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ABSTRACT

This writeup is an introduction to some of the experimental issuesin-
volved in performing electroweak and b physics measurements at the Fer-
milab Tevatron. Inthe electroweak sector, we discuss W and Z boson cross
section measurements as well as the measurement of the mass of the W bo-
son. For b physics, we discuss measurements of B°/B% mixing and C'P
violation. This paper is geared towards nonexperts who are interested in
understanding some of the issues and motivations for these measurements
and how the measurements are carried out.
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1 Introduction

The Fermilab Tevatron collider is currently between dataruns. The period from 1992-
1996, known as Tevatron Run 1, saw both the CDF and D@ experiments accumul ate
approximately 110 pb~! of integrated luminosity. These data sets have yielded alarge
number of resultsand publications on topicsranging from the discovery of thetop quark
to precise measurements of the mass of the W boson; from measurements of jet produc-
tion at the highest energies ever observed to searches for physics beyond the Standard
Model.

Thistalk and subsequent paper focus on two aspects of the Tevatron program: elec-
troweak physics and the physics of hadrons containing the bottom quark. Each of these
topicsisquiterich initsown right. It is not possible to do justice to either these topics
in the space provided.

Also, there are alarge number of sources for summaries of recent results. For ex-
ample, many conference proceedings and summaries are easily accessible to determine
the most up-to-date measurements of the mass of the W boson. Instead of trying to
summarize a boat-load of Tevatron measurements here, | will attempt to describe afew
measurements in an introductory manner. The goal of this paper is to explain some of
the methods and considerations for these measurements. This paper therefore is geared
moretowards studentsand non-experts. Thegoal hereisnot to comprehensively present
the results, but to discuss how the results are obtained and what the important elements
are in these measurements.

After a brief discussion of the Tevatron collider and the two collider experiments,
we will discuss electroweak and b physics at the Tevatron.

2 TheTevatron Collider

The Fermilab Tevatron collides protons(p) and antiprotons (p) at very high energy. In
past runs, the pp center of mass energy was /s = 1.8 TeV. It will beincreased in the
futureto 2 TeV.* Until the Large Hadron Collider begins operation at CERN latein this
decade, the Tevatron will be the highest energy accelerator in the world. The high ener-
gy, combined with avery high interaction rate, provides many opportunitiesfor unique
and interesting measurements.

*For the upcoming Tevatron run, the center of massenergy will be /s = 1.96 TeV. Running the machine
at slightly below 2 TeV drastically improvesthe reliability of the superconducting magnets.



Table 1. Somehighlightsinthe history of the Fermilab Tevatron. Thistablelistsprimar-
ily milestones associated with the collider program. In addition, there have been several

Tevatron fixed-target runs, producing a wealth of physics results.
1969 ground breaking for National Accelerator Laboratory “Main Ring”

1972 200 GeV beam in the Main Ring

1983 first beam in the “Energy Doubler” = “Tevatron”

1985 CDF observesfirst pp collisions

1988-89 Run 0, CDF collects ~3pb~*

1992-93 Run 1A, CDF and D@ collect ~20pb~!

1994-95 Run 1B, CDF and D@ collect ~90pb *

2001-02 Run 2 with new Main Injector and Recycler,
upgraded CDF and D@ expect 2000 pb~'=2fb~!

2003- Run 3, 15-30fb~!

The Tevatron has a history that goes back over 20 years. Table 1 lists a few of the
highlights. The original Fermilab accelerator, the “Main Ring”, was finally decommis-
sioned in 1998 after more than 25 years of operation. In collider mode, the Main Ring
served as an injector for the Tevatron. The Main Ring and Tevatron resided in the same
tunnel of circumference of ~ 4 miles. The Tevatron now resides alonein this tunnel.

The Tevatron consistsof approximately 1000 superconducting magnets. Dipolemag-
netsare ~ 7 m in length, cooled by liquid helium to atemperature of 3.6 K and typically
carry currents of over 4000 Amps. Protons and anti-protons are injected into the Teva-
tron at an energy of 150 GeV, then their energy is raised to the nominal energy which
was 900 GeV per beam in the past and will be 980 GeV per beam for the upcoming run.
During the period known as Run 1B, the Tevatron routinely achieved aluminosity that
was more than 20 times the original design luminosity of 10*° cm s~ !.!

The mgjor upgrade in recent years has been the construction of the Main Injector
which replaces the Main Ring. The Main Injector, along with another new accelerator
component, the Recycler, will allow for much higher proton and antiproton intensities,
and therefore higher luminosity than previously achievable. The anticipated Tevatron
luminosity in the upcoming run will be afactor of 200 beyond the original design lumi-
nosity for the Tevatron.

The CDF and D@ results presented here are from the 110 pb ! of integrated lumi-
nosity collectedinthe period of 1992-1996. Theexpectationsfor Run|l arefor a20-fold
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increase in the data sample by 2003 (2 fb~'). Beyond Run I1, the goal isto increase the
data sample by an additional factor of 10 (15-30fb~") by the time that the LHC begins
producing results.

3 CDF and DY

The CDF and D@ detectors are both axially symmetric detectors that cover about 98%
of the full 47 solid angle around the proton-antiproton interaction point. The experi-
ments utilize similar strategies for measuring the interactions. Near the interaction re-
gion, tracking systems accurately measure the trgjectory of charged particles. Outside
the tracking region, calorimeters surround the interaction region to measure the energy
of both the charged and neutral particles. Behind the calorimeters are muon detectors,
that measure the deeply penetrating muons. Both experimentshavefast trigger and read-
out electronicsto acquire dataat highrates. Additional detailsabout the experimentscan
be found elsewhere.?3

The strengths of the detectors are somewhat complementary to one another. The
D@ detector features a uranium liquid-argon calorimeter that has very good energy res-
olution for electron, photon and hadronic jet energy measurements. The CDF detector
featuresa 1.4 T solenoid surrounding a silicon microvertex detector and gas-wire drift
chamber. These properties, combined with muon detectors and calorimeters, alow for
excellent muon and electron identification, as well as precise tracking and vertex detec-
tion for B physics.

4 Electroweak Results

Although many precise electroweak measurements have been performed at and above
the Z° resonance at L EP and SL C, the Tevatron provides some unique and complemen-
tary measurements of electroweak phenomena. Some of these measurements include
W and Z production cross sections,; gauge boson couplings (WW W~ W Z,Z~,Z Z),
and properties of the W boson (mass, width, asymmetries).

For the most part, both 1" and Z bosons are observed in hadron collisions through
leptonic decays to electrons and muons, suchas W+ — etp, and Z° — ppu~. The
branching ratios for the leptonic decays of the W and Z are significantly smaller than
the branching ratios for hadronic decays. There are about 3.2 hadronic 1 decays for



every W decay to e or ;. and about 10 hadronic Z decays for every Z decay to ee™
or 1"y~ . Unfortunately, the dijet background from processes like g — qg and gg —
qq/gg (in addition to higher order processes) totally swamp the signal from Z° — ¢g
and W+ — ¢7'.f

4.1 W and Z Production

The rate of production of W and Z bosonsis an interesting test of the theories of both
electroweak and strong interactions. The actual production rates are determined by fac-
torsthat include the gauge boson couplingsto fermions (EW) and the parton distribution
functions and higher order corrections (QCD).

As an example analysis, we will discuss the measurement the Z production cross-
section from the Z° — e*e™ mode. The total number of events we observe will be:

N =Ly 07 Br(Z° —efe™) €. (1)

where £ is the instantaneous luminosity, £;,, = [ Ldt is the integrated luminosity,
o, = o(pp — Z°X) isthe Z boson production cross section, Br(Z" — ete ) is
the branching ratio for Z° — ete™, and ¢, is the efficiency for observing this decay
mode. We have made the simplifying assumption that there are no background events
inour signal sample. Let'stake each term in turn:

e L, = [ Ldt: the integrated luminosity is measured in units of cm™* and is a
measure of the total number of pp interactions. The instantaneous luminosity is
measured inunitsof cm ?s L. Inthiscase, “integrated” refersto thetotal timethe
detector was ready and able to measure pp interactions.*

e 0, = o(pp — Z°X): cross sections are measured in units of cm? and are of -
ten quoted in units of “barns’, where 1b = 10™2*cm?. Typical el ectroweak cross
sections measured at the Tevatron are in nanobarns (nb = 10~°b) or picobarns
(pb = 1072b). Thetotal cross section for pp at the Tevatron is about 70 mb =

fThereare special cases where hadronic decays of heavy gauge bosons have been observed: hadronic W
boson decays have been observed in top quark decays, and a Z° — bb signal has been observed by CDF.
Also, both experiments have observed W and Z decaysto T leptons.

fWe refer to the detector as “live’ when it is ready and available to record data. If the detector is off
or busy processing another event, it is not available or able to record additional data. Thisis known as
“dead-time”.



70x10b. Thecrosssection listed hereisfor any and all typesof Z boson produc-
tion. The“ X" includes the remaining fragments of theinitial p and p, in addition
to allowing for additional final state particles.

e Br(Z° — e*e™): Thebranching ratio isthe fraction of Z° bosonsthat decay to a
specific final state, e*e ™ in thisexample.®

e ¢.. Of the Z° bosons that are produced and decay to ete, not al of them are
detected or accepted into the final event sample. Some of the events are beyond
the region of space the detector covers in addition to the fact that the detector is
not 100% efficient for detecting any signature.

Our ultimate goal isto extract o ;. Rearranging Equation 1, we have:

N

T S oo ) e (2
Lint - Br(Z° — ete™) - €,
From the data, we can count the number of signal events, V. To extract a cross section,
we need to know the terms in the denominator as well:

Oy —

e Theluminosity ismeasured by looking at thetotal rate for pp — ppX inaspecific
and well-defined detector region. Thisrate is measured as a function of time and
then integrated over the time the detector islive. The equation N = Lo is used
again, in this case we aready know the total pp cross section(c), so we can use
this equation to extract £. At e*e~ machines, the measurement of the luminosity
isquite precise, with arelative error of 1% or less. For hadron machines, that level
of precision isnot possible. Typical relative uncertainties on the luminosity are 5-
8%.4

e The branching ratio for Z° — e"e™ is measured quite precisely by the LEP and
SLC experiments. The world average value is used as an input here. The uncer-
tainty on that value isincorporated into the ultimate uncertainty on the cross sec-
tion.

e The efficiency for afinal state like thisis measured by a combination of simula-
tion and control data samples. Primarily, data samples are used that are well un-
derstood. For example, Z° decays (Z° — eTe™ and Z° — p* ™) provide an
excellent sample of electrons and muonsfor detector calibration. The high invari-
ant mass of the lepton pair is a powerful handle to reject background.

§The branching ratio is the fraction of times that a particle will decay into a specific final state. More
concisely, the branching ratio is Br(Z° — ete™) = ['(Z° — eTe™)/T(Z° — all), where T'(Z° —
ete™) isthe partial width for Z° decayingto ete™ and T'(Z° — all) isthetotal Z° width.
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Fig. 1. Summary of D@ and CDF W and Z boson cross section measurements. The
solid bands indicate the theoretical prediction. The circular points are the D@ results;
the triangles are the CDF results. The two experiments use a different luminosity nor-
malization.

Putting all of these factors together, it is possible to measure the total cross sections
for pp — WX and pp — ZX. These measurements are performed independently in
both electron and muon modes. However, after the corrections for the efficiencies of
each mode, the measurements should (and do) yield consistent measured values for the
production cross section.

The results from D@ and CDF are represented in Fig. 1. Thetop plot isfor W pro-
duction, the bottom plot for Z production. The shaded region is the theoretical cross
section. On both plots, the circular points are the D@ measurements, the triangles the
CDF measurements. Part of the differencein the resultsfrom the two experiments arises
from a different calculation of £,,,,. If acommon calculation were used, the D@ num-
bers would be 6% larger than those presented. This shows that in fact the integrated
luminosity is the largest systematic uncertainty on the cross sections. Details of these
analyses may be found in the literature.>®



4.2 R andtheW Width

One way to make the measurement more sensitive to the electroweak aspects of the W
and Z production processes isto measure the cross section ratio. Thisratio is often re-
ferred to as“R”, and defined as:

o(W) Br(W — (lv)

R=T0) Bz =0

In taking the ratio of cross sections, theintegrated luminosity (£;,,;) term and itsun-
certainty cancel. Other experimental and theoretical uncertainties cancel aswell, mak-
ing the measurement of R a more stringent test of the Standard Model. Aswe can see
from Fig. 1, the ratio is about equal to 10. Thisis confirmed by the results shown in
Table 2. The D@ result isfor the electron final state’; the CDF result is for the electron

Table 2. Summary of Tevatron measurements of R, where R = 20} - Z0=0).

measured value of R
D@  10.43 £ 0.15(stat.) £ 0.20(syst.) £ 0.10(theory)
CDF 10.38 £ 0.14(stat.) £ 0.17(syst.)

and muon final states.® For the CDF result, the theoretical uncertainty is contained in
the systematic uncertainty.

We can take this result one step further. The measured quantity is’R. Theoretically,
the cross section ratio o (W) /o (Z) is calculated with good precision. This can be un-
derstood by noting that the primary production of Z bosons at the Tevatron arise from
the reactions: wz — Z° and dd — Z°, where the up and down quarks (and antiquarks)
can be valence or sea quarks in the proton. An example of valence-valence production
is shown in Fig. 2. For W production, the primary contributions are ud — W+ and
ud — W~ . Thesereactionslook quite similar to the Z production mechanismswhere a
u quark isreplaced with ad quark (or vice-versa). An example of valence-valence W+
production is also shown in Fig. 2.

Although both Z° and W+ are produced through quark-antiquark annihilation, the
dominant contribution is not from the valence-valence diagrams shown in Fig. 2. The
typical ¢g interaction energy for heavy boson production isthe massof the boson: v/§ ~
My w. Since the heavy boson mass M, i, ~ 100 GeV = 0.1 TeV and the pp center of
massenergy is./s ~2 TeV, the process requiresthe ¢g center of mass energy to be only
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Fig. 2. Example Z and W production diagramsin high energy pp collisions. These fig-
ures show valence-valence production, which in fact is not dominant at Tevatron ener-

gies. The dominant production mechanism is quark-antiquark annihilation, where one
quark(antiquark) is avaence quark and the other antiquark(quark) is a sea quark.
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V'5/\/s ~ 5% of the pp center of mass energy. In other words, if aquark and antiquark
are each carrying 5% of the proton (and antiproton) momentum, then there is sufficient
collision energy to produce a heavy boson.

Both valence and sea quarks have a good probability for carrying a sufficient frac-
tion of the proton’s energy to produce a gauge boson. In fact, the dominant production
mechanism at the Tevatron isannihilation where the quark(antiquark) isavalence quark
and the antiquark(quark) isaseaquark. The valence-sea production mechanism isabout
4 timeslarger than the val ence-val ence and sea-sea production mechanisms. It iscoinci-
dental that the valence-valence and sea-sea mechanisms are about equal at this energy.
At higher energies, the sea-sea mechanism dominates; at lower energies, the valence-
valence mechanism dominates.’

The theoretical predictions for the production cross sections of Z and ¥ bosons
are not known to high precision. Strong interaction effects, such as the parton distri-
bution functions and higher order diagrams lead to theoretical uncertainty. Theratio of
crosssectionsiswell calculated, however, because going from Z productionto W+ pro-
duction amounts to replacing an @ with ad. In addition, the gauge boson couplings to
fermions are well measured. Combining these points makes the ratio of cross sections
amuch better determined quantity than the individual cross sections.

Additionally, the branching ratio for Z° — ¢*¢~ is well measured at LEP. Using
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Fig. 3. Measurements of the branching ratio for W — ev,. The Tevatron results come
from a measurement of R combined with the LEP measurement of Br(Z° — ete")
and atheoretical calculation of o(W) /o (Z).

our measured value of R, inputting the theoretical valuefor o(1W)/o(Z) and using the
LEP value for Br(Z° — (*/™), we can extract the branching ratio for W — (v. This
isshown in Fig. 3. The Tevatron results have similar uncertainties to the results from
LEP2. Astheuncertaintiesare reduced, this measurement will continue to be an impor-
tant test of the Standard Model.

4.3 W mass

The electroweak couplings and boson masses within the Standard Model may be com-
pletely specified by three parameters. Typically, those parameters are chosen to be M,
(the mass of the Z° boson), G-, (the Fermi constant), and cgzp (the electromagnetic
coupling constant). These three parameters are not required to be the inputs, though.
For example, we could choose to use the charge of the electron (e), the weak mixing
angle (sin? ;) and the mass of the 1V boson (1) as our inputs. At tree level (no ra-
diative corrections, a'so known as Born level), any set of three parameters is sufficient
to cal culate the remaining quantities. Thethreechosen: M, Gy and o p aretheones
measured experimentally with the highest precision.

Therefore, at Born level, these three parameters are sufficient to exactly determine
the mass of the W boson. The true W mass depends additionally on radiative correc-
tions, the most important of which involvethetop quark and the Higgs boson. Radiative
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Fig. 4. Loop contributionsto the W mass. The A My, denotesthe shiftin W massfrom
the Born level value. The dependence upon the top quark mass is more dramatic than
the dependence on the Higgs mass. New physics can appear in these loop corrections
aswell.

corrections involving fermion or boson loops grow with the mass of the particle in the
loop. Thisiswhy the top quark and Higgs boson masses are the most important correc-
tionsto the W mass. These loop diagrams are shown graphically in Fig. 4.

The W mass can be calcul ated with a high degree of precision and therefore simply
measuring the W mass provides atest of the Standard Model. Since thereis additional
uncertainty on the 1 mass due to the unknown mass of the Higgs boson (or perhapsit
doesn’t exist in the Standard Model form) the simpletest of comparing the measured W
mass value to the prediction is not a high precision test. It is an important test, though,
because deviations from the Standard Model predicted 177 mass can arise through other
non-Standard Model particles affecting the 1# mass through loops.

In addition, when combined with the measured value for the top quark mass (1),
we can constrain the Higgs mass. In saying that we can constrain the Higgs mass, this
isimplicitly assuming a Standard Model Higgs boson. This can be seen graphically in
Fig 5, where electroweak results are plotted in the My, M, plane. The contour marked
“Tevatron” showsthedirectly measured valuesfor My, and M,. The bandsare contours
of Standard Model calculations for My, versus M, for different masses of the Higgs
boson. The current Tevatron region is consistent with the Standard Model and prefers a
light Higgs boson.

Another way the W mass tests the Standard Model isthrough self-consistency with
other Standard M odel measurements. For example, the LEP1, SLD, vN data contour in
Fig. 5 arises from taking the electroweak measurements of sin? 65/, Z boson param-
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Fig. 5. A summary of precision electroweak measurements. The Tevatron contour is
from direct measurements of My, and M,. The horizontal band is the direct measure-
ment of My, from LEP2. The oval contour arises from precision electroweak measure-
mentsof sin” 0%/, and Z couplings and asymmetriestranslated into the M, M, plane.
The bands are Standard Model contoursfor various values of the Higgs mass, M. Itis
clear that the experimental results are consistent with one another and currently favor a
light Higgs boson.

eters and couplings and tranglating them into the My, M, plane. Right now, the three
contours. My, ,M, from the Tevatron; My, from LEP2; and the LEP, SLD, vN contour
are al consistent with one another and tend favor a light Higgs mass. It is conceivable
that the contours could al be consistent with the Standard Model yet inconsistent with
one another. Aninconsistency of thistype would indicate non-Standard Model physics.

The smaller the contours, the more stringent the constraints on the Higgs boson mass
and the Standard Model tests. The goal of current and future experimentsisto measure
electroweak parametersasprecisely aspossibleto further constrain and test the Standard
Model. Currently, the crucial aspects of these measurements are the top quark mass and
the mass of the 17/ boson.
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4.3.1 TheMeasurement of My,

Asstated previously, the dominant mechanism for 13 boson production isquark-antiquark
annihilation (@ — W¥). The center of mass energy for this interaction, v/ is much
less than the pp center of mass energy of /s = 1.8 TeV. This production mechanism
leads to two important consequences:

1. Theenergiesof the annihilating quark and antiquark are not equal, meaning the W/
will be produced with amomentum component along the beam line (p)). Another
way to put thisisto say that center-of-mass of the parton-parton collisionismoving
in the lab frame. The momentum of the partons transverse to the beam direction
is effectively zero, so this center-of-mass motion is along the beam direction.

2. Sincetheremnants of the p and p carry alarge amount of energy inthefar forward
direction (along the beam line) it is not possible to accurately measure the s of the
interaction. Therefore theinitial p, of the W is not known.

recoil (ur)

Fig. 6. A cartoon of alV — (v, decay. Theleptonis measured directly. The transverse
momentum of the neutrino is inferred by the recoil energy (ur).

Because of these points, it isnot possible to measure the mass of the W boson based
upon the collision energy, v/5. We must measure the W mass by reconstructing the de-
cay products.

Recall that we are dealing with W — ev, and W — pv, modes. The quantities
associated with these decays that we can directly measure are:
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Fig. 7. The Z° mass as reconstructed in the mode Z° — e*e~ by the D@ detector. The
shaded region at the bottom of the plot is the background contribution. The peak does
not fall exactly on the true value of M, because not all of the energy corrections have
been applied to the data.

e The momentum of the muon, p;.
e Therecail energy, u.

The lepton momentum can be measured in three dimensions. The recoil energy can
be measured in three dimensions, but since we do not know theinitial p,, of the center of
mass, the z component of « and p, are of no useto us. Since we know that (to very good
approximation) p} +u, = p; +u, = 0, wecanimplement conservation of momentum
in thetransverse (x, y) plane and infer the transverse momentum of the neutrino. Since
we do not know p!¥', we can not infer the p” from momentum conservation. Even with
three-dimensional measurements of « and p;, it isnot possible to unambiguously deter-
mine the neutrino momentum in three dimensions. If it were possible to determine j7,,,
then we could simply calculate the invariant mass of the /-v, and measure the W' mass
from the resonance.

The case of Z production as discussed above is quite similar to W production. The
difference, however, isthat the Z can decay to two charged |eptons that we can measure
in the detector. Figure 7 shows the reconstructed Z massin themode Z° — e*e~ from
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the D@ detector. The Z peak is clear and well-resolved, with small backgrounds.

In the case of the 1/ mass, the information we have is momentum of the lepton
and transverse momentum of the neutrino, p’7,, which was inferred from the transverse
momentum of the lepton and the transverse recoil energy (ir).

From thetransverse momentaof thelepton and the neutrino, we can cal culate aquan-
tity known as the “transverse mass’:

My = \/2p§p§,(1 — cos Ady,),

where p% and p4 are the magnitudes of the lepton and neutrino transverse momentaand
Ag,, isthe opening angle between the lepton and neutrino in the z, y plane.

The transverse mass equation may look familiar. If we have two particles where we
have measured the momentain 3 dimensionswith momentap; and p,, thentheinvariant
mass of those two particles in the approximation that the particles are masslessis:

M1,2 = \/2p1p2(1 — COS O{),

where « is the opening angle (in 3-dimensions) between the two particles.

By comparing the two equations, we can see that the term “transverse mass’ is ac-
curateinthat the calculation isidentical to theinvariant mass except only the transverse
quantities are used. If the W boson hasp!) = 0, then the transverse massis exactly the
invariant mass. If the 1V boson has [p!¥'| > 0, then the transverse mass is less than the
invariant mass. A W boson transverse mass distribution is shown in Fig. 8.

Although not quite as clean asafull invariant mass, the transverse mass distribution
quite clearly contains information about the W mass. By fitting this distribution, it is
possible to extract a precise measurement of the 1/ mass. There are three basic ingre-
dients that determine the shape of the transverse mass distribution:

¢ IV boson production and decay.
e p% measurement.
e ur = pr Measurement.

Each of these items will be discussed in detail below. All of the details are ultimately
combined into a fast Monte Carlo simulation that is able to generate transverse mass
spectra corresponding to various values of the W mass. The measured transverse mass
distribution isthen fit to the generated spectraand the I/ massis extracted from thisfit.

In the following subsections, we discuss each of the elements required for precise
W mass determination.
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4.3.2 W boson production and decay

Modeling of the W boson production and decay includes the Breit-Wigner lineshape,
parton distribution functions, the momentum spectrum of the 1¥ boson, the recoiling
system and radiativecorrections. Theintrinsicwidth of the W bosonisabout 2.1 GeV /c?
which must beincluded in thefit. The parton distribution functions (PDF) are represen-
tations of the distributions of valence quarks, sea quarks and gluonsin the proton. The
probability for specific processes as afunction of s depend upon these distributions. Re-
lated to the PDFs and the production diagrams is the momentum distribution of the pro-
duced W bosons. The model of the recoil system must be accurate. Higher order QED
diagrams, such as W — (v~ are also included in the modeling.

433 p’ measurement

This aspect is quite crucia in the W mass determination. For muons, the transverse
momentum is measured by the track curvature in the magnetic field. For electrons, itis
more accurate to measure the energy (and infer the momentum) in the calorimeter be-
causetheresolutionisbetter and bremsstrahlung tendsto biasthe tracking measurement
of the curvature.

The energy scaleis crucial. If we measure a muon with a transverse momentum of
30 GeV/c, isthetrue momentum 30 GeV /c? ISit29.9 GeV /c? Isit 30.1 GeV /c? Also,
the resolution isimportant to understand. For a measured momentum of 30 GeV /¢, we
also need to know the uncertainty on that value, because it will smear out the transverse
mass distribution. In reality, the resolution is a rather small effect, much smaller than
the overall momentum scale.

To set the momentum/energy scale, we use “calibration” samples. The .J /¢, T and
7" masses are all known very precisely based upon measurements from other experi-
ments. We can measure these masses using 1.~ and ete™ final statesto calibrate our
momentum scale. If a muon measured with pr = 29.9 GeV/c is truly a muon with
pr = 30.0 GeV /c, then we will measure an incorrect Z° mass. This scale can be noted
and ultimately corrected.

The Z° isparticularly important for the 17 mass measurement because both its mass
and the production mechanism are very similar to that of the 1W'. They are not identical,
though, because the Z° is 10.7 GeV /c* more massive than the . Also, due to cou-
pling and helicity considerations, the decay distributions are not identical between the
two. They are quite close, however, and the Z° providesacrucial calibration point. The
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Fig. 8. The W transverse massin themode W — ev, as measured by CDF. The points
are the data, the histogram is the fit. The hatched region shows the background contri-
bution.

limiting factor then arises from the number of Z° decays available. Asnoted earlier, the
ratio of observed leptonic W decaysto Z decays (R) isabout 10:1. In some cases, the
limiting factor on the systematic uncertainty arises from the statistics of the Z samples.

434 wur = p7 measurement

The recail energy is required to infer the transverse momentum of the neutrino. Since
therecoil energy islargely hadronic and contains both charged and neutral components,
it must be measured with the calorimeter. All of the charged and neutral energy recoiling
against the W isincluded in the measurement, so al sources of cal orimetric energy must
beincludedinthemodel. Therecoil distributionisaffected by the collider environment,
the resolution of the calorimeter, the coverage of the calorimeter and the ability to sep-
arate uy from p4. At typical Tevatron luminosities, there are more than one, sometimes
asmany as six pp interactions per beam crossing. Most of these are inelastic events that
have low transverse momentum. However, there is no way to directly separate out the
contributions from other interactions from the contributions of the W recoil. Instead,
this must be modeled and the background level subtracted on an average basis. Uncer-
tainty in this background subtraction leads to uncertainty in My, .

The hadronic energy resolution of the calorimeter is much larger (i.e. worse) than
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the resolution on thelepton energy. Therefore, the resolution on the neutrino pr isdeter-
mined by the hadronic energy resolution. The smaller this resolution, the less smeared
the transverse mass distribution.

The coverage of the cal orimeter must be understood, al so, because some of therecail
can be carried away at very small angles to the beamline, where there is no instrumen-
tation.

Finally, the recoil measurement isasum of all calorimeter energy except the energy
of the lepton. In the case of the muon channel, it is pretty straightforward to subtract the
contribution from themuon. For theelectron, some of therecoil energy isincludedinthe
electron energy cluster in the calorimeter simply because the recoil and electron energy
“overlap”. Thisaffects both the electron energy measurement and the u measurement
and therefore we must correct for that effect.

‘ XZ/Nexp =0.4/4
80.360 +/- 0.370—— @1 UA2 (W - &v)

80.410 +/- 0.180 %HCDF(Run 1A, W - ev,uv)
80.470 +/- 0.089 @+ CDF(Run 1B, W — ev,uv)
80.433 +/- 0.079 @+ CDF combined

80.350 +/- 0.270— @+ DO(Run 1A, W  av)

80.498 +/- 0.095 @ DO(Run 1B, W . ev)
80.482 +/- 0.091 %H DO combined

80.452 +/- 0.062 m Hadron Collider Average
80.427 +/- 0.046 m LEP Il (ee — WW)
80.436 +/- 0.037 M World Average

79.5 79.7 79.9 80.1 80.3 80.5 80.7 80.9 81.1 81.3 815
Mw (GeV)

Fig. 9. Summary of direct measurements of the W' mass. The LEP Il point is the com-
bination of four experiments, while the CDF and D@ results are shown separately. The
world average uncertainty is 37 MeV.
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4.3.5 W Mass Summary

Each of these pieces needs to be fully and accurately modeled in order to understand
how they effect the transverse mass distribution. There are many important aspects to
thisanalysis, but the most important isthe lepton energy scale. A great deal of work has
gone into calibrating, checking and understanding the lepton energy scale.

Details of the D@ and CDF W mass measurements may be found in Refs.!%!! For
arecent compilation of the world's W mass measurements may be found in Ref.'?
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SMy goes down with 1/vN

My (MeV)

Fig. 10. The W mass uncertainty as a function of data size. Both the statistical and
systematic errors have continually fallen linearly as 1/+/N. Thistrend will continuein
the future, although the ultimate Run Il sensitivity will deviate from the line.

4.3.6 TheFuture

In addition to the Tevatron upgrades for Run I, the D@ and CDF collaborations are sig-
nificantly upgrading their detectors.'®'* Figure 11 shows how the uncertainty on the 1/
mass has progressed over time. Since N « L,,,;, thehorizontal axis, plotted as /L;,,; iS
equivalent to /Ny, with Ny, being the number of identified 17 boson decays. So far,
the uncertainty onthe ¥ masshasfallenlinearly with 1/1/Ny,. Weexpect the statistical
uncertainty to fall as 1/+/Ny;,. The recent measurements of My, are not dominated by
the statistical uncertainty, however. To maintainthe 1//Ny, behavior of thetotal error,
both the systematic and statistical uncertainties must fall asthe statisticsincrease. This
can be understood from the fact that many of the systematic uncertaintiesare limited by
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Fig. 11. The My, versus M, plot at the end of Run I1. The central valueis plotted as it
currently stands. For Run 11, we anticipate § My, ~30MeV and § M, ~ 3 GeV. These
results will further test and constrain the Standard Model.

the statistics of the control samples, such as Z° — ¢7¢~. Asthose samples grow, the
systematic uncertainties fall.

Tevatron Run |1 is projected to move slightly away from the strict 1/1/Ny;- behavior
as some of the systematic uncertainties become limited by factors other than the statis-
tics of the control samples. Nevertheless, the uncertainty is expected to be significantly
reduced. The combined W' mass uncertainty from D@ and CDF is expected to be be-
tween 20 and 40 Mev/c? in Run 1.

At the same time, the uncertainty on the top quark mass will aso be reduced. Fig-
ure 11 also showswhat the My, M, plot could look like by about 2003. For thisplot, we
assume that the central measured value is the same as it is currently, ssmply to demon-
strate how the uncertainty contourswill look at that time. Thiscompares quitefavorably
to the current version of this plot, shown previously in Fig. 5.
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5 B Physics Results

Sincethefirst observation of aviolation of charge-conjugation parity (C'P) invariancein
the neutral kaon systemin 1964, there has been an ongoing effort to further understand
the nature of the phenomenon. To date, violation of C'P symmetry has not been direct-
ly observed anywhere other than the neutral kaon system. Within the framework of the
Standard Model, C'P violation arises from acomplex phase in the Cabibbo-K obayashi-
Maskawa (CKM) quark mixing matrix,'® although the physics responsiblefor the origin
of this phase is not understood. The goal of current and future measurementsin the K
and B meson systems is to continue to improve the constraints upon the mixing ma-
trix and further test the Standard Model. Inconsistencies would point towards physics
beyond the Standard Model.

In recent years, the importance and experimental advantages of the B system have
been emphasized.!” The long lifetime of the b quark, the large top quark mass and the
observation of B°/B° mixing with a long oscillation time all conspire to make the B
system fruitful in the study of the CKM matrix. Three e™e~ B-factories running on
the Y (4s) resonance in addition to experiments at HERA and the Tevatron indicate the
current level of interest and knowledge to be gained by detailed study of the B hadron
decays.

This section isan introductionto C'P violation in the B system, with afocus on ex-
perimental issues. After asome notational definitions, | will giveabrief overview of the
CKM matrix and B°/B° mixing. Following that, | will discuss experimental elements
of flavor tagging, which isacrucial component in mixing and C' P asymmetry measure-
ments. Our discussion of C'P violation in the B system will be presented in the frame-
work of the specific example of the measurement of sin 23 using B/B% — J/¢ K"
decays by the CDF Collaboration. Finally, | will briefly survey future measurements.

5.1 Notation

There are enough B’s and b’s associated with thistopic that it is worthwhile to specif-
ically spell out our notation. First of all, we will refer to bottom (antibottom) quarks
using small letters: b (b). When we are referring to generic hadrons containing a bottom
quark (e.g. |bg >, where ¢ is any quark type), we will use a capital B with no specific
subscripts or superscripts.

In the cases where we are referring to specific bottom mesons or baryons, we will
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usthe notation listed in Table 3. Neutral B mesons follow the convention of the neutral
kaon system, where K° = [5d > and K0 = |sd >.

Table 3. B mesons and baryons. Thisis an incomplete list, as there are excited states
of the mesons and baryons (e.g. B*°). Also, alarge number of B-baryon states are not
listed (e.9. X, = |ddb >).

name b hadron b hadron
charged B meson BT = |bu > B~ = |bu >
neutral B meson B® = |bd > BY = |bd >
B, (B-sub-s) meson B? = |bs > BY = |b5 >
B, (B-sub-c) meson B = |be > B; = |be >
Ay, (Lambda-b) Ay = |udb > Ay = |udb >
T (Upsilon) T =|bb >

5.2 Overview: the Cabibbo-K obayashi-M askawa M atrix

Within the framework of the Standard Model, C'P nonconservation arises through a
non-trivial phase in the Cabibbo-K obayashi-Maskawa (CKM) quark mixing matrix.'®
The CKM matrix V' isthe unitary matrix that transforms the mass eigenstates into the
weak elgenstates:

Ve Vus Vi
V= Vea Ves Ve ©)
Vie Vis Vo
1-% A AN (p—in)
~ )\ X AN? + O\, (4)
AN (1—p—in) —AN? 1

The second matrix is a useful phenomenological parameterization of the quark mix-
ing matrix suggested by Wolfenstein,'® in which ) is the sine of the Cabibbo angle,
A = sinfs ~ 0.22. The CKM matrix is an arbitrary three-dimensional rotation ma-
trix. The only requirement a priori isthat it be unitary — the value of the elements can
take on any value so long as unitarity is preserved. The Wolfenstein parameterization
arose based upon experimental resultsindicating that the matrix isnearly diagonal. Us-
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Fig. 12. The unitarity triangle. The horizontal axisisthe rea axis; the vertical axisis
the imaginary axis. The apex of thetriangleis (p, n).

ing experimental results on V,,, and V,, aong with the unitarity requirement, Wolfen-
stein proposed the commonly-seen expansion shown here.

The condition of unitarity, V1 = 1, yields several relations, the most important of
which is arelation between the first and third columns of the matrix, given by:

b Vud + VaVea + VipVig = 0. (5)

This relation, after division by V;V,,, is displayed graphically in Fig. 12 as a triangle
in the complex (p-1) plane, and isknown as the unitarity triangle.'® C'P violation in the
Standard M odel manifestsitself asanonzero value of 7, the height of thetriangle, which
indicates the presence of an imaginary CKM component.

The “unitarity triangle” is simply a graph of a single point in the complex plane:
(p,n). We use the triangle to show how these two numbers are related to the CKM el-
ements. Different experimental measurements are sensitive to different aspects of the
unitarity triangle, i.e. they are sensitive to different combinations of p and 7.

Six uniguetriangles can be constructed from unitary relations (six more are complex
conjugates of the first six.) The one shown here is the most useful because al of the
sidesare of O(\), insuring that none of the three interior anglesis near 0° or 180°. The
other triangles are “squashed” having one side O()\?) or O()\*) smaller than the other
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two sides.

The goal of current and future experimentsin the K and B system isto measure as
many aspects of the triangle as possible in as many ways as possible. Inconsistencies
in these measurements will point to physics beyond the Standard Model and hopefully
give us some indication from where these “fundamental constants’ arise.

Based upon current measurementsin the K and B system, such as B° /B mixing,
K — 70Ty, b — u decaysand b — ¢ decays, the CKM solution indicates that the C'P
violating phaseislarge. Thefact that C'P violationinthe K systemissmall, O(0.1%),
arises from the fact that the magnitude of the matrix element V,, is rather small. An
alternate solution would beif the C' P violating phase wereto be small and the magnitude
of V4 larger. Direct measurements of C'P violation in the B system will permit clear
distinction between the two cases.?’

5.3 BY/B%Mixing

Mixing occursin the neutral K and B systems because the electroweak elgenstates and
the strong interaction eigenstates are not the same. 1f we start with a B° meson, then the
probability that we will see a B°(B?) at agiventime, ¢, is

P(B(t)) = %6—5(1 + cos(Amgt))

P(B(t)) = %65(1 — cos(Amgt)) (6)

where 7 isthe B° lifetime and Am, = my — m;,Y where my and m; are the masses
of the heavy and light weak eigenstates of the mesons. The mass difference Am, in
the B/ B system is relatively small, therefore the mixing frequency is rather low. In
unitswhere i, = ¢ = 1, the mass difference is presented in units of ps~!. The current
world averagefor Am, is0.48740.014 ps~!.2! Withthismassdifference, theoscillation
period for B°/BY iscloseto nine B lifetimes.

Mixing is shown graphically in Fig. 13. When we begin with abeam of B° mesons,
they disappear at a rate faster then e~*/", because some B° mesons are decaying and
some are oscillating into B° mesons. The sum of B plus B° decay at arate e '/".

T The subscript d on Am, refersto the down quark in the neutral B meson. Thisis to distinguish from
the BY / BY mass difference, which iswritten as Am,, with the subscript s referring to the strange quark.
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Fig. 13. B°/B° mixing. The top plot shows the probability functions for both B° and
B asafunction of time. At¢ = 0, we have 100% B°. Astimeincreases, the mesons
decay away exponentially oc e+, but some of the B® mesons become BY mesons. The
bottom plot shows the asymmetry so that the exponential effect has been removed. At
Amgt = m (= t ~ 4.47 ~ 6.8 ps, because the B? lifetimeis T = 1.56 ps.), all of the
remaining mesons are BY!

Mixing in the neutral B system isasecond order AB = 2 transition/ that proceeds
through “box” diagrams shown in Fig. 14. All up-type quarks (u,c and t) are eligible
to run around in the box, but the heavy top quark dominates because the amplitude is
proportional to the mass of the fermion. Asaconsequence of this, there are two top-WW -
down vertices (V,4) in the dominant box diagram. Thiswill play aroll in C'P violation
that we will discuss below.

The Feynman diagramsfor B? /BY look quite similar with the exception that the top-

IThe B used here refers to the “bottomness’ guantum number. Since the box diagram is responsible
for annihilating a b and producing a b (or vice versa) the change in the bottomness quantum number is
AB = 2.
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Fig. 14. B°/B° mixing diagrams. The diagrams shown are for B° oscillating into BO.
The charge-conjugate process (B° oscillatinginto B®) takes placeaswell. Thetop quark
dominates these 2"¢ order weak transitions, which is why V,, (and not V,; or V.,;) is
shown at the vertices.

W-down vertices (V,,) arereplaced by the top-W-strange (V) vertices. Since|V;,| >
|Viq4], the B, system oscillates much faster than does the B, system. Put another way,
Am, ismuch larger than Am,. The B, oscillates so quickly that the oscillation period
issmaller than the experimental resolution on the decay time of the B,. In other words,
we can identify and distinguish between BY and B? mesons at the time of decay, but
the resolution of the decay time is not yet good enough to resolve the oscillations. The
current experimental bound is Am, > 14 ps~!, which means that the B, fully mixesin
less than 0.17 lifetimes!

5.4 Flavor Tagging

To measure time-dependent mixing, it isnecessary to know what the flavor of the meson
was at thetime of production and at thetime of decay. For example, an“unmixed” event
would be an event where a neutral B meson was produced as a B® and decayed as a
B°. A “mixed” event would be one where a neutral B meson was produced as a B°
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but decayed asa B°. Typically, mixing results are plotted (bottom plot of Fig. 13) asan
asymmetry: A = (Nypmizved — Nmized) ! (Nunmized + Nmizea)- Thishas the advantage of
removing the exponential term from the decay probabilities. Once plotted in this way,
the functional form of the mixingis.A = cos Amgyt.**

Experimentally, the determination of the flavor of the B meson at the time of pro-
duction and/or the time of decay isreferred to as “flavor tagging”. Flavor taggingisan
inexact science. The B mesons have numerous decay modes, thanksin large part to the
large phase space for production of light hadronsin thedominant B — D — X decay,
where D and X, represent generic charmed and strange hadrons respectively. Thereis
very low efficiency for fully reconstructing B states. Therefore more inclusive tech-
niques must be used to attempt to identify flavor.

Since flavor tagging is imprecise, it is crucial that we measure our success/failure
rate. There are two parameters required to describe flavor tagging. The first is known
as the tagging efficiency, ¢, which is simply the fraction of events that are tagged. For
example, if weareonly abletoidentify alepton on 10% of all of the eventsin our sample,
then the lepton tagging efficiency is 10%. We can not distinguish a B° from a BY in the
other 90% of the events because there was no lepton found to identify the flavor.

The second parameter is associated with how often the identified flavor is correct.
A “mistag” isan event where the flavor was classified incorrectly. A mistag rate (w) of
40% is not unusual; while a mistag rate of 50% would mean that no flavor information
is available — equivalent to flipping a coin. Another way to classify the successrate is
through avariable called the “dilution” (D), defined as

Non — N,
D — rig wrong _ 1 — 2w (7)
Nright + Nwrong

where N, gni(Nwrong) @€ the number of eventstagged correctly (incorrectly). Theterm
isdubbed “dilution” because it dilutes the true asymmetry:

Aobserved = D-Atrue (8)

where A pserveq 1S the experimentally measured asymmetry and Ay, is the measure-
ment of the real asymmetry we are trying to uncover. '’

** Another commonway to display mixing dataisof theform A = Npized/(Nunmized + Nmized) Which
then takes the functional form 4 = 1 — cos Amgt.

1 The choice of the term “dilution” here s unfortunate, since in this case a high dilution is good and a
low dilutionis bad. The definition comes about because the factor D = 1 — 2w “dilutes’ the measured
asymmetry. If our flavor tagging algorithm were perfect (no mistags) then we would have D = 1, the
highest possible dilution.
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Table 4. Methods of flavor tagging. These methods can be used in mixing analyses as
well as C'P asymmetry measurements. In the case of C'P asymmetry measurements,
theinitial state flavor isthe one of interest, as will be shown later.

method initial/final statetag
exclusive reconstruction | final
partial reconstruction final

lepton tagging initial/final
jet charge tagging initial
same side tagging initial

In the following subsections we discuss some commonly used flavor tagging tech-
niques. The methods outlined below are al utilized in mixing analyses. However, it
isthe initial state flavor tag that is important for C'P asymmetry measurements. The
methods discussed here are summarized in Table 4.

5.4.1 Full/Partial Reconstruction

Theflavor of the B meson at the time of decay can be determined from the decay prod-
ucts. An exampleof thisis B — D n*, with D~ — K7 7. Thisall-charged final
state is an unambiguous signature of a B° meson at the time of decay. The drawback of
the full reconstruction technique is that both the branching ratios to specific final states
and reconstruction efficiencies are low.

To improve upon this, we can relax by performing a “partial” reconstruction. An
example of thisrelating to the example aboveisto reconstruct B — D~ X, withD~ —
K*n~7~. Inthis case, the X would include the state listed above, but would include
al other decays of thistype (e.g. B® — D~ r"7".) Partial reconstructionisnot as clean
as full reconstruction. Since it is aso possibleto have B — D~X, Bt — DX,
B? — D~ X in addition to direct charm production, wherez — D~. Therefore the
reconstruction of a D~ meson is not an unambiguous signature for a B° meson. These
other contributions must be accounted for in the extraction of Am,.
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epton (e o)
Fig. 15. Initial stateflavor tags. Thisexample showsareconstructed .J /¢ K2 final state.
The other information in the event is used to identify the flavor of the B® or B at the
time of production.

5.4.2 Initial State Tagging

It is not possible to measure the flavor of a neutral B meson at the time of production
using full or partia reconstruction, because the decay only reflectsthe flavor of the final
state. To perform initia state flavor tagging, two types of methods are employed. The
first technique, known as opposite-side tagging, involveslooking at the other B hadron
in the event. The second technique, known as same-side tagging, involves looking at
the local correlation of charged tracks near the B.

In the case of opposite side tagging, we are taking advantage of the fact that b and
b are produced in pairs. If we determine the flavor of one B hadron, we can infer the
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Fig. 16. Same-side flavor tagging. In both cases shown above, a b quark is produced
and ultimately ends up as a B® meson. In the |eft diagram, the b quark has grabbed a
d quark from the vacuum. The remaining d quark has paired with au quark to make a
7+, Intheright diagram, the b quark grabs a« quark to produce aradially-excited B***
state. The B**" then decaysto a B’z . In both cases, the 7" is associated with a B°
meson and a7~ would be associated with a B° meson. No information about the other
B hadron in the event is required.

flavor of the other B hadron. Thisis not perfect, of course, because in addition to the
complications mentioned above, the opposite side B hadron may have been a B or BY
and mixed.

Three types of opposite tagging are commonly used:

e lepton tagging: identify B — /v X. The lepton carries the charge of the b.

e kaon tagging: identify B — D — K (b — ¢ — s). The strange particle carries
the charge of the b.

e jet chargetagging: identify a“jet” associated with B — X and perform a mo-
mentum weighted charge sum. On average, the net charge of thejet will reflect the
charge of the b.

Each of the methods has different experimental requirementsand therefore different sets
of positive and negative aspects. For example, with lepton tagging, the branching ratio
and efficiency are rather low. In addition, there are mistagsthat comefromb — ¢ — /(.
On the other hand, lepton tags tend to have high dilution (=large D). For jet charge
tagging, the dilution is lower =small D), but we are more likely to find a jet, which
means a higher tagging efficiency.
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By contrast, same-side tagging makes no requirement on the second B hadroninthe
event. It instead takes advantage of the effects associated with hadronization. When a
b quark becomes a B® meson, it must pair up with ad quark. Since quark pairs pop-up
from the vacuum, there is a d quark associated with the d quark. Now if the d quark
grabs a u quark, then there isa ' associated with the B°. Thisis shown in Fig. 16.
An alternative path to the same correlation is through the production of a B** state. In
either case, the correlation is: B°r+ and BO7~. In our example above, if the d grabs a
d quark, then we have a7?, in which case the first-order correlation islost.

The same-side technique has the advantage of not relying on the second B hadron
in the event. The disadvantage is that, depending upon the hadronization process for a
given event, the measured correlation may be absent or may be of the wrong sign. For
example, the correlation would not be measurable if the mesons from the fragmentation
chain were neutral. If the up quark in Fig. 16 were replaced by a down quark, then the
associated meson would be a°. Likewise, wrong-sign correlations are present: if the
up quark in Fig. 16 were replaced with a strange quark, then a K would be produced,
with K*° — K—7*. If the K~ is selected as the tagging track, then the wrong-sign is
measured. Thistype of mistag can be reduced through the use of particle identification
to separate charged kaons, pions and protons.

As will be seen below, initial state flavor tagging is a crucial aspect in measuring
C' P asymmetriesin the B system. In the analysiswe will discuss here, three of the four
initial state tagging methods are used: lepton tagging, jet-charge tagging and same-side
tagging.

55 (P Violation ViaMixing

For Standard Model C' P violation to occur, we need an interference to expose the com-
plex CKM phase. TheC' P violating phasein V,,; can manifestitself throughthe AB = 2
box diagrams responsible for B°/B° mixing. In the Standard Model, the decay mode
B°/BY — J /1KY isexpected to exhibit mixing induced C P violation. Thisfina state
can be accessed by both B® and BY. C P violation in this case would manifest itself as:

dN

AN
—(B = JJ¥KY) # — (B — J/vK3) ©)

where J/¢ = |cc >, K§ = J5(|ds > +|sd >) and the final state, J/¢K§ isaCP
eigenstate:
CP|J/¢Kg >= —|J /K > (10)
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Fig. 17. C'P violationviamixing. Sinceboth B’ and B can decay tothe C' P eigenstate
J /K3, we have an interference between the mixed and unmixed decays. For example,
if ameson is produced as a B (shown on the left) and ultimately decaysinto .J /1 K2,
it could have decayed as a B or mixed into a BY before decaying. The process shown
on the right is for an initial state BY9. The interference exposes the phase in the CKM
matrix element V,,, giving riseto C'P violation in the Standard Model.

Inthe CKM framework, C'P violation occursin this mode because the mixed decay
and direct decay interfere with one another. ThisisshowninFig. 17. Aninitia state B°
can decay directly to J/¢ K2, or it can mix into a B0 and then decay to .J /¢ K2. The
interference between those two paths exposes the complex phase in the CKM matrix
element V.

When we produce B° at t = 0:

N
—(B" > J/YK?) o< e /7 (1 4 sin 23 sin Amyt) (11)
If we produce B° at t = 0:
dN 0 0 —t/T : :
E(B — J/YK,) < e 7 (1 —sin 25 sin Amygt) (12)

Forming the asymmetry:

AN(BO — J/pKY) — WN(BY — J/pKD)
U (B — J[VKY) + G (B - J/UKY)

Acp(t) =

Acp(t) =sin 23 sin(Amgt). (13)

Thisisthe time-dependent equation for the C' P asymmetry in thismode. The asymme-
try as afunction of proper time oscillates with a frequency of Am,. The amplitude of
the oscillation issin 23, where 3 isthe angle of the unitarity triangle shown earlier.
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We can also perform the time-integral of equation 5.5:

Ay = JEHB s oK) — [ (B — vi)de 14
[ G (B = oK)t + [ 4§ (B — wKYdt

N(B’ - ¢K%) - N(B® = ¢:K3)
Acp = p— (15)
N(B — ¢yKY) + N(B° = ¢ K2)
(16)
Integrating equations 12 an 11 and substituting them, we get:
Amyrg .
ACP = m - Sin 2/8 (17)
Acp =~ 047sin2p (18)

Thisshowsthat we do not need to measure the proper time of the events. Integrating
over al lifetimes still yields an asymmetry, although information is lost in going from
the time dependent to the time-integrated asymmetry. The aboveformalismistruewhen
the B® and BY are produced in an incoherent state, as they are in high energy hadron
collisions. At the Y (4s), the B and B? are produced in a coherent state and the time-
integrated asymmetry vanishes.??

5.6 Experimental Issues

The bottom line when it comesto C'P violation in the B systemisthat you need to tell
the difference between B mesonsand B mesons at thetime of production. After iden-
tifying asample of signal events, flavor tagging isthe most important aspect of analyses
of C'P violation.

Inthe case of the J /¢ K¢ final state, we have no way of knowing whether the meson
wasa B’ or B asit decayed, nor do we need to know. Thedifference we are attempting
to measure is the decay rate difference for mesons that were produced as B® or B. In
this case, we are tagging the flavor of the B meson when it was produced.

The analysiswe are going to discuss here isameasurement of the C'P asymmetry in
B°/B° — J/yK? from the CDF experiment. Before discussing that measurement, we
begin with by presenting some of the unique aspectsto b physicsin the hadron collider
environment.
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5.6.1 B Production and Reconstruction

First of all, the bb cross section is enormous, O (100ub), which means at typical operat-
ing luminosities, 1000 bb pairs are produced every second! The bb quarks are produced
by the strong interaction, which preserves“bottomness’, therefore they are always pro-
duced in pairs. The transverse momentum (py) spectrum for the produced B hadrons
is falling very rapidly, which means that most of the B hadrons have very low trans-
verse momentum. For the sample of B — .J/1 K decays we are discussing here, the
average pr of the B meson is about 10 GeV /c. The fact that the B hadrons have low
transverse momentum does not mean that they have low total momentum. Quite fre-
quently, the B mesons have very large longitudina momentum (longitudinal being the
component along the beam axis.) These B hadrons are boosted along the beam axis and
are consequently outside the acceptance of the detector.

For bb production, like W production discussed previously, the center of mass of
the parton-parton collision is not at rest in the lab frame. Even in the cases where one
B hadron is reconstructed (fully or partially) within the detector, the second B hadron
may be outside the detector acceptance.

Toidentify the B mesons, we must first trigger the detector readout. Even thoughthe
bb production rateis large, it is about 1000 times below the generic inelastic scattering
rate. Inthetrigger, we attempt to identify leptons: electronsand muons. Inthisanalysis,
we look for two muons, indicating that we may havehad a.J/¢ — p*p~ decay.*

Once we have the data on tape, we can attempt to fully reconstruct the B° /B0 —
J /¢ K final state. Theevent topology that we are describing here can be seeninFig. 15.
To reconstruct B — J/¢ K3, we again look for .J/¢» — u*p—, thistime with criteria
more stringent than those imposed by the trigger. Once we find a dimuon pair with in-
variant mass consistent with the .J /1) mass, we then look for thedecay K9 — 7 ~. At
this point, we require the dipion mass be consistent with a K3 mass, and we aso take
advantage of the fact that the K2 lives a macroscopic distance in the lab frame. Once
we have botha.J /¢ and K% candidate, we put them all together to seeif they were con-
sistent with the decay B°/B% — .J/+ K 2. For example, the momentum of the 2 must
point back to the B decay vertex, and the B must point back to the primary (collision)
vertex. After al of these selection criteria, we have a sample of 400 signal events with

*1t is difficult to trigger on the decay J/1 — eTe~ at ahadron collider. The distinct aspect of elec-
tronsistheir energy deposition profile in the calorimeter. For low p; electrons from .J/v decays (pr <
10 GeV /c), thereis sufficient overlap from other particles to cause high trigger rates and low signal-to-
noise.
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Fig. 18. B°/BY — J/¢K event yield after the selection criteria discussed in the
text have been applied. The data is plotted in units of “normalized mass’: m,, ., =
(Myiy — Mg)/opir, Where M, and o4, are the four track fitted mass and uncertainty,
respectively, and M istheworld average B mass. Signal events show up with M,,,...,
near zero, while combinatoric background shows up uniformly across the plot.

asignal to noise of about 0.7-to-1, as shown in Fig 18.

5.6.2 Flavor Tagging and Asymmetry Measurement

Now that we have a sample of signal events (intermixed with background), we must
attempt to identify the flavor of the B® or BY at the time of production using the flavor
tagging technigues outlined above. For this analysis, we use three techniques. same-
side tagging, lepton tagging and jet charge tagging. The lepton and jet charge flavor
tags are looking at information from the other B hadron in the event to infer the flavor
of the B wereconstructed. Table5 summarizestheflavor tagging efficiency and dilution
for each of the algorithms.

With the sample of events, the proper decay time and the measured flavor for each
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Table5. Summary of tagging algorithmsperformance. All numberslisted arein percent.
The efficiencies are obtained from the B — J /4K sample. The dilution information
is derived from the B* — J/¢K* sample.

tag side tagtype efficiency (¢) dilution (D) €D?
same-side  same-side 73.6 +3.8 169+22 21+0.5
oppositeside soft lepton 5.6 1.8 62.5+14.6 2.2+1.0
jet charge  40.2 +£3.9 23.54+6.9 22+1.3

event, we are ready to proceed. In practice, we are measuring .A(¢):

1 (N_—-N 1
A(t) -5 (m) = EAraw(t) (19)

where N_(N,) are the number of negative (positive) tags. A negative tag indicates a
B, while a positive tag indicates a B°. We do not write B° and B in the equation,
though, because not every negative tag istruly a BY.

We arrive a the quantity A,,,, using the .J/¢ K¢ data, but to get to the measured
asymmetry, we must also know D. We can measure D using control samplesand Monte
Carlo, but it can not be extracted from the .J /v K3 data. Sincetypical dilutionsare about
20%, that means that the raw asymmetry is 1/5 the size of the measured asymmetry.
The higher the dilution (the more effective the flavor tagging method) the closer the raw
asymmetry isto the measured asymmetry. We can classify the statistical uncertainty on
the asymmetry as:

(6.A)* = (0A,qu/D)* + (Araw/D)*(6D/D)* (20)

where ¢D is the uncertainty on the dilution and 6.A4,.,,, is the statistical uncertainty on
the raw asymmetry. Ignoring (for the moment) the presence of background in our sam-
ple, (0 A aw)stat = 1/v/Niaggea = 1/1/€Nyiy, Where e is the flavor tagging efficiency
discussed previously and NV;, isthe number of signal events. Moreredlistically, we can
not neglect the presence of background, and the statistical uncertainty on the measured
asymmetry is: (6.A, a0 ) stat = \/Jvm_g v/ Nj(',zigB . Thefirst termin Equation 20 isthe “sta-
tistical” uncertainty on the asymmetry andisof theform: .4 = 1/,/¢D>N,;,. Notonly
does the dilution factor degrade the raw asymmetry, it also inflates the statistical error.
Think of it thisway: we have events that we are putting into two bins-a B° bin and a
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B bin. When we tag an event incorrectly (mistag), we take it out of one bin and put it
into the other bin. Not only do we have one less event in the correct bin, we have one
more event in the incorrect bin! This hurts our measurement more than had we simply
removed the event from the correct bin and thrown it away.

In reality, there are several complicationsto this measurement:

e Our data sample has both signal and background eventsin it. For an event in the
signal region, we don’t know a priori if it issignal or background.

e We are using multipleflavor tagging algorithms. Each algorithm has a different D
associated with it. Some events are tagged by more than one algorithm, and those
two tags may agree or disagree.

e Dueto experimental acceptance, not every event in our sample has aprecisely de-
termined proper decay time.

e Due to experimental acceptance, the efficiencies for positive and negative tracks
are not identical (although the correction factor istiny.)

We handle these effects with a maximum likelihood fit that accounts for the probability
that any given event is signal versus background and tagged correctly versus incorrect-
ly. In doing so, we not only account for the multiple flavor tagging algorithms and the
background in our data, but the correlations between al of these elementsis handled as
well .2

5.6.3 Results

Thefinal result of our analysisis show in Fig. 19. The pointsarethe J /¢ K3 data, after
having subtracted out the contribution from the background. The data has also been
corrected for the flavor tagging dilutions. The solid curve is the fit to the data of the
functional form: Aq-p = sin 23 sin Amyt, with Am, constrained to the world average
value. The amplitude of the oscillation issin 2. The single point to the right shows
all events that do not have a precisely measured lifetime. As shown earlier, the time-
integrated asymmetry is nonzero, therefore these events are quite useful in extracting
sin 2/3.
The result of thisanalysisis:

. +0.41
sin2( = 0.79_0‘44

Thisis consistent with the expectation of sin 23 = 0.75 based upon indirect fits to other
data. Thisresult rulesout sin 23 = 0 at the 93% confidence level, not sufficient to claim

(stat. + syst.)
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Fig. 19. The true asymmetry (Ao P(t) = sin 23 sin Amyt) as afunction of lifetime for
B — J/yK? events. The data points are sideband-subtracted and have been combined
according to the effective dilution for single and double-tags. The events are shownin
the rightmost point are those that do not have precision lifetime information.

observation of C'P violation in the B system. On the other hand, thisis the best direct
evidence to date for C'P violation in the B system. When broken down into statistical
and systematic components, the uncertainty iso(sin 25) = £0.39(stat.) & 0.16(syst.).
Thetotal uncertainty isdominated by the statistics of the sample and efficacy of thefla-
vor tagging. The systematic uncertainty arises from the uncertainty in the dilution mea-
surements (0D.) However, the uncertainty on the dilution measurements are actually
limited by the size of the data samples used to measure the dilutions. In other words,
the systematic uncertainty on sin 23 isreally a statistical uncertainty on the D’s. As
more datais accumulated in the future, both the statistical and systematic uncertainty in
sin 23 will decrease as 1/+/N.

Figure 20 showsthe contours which result from global fitsto measured datain the B
and K system.?4%5 The dashed lines originating at (1,0) are the two solutionsfor 3 cor-
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Fig. 20. The experimental determination of p and n. The curves are based upon experi-
mental measurements of V,,,, e,, B} and B? mixing. The contours are the result of the
global fit to the data.?> The dashed lines originating at (1,0) are the two solutions for 3
corresponding to sin 23 = 0.79. The solid lines are the 10 contours for this result.

responding to sin 23 = 0.79. The solid lines are the 10 contoursfor thisresult. Clearly
the result shown hereisin good agreement with expectations.

Theuncertainty onthesin 23 result presented hereis comparableto the uncertainties
from recent measurements by the Belle and Babar collaborations.?*?® While none of the
measurements are yet to have the precision to stringently test the Standard Model, the
fact that this measurement can be made in two very different waysis interesting. The
hadron collider environment has an enormous bb cross section, but backgrounds make
flavor tagging difficult. Inthe e™e~ environment, the production cross section is much
smaller, but the environment lends itself more favorably to flavor tagging. These facts
make the measurements performed in the different environments complementary to one
another.
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5.7 TheFuture

The Fermilab Tevatron is scheduled to Run again in 2001. Both CDF'* and D@ de-
tectors are undergoing massive upgrades in order to handle more than a factor of 20
increasein data. In addition, ete~ B-factoriesat Cornell (CLEO-111),?" KEK (Belle)*®
and SLAC (BaBar)* areadl currently taking data. Finally, Hera-B,*° adedicated B ex-
periment at DESY, also will begin taking datain 2001.

On the timescal e of 2003-2004, there could be as many as 5 different measurements
of sin2/3, al of them with an uncertainty of §(sin23) < 0.1. Putting these together
would yield aworld average measurement with an uncertainty of ¢(sin 23) < 0.05. Al-
though this alone will provide an impressive constraint upon the unitarity triangle, it
will not be sufficient to thoroughly test the Standard Model for self-consistency. Onthe
same timescale, improvements are required in the lengths of the sides of the triangle,
as well as other measurements of the angles. Finally, there are measurements of other
quantities that are not easily related to the unitarity triangle that are important tests of
the Standard Model.

Thefollowing isalist of some of the measurements that will be undertaken and/or
improved-upon in the coming years (thisis an incomplete list):

e (C'P asymmetriesin other modes: e.g.
- Bo/ﬁ -S>t
~ B}/BY = J/vé;
- BY/BY — KTK~;
- BY/BY = DFK¥;
- B°/B" - D*D".
e BY/BY mixing.
e rare B decays. eg. B — 't K+, B — .
e radiative B decays: eg. B — K*v; B? — ¢.
e improved measurementsof V,,: eg. B — nm; B — plv.
e massand lifetime of the B, meson.
e mass and lifetimes of the B baryons. e.g. A, = |udb >.

It will take many years and a body of measurementsto gain further insightsinto the
mechanisms behind the CKM matrix and C'P violation.
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Advancesin kaon physicsover thelast 40 yearsand advancesin B physicsinthelast
25 years have put us on track to carry out these measurements in the very near future.
These measurements will hopefully bring us to a more fundamental understanding to
the mechanism behind C'P violation.
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