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The latest results for QCD and Heavy flavor at the Tevatron are summarized. The most recent results
on Jet physics are discussed in the light of searching for new physics and to study the contribution of
soft interactions to the hard process. The production of ¢ and b-hadrons and the their decay properties
can be precisely measured at the Tevatron. Lifetimes, branching fractions and CP asymmetries for
several decay modes are discussed. In particular the prospects for Bs mixing at the Tevatron are

presented.

1 The accelerator complex and the
experiments

In this decade both experiments CDF and D0
aim to perform high precision measurements
in the Heavy Flavor and Quantum Chromo-
dynamics (QCD) physics sector investigating
process with a relative high production cross
sections. New phenomena, with a cross sec-
tions several order of magnitude lower than
inelastic pp cross section are also searched for.
Since these process compete among them for
the different production and decay proper-
ties the accelerator complex and the detec-
tors have been upgraded to cope with all the
requirements.

1.1 The new machine

In order to obtain large samples of data two
steps have been taken: increase the center-
of-mass energy and increase the luminosity.
The first one has been raised from 1.8 to
1.96 TeV. In order to increase the instan-
taneous luminosity the accelerator complex
has been changed to allow 36x36 bunches per
beam. The highest peak luminosity up today
has been 1.1032 x 10%2¢cm~2s~!. The inter
bunches time has been lowered to 396 ns from
3500 ns to keep the average number of inter-
actions per crossing acceptable. The machine

is operating now around 120 hours per week
with stable performances. The delivered in-
tegrated luminosity is now 0.7 fb~! as from
design. Starting from these numbers the ex-
pected integrated luminosity in the 2005 goes
from 0.93 to 1.2 fb~! depending on the ma-
chine performances. At the end of 2009 the
Tevatron should deliver 4.4 - 8.5 fb~! of data.

1.2 CDF and D0 experiments

CDF and D0 are multi-purpose detectors giv-
ing the possibility to perform measurements
in different physics fields. An high resolu-
tion tracking system is the heart of the de-
tectors and it is crucial for B-physics. The
CDF tracker is based on silicon microstrips
detectors and drift chamber. DO uses silicon
microstrips, pixels and scintillating fiber de-
tector. Both experiments have upgraded the
tracking system to cover high 7 regions which
are important also for muons identification in
the very forward region. For B-physics are
also important Particle Identification Detec-
tors (PID). CDF uses the measurement of the
time of flight of each particle to distinguish
7 from K and p and the energy deposited on
the drift chamber . The achieved separation
m-K is about 1.50 up to 5 GeV. Good elec-
tromagnetic calorimeter and well calibrated
hadron calorimeter covering as much solid an-
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Figure 1. DO: Inclusive jet cross section in different
regions of rapidity compared to pQCD NLO predic-
tions.

gle as possible are necessary for good jet en-
ergy resolution. In addition to the detector
changes, the trigger and the data acquisition
systems have been upgraded to cope with the
higher collision rates. In particular CDF has
a new trigger, SVT, which allows to select
events with at least two tracks displaced from
the primary vertex. Large samples of ¢ and b
hadrons are collected with this trigger.

2 Jet Physics at 2 TeV

Jets have been studied at the Tevatron as
means of searching for new particles and in-
teractions, testing a variety of perturbative
QCD (pQCD) predictions and providing in-
put for the global Parton Distribution Func-
tions (PDF) fits. The increased instanta-
neous luminosity and center-of-mass energy
with the improved detectors will allow strin-
gent tests of the Standard Model (SM) pre-
dictions in extended regions of jet transverse
momentum, P2, and jet rapidity, Y7t

2.1 Inclusive Jet production

In the so called Run I there was a great in-
terest in the measurement of the inclusive jet
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Figure 2. CDF: measured inclusive jet cross section
compared to pQCD NLO prediction.

cross section due to the excess appeared at
high jet transverse energy, Er, over the Next-
to-Leading Order (NLO) theoretical predic-
tions which were using the available PDF’s.
The inclusion of the CDF and DO measure-
ments in the global fits explained this excess
in term of a larger than expected gluon dis-
tribution at high . The uncertainties on the
gluon PDF at high z are still large and they
can be better constrained measuring the in-
clusive cross section in the forward regions.
DO experiment has already performed a such
a measurement with |Y7¢| < 2.4 (figure 1).
At the moment the results are affected by a
large systematic error dominated by the jet
energy scale. The experiment is highly reduc-
ing this error and a much more precise mea-
surement will allow to constrain the gluon
distribution enhancing the sensitivity for new
physics in the jet cross section. Thanks to the
increased center-of-mass energy the measure-
ment of the inclusive jet cross section has al-
ready extended the Er coverage. CDF mea-
surement goes up by almost 150 GeV com-
pared to Run I as showed in figure 2 allowing
to test new regions for new physics. If new
phenomena, are presents they should mani-
fest them self also in the di-jets cross section
as an excess in the high mass di-jets invari-
ant mass distribution or as resonances in this
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Figure 3. DO0: jet cross section as function of di-jets
invariant mass compared to pQCD NLO prediction.

mass region. The comparison between data
and theory, pQCD NLO, (figure 3) shows an
agreement within the large experimental er-
ror dominated by the systematic on the jet
energy scale. The measurement of the in-
clusive jet cross section at low PJ* allows
to study the jet fragmentation. CDF deter-
mines the inclusive jet cross section using the
K algorithm with the value of the D param-
eter in the Ky expression,

, (i —y;)* + (i — ¢;)°
Kij:mln(p%’,iap%’,j) - : D : :

equal to 0.5, 0.7 and 1.0. The comparison
between data and pQCD NLO shows that
data is systematically above the predictions
at low PI* and that the effect increases as
D increases (see figure 4). This behavior can
be explained as the missing soft-gluon con-
tributions and a not complete fragmentation
description. More details on these measure-
ments can be found here 1.

2.2 W+jet(s) Production

The study of the associated production of a
W boson and a given number of jets is impor-
tant for the precise determination of the Top
quark properties and to evaluate the char-
acteristics of the background in the Higgs
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Figure 4. CDF: Ratio between the inclusive jet cross
section evaluated using the K7 algorithm with D =
0.5 (up) and D = 1.0 (bottom) and pQCD NLO pre-
dictions.



T T T T
CDF Run Il Preliminary
: W—ev +2>n jets, 127 pb *
¥ CDF Data

JetClu R=0.4 (E;>15 GeV, In, |<2.4) 3
w/ syst. + Jet Energy Uncertainty
ALO QCD pge= Mg, Alpgen
VLO QCD = <p7> Alpgen

Cross Section (pb)

10

1 - 3
Jet Multiplicity ( = n jets)

Figure 5. CDF: Measured inclusive cross section for
W+ > Njet compared to pQCD LO prediction as
implemented in ALPGEN+HERWIG

searches. The precise measurement of the
W 4 Njes cross section is one of the means
to test the pQCD LO and NLO. Figure 5
shows the CDF cross sections compared with
the leading-order QCD prediction from the
matrix-element Alpgen Monte Carlo program
interfaced with the parton-shower model pro-
vided by the Herwig Monte Carlo program.
The Run IT measurement is about 10% larger
than in Run I as expected for the increased
center-of-mass energy.

3 Heavy Flavor Production

The b and ¢ quark production cross sec-
tion should be well calculable in QCD since
mg >> Agep (where Q = b,c¢). The Beauty
quark production cross section has been mea-
sured by both the CDF and D0 experiments
in Run I and found to be about 3 times
larger than NLO QCD calculation. Since
then several theoretical improvements took
place: the use of the Fixed Order Next to
Leading Log calculations, the inclusion of the
new fragmentations functions extracted by
LEP data, the use of new PDF’s and of the
Monte Carlo which match the NLO calcula-
tion with parton shower formalism in Herwig
have almost canceled the discrepancy. Never-
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Figure 6. CDF: Differential cross section for |y| < 1
shown by the points. The solid curves are the the-
oretical predictions with the uncertainties indicated
by the shaded bands.

theless, new measurements at the new center-
of-mass energy are important to shed light on
this controversial field. Using just 5.8 £ 0.3
pb~! data CDF performs a measurement of
prompt charm meson production cross sec-
tion. The charm mesons are reconstructed
in the following decay modes: D° — K—x™,
D*t —» D%t with D° - K—=nt, Dt =
K—ntnt, Dy — ¢rt with ¢ - KTK~ and
their charge conjugate.

The measured differential cross sections
are compared to a recent calculations 2as
shown in figure 6. They are higher than the
theoretical predictions but compatible within
uncertainties.

A new measurement of the total inclusive
J/1 cross section in the central rapidity re-
gion |y| < 0.6 has been carried out and the
integrated value is:

o(pp = J/YX) x Br(J/¢ = pp) =

240 + (stat) 33 (syst)nb
Taking advantage of the large azimuth cov-
erage of its muon system, DO measured the
differential cross section as function of the ra-
pidity. Both are in agreement with the theo-
retical predictions.

Selecting b hadrons, Hj,, with Hp, —
J/¢¥+X CDF has measured also the Hy cross
section shown in figure 7 with the Run I mea-
surements and the new theoretical predic-
tions superimposed where is possible to see
the good agreement between Run II and Run
I data and data and theory.

The b—jet production cross section anal-
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Figure 7. CDF: Differential b hadron cross section as
function of b hadron momentum compared to theory
predictions.

ysis is in progress for CDF and D0 measured
it on 3.4 pb~! of data. The b is identified
thought the semileptonic decay to muon. The
result, which will be updated soon, is con-
sistent with Run I measurement. Details on
all cross section measurements can be found
here 3.

4 B Hadron Lifetimes and B?
Lifetime Difference

At the first order the b-hadron lifetimes are
expected to be:

T(By) ~ 7(By) = 7(Bj) = 7(A})

u

Spectator effects can be calculated in the
Heavy Quark Expansion Theory (HQET) *
which modify the lifetime ratios:

(By) — 1,09+ 0.03,

7(BY)

T(B,) _

7ty = 100001,
T(Ap) _

2045 = 0.87+0.05

Experimentally the Tevatron experiments
can not compete with the B—factories for
the B and B) measurements while they are
the unique place where B? and A{ lifetimes
can be precisely measured. Anyhow both ex-
periments CDF and DO measure the B, /B
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lifetime ratio as a crosscheck that the tech-
nique and all the detector effects are well
under control. The value obtained by CDF
is 7(B})/7(BY) = 1.080 £ 0.042 where the
BY is reconstructed via the decay in J/¢K*°
and B} — J/¢K*. DO reconstructs B —
uTvD*~ X which is constituted for 86% of
B° and B — putvDCX populated by 82% of
B7T. Performing a ratio bin by bin of the
proper decay length obtains 7(B})/7(BY) =
1.093 + 0.021(stat) + 0.022(syst). Both mea-
surements are in agreement with the world
average 7(B;)/7(BY) = 1.086 £ 0.017.

In 250 pb~! of data DO reconstructs 61 +
12 events of A) — J/¢A° and 291423 events
of B — J/¢K?. The measured lifetime ratio
7(A9)7(BY) = 0.87419,15%(stat) £ 0.028(syst)
is in good agreement with the theoretical ex-
pectations.

The lifetime measurements in the B? sec-
tor depend on the decay channel used due
to the fact that the sample can have differ-
ent amount of the two component By and
By, the mass eigenstates with different mass
and width corresponding also to different
CP states. The theoretical expectations for
AT =T — 'y range from (7 — 14) x 1072,
CDF exploits the decay BY — J/¢¢ where
the final state is composed by two spin-1
particles and can be decomposed through an
angular analysis into CP-odd and CP-even
states. The three complex amplitude, the
short-lived CP-even Ag and A}, and the long-
lived CP-odd At are extracted from a fit to

the data:

Ap =0.784 £ 0.039 £ 0.007

|4)/| = 0.510 £ 0.082 £ 0.013

|Ar| = 0.354 £ 0.098 + 0.003

arg(A))) = 1.94 + 0.36 £ 0003
The same fit gives a lifetime difference AT =
0.4713-29+0.01 ps—! and AT/T = 0.657525+
0.01 when no constrain is applied on total
Bs; width. If I'y = T’y is required, AT' =
0.46791740.01 ps ! and AT/T = 0.7173 25+

0.01. In figure 8 the projection of the un-
binned maximum likelihood fit on ct is shown.
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For a complete review of lifetime measure-

ments see °.

5 Branching Ratios and CP

Asymmetries

CDF has performed several measurements
exploiting the displaced tracks trigger, SVT.
First of all a new decay mode B — ¢¢ with
¢ — KK has been reconstructed and the
branching ratio measured to be:

BR(B? — ¢¢) = (1.4 £ 0.6(stat.) +

0.2(syst.) £ 0.5(BR's)) x 1075
This decay mode can be used to measure the
BY lifetime difference and test the Standard
Model for new physics. Details on this mea-
surement can be found here ¢.

With the same trigger a sample of B —
Rth'~ (7,K) has been recorded. The mass
peaks of all these two-body decays are recon-
structed with a conventional assignment of
pion mass to both prongs, and contribute to
a single bump see figure 9. In the measure-
ment of the relative Branching Ratios and
the direct CP asymmetry the small kinemat-
ics differences between distinct modes and
the particle identification information pro-
vided by the specific ionization (dE/dz) in
the drift chamber are exploited. The results
on Branching Ratios are:
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BR(By—rta~
B = 0.24+ 0.06(stat) % 0.05(syst)

L DRBLIC KD = 0.50 £ 0.08(stat)  0.07(syst)
d

%j 10@90%C. L.

L By < 0.11@90%C.L

The direct CP asymmetry is given:

N(By— K nt)—=N(BY - K*n~) _

N(BY = K-n+) + N(BS = K+n-)
—0.04 £ 0.08(stat.) = 0.01(syst.)

Acp =

Details on this work can be found here 7.

Branching ratios and CP asymmetries
are measured by CDF also in the charm sec-
tor for D° - KK and D° — nw. CDF alone
improves the current world averages. A com-
plete description of this measurements can be
found here 8

6 B. and B** evidences

The B, is the last of the ground state B
meson to be studied. Many phenomenolog-
ical models( ? 10 1)
and branching fractions to a rich array of fi-
nal states. The properties of the B, mea-
sured in Run I had the limitation of the low
statistics. The B, decays a significant frac-
tion of the times to final states containing a

predict lifetime, mass
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Figure 10. DO: The J/4u invariant mass and pseudo-
proper time distributions for data(points) with the fit
result overlaid.

J/v which is an clear signature at the Teva-
tron. DO has identified B, candidates in the
B, — J/¢uX final state. An unbinned like-
lihood fit of the mass and the lifetime is per-
formed for each candidate. The probability
distribution of the pseudo-proper time is ob-
tained from an exponential distribution tak-
ing into account the resolution on the event-
by-event basis and correcting for the loss of
the neutral particles. The fit is performed
under a variety of of mass hypotheses. A
parabolic fit to the values of -2log(likelihood)
returned by the fit yields a mass estimate of
5957013 GeV/c?, a lifetime of 0.44879(%3
ps and the number of events N = 95 + 12.
The results of the best fit are shown in fig-
ure 10. The major systematic errors are
coming from the limited background sam-
ple, the non-resonant B, decays, the track-
ing detector alignment and the transverse
momentum binning. The final results are:
N=05 + 12 £ 11 lifetime 0.448™ % &+ 0.121
ps and mass 5.95%3% 5 +0.34 GeV/c? 12 .
Besides new ground states also the spec-
troscopy of mesons containing b-quark can
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be extensively studied at the Tevatron. Only
the JP = 17 excited state B* is considered
well established. The narrow L = 1 B; and
B have been studied by ALEPH 3 with ex-
clusive B decays but they were statistically
limited. On the contrary the mass, widths
and decay branching fractions of these states
are predicted with good precision by various
theoretical models( !4- 7). These predic-
tions can be verified experimentally to obtain
important information on the quark interac-
tion inside bound states and derive constrains
on non-perturbative QCD. The DO collabo-
ration studied the properties of the two nar-
row states with L = 1. The decay chain is:
By —» B*w, B* - By and By — B*r with
B* — B+ plus the direct decay By — Bm.
The B are reconstructed in the following fi-
nal states: BY — J/YK+, BY — J/K*°
and By — J/¥K,. An additional track ()
with the right charge correlation is required
for B; while no charge requirements are ap-
plied to By. Figure 11 shows the mass dif-
ference AM = M(Bw) — M(B). The contri-
bution of By — B*r is evident in the first
peak. The second one is the contribution of
By = B*m and By — Bw. The number of the
events is extracted from the fit to be 536 +114
for both decay channels. The results for the

ichep04: submitted to World Scientific on November 15, 2004 rd
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Figure 12. Semileptonic B; yields for DO

masses and the widths including systematic
errors are:

M(By) = 5724 + 4(stat) + 7(syst) MeV/c?

M(By) — M(By) =

23.6 & 7.7(stat) & 3.9(syst)MeV/c?

Iy =Ty = 23 + 12(stat) + 9(syst)MeV/c?
They are in agreement with the theoretical
expectations within the errors.

7 B Mixing

The measurement of the BY oscillation fre-
quency, Amg, is one of the missing pieces to
constrain the Unitarity Triangle and there-
fore the Standard Model. This model gives
the value of Am, with an accurate predic-
tion and the comparison with the experimen-
tal measurements allows to test the presence
of new physics beyond the Standard Model.
Moreover the knowledge of Amg is a prereq-
uisite for many time-dependent CP violation
studies in the B, system. The current limit
is Ams > 14.4 ps~'. The value for the BY
mixing frequency Amgy = 0.502 + 0.007. The
comparison between the two frequencies tell
us how difficult will be to extract Am, from
data, there will be more than three full B? os-
cillation cycles within one lifetime. In order
to perform the measurement the following is

For Publisher’s use

(I

CDF Run Il Preliminary L =245 pb'1

F Bg=I"D X
N(DS) = 2356 + 69

400

200

Number of Entries / 3 MeV

e
M(@m) [GeV/c

(=]

Figure 13. Semileptonic B, yields for CDF

necessary:

e Reconstruct an high statistic sample of
B? decays.

e Determine the BY proper time with high
precision.

e Identify the flavor of the B at the pro-
duction and decay time.

The first two requirements are somehow in
competition. The large samples of semilep-
tonic decays shown in figure 12 for the DO
experiments and in figure 13 for CDF, have
poor proper time resolution due to the un-
certainty on S~ factor for the neutrino loss.
Fully reconstructed BY decays have a good
proper time resolution but lower statistics
(see figure 14). In table 1 the yields for
the decay modes currently reconstructed are
summarized. The other crucial ingredient is
the flavor tagging to determine whether a B?
or a BY was produced. Several algorithms
have been developed based on the study of
the fragmentation tracks around the B (Same
Side Tag) or which identify the flavor of the
other B in the event (Opposite Side Tag).
The effectiveness of a flavor tagger is usually
expressed as eD?, where € is the tagger effi-
ciency and D = 1—2W is the dilution with W

ichep04: submitted to World Scientific on November 15, 2004 8]
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Table 1. B? yields for CDF and, last row, for DO0.
N©°Ys js the observed number of events and L is the
integrated luminosity.

Channel | N | L(pb!)
B? — D,m 339 +22 264
(Ds — ¢m)

B? - D,m 57+ 11 124
(Ds — 3m)

BY = D,n 190 + 25 240
(D, = K*K)

BY - Dy3w 95 + 17 264
(Ds — ¢m)

BY - lvD,X | 2342+ 66 245
(Ds = ¢m)

BY — lvD,X | 9481 + 253 250
(Ds — ¢m)
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the wrong tagging probability. Both experi-
ments have demonstrated their capability of
tagging events by measuring the oscillation
frequency in the BY system. When all tag-
ging algorithms are combined CDF obtains
eD? = 1.820 + 0.114%. DO has similar val-
ues.

Neither CDF nor DO have at the moment
enough data to measure Amg. Both collab-
oration are working to set a limit. CDF has
studied its sensitivity for different configura-
tions which are close to what is observed in
the data. The current dataset consists of 250
pb~! of data. The predictions are calculated
for two different scenario: eD? = 1.6% and
the proper time resolution, oy = 67 fs called
“baseline”and eD? = 2.6% and o; = 47 fs
identified as “stretched”. In figure 15 the
significance is plotted as function of Am,
for the combined sample of semileptonic and
hadronic decays. The 95% Confidence Level
(CL) limit is Am, ~ 14 ps~! for the base-
line scenario and Am, ~ 23 ps~! for the
streched one. The same numbers can be used
to evaluate the reaches. The sensitivity for

ichep04: submitted to World Scientific on November 15, 2004 9
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Figure 16. Bg mixing sensitivity for 50 observation
as function of the scale factor to the current yield

50 observation of a given Amyis shown in
figure 16 as function of a scale factor re-
spect to the current yield (which does not
just multiply the current yield, because of
the detector and trigger configurations which
can change as the luminosity increase) of
combined hadronic and semileptonic decay
modes. In order to measure Amgs; = 19
ps~! CDF needs 6 times more data respect
to what has now and 10 times to reach
Am, =24 ps~1L.

8 Conclusions

This review presents a snapshot of the Jet
and Heavy Flavor physics from the Teva-
tron experiments in summer 2004. The jet
data have produced several interesting re-
sults. The inclusive cross section and the di-
jets cross section have been studied to search
for new physics and to verify the pQCD with
high precision at high momentum. The mea-
surements done at low momentum allow to
study the non perturbative process like soft
gluon contributions and fragmentation. The
physics results achieved with ¢ and b hadron

For Publisher’s use

(I

are already of primary importance to test the
Standard Model and the new data that both
collaborations are analyzing will be useful to
better constrain it. The B? physics provide
a unique window on B physics and it is ac-
cessible only at the Tevatron. The measure-
ment of BY oscillation frequency is one of the
most important to constrain the heavy flavor
sector of Standard Model together with the
BY lifetime difference. A discrepancy with
the model would mean new physics. Be-
side that, the Tevatron can also contribute
to other B measurements competing with the
B-factories since the number of events col-
lected are becoming really huge.
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