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The Tevatron Collider Run 2

Prospects for Discoveries in Particle Physics
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The chances of discovering the Standard Model Higgs boson in Run 2 at the Fermilab Tevraton Collider are

discussed. The reach of a search for MSSM Higgs boson and for other Susy particles is also mentioned.

1. Foreword

The Run 1 of the Tevatron Collider lasted from
fall 1992 to early 1996 and integrated a luminos-
ity of �110 pb�1 at the energy of 1.8 TeV for
both the CDF and D0 . The CDF central tracker
comprised a drift chamber and a vertex silicon de-
tector in a solenoid magnetic �eld. D0 featured a
central drift chamber tracker but no �eld. Run1
was very successful, with great EW, QCD and b
physics, and the discovery of the top quark.
For run 2, which started in march 2001, both

the Tevatron and the CDF and D0 detectors
have been greatly improved. We are now look-
ing forward to a great campaign of physics in
run 2 as well, addressing all areas of hard physics
accessible at a hadron collider. We will study
the dynamics of hadron jets, electro-weak physics
through detailed studies of W, Z events, and fron-
tier b-physics including Bs oscillations and mix-
ing. We will also perform studies of the produc-
tion and decay properties of the top quark.
There is an area extending into the LHC

physics domain where we have a chance for new
discoveries. This is the search for the Standard
Model Higgs boson, if it is light and not much
above the LEP lower mass limit, and the low mass
sector of new physics that we believe must exist
beyond the S.M sector. I will discuss in some
detail why these exciting hopes are justi�ed.

�E-mail:giorgiob@fnal.gov.

2. Could we �nd the Higgs in run 1?

The production cross-sections of the light S.M.
Higgs at 2 TeV in the dominant channels are
shown in Fig. 1 ([1]).The Higgs decay branch-
ing ratios are shown in Fig. 2 ([1]). The main
production mechanism is single Higgs production
by gluon fusion. For masses below �135 GeV a
peak in the inclusive mass spectrum of b-jet pairs
would signal the boson. CDF has studied these
spectra and found no signal, even when the jets in
the pair were both b-tagged by a secondary ver-
tex in the jet cone. This is no surprise. The rate
of b-pair QCD production at large transverse en-
ergies, both by direct heavy 
avor excitation and
by gluon splitting, is well know theoretically and
is many orders of magnitude larger than the ex-
pected Higgs rate.
The next largest cross-section is associated pro-

duction of a W boson and a Higgs. Associated
ZH production is further down by only a factor
of 3 but is also interesting. In these processes
the tag o�ered by the weak boson in the event is
a powerful handle to discriminate against back-
ground. Let us estimate whether in run 1 CDF
had a chance of discovering the light Higgs by ex-
ploiting these production channels and the Higgs
decay into �b� b.
For MH � 110 GeV the WH cross section is �

0,2 pb. The expected event rate for an integrated
luminosity of 110 pb�1 is a few dozens. After
allowing for the W/Z branching ratios and for
trigger and analysis cuts, the overall selection ef-
�ciency for these events was �1%. Therefore, less
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than 1 event could be expected. The estimated
background rate was many events. Therefore, we
expected not to be able to set even a lower limit
to the Higgs mass.

σ(pp
_
→hSM+X) [pb]

√s = 2 TeV

Mt = 175 GeV

CTEQ4Mgg→hSM

qq→hSMqq
qq

_
’→hSMW

qq
_→hSMZ

gg,qq
_→hSMtt

_

gg,qq
_→hSMbb

_

bb
_
→hSM

Mh    [GeV]
SM

10
-4

10
-3

10
-2

10
-1

1

10

10 2

80 100 120 140 160 180 200

Figure 1. Standard Model Higgs production
cross-section at the Tevatron

In run 1 CDF looked for the following channels:
ZH!ll�b� b

WH!l��b� b

W/ZH!jj�b� b

ZH!���b� b

The events were selected by requesting large Et

isolated leptons, large missing Et, large Et b-
tagged jets. Some excess of events over the ex-
pected S.M. background was found only in the
`��b�b channel, which made this channel not very
useful in setting a lower H-mass limit. The chan-
nel providing the best limit was ���b�b , where the
rate matched the S.M. expectations with no Higgs
very well. The overall information was combined
to get the 95% upper limit on the Hproduction
cross section as a function of the mass that is
shown in Fig. 3 ([2]).
In the range from the LEP limit to MH � 130

GeV, our limit is still a factor of 30 or so higher
that the rate expected in the S.M. Indeed, no
limit could be set on the Higgs mass.

Figure 2. Light S.M Higgs decay branching ratios

3. Run 2 collider upgrades

For run 2, major upgrades have been made
to the Tevatron Collider and to the CDF and
D0 detectors. A new 150 GeV syncrotron, the
\main injector", was built in a new tunnel away
from the Tevatron enclosure. The main injector is
much faster than the old \main ring" in produc-
ing antiprotons to be stored in the debuncher-
accumulator-recycler complex. The 8 GeV per-
manent magnet recycler ring, which is housed in
the same tunnel as the main injector, is also new.
At the end of a store, the antiprotons rather than
being aborted are decelerated in the Tevatron and
in the main ring and rescued in the recycler.
While the luminosity at the end of run 1 was

around 1,5�10 31cm{2 s{1 with 6 on 6 proton-
antiproton bunches in the collider, a luminos-
ity up to 2�10 32cm{2 s{1 is ultimately planned
with the new injector/antiproton source complex.
This would be obtained with 36 on 36 bunches.
At this point in time this is already the mode of
operation of the collider. However, at 2�10 32cm
{2s {1with these beams the average number of in-
teractions per bunch crossing would be about 5,
as one can see in Fig. 4 ([3]). In order to limit
this number below about 2 as in run 1 (see Fig. 4
again), one is planning to increase eventually the
number of bunches in the antiproton beam to 108,
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Figure 5. Estimated luminosity to be integrated
by CDFand D0 before the start of LHC(tentative)

increased sensitivity in particular on hadronic b-
decays.
Except for the liquid argon calorimeter, D0

will employ a new detector. Most noticeably,
a solenoid coil has been inserted inside the
calorimeter allowing charged particle tracking up
to a radius of �90 cm in a 2 T magnetic �eld. The
tracking detector is new, with a 4-layer double-
sided silicon vertex detector followed by a 16-layer
scintillating �ber tracker. The outer muon detec-
tor has been upgraded with improved coverage
at large angles and a new forward system with
streamer tubes and scintillator pixels. All elec-
tronics is new, and comprises a stand-alone track
trigger at level 1.
One may attempt a qualitative comparison of

the CDF and D0 run 2 detectors. CDF has a
more powerful central tracker, with better pat-
tern recognition and better momentum resolu-
tion, some particle ID, and the SVT. D0 has
a more complete calorimeter coverage, a better
Etmiss resolution and a more complete coverage
in the muon detector. The physics reach of the

two detectors may not be very di�erent in the
new run.

Figure 6. Expected required luminosity for CDF
and D0 for light Higgs limits/evidence/discovery
in run 2

5. Can CDF and D0 see the Higgs in run

2?

The Tevatron collider energy will be � 2TeV.
This gives an increased VH cross sections (V=W
or Z) by �30% over run 1. Consider masses
around MH = 120 GeV, where the VH cross-
section is �0,1 pb. Run 2a is de�ned by a de-
livered luminosity of �2fb�1 (hopefully by end
2004). By then the produced VH events would
be �200 in each experiment. With a somewhat
wider trigger band and better analysis eÆciency
than in run 1 we might be able to collect �2% of
these. A few VH events would be observed, but
the estimated background is more. Therefore we
should expect to be able at that point only to set
a lower limit to the Higgs mass in this interest-
ing range. Still, we would be getting close to the
goal.
The Fermilab Higgs Working Group has made

an estimate of the reach of the combined
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CDF+D0 experiments for Higgs masses up to
�190 GeV. This is shown in Fig. 6 ([1]). The
three bands indicate as a function of the Higgs
mass how much luminosity should be integrated
by both experiments in order to reach a 95% ex-
clusion probability, a 3� evidence, and a 5� dis-
covery. In computing these �gures all VH chan-
nels and the two experiments were combined. In-
formation was gathered in the H! �bb channel
which dominates at MH <130 GeV and in the
H!WW channel which dominates at MH >140
GeV. Two identical \average" CDF/D0 detectors
were simulated. Some reasonable improvements
over the run 1 CDF detector in tracking coverage,
b-tagging eÆciency, jet energy resolution were as-
sumed.
CDF has work in progress in order to make the

Run 2 detector appreciably better than simulated
by the Higgs Working Group. Since jet energy
resolution will play a major role in the H! �bb
search, we are redesigning our jet reconstruction
algorithm. Rather than using calorimetric infor-
mation only, we are exploiting tracking informa-
tion whenever possible. We shall also exploit the
information provided by the shower max and by
the preshower detectors. On comparing the re-
constructed jet energy to the well measured pho-
ton energy in 
+jet events of Run 1 we have al-
ready achieved a better resolution by �25%.
In run 1 CDF has been able to isolate a small

sample of certi�ed light quark jets by observing a
Wmass peak in non-b-tagged jet pairs in �tt events
with 2 tagged and 2 non-tagged jets. Similarly,
by observing the Z mass peak in the b-tagged
inclusive jet pair spectrum we got a small sample
of certi�ed b-jets. These processes will provide
large samples in run 2 and they will allow both
to calibrate the jet energy scale and to optimize
the jet energy corrections for light quark and for
b quark jets separately.
Within the S.M., there are indirect indications

for a very light Higgs from the overall �t to
electro-weak observable measured at LEP, SLC
and CDF/D0. The Higgs mass is predicted to be
with high probability less than � 220 GeV. There
are also statistically weak but direct indications
from LEP 2 for a Higgs mass of �115 GeV. The
question is therefore in order: can CDF/D0 �nd

the Higgs if its mass is precisely 115 GeV? Based
on the simulations of the Higgs Working Group,
a summary answer is as follows.
If the LEP hints are a 
uctuation, CDF+D0 will
exclude a Higgs of that mass at 95% c.l. with an
integrated luminosity per experiment of �2 fb�1.
If it is there, we will get a 3� evidence af-

ter �5 fb�1(by 2005?) and a 5� discovery after
�15 fb�1.
My expectations are that CDF will be able to

perform better than what was assumed in those
simulations.

6. Non Standard Model Higgs searches

In the MSSM the couplings of two of the neu-
tral Higgs bosons are enhanced at large tan�.
This allows CDF and D0 to claim an increased
sensitivity in that region. By interpreting its
searches for S.M. Higgs signatures in this frame-
work, CDF has obtained the neutral pseudoscalar
MSSM SUSY Higgs limits shown in Fig. 7 ([4]).

Figure 7. Light MSSM neutral Higgs limits of
CDF in run 1

Unfortunately, these limits are in a tan� region
that is unnaturally high (>50 for mA>115 GeV).
However, in run 2 we expect to be able to get
down to tan� �25 with �5fb�1 (Fig. 8 ([1])).
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In the MSSM also two charged Higgs bosons
are expected. Actually, �nding these would be
the simplest and most direct way to prove that
an observed neutral Higgs is a SUSY one. If the
H+ mass is less than Mtop - mb, at large tan�
the decay t ! H++ b is a strong competitor of
the S.M. decay. The dominant H+decay would be
H+ ! �+� at large positive tan�. This would
originate an anomalous � lepton rate in the top
sample. CDF has put limits on this process by
excluding such an anomaly. The dominant H+

decay would be H+ !cs at large negative tan�.
These events would escape b-tagging. This was
tested indirectly by checking that the ratio of b-
tagged top events in the single and in the double
lepton channels is as expected in the S.M.

Figure 8. Expected MSSM neutral Higgs reach of
CDF and D0 in run 2 ([1])

The CDF MH+ run 1 limits, and the much
stronger ones expected in run 2 (with 2fb�1) are
shown in Fig. 9 ([1]).

Figure 9. CDF escluded mass regions of MSSM
charged Higgs in run 1, and expected reach with
2 fb�1 in run 2 ([1])

7. Susy searches

CDF has searched for SUSY particles with null
result in the \golden" Etmiss + jet channel, as
well as in several other channels suggested by par-
ticular models. One may choose to indicate the
SUSY discovery potential in run 2 by showing the
plot in Fig. 10 ([5]). Here one indicates with the
upper line the limit to the mass on a number of
SUSY particles beyond which the theory would be
unreasonably stretched. This limit ranges from
about 800 GeV for squarks and gluinos to about
300 GeV for charginos. The theory most natu-
ral values, where the density of expected mass
values with varying theory parameters is approx-
imately maximum, is shown at the center of �g-
ure. The present experimental limits, although
signi�cantly close to the most natural values, are
consistently below them. In run 2, already with
2 fb�1 and even more with 15 fb�1, we will reach
them or go beyond them. Of course, given the

exibility of SUSY there will still be plenty of
room left unexplored in parameter space to allow
the theory to escape experimental veri�cation.
One might recall a number of anomalies ob-

served in the CDF run 1 data and wonder whether
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Figure 10. Most natural value, and upper natu-
ral mass values of some SUSYparticoles are com-
pared to the CDF reach in run 2 with 2fb�1 and
with 15fb�1

hints of SUSY have not been already observed.
There is a famous ee

 Etmiss event that re-
mains unexplained and has prompted an inter-
pretation in terms of selectron pair production.
A moderate excess of rate was observed in the
large transverse energy e
Etmiss sample. Very
recently, CDF has submitted for publication a
paper reporting a puzzling excess of rate at jet
multiplicities 2 or 3, of W+jet events containing
a large Et\superjet", i.e. a jet tagged both by a
secondary vertex and by a lepton prong. None
of these anomalies has suÆcient statistical sig-
ni�cance and plausible enough interpretation to
deserve the credit of a strong hint for new phe-
nomena. Still, it is fair to be puzzled. Needless
to say SUSY may not be the real answer. Future
will tell.

8. Comparison with LHC

CDF and D0 share much of their physics goals
with ATLAS and CMS at the LHC. For Standard
Model physics the attainable precision will often

be limited by systematic uncertainties in all ex-
periments. For example, the error on top quark
mass may be reduced to 2 GeV at the Tevatron
and it will be hard to do better than 1 GeV even
at LHC. The error on the W mass may be reduced
to around 20 MeV at both colliders.
However, the potential of LHC for discovering

new phenomena is much larger. At the Tevatron,
the reach on S.M Higgs mass cannot possibly go
beyond 180 GeV, while at the LHC the reach is
up to 1 TeV. At the Tevatron, squarks and gluino
masses will be explored up to �400 GeV, while at
the LHC one may reach �2TeV, well beyond the
\reasonable" range shown in Fig. 10 ([5]). Given
this, why are we at CDF so excited? Because in-
spite of its limited reach, the Tevatron does have
a chance. The present picture of particle physics
is telling us that both the Higgs and some new
particle opening the window on physics beyond
the S.M. \ought to be light". And also, frankly,
because the Tevatron is so many years in front of
LHC.

9. Conclusions

The large integrated luminosity potentially of-
fered by the upgraded Tevatron in the years
before the start of LHC will make an excit-
ing physics program possible in the next several
years. Let aside the luminosity, we can rely now
on two much more powerful detectors than in
run1. This is a very real point of strength of the
run 2 Tevatron program.
The progress of the Tevatron from spring this

year has been slow but steady. From this, there
is no reason for being pessimistic, but admittedly
no particular reason for being optimistic as well.
CDF will be able to produce physics quality

data early in 2002. After that, data will 
ow for
years and years. We expect to be able to publish
the �rst papers based on the new data in fall 2002.
Shall we make some discovery later on? Possi-

bly, with luck.
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