p)o(z1228 — S) (2.1.3)

Assuming factorization, we can compute this at the partonic level. This decay occurs at tree
level through an s-channel exchange of the mediator boson: it also equals the DIS diagram flipped
at a 90 degree angle.

Wy | =

(@(k1)Afv(ka)) (0(p2)Ag uulpr)) (2.1.4)

Hats will be used to denote partonic observables, as in this diagram where we are specifically

computing a partonic process. § is the partonic center of mass energy, § = (p; + p2)? = ¢>. The A

piece depends on the coupling and can be read off from the SM Lagrangian as one of the following
terms, depending on if we are working with v or Z exchange:

A {gz(g(vf "y + g{)4#95) 7 exchange

! eQ sy ~ exchange

where gz = Osgew =& ewecos g 1s the strength of the Z coupling.
Let’s simplify to the case of Z exchange. After resumming Z loops, the partonic cross section
takes the form of a Breit-Wigner distribution:

dé(qq — Z — 0F) N g%
ds (8 —m%)2+T%m?%

(2.1.5)

The width of the Z boson is about I'; ~ g%, and is measured to be I'y = 2.5 GeV. Note that since
Ty ~ g%, near resonance (§ = mQZ) the cross section goes as dé ~ g2, and off resonance it goes
as do ~ g4Z: resonance enhances 6 by a factor of 1/ g%, which in the weak coupling limit is quite
a large enhancement. Since the Breit-Wigner distribution is peaked around myz with a width of
I'z, as we take I';/myz << 1 the distribution becomes a narrow peak and in fact approaches a §
function. This is called the narrow width approximation:

do gy 2

— & (s — 2.1.6

ds TI'zmg (5 =mZ) ( )
The dimensions on this are consistent, because [6(§)] = —[5] = —2. The narrow width approxima-

tion puts the intermediate Z boson on its mass shell, so the total cross section then factorizes as a
branching ratio:

6(qg — Z — ) = 6(qg — Z)BR(Z — 00)

Z — 1)

BR(Z — () = I( T, (2.1.7)



For ¢ = e, this branching ratio is about BR(Z — e~ e™) & 0.03.

The cross section for pp — £ + X has been measured at pp colliders (note the LHC is primarily
a pp collider) and is plotted in Figure 2.Note that we have only discussed the Z contribution to
this cross section, but the photon contribution should also be included. It scales as 1/§ as well and
is more dominant at low energies, but has no resonance peak since the photon is massless.
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Figure 2: Differential cross section for pp — ¢/ + X at a pp collider [6]. Theoretical predictions
at NLO are plotted against the data as the black line. One can clearly see the resonance at
M = myz = 91 GeV, which is due to the Breit-Wigner form of the distribution. Note that from
this plot one can directly measure the mass of the Z boson by fitting the resonance peak to the
theoretical predictions.

2.2 Production of W= bosons

Let’s consider the other massive vector boson in the Standard Model: the W boson. W bosons can
also be produced at hadronic colliders, but not directly through the Drell-Yan process as they only
couple together different types of fermions. Instead, the mass of the W is typically measured via
the decay W — e~ 7.. Unfortunately in this case, there are additional complications because the
neutrino is not measured by the detector. This provides an excuse to show where the transverse
mass is applicable at particle colliders.

To study lepton production through the W at hadron colliders, we consider the process ¢;q; —
W+ — ¢*1,, where the neutrino is either v or T to conserve lepton number. Since we can only
meaasure £ production, we must write our predictions in terms of the kinematical variables of the
lepton. Let 6* be the polar angle of the lepton in the W rest frame (where the z axis is oriented
along the W’s direction of motion. Then one can show that:

1o(qg—W —tv) 3

it =201 2 2.2.1
o d cos 0* 8( +cos™ ") ( )

The immediate issue with this equation is that the W rest frame is not known, since we don’t
know the neutrino’s momentum. If we could measure ), then we would immediately know the



W rest frame by taking the frame where 5*) = —p{¥), but unfortu-
nately we don’t have that information. However, what we can do
instead is use our knowledge of the W mass myy to tell us where the

rest frame should be. In the W rest frame (assuming ¢ is massless),
(£) v)

pi’ = (3mw,p) and p;” = (3mw,—p). Writing this out in terms p. = (2 _pg’
of the transverse momentum p{¥) = (pr,p-), we arrive at the trian- 2 ’

. . . . . * _ 2 2
gle in Figure 3. It is then immediate that cos 0* = /1 — 4p7./m3,,, Figure 3: Lepton kinematics.

and we can change the variables in Eq. (2.2.1) to rewrite the cross
section in terms of py and myy instead of 6*.
Swapping out 6* for pr and This change of variables gives us the following result for the cross

section:
1 dé 3 2p2
7 _ pr ( —pT) (2.2.2)

~ - 2 2
o dpp miyy 1 _ 4p%/m%v miy

The singularity in the first term of this expression gives rise to what is called the Jacobian peak at
pr = 5% in the W production data. When higher order production effects are included, it smooths
out the singularity but still preserves the location of the maximum. Historically, measurement of
this peak was the first way that the mass of the W boson was measured. It is the result of changing
variables on the derivative d/d cos §*. The second term in parentheses is the 1+ cos? #* term written
out in these new variables.

One can also change variables from pr to instead measure the cross section as a distribution over
the transverse mass my instead of the transverse momentum pp. Since the transverse mass and
transverse momentum are boost invariants, we can change variables in the center of mass frame,
where mp = 2pp. This variable transformation does not change Eq. (2.2.2) significantly, except it
shifts the location of the Jacobian peak to mp = myy:

A 2
a5 1 ( —mQT) (2.2.3)
odmg  16my, L m2. miy

myy

Experimental data from the Tevatron collider which provided an early measurement of the W
mass is shown in Figure 4. In it, one can clearly see the Jacobian peak at my = my,. Note that
although the cross section has a kinematic endpoint at mp = my and should not be defined for
mp > myy, the measured distribution has a tail above the peak. This can be explained by a few
reasons:

1. We only computed the cross section at tree level; higher order effects augment this process
and do not have this singularity, and the total cross section we see includes all orders of such
effects.

2. The W boson has finite width, so it should be smeared out at the Jacobian peak.

3. The W boson may have a small nonzero transverse momentum which is not accounted for
experimentally.

4. The detector has finite resolution, so any experimental measurement will have additional
uncertainties.
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Figure 4: Measurement of the W mass via the procedure described [9]. This data is specifically
for the process qg — W — ev, although we’ve discussed generalized this discussion to any lepton
decay. The analysis holds for each lepton in the massless limit, so naturally the cleanest data comes
from the electron, as it is the lightest lepton.

2.3 Vector boson generalities

To summarize, up until now we’ve discussed how the vector boson masses can be measured at
hadron colliders. The Z boson mass can be seen through analyzing the Drell-Yan process, and its
mass can be seen in the data as the resonance in the Breit-Wigner distribution. The W boson
requires a more complicated analysis because the final state neutrino is not measured, so we had to
be more careful about the kinematics to compute the result from measured data at colliders, and
we could not just look at the invariant mass of the entire process like we did with the Z boson.
One can also ask why we only look at leptonic final states to measure the resonance peaks,
especially in the case of the W boson where if we measured W — quarks, we could explicitly
measure the kinematics of both outgoing particles since they would be electrically charged. This is
because leptonic channels tend to be much cleaner than hadronic channels, since hadronic channels
tend to produce jets instead of single-particle final states. Jets are directed clusters of hadrons
which are formed from confinement: since final state quarks produced in processes cannot be free,
these quarks must hadronize after the collision occurs, and this results in a large spray of hadrons
in specific directions. The jets that are seen can be analyzed, but in general it is much more
complicated to study decays to jets than leptonic process where we can see each lepton directly.
Another observable that is often measured in the production of vector bosons at colliders is
the asymmetry of W production, which is related to the fact that W bosons decay into different
flavors of quarks. For example, consider W production at a pp collider. The W boson will not
be produced isotropically because the quark PDFs in a proton / antiproton are not the same. If
we only look at the valence quark contribution to W production, we see that the u quark in the
proton and the d quark in the antiproton will interact to generate the W+. However, the PDF u(x)
in the proton is larger than the PDF d(z) in the antiproton, as seen in Figure 5a. This means that
on average, the forward-moving up quark will have more momentum than the backward moving d
quark, and the W will typically be produced in the direction of the proton. Likewise, the W~
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quark will be produced more often in the direction of the antiproton. The measure of this is called
the forward-backward asymmetry, which is the observable:

do(W)/dy — do(W™)/dy

do(W+)/dy + do (W) /dy (2:3.1)

Arg(y) =

where y is the pseudorapidity (recall that y = 0 corresponds to 6 = 7, and here y > 0 is taken to be
the direction of the incoming proton). These differential cross sections are plotted in Figure 5b as
a function of y. We see that W™ boson production is peaked at positive y (more W™ is produced
in the direction of the proton) and likewise the W~ is peaked at negative y.
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(a) Quark and gluon PDF's in the proton. (b) W and Z distributions in pp collisions.

Figure 5: Relevant plots to pp — W forward-backward asymmetry. [6]

We will end this section with some numerical values relevant for vector boson decays. The mass
and width of the W and Z bosons can be found at the Particle Data Group’s website?, and we will
record them in Table 2. Note that the Z boson’s width and mass are known to more precision than
the W’s; that is because it is easier to measure, as we described above. I will record these in the
Appendix as well with less significant figures, as we’ll only need approximate masses for the Part
IIT exam.

Vector boson V'

Mass my (GeV)

Width Ty (GeV)

W:I:

80.385(15)

2.085(42)

Z

91.1876(21)

2.4952(23)

Table 2: Masses and widths of vector bosons. [1]

Let’s also very briefly go over W and Z decays. The W decays primarily two ways: to hadrons
(which will form jets) or to leptons. The W couples to fermions as (assuming no neutrino masses,
i.e. no PMNS matrix):

Lsn D I (ﬂiVCi{(MWJFPLdj + T W Pre+ (e 5 p) + (e & 7')) +h.c. (2.3.2)

V2

The W thus has 9 possible decay modes into quarks at tree level. For the decay Wt — u'd,
the matrix element will contain a factor of the CKM matrix, M% = Vit (stuff), so the resulting

3https://pdg.Ibl.gov/2019/tables /rpp2019-sum-gauge-higgs-bosons.pdf
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cross section for W+ — w’d’ will contain a factor of \VCZ‘%MP We can use Wenzer’s trick of CKM
suppression to determine the dominant decay modes with the Wolfenstein parameterization of the
CKM matrix (where A ~ 0.22):

Vekm = | =X -2 N (2.3.3)
A3 A1

It is thus obvious that the off-diagonal hadronic decay modes will be suppressed by a factor of A,
A2, or A3, and therefore the primary decay modes will be to either ud, ¢35, or tb. However, the top
quark is heavier than the W, so only the first two decay modes are allowed. Therefore, the primary
hadronic decays of the W+ are W+ — dd and W+ — 5.

Leptonic decay for the W is easier: there are three decay modes (into £*v, for any of the three
leptons), and all the decay products are lighter than the W™, so they are all kinematically allowed.
Therefore, there are five possible decay products of the W. If we include color, we can put an
estimate on the branching ratios BR(W™* — ff/) by seeing how many decay modes are allowed for
each particle. The quarks each come in 3 colors, and since each must be produced in a colorless
combination, this gives 3 modes for each quark pair. The color quantum number does not exist for
leptons, and so the total number of decay modes is 9: 3 for ud, 3 for ¢35, and 1 for each lepton pair.
So, we see the W should decay into jets about 2/3 of the time and each type of lepton about 1/9
of the time, which agrees well with experiment.

W decay mode ud (jets) | cs (jets) | etve | v, | 77U,
Approximate branching ratio 33% 33% 11% | 11% | 11%

Table 3: Decay modes of the W™ boson.

Z decays are a bit easier, since Wenzer already did the work of computing it. Recall that the
Z couples diagonally to each fermion flavor, and that

o(Z = [F) < (g% + (g2 (2.3.4)

where

1

= §t§z (2.3.5)

1 .
are the vector and axial couplings for each fermion type. Using the values of the quantum numbers
for each fermion type along with a multiplicity of N, = 3 for each quark flavor, we have the following
table of branching ratios:

Z decay mode Jets (wu,dd, etc.) | bb |ete [ ptp [rt7 | vo
Approximate branching ratio 55% 15% | 3.3% | 3.3% | 3.3% | 20%

Table 4: Decay modes of the Z boson.

Note that since we get the cleanest signal from the light leptons, we only get decays to the
“golden modes” about 6.6% of the time.*

4T am also not sure why bottomonium is kept as its own separate category in this table. I pulled these estimates
from Schwartz’s notes on colliders [5], and he just lists bb as separate from the other jet modes and leaves it at that.
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2.4 The Higgs boson

Let’s turn to a topic that’s had a lot more attention in the last 10 years: the discovery of the Higgs.
We won’t be going nearly as in depth as we did with the discussions we had regarding the vector
bosons, but instead will focus more on production modes and decay modes for the Higgs, as well
as taking a look at the plot that the ATLAS collaboration released in 2012.

The main production mode of the Higgs at the LHC is through gluon fusion, but we will also
discuss another mode of production through vector boson fusion. These processes are shown in
Figures 6a and 6b respectively.

(a) Gluon fusion. (b) Vector boson fusion.

Figure 6: Two largest production channels for the Higgs. [5]

At S =13 TeV, the cross sections for gluon fusion and vector boson fusion are about:
o(gg — h) ~ 44 pb o(pp — qqh) = 4 pb (2.4.1)

so it is obvious that the gluon fusion channel dominates (all other production channels have cross
sections of about a picobarn or less). The actual Higgs discovery of the Higgs occurred during run
1 of the LHC, when its center of mass energy was only S = 7 or 8 TeV, and at this energy these
cross sections are about half of what is shown in Eq. (2.4.1). The vector fusion channel, while not
as probable as the gluon fusion channel, will contribute mainly along the beam line. Because it is
a t-channel diagram, this cross section will be enhanced when ¢ is small, i.e. when the produced
quarks are collinear to the proton frame. At the LHC, this manifests itself as two forward jets, and
identifying these is one way of determining if the subleading process occurred.

Now we must discuss decays. There are three discovery channels for the Higgs. We will
briefly discuss each of these channels, and we will roughly estimate how many times each process
occurred during LHC run 1, which was expected to have produced around 500,000 Higgs bosons
through the processes described (and a few more subleading ones).

1. h > ZZ* — 4L, where /¢ is any lepton. One of the Z bosons produced in this decay is virtual
because mp < 2myz, but nonetheless this is the cleanest decay channel for the Higgs because
of the lepton production. Furthermore, the spin of the Higgs can be extrapolated from the
angular dependence of the measured leptons. However, the issue with this channel is the low
branching ratio: BR(h — ZZ* — 4/) is about 10™%, so out of the 500,000 Higgs produced
only about 50 decayed through this channel throughout the duration of run 1. Thus although
this channel ends up being the cleanest, its low branching ratio made it hard to detect the
Higgs here.

2. h — ~~. This is the channel that you’ve probably seen a plot of: Higgs decay to two photons
through a top loop. This channel’s branching ratio is about BR(h — 77) ~ 0.1%, so about
500 of the Higgs decays in run 1 were through the diphoton channel. The reason that this
is not the preferred channel is because there is a large amount of QCD background from the
process pp — v7; luckily, this background was not enough to stop the ATLAS Collaboration.
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3. h = WW?* — 202vy. This channel has a large branching ratio of BR(h - WW* — 202v)) ~
1.6%, but the two neutrinos in the final state make it hard to reproduce the full kinematics
and the process cannot be fully reconstructed because of the invisible neutrinos.

The plot showing the discovery of the Higgs boson
through the diphoton channel is shown in Figure 7. There
are different weightings given to the top and the bottom
plot to make the bump more visible. The Higgs decay 2000
corresponds to the little bump around where the invari- 1500
ant mass m,7y was equal to my ~ 125 GeV; the rest of

ATLAS ¢ Data
——— Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

Events / 2 GeV

(s=7 TeV, ﬁ_dx=4.arb"
{s=8 TeV, ﬁ.dx:s.srb"

L AL AN L LRI LAY 4

H—>

the data is QCD background which is produced from the o :Zz 9., "
process pp — vy without decaying through the Higgs. % 100E

An important theoretical prediction for this measure- § _102 2
ment was that of the QCD background for pp — vy. Be- > % 1 . ;
cause the background signal can be shown to be smooth in & 100 b Z;‘;’“BSK;BFV,,ij"ijS ao¥)
full QCD, the bump corresponding to the Higgs resonance £ gf . = = Bkg (4th order polynomial)
stands out. If the QCD cross section was more irregular, it : 60

would be nearly impossible to distinguish the signal from
the Higgs. Luckily, nature has decreed that the back-
ground signal here is smooth. The other two channels
do not have this background noise and it is much easier
to distinguish the Higgs; unfortunately as we discussed,
there are other issues in these channels which made the
diphoton one the smoking gun for the Higgs discovery.
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Figure 7: Plot released by the ATLAS
Collab [10] upon discovery of the Higgs.
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3 Leptons

3.1 ¢ and p decays

Leptons are pretty easy— because they don’t hadronize, we don’t need any extra bells and whistles
like PDFs. Electron-positron colliders like LEP can be used to measure simply QED predictions,
like e"et — p~p*, which is like the first process everyone studies in QFT.

If you're thinking about leptonic decay, the easiest thing to do is to think about the leptons
in the 4-Fermi theory and see what the particles can decay into. This doesn’t necessarily work at
colliders because it’s probable that the collider will be colliding things together at an energy which
is comparable to the W and Z boson masses, but for decay modes and branching ratios the 4-Fermi
theory will do the trick.

Electrons cannot decay because of conservation of charge. They are the lightest charged particles
under U(1)gy in the Standard Model, so they cannot decay into products which are charged and
have total mass less than the electron mass.

However, muons can decay. Since the muon mass is less than the pion mass (the lightest
baryon), muons cannot decay to hadrons, and so the only decay mode accessible to a muon is
p~ — leptons. This decay will always happen to electrons and electron neutrinos because charge
must be conserved, and so the following process is the one to compute:

poo—vue U (3.1.1)

As we’ve considered this decay before, I won’t discuss it here. Using the 4-Fermi theory, one can
show that the decay rate at tree level is:

G%mz

f 19273

(3.1.2)

at tree level, and the scaling as the muon mass to the fifth is necessary by dimensional analysis.
The lifetime of the muon, 7, = 1/I',, is about 2 us in its rest frame.

3.2 7 decays

The tau is the most interesting lepton to study for decays because it can decay to hadrons: m, ~ 2
GeV and m, = 140 MeV, so there will be hadronic decays available to the 7, at least through the
pion. We need to estimate what channels it can decay through, and for this we actually need a
more precise value for the tau mass. The current value is from the PDG:

m, = 1.77686(12) GeV (3.2.1)

Of course, on the exam you won’t need this precision, but we might as well work with exact values
while we can just pull them from a table. We’ve already said the 7 can decay into pions, but what
other particles can it decay to? It can of course decay to other leptons, 7 — v ev. or 7 — v uv,.

For 7 to decay to other hadrons, it can connect through W exchange to other off diagonal
mesons, like u3, cd, etc. The two decays which may be possible which are not CKM suppressed are
T~ — du = 7~ (which we’ve already said is allowed) and 7= — s¢ = D . Luckily for us, 7 decay
to a Dg meson is not kinematically allowed because of the mass of the D; meson:

mp, = 1.96834(7) GeV (3.2.2)
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This is why we needed a little precision: mp, is slightly heavier than the 7, so this decay doesn’t
exist. So, we see the 7 has 3 dominant decay modes:

T = vre U, T = U Ty ™ > vpdu = vy w0 (3.2.3)

Note that these are only the most common decay modes which are not CKM suppressed: there are
a whole boatload of other hadronic decays the 7 can undergo, but these are the most common.
To estimate the width of the 7, assuming the other particles are massless means we can just
replace the p mass with the 7 mass in Eq. (3.1.2). However, the 7 has five decay modes: two leptonic
(evevr and pver,) and three hadronic (7— — du with 3 quark colors), so there is a multiplicity
of 5 that we need to take into account. Performing these changes on our expression for the muon
width, we see approximately that:
mb
e a5 5T, ~ 10" x T, (3.2.4)
m

The lifetime of the 7 is measured to be about 2.9 x 10~'3 seconds, which is consistent with our
prediction. The 7 is evidently a very short-lived particle, especially when compared to the other
leptons. We can also write down the approximate 7 branching ratios, only including the dominant
decay modes:

7 decay mode Hadrons | vre ve | vrp Uy,
Approximate branching ratio 60% 20% 20%

Table 5: Dominant decay modes of the 7 lepton.

When other hadronic modes are taken into account (including CKM-suppressed modes) the
branching ratio becomes more complicated and the branching ratio BR(7~ — v, ¢v;) ~ 17%. The
actual branching ratio for 7~ — 7~ 7%y, is only about 26% once everything is said in done; however,
the total hadronic branching ratio BR(7~ — hadrons) ~ 65%°.

5I’'m not sure why the entire hadronic rate is close to what we approximated although the specific process that we
estimated is not close at all to its rate; I'd expect BR(7 — v-¢v¢)/BR(7 — hadrons) &~ 1/3, but in reality it equals
17/26.
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4 Hadrons: The Particle Zoo

The quark sector of the SM is harder to analyze at colliders than the lepton sector because of
confinement: quarks can only be found in nature in colorless combinations, so decay rates and
modes will inevitably involve integrals over quark PDFs.

Let’s briefly discuss some common hadrons to know. We already know where the pseudoscalar
nonet comes from: this includes the pions, kaons, 7, and 7’ (although the 7' is not a pseudo-
Goldstone boson). Other common mesons are D mesons, which are combinations of a charm
quark with another antiquark, cg, and B mesons, which are formed from a bottom quark and
another antiquark, bq

4.1 Light quarks
cHiRaL. pErTuRbAtIoN tHeOrY

4.2 Charm / bottom quarks

The bottom quark forms B mesons and the charm quark forms D mesons. The most common
hadrons formed with b or ¢ quarks are:

B~ =bu B =bd BY = b3 (4.2.1)
Dt =cd D’ =cu Df =cs (4.2.2)

b and ¢ quarks also form bottomonium and charmonium. I didn’t have time to read up on
quarkonium, but it’s an interesting topic that’s worth discussing during another session.

Let’s start by thinking about the decay modes for b quarks; even though they are in different
generations, the physics of the b and ¢ quarks are roughly the same. The b decays primarily through
the weak interaction via exchange of a W~. The dominant coupling would be the one which is
not CKM suppressed, but the ¢ is HUGE so the b quark can’t decay into a top. Examining the
Wolfenstein parameterization, we see that Vi, = A2 but Vi, = A3, so the dominant decay mode is
b — W~c. This means that B mesons primarily decay into D mesons and W decay products, since
the W is a virtual particle which must decay into other decay products.

To estimate the lifetime of a B meson, we need to determine the number of channels it can
fully decay into. Since each channel will differ from what the W boson decays into, we need to take
a look at the mesons which can be formed from W decay. The approximate mass of B mesons is
around 5.2 GeV. These mesons which can be created from W decay which are not CKM suppressed
are m~ = du and D; = sc. These have masses:

mp ~ 1.8 GeV my =~ 140 MeV (4.2.3)

Since the B decays into a D and a W product, there is mp — mp =~ 3.4 GeV of energy left for
the W to have. This means it can primarily decay leptonically into any lepton-neutrino pair, or
hadronically into either into a D or a ; each of these hadronic decay modes has 3 channels, one
for each color. Thus there are 9 possible channels for the decay; in the limit where my is the only
mass we care about®: 5
Ty~ 9|Vcb|2%Fu ~107°T, (4.2.4)
“w

51 would have thought that we would use the B meson mass here, not the b quark mass. However, this is what
Schwartz’s notes have, so we’ll use this for now.
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which means B mesons decay on the order of 75 = 107! seconds in their rest frame.

In this time in their rest frame, B mesons travel on the order of crp ~ 0.5 mm before decaying.
This is further amplified by the effects of time dilation: a particle moving relativistically typically
has a v factor of 10 or more, so we would expect the B meson to travel about 5 millimeters in
the lab frame before decaying. Since the spatial resolution of detectors is on the order of tens or
hundreds of micrometers, they are usually able to resolve B meson tracks before they decay. An
indicator of B meson decay is a large number of charged particles being found in the final state,
since both the produced D meson and the W* will decay into particles, which are often charged.
For example, a common decay of the B meson is:

B — (D" = (KT = 7t atn )7, (4.2.5)

Charm quark decays have very similar physics to b quark decays, just their decays are less
involved (since a B meson usually decays to a D meson!). The non-CKM suppressed channel is
¢ — WTs, which means D — KW?*, and the virtual W then decays further into a final state with
energy less than mp — mg =~ 1.3 GeV (the mass of the kaon is about 500 MeV). This gives two
leptonic decay states, W* — ev, and W* — puv,, and the only CKM-favored hadronic decay is
W* — ud, hence there are 5 order 1 decay channels. So, we estimate that:

m?
I'p~5|Ve|*—£T, ~107° T, (4.2.6)
L
which is the same order as B meson decays, on the order of picoseconds. When this calculation
is done fully, it turns out that the decay length for a D meson is about 300 pum, which is actually
shorter than the B meson, despite the D being lighter and in an earlier generation than the B.

4.3 Top quarks

As the heaviest particle in the Standard Model, the top has a relatively unique place in the theory
when talking about decays. Current measurements of the top mass and width give us:

my = 172.9(4) GeV Ty = 1427012 GeV (4.3.1)

Note that the top mass has a relatively large uncertainty when compared to other SM particle; it
is hard to study the top because it decays so fast. The lifetime of the top is 7y = (I'y) ™! x (6.58 x
1072°GeV-s) =~ 5x 10724 5. In practice, this lifetime is so short that the ¢t quark does not hadronize;
the other heavy quarks like the charm and strange have lifetimes on the order of 107!2 and 10713,
so they do not have this problem.

At colliders, the top is produced primarily through gluon or quark fusion, gg — tt or qqg — tt.
The first discovery of the top was made at the Tevatron (a pp collider) in 1995 (about 85% of the
tops produced here were from quark annihilation). This didn’t come as a surprise, as the existence
of the top was required for anomaly cancellation in the Standard Model, so physicists knew they
were looking for another quark: they just didn’t know exactly where to look until the discovery.

Top decay primarily happens through the weak interaction. More than 99% of the time, the
top decays as

t — bW — b(W decay products). (4.3.2)

The other < 1% of decays are primarily t — dW™ or t — sW™, but they are CKM suppressed
from the t — bW weak decays. Note that this is the only quark that can decay into a real W
boson, as opposed to a virtual W boson, since m; > myy. The top has a branching ratio into these
final states of:
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t decay mode qgb | eTveb | ptyub | b

Approximate branching ratio | 66.5% | 13.3% | 13.4% | 7.1%

Table 6: Dominant decay modes of the ¢t quark.

At colliders when a top-antitop pair is created, there are three possible types of final states.
The decay can be hadronic, where both tops decay to hadrons; leptonic, where both tops decay
to hadrons; and semi-leptonic, where one top decays to hadrons and one top decays to leptons.
We’ve seen that leptonic channels tend to be the easiest ones to use at colliders to get the cleanest
signals, since they have the least amount of background and one doesn’t have to worry about
hadronization. However, top decays are usually studied semi-leptonically; fully leptonic decays
make it hard to reconstruct the full kinematics of the experiment since they have two final state
neutrinos which are not picked up by the detector.

4.4 Strong coupling measurements

TODO
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Appendix A: Formulas

e Masses of Standard Model particles:

v e u d S 7 7 s
~ 0| 0.511 MeV | 2.2 MeV | 4.7 MeV | 93 MeV | 110 MeV | 134 MeV | 139 MeV
pT nY c T b A\ 7 H t

938 MeV | 939 MeV | 1.3 GeV | 1.8 GeV | 4.7 GeV | 80 GeV | 91 GeV | 125 GeV | 173 GeV

Approximate meson masses:

Meson m K D B
Quark content ud sq cq bg
Approximate mass | 140 MeV | 500 MeV | 1.8 GeV | 5.2 GeV

Units and the definition of luminosity:
1bn =10"% m? N = 0Ly o(pp; inclusive) ~ 30mbn (4.4.1)

The LHC has a luminosity of 10K (low) or 100K (high) pb~!/year and a collision energy of
V'S =13 TeV.

Conversion factors (Aqep ~ 200 MeV ~ rljl ~1fm™!):

1 GeV™! ~ 6.58 x 1072° sec ~ 0.2 fm (4.4.2)

Decay rate and cross section formulas:

1 1 —_
dl' = — | M|3dI1 do = ————— | M|2dII 4.4.3
ong MIPdMeres O = B Ealo — ) MU dMues (4.4.3)
1
T=r1 decay length = ~er (4.4.4)

where E; and Es (v; and vy) are the energies (velocities) of the incoming particles in the
frame you are working in. For two body decay / scattering in the CoM frame:

1 4m?
do = 1——1 |M|2dQ (Massless initial, equal mass final) (4.4.5)
64725 s

Loop factors: Loops are typically suppressed by an order of about:

1
—F = 0.006 = — 4.4.6
1672 100 ( )

times the coupling squared. This comes from doing the integral out after Wick rotation.

Breit-Wigner distribution: Cross section for s channel exchange of particle A exchange after
resummation:

! iy 4 4
do(ff —>A—>ff)% 29 o N g 5(s —m%) (4.4.7)
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e Value of SM couplings (all couplings are measured at scale j3;g = mz):

sin® 0, ~ .2229 v =247 GeV ©Oqcp ~ 0
g =0.357 g = 0.652 g3 = 1.221
1
N ~0.12
OEM 129 Qg

(4.4.8)
(4.4.9)

(4.4.10)

The Higgs vev v can be measured through computing G through muon decay in the 4-Fermi

theory.

e Electroweak charged and neutral currents:

LEW jint = wazﬂwf + = <W+Jcc + W, Jcc> +

. - _ e
= Z@bflad}f + m (Wiﬂgc + W, Jéc) +
f w

The currents are:

7

cos 0, sin 6,,

]CC =u ’}/MVCKMPLdJ + UeyH Pre + Z/H’}/MPLM +vA PpT

]cc =d Y (VCKM)UPLU] + ey Prve + iy" Pryvy, + 79" Prv, = (](%J(S)T

e = (D" Py — Qg sin® Outh 1))

f

=Y Qe v vy
f

The neutral current is often written in terms of an axial and vector coupling as:

(f) o u

£NC—W uzwf (gv Y —gi'y ’ys)wf

where the couplings are specific to each fermion type and equal:

() _
1%

2/

ft?’ Qysin 20,

e CKM Matrix: Wolfenstein parameterization (A = sin 0, ~ 0.22):

Vexkv =

e 4-Fermi Lagrangian and coupling:

Lyp =

Fermi coupling (note the units):

75 =

92

62

2 p—
8miy,

2 2
8myy, sin 0,

-2 AN
A 1A N
A3 A2 1

GF g
\/ijéC]CC,u
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Gr =1.16 x 107° GeV 2

g ‘ .
EZMJKIC + eAuipm

(4.4.11)

Zuj{\LIC + EAung

(4.4.12)

(4.4.13)
(4.4.14)
(4.4.15)

(4.4.16)

(4.4.17)

(4.4.18)

(4.4.19)

(4.4.20)

(4.4.21)



e Muon lifetime: This is a good expression to keep in mind because decays from W exchange
will be proportional to this, with quark weak interactions being suppressed by the appropriate
CKM matrix elements:

2,5
Gqu

L(p™ — e Very) = 10973

Ty &2 s (4.4.22)

e Flavor-changing weak decay widths: To approximate the width of a particle which decays via
the weak interaction, there are a few basic steps:

1. Identify final states. In the case of lepton ¢ decay, this will emit a W* and a neutrino,
so the neutrino will be in the final state. In the case of quark ¢ decay, this will emit
a W* (or a real W for the top quark) and quark of the opposite type. The primary
decay product will be the one which is not CKM suppressed, which can be read off by
the Wolfenstein parameterization (i.e. s quarks will primarily decay to «W ~; it would
prefer to decay to ¢cW ™ from the CKM parameterization

2. The W* is virtual and can then decay into either a lepton pair, or a hadron pair,
assuming there is enough available energy. This follows the same rules as above: it
will decay through any channel which is not CKM suppressed such that it has enough
available energy.

3. If all the particles other than the decaying one are assumed to be massless, the width of
the decay is approximately given by taking the muon width I',,, Eq. (4.4.22), replacing
m,, with the mass of the decaying particle, then multiplying by the number of available
channels and the appropriate CKM matrix. Remember that meson channels each have
multiplicity 3 for color, and lepton channels have multiplicity 1.
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Appendix B: Part III Questions

What is the Higgs mechanism and describe some of the current experimental work searching
for the Higgs boson. Discuss the production and decay of the standard model Higgs at the
LHC. What are the dominant production mechanisms as a function of the Higgs mass? What
are the dominant decay mechanisms, also as a function of the Higgs mass? What are the
signatures the experimentalists expect to observe in their apparatus? (Topics, 2006)

ete” — Z° phenomenology. Draw the Feynman diagram. What are the couplings? Draw
the cross section as a function of energy. What about ee™ — Z% — v©? This is an invisible
process experimentally (can’t detect the neutrinos in a collider experiment), but it has been
measured. How? Radiative return - running at a higher energy and looking for a single
hardphoton with energy E = /s — myz. What do these cross-sections look like as a function
of energy? (Bob Jaffe, 2006)

What are the “typical numerical factors” picked up by fermion loops in Feynman diagrams?
(2006)

Features of top quark decay. What is the dominant decay of the top quark? What is the
experimental signature of production and subsequent decay of a top quark? Why don?t
you find any information about mesons liketu, tb, or tf in the particle data tables? (Other
quarkonium and bound state? What are the sizes of these states? How about ¢¢, bb mesons?
B, D mesons? Their decays compared to pions? How are they different from each other? OZI
rule and quasi-stable states. Strong, EM or weak decays. Pion decays: does 7+
faster? (Topics, 2010)

or ¥ decay

Tau decays: branching ratios, write down an expression for the decay width (2010)
Estimate the decay rate for the muon, rho, pion, neutron and higgs. (Krishna, 2013)

Questions about B-meson decays (dominant decay modes, estimating lifetimes, etc.) Is dis-
tance covered by B-meson in lifetime resolvable by the detector? (Will Detmold, 2015)

Explain the measurement that led to the discovery of the Higgs particle. What decay chan-
nel(s) was (were) studied? What do we know about the various properties of this new particle?
What are upcoming measurements going to look for about this particle? (Topics, 2018)

Electron positron scattering. He handed a plot with the total scattering as well as the ratio
between total scattering and scattering to muon-antimuon. Draw diagrams of processes.
Identify particular behaviors on the plot (Bob Jaffe, 2019).
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