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Public Lecture slides and video

4

https://www.dropbox.com/s/5p3p95iccs0yrz1/FGH-r.pdf?dl=0
https://www.youtube.com/watch?v=uvorOfNkUa8&feature=youtu.be


Fermilab Ph.D. theses: 2281 and counting!

More than 170 “renowned” papers

10 Panofsky Prizes, 8 Wilson Prizes, 4 Sakurai Prizes
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50 years ago: How little we knew
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Problems of High-Energy Physics (NAL Design Report, January 1968)
We would like to have answers to many questions. Among
them are the following:

Which, if any, of the particles that have so far been discov-
ered, is, in fact, elementary, and is there any validity in the
concept of “elementary” particles?

What new particles can be made at energies that have not
yet been reached? Is there some set of building blocks that
is still more fundamental than the neutron and the proton?

Is there a law that correctly predicts the existence and na-
ture of all the particles, and if so, what is that law?

Will the characteristics of some of the very short-lived par-
ticles appear to be di↵erent when they are produced at such
higher velocities that they no longer spend their entire lives
within the strong influence of the particle from which they
are produced?

Do new symmetries appear or old ones disappear for high
momentum-transfer events?

What is the connection, if any, of electromagnetism and
strong interactions?

Do the laws of electromagnetic radiation, which are now
known to hold over an enormous range of lengths and fre-
quencies, continue to hold in the wavelength domain char-
acteristic of the subnuclear particles?

What is the connection between the weak interaction that
is associated with the massless neutrino and the strong one
that acts between neutron and proton?

Is there some new particle underlying the action of the
“weak” forces, just as, in the case of the nuclear force,
there are mesons, and, in the case of the electromagnetic
force, there are photons? If there is not, why not?

In more technical terms: Is local field theory valid? A fail-
ure in locality may imply a failure in our concept of space.
What are the fields relevant to a correct local field theory?
What are the form factors of the particles? What exactly
is the explanation of the electromagnetic mass di↵erence?
Do “weak” interactions become strong at su�ciently small
distances? Is the Pomeranchuk theorem true? Do the total
cross sections become constant at high energy? Will new
symmetries appear, or old ones disappear, at higher energy?
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Angela Gonzales
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Operated by Uni"1:rsilies Research Association Inc . 
Under Controct with the United Stotes Atomic Energy Commissoon 

February 24, 1972 

.... Broad smiles at NAL on February 11, 1972 .. .. (L toR) 
R. R. Wilson, D. Sutter, E. L. Goldwasser, T. Collins, 
s . Mori, E. Hubbard, and E. Malamud • . .. 

. . .. Reason for the smiles ... . 
100 BeV on that date . .. . 

A DAY TO REMEMBER! ! 

There were indications in the NAL Main Control Room all day on Friday, February 11th, 
that it was going to be a good day . The elusive proton beam was more responsive than usual 
to the control system and to the crew working hard to train the beam into going to higher 
and higher energies around the four-mile NAL race track. 

The entire Accelerator Section, under the guidance of Robert R. Wilson and Donald E. 
Young, had been marshalled all week -- all month, in fact, having attained 20 BeV on 
January 22nd and 53 BeV on February 4th . The experience and know-how they had gained in 
the past weeks spurred on their efforts to reach for further acceleration. 

Ernest Malamud, Ryuji Yamada and Frank Nezrick led the day 
shift on Friday, the 11th. Transition energy (17 BeV) was 
achieved in the morning; tuning continued throughout the day, ad-
justing to get all of the component systems to function at the 
same time. Operations went very well during the day; some of the 
day shift people stayed on into the evening shift, hoping to see 
success before they left. 

At 7:30 p.m. the evening crew, led by Shigeki Hori, Tom 
Collins, Dave Sutter and Chuck Schmidt, once again attained beam 
at transition energy, but for some time they could not get the 
energy to increase . Activity moved back and forth between the 
Main Control Room and the men on duty six blocks away in the 
Radio Frequency Building, Jim Griffin, Ray Stiening, K. C. Cahill, 
Ed Higgins and J. Hoelscher. The two groups continued adjusting 
and watching for results on the oscilloscope screens. At 9 p.m. , 
after Jim Griffin made a simple adjustment of the B dot knob, the 
energy of the beam began to climb upward. Each additional pulse 
of the machine brought cheers from the Main Control Room 
on the inter-com to the R. F. building. In a very short time, 

(Continued on Page 2) 
.. ••. Gift from Dubna . .. 
Photo by Tony . NA 

.... (L toR) J. Griffin, K . C. Cahill, 
R. St.iening, E. Higgins in R.F. Building ... . 

the beam touched 100 BeV . 

. .. . (L toR) D. Sutter, F. Nezrick, D • 
Jovanovic, in t he Main Control Room ... . 

A telephone call brought the Laboratory Director, Robert R. Wilson, to the Main 
Control Room. He was carrying a bottle of vodka, inscribed i n handwriting on the label: 
"For Bob Wil son and colleagues when energy is greater than 76 BeV .. . A. A. Kuznetsov, 
Dubna . " Wilson led a group to the R. F . Building, the scene of the breakthrough , where he 
shared the beverage and the undisguised joy of the occas i on. 

Tension gone, replaced by the inspiring realization that enormous efforts of count-
less persons and groups had begun to bear fruit , the crews shortly resumed their duties 
and the machine continued its magnificent performance throughout the night. 

Experiment Number 36 personnel were called about 10 p.m. , for they had been 
scheduled to test equipment installed in the Main Ri ng beam pipe beneath Service Building 
C-0 as soon as 100 BeV beam was achieved. Now, they had their chance to observe an 
accelerated beam react in their experimental apparatus , at 4 a . m. on February 12th. 

Later, a shut-down was called for, to start unsplitting power suppl ies . By Monday 
morning, as word of the achievement spread like wildfire through the Laboratory, plans 
were already being posted for preparat ions that will lead to design energy (200 BeV) soon. 
The Accelerator Section obviously will be anxious to try for t his new thrill, having so 
thoroughly enjoyed the last one!! 

(Except as noted , all photographs in this article were taken by Ryuji Yamada, NAL . ) 

... . (L toR) R. Flora, R. Cassel, H. Edwards 
at the console in the Main Control Room •••• 

***** 

. . .. T. Collins (L), Shigeki Mori shortly 
after reaching 100 BeV .... 
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First experimental publication
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Vol. 3 No 28 July 15, 1971 

NAL, CALTECH JOIN IN NEUTRINO STUDIES (EXPERIMENT 21) 

NAL is about to undergo an interesting, significant and challenging transitional phase 
from early construction to operations; from building to research; from bricks and mortar to 
scientific investigation. 

One of the first assignments before the world's most powerful particle accelerator will 
be to assist in the complex search for a new particle that would help 
describe nature's mysterious weak nuclear force. 

Discovery of such a particle would indicate striking similarities 
between the weak force and at least two of the three other fundamental 
forces of nature -- the strong nuclear force and the electrical force. 
Both of these forces have specific particles associated with them, and 
perhaps the remaining one, gravity, does also. 

Experiment 21, the goals of which are described in simple terms 
above, will be an NAL-California Institute of Technology collaboration . 
It is a novel experiment of C. Barish, 35 years old, and _Frank 
Sciulli, 32, associate and assistant professors, respectively, at Cal-
tech. They are working with Alfred W. Maschke, head of NAL's Beam 
Transfer section, in what will be one of the first experiments to be 
undertaken on the proton synchrotron at NAL. They have been selecten 
to investigate neutrino physics during the initial operation of the 
accelerator and continuing until January, 1973. The Caltech-NAL re-
searchers plan to carry their studies on neutrinos up to about 300 BeV. . . 
Presently, data exists only up to about 10 BeV . • . . Frank one 

of the Caltech pro-
fessors associated with 

and Experiment 21 . . . 
of the weak force, which they will study, remains 

something of a mystery. It is asso.ciated with radioactive decay, 
its interactions are many billions of times slower and weaker than 
those of the strong nuclear force, which binds together the protons 
and neutrons in an atom's nucleus. 

Photo by Tim Fielding, 
NAL 

It is the research team's plan to seek a particle that could carry the weak force. Al-
though such a particle never has been found, it already has been named. It is called variously 
the "W," the "Uxl," or the "intermediate vector boson." One may exist, just as a particle--
the photon -- exists for carrying the electrical force. 

If the W exists as a particle, present evidence suggests it will have a mass greater than 
that of two protons; this means that the weak force interacts over the extremely short distance 
of four quadrillionths of an inch or less. The higher the mass of the W, the more difficult it 
is to produce . 

The Caltech-NAL experiment, supported by the U.S. Atomic Energy Commission, hopes to pro-
duce and detect the particle if its mass is less than about 20 proton masses. The high energy 
of NAL ' s new accelerator system makes this possible -- if the particle exists. 

Says Dr . Sciulli: "We also will be able to probe more deeply than hitherto possible into 
the proton and the neutron. This could help us understand more about their structures and the 
forces associated with them. We may learn more about the electrical force because indications 
are that the weak force is related to it." 

A small but distinguished group of physicists will conduct the experiment at NAL with 

(Continued on Page 2) 

NAL, CALTECH JOIN IN NEUTRINO STUDIES (EXPERIMENT 21) - Continued from Page 1 

• . . An aerial view of the "Wonder Build-
ing" located near the intersection of 
Wilson and McChesney Roads, where Cal-
tech experimenters are at work ••• 

Photo by Tony Frel o, NAL 

.. . Neutrino detectors (left) plus iron core 
toroidal magnet designed and being install-
ed inside the Wonder Building by the Cal-
tech group for initial measurements of 
neutrino interactions as soon as the NAL 
beam is available .•• 

Photo by Tim Fielding, NAL 

Barish, Sciulli and Maschke. They include Les Oleksiuk of the NAL Beam Transfer section; and 
from Calt ech: Peck , associate professor of physics ; Yorikiyo Nagashima, senior re-
search fellow; William Ford, Dennis Shields (research fellow) and Tom Humphre1, thesis student. 
George Krafczyk, NAL technician , has been assisting in installing the experiment. 

Members of the Caltech physics faculty and several Caltech students have been at NAL 
since March, preparing for this early expPriment. They are housed in what was a cornfield be-
tween Batavia and McChesney Roads and to the east of Wilson Road. The lights rarely go off at 
the "Wonder Building"; they are on day and night, weekdays and weekends, as the team completes 
the special equipment designed and built for this experiment. The ''Wonder Building" has a 
dirt floor, no framing, features bottled water and chemical toilets. It is truly an austere 
"Wonder Building" but it contains some of the most advanced scientific equipment for elemen-
tary particle research in the world. 

During the school term at Caltech, the faculty members commuted from California to NAL, 
in order to maintain their teaching commitments and to prepare for the experiment at the same 
time . The Barish, Nagashima , and Sciulli families are now residing in the Surrey Hill apart-
ments in St . Charles; the Caltech students working with the project are living at "The Pad" --
a dormitory-type facility located at 32 Sauk in the NAL Village. The professors and their 
families will return to California in the fall and will resume their commuting-teaching- ex-
perimenting schedule . 

Robert R. Wilson, NAL Director, told the NAL Users' Organization, at their annual meeting, 
that the first aim of experiments on the NAL accelerator system will be at detection of a 
neutrino. "I feel that we then will be in business to do experiments on our accelerator, and 
I feel that this detection will come in the Caltech-NAL experiment. The Caltech installation 
excites my envy -- their enthusiasm and improvisation gives us a real incentive to provide them 
with the neutrinos they are waiting for." 

The new accelerator will make it possible for the first time to observe the behavior of 
the weak nuclear force at high energies. Present knowledge of this force is based primarily 
on decays of heavy particles at low energies. Drs . Barish, Sciulli and Maschke will develop 
a very high energy beam of neutrinos -- a product of weak force interactions -- for this in-
vestigation. The beam will be unique in that its design allows the experimenters to specify 
the energy of the neutrinos that they wish to investigate. 

Summarizing the progress of the NAL-Caltech experiment preparations, Barish commented, 
"We're on schedule; we'll be ready when the beam goes on, but not before, I hope, because it 
would be hard to wait." 

***** 27
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CAL TECH GROUP DETECTS NEUTRINOS 

In 1971, NAL Director Robert R. Wilson told the Users' Organization that "one of the first 
aims of experiments on the NAL accelerator system will be the detection of a neutrino. I feel 
that we then will be in business to do experiments on our accelerator ... " 

Neutrinos, which have neither charge nor mass, are very difficult particles to detect experi-
mentally. They play a very prominent role in the study of the weak interaction, because they 
only interact via the weak force, about which relatively little is known. 

Months have passed since this comment was made, many long hours have been devoted to complet-
ing and refining the NAL accelerator, and Dr. Wilson's wish for the detection of a neutrino has 
been fulfilled. The Experiment 21 group, headed by Professors Barry Barish and Frank Scuilli, 
from the California Institute of Technology, detected neutrinos in their apparatus last November . 
They are presently making tests in the neutrino beam in anticipation of measurements they hope to 
pursue this year. It has been an exciting time for all those connected with the experiment. At 
the February 7th Director's Meeting, Dr. Barish described recent developments in the Wonder 
Building: 

I .. 

"As most people know, in November we first saw neutrinos, which at that point wasn't 
much more than proving to us that the accelerator really existed and something came out. 
We were set up in a mode where all we could do was see neutrinos interact -- we couldn't 
even attempt to look at the properties of high energy neutrino interactions. We were 
over-constraining ourselves in as many ways as possible, in order to make sure that we 
could really detect neutrinos and believe it. 

By January ... fortunately the energy of the machine went up to 300 GeV and we got 
something like 3 x 1ol6 protons on our target, which gave us our first opportunity to 
obtain a reasonable number of events. Quite a few people who were around here at the 
time actually saw events coming in. At one time, for example, we had two events on 
successive pulses, which seems to be a record. 

Since then we've been looking very hard at what we have. We have seen some examples 
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Continued on Page 2 

Vertical (side) and horizontal (top) views of 
the 170-ton Cal Tech detector, as seen by the 
on-line computer. A 61 GeV neutrino interacts 
near the center of the target, resulting in a 

minus visible in the spark chambers located 
in the target and downstream of the magnet. 
Simultaneously, a hadron shower occurs, as 
evidenced by large pulse heights in the target 
counter (shown at the top of the picture). 

CAL TECH (continued) 

... (L-R) Dave Buchholz, Henri Suter 
and Dennis Shields stand at the down-
stream end of the 170-ton neutrino 
target. The neutrino beam enters the 
apparatus through the wall at the 
rear of the photo • 

•.. In the foreground are large-area 
spark chambers, used for the detec-
tion of muons resulting from the 
neutrino interaction ... 

of neutrino interactions of over 100 GeV. Over half of our events are analyzable, 
and for a first attempt, that's encouraging. We know what we have to do to get at 
the rest, and we're just in the process of trying to understand and improve the 
apparatus, beam, and so forth. We have lots of tests to make, but I don't think 
it will be very long before we'll be able to say something. Right now, however, 
we remain very, very silent." 

The Cal Tech group must now conduct more tests to be sure their apparatus i s working properly 
and to determine which "piece s of physics" are sensible to pursue wi th it, and then finally, to 
complete an experiment. 

Their experiment has been assembled with the help and support of the NAL Neutrino Section. 
The Cal Tech experimenters consist of a small, dedicated group. Dennis Shields built and in-
stalled much of the equipment one sees in the Wonder Building. The sophisticated ON-LINE data 
acquisition system used in the experiment was developed by Fritz Bartlett. George Krafczyk of 
NAL has made important contributions to almost every facet of the experiment. David Buchholz 
and Henri Suter, (a Cal Tech visitor from University of Geneva) have recently joined the experi-
ment, adding both new stimulation and an international flavor to the group. Al Maschke, now at 
Brookhaven National Laboratory and Yori Nagashima, who has returned to Japan, have also contri-
buted. Cal Tech thesis students, Tom Humphrey and Frank Merritt, are the real heart and soul 
of the experiment. 

What the group hopes to investigate in the months ahead is the behavior of the weak inter-
action -- force -- at the very high energies possible with the NAL accelerator. 

The weak interaction has been studied extensively in decays of unstable particles and radio-
active nuclei, in which the energy released is in the range of approximately zero to 500 MeV. 
For a number of theoretical reasons , physici sts expect that the picture of the weak interaction 
which has emerged f rom such particle decay experiments wi ll change when higher energies are us ed, 
although t he precise nature of the change remains con jecture. New phenomena, or even a new par-
ticle, may be dis covered . No carrier of t he f orce - - a field part icl e , so to spe ak - - has as ye t 
been i dentified for the weak inte ract i on, al t hough the so-called W- par ticl e or i nte rmediate 
vector boson has been postulated . It just might be produced at higher energies. Nobody knows . 

Experiment s at CERN using neutrinos a t ene r gies up to 10 GeV showed no noti ceable deviation 
from t he known t heory of weak interactions. Neut rino phys ics is so interesting and exciting 
that several other experiments have been app roved , including those for the 15- foot Bubble Chamber . 

Whe ther the NAL accelerator , which yields neu trino energies more than ten t imes greater than 
any studi ed to da t e , wil l provide enough ene rgy t o see any new phen omena or t o prove the exis -
tence of the W-part icle and thus, f urther explain t his puzzling nucle ar fo r ce, remains to be seen . 

If it does , as Dr . Wil s on enthusi asti cally remarked at t hat same Director's Meeting , "just 
that one thing will make the whole Laboratory worthwhile." 

* * * * * 
28



E1A (1973)

29



15-foot bubble chamber
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Production of hadrons at large transverse momentum in 200-, 300-, and 400-Gev
p-p and p-nucleus collisions

D. Antreasyan, * J. %'. Cronin, H. J. Frisch, and M. j. Shochet
The Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago, Illinois 60637

L. Kluber0;, ~ P. A. Piroue. and R. L. Sumner
Department of Physics, Josepk Henry Laboratories, Princeton University, Princeton, New Jersey 08540

(Received 14 July 1978)
Measurements of the invariant cross section Ed a./d 'p are presented for the production of hadrons (m, K,

p; and P) at large transverse momentum (p,) by 200-, 300-, and 400-GeV protons incident on H„D„Be,
Ti, and W targets. The measurements were made at a laboratory angle of 77 mrad, which corresponds to .

angles near 90' in the c.m. system of the incident proton and a single nucleon at rest. The range in p~ for
the data is 0.77 & p~ & 6.91 GeV/c, corresponding to values of the scaling variable x, = 2pl/~s from
0.06 to 0.64. For p-p colhsions, the pion cross sections can be represented in the region x, ~ 35 by the
form (1/p, ")(1—x,)", with n = 8 and b = 9. The ratio of m+ to m production grows as a function of x,
to a value larger than 2 at x, ~ 0.5. The ratios of the production of E. + and protons to m+ and of K .and
antiprotons to m also scale with x& for p-p collisions. The K+, p, and P fitted values for n and b are
given. Particle ratios are also presented for D„Be,Ti, and % targets and the dependences on atomic
weight (A) are discussed.

I. INTRODUCTION

It is only very recently, with the advent of quan-
tum chromodynamics (QCD), that models of large
transverse-momentum (p,) behavior have had a
fairly firm theoretical foundation. ' Previously,
each of several hard-scattering models have had
striking partial successes, such as the predic-
tions for the x~=—2p~/ s and p~ dependences of the
w', K', p, and p cross sections in the constitu-
ent-interchange model (CIM), ' or the v'/w ratio
versus x, predicted by the Field-Feynman "black-
box" model. ' However, in these older models
there is a large ad hoc component.
The early single-particle inclusive measure-

ments made at the CERN ISR~ and at Fermilab"
have been important in this evolution. The dif-
ficulty of the multiparticle "jet" experiments on
the one hand, and the strong theoretical motiva-
tion from the results of e'e annihilation and from
deep-inelastic lepton scattering on the other hand,
have resulted in a great deal of theoretical anal-
ysis of the single-particle measurements. It now
appears that with a theory which actually predicts
the single-particle spectra to be rather compli-
cated functions of x, and p„precise measurements
over a wide range in these variables will again be
impor tant.
In this paper we summarize the results from a

study at Fermilab of the production of hadrons at
large transverse momentum. Some of these data
have already been published, in particular the
cross sections and particle ratios' measured with
K, and. D, targets, and a brief summary of the

atomic-weight (A) dependence of the cross sec-
tions on D„Be,Ti, and Vf targets. .'
. %e have remeasured many of the nuclear cross
sections published in an earlier Physical Review
paper. ' The nuc1ear cross sections presented
here have been measured with thinner targets of
larger cross-sectional. area, and we feel they
are systematicaQy better measurements than the
older ones. In particular, a problem, never under-
stood in the older data, with the normalization
between energies now seems to have been correct-
ed.'
The experimental technique is simple and is

thoroughly described in Ref. 5. In Sec. II, we
briefly describe the spectrometer emphasizing the
changes from that description. In Sec. III. we pre-
sent and discuss the results for pion production
in p-p and P-d collisions. Crass sections for p-"n"
collisions derived from a subtraction of the p-p
cross sections from the P-d cross sections are
also given. The P-P cross sections are compared
to those of the 33R. Data on the production of E ',
E, protons, and antiprotons inP-p, p-d, and p-"n" collisions are presented in Sec. IV. Section
7 contains cross-section data for Be, Ti, and %
targets, and a discussion of their dependence on
atomic weight (A). Section Vl is a summary of
our conclusions.

II. THE APPARATUS

The apparatus used to make these measurements
was located in the Proton East area of Fermilab.
It consisted of a single-arm spectrometer located
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F/Q. 3. (a) Dimuon invariant mass distribution observed above 1.2 QeV. (b) Observed t distribution for events
in 3.1-GeV peak of {1). (c) Observed laboratory momentum spectrum of the events in (b), shown with the photon
energy spectrum superimposed.

3(a). The two principal features of these data,
which can be seen readily, are a preponderance
of events at low mass, characteristic of muon-
pair production by the Bethe-Heitler mechanism,
and a peak at 3.1 GeV/c'. It should be pointed
out that this sample was not restricted to two-
track events. The peak at 3.1 GeV/c' contains
sixty events'; the width is consistent with our ex-
perimental resolution. We associate the 3.1-
GeV/c' peak with the narrow resonance which
was seen in e'e annihilations and nucleon-nucle-
on collisions. Hereafter, only the events in the
mass interval 2.8 ( M» ( 3.4 GeV/c' will be dis-
cussed.
Since the beam is not a pure photon bea,m, it is

important to determine what fraction of these
events are produced by hadrons. In a companion
experiment, ' we have eliminated the photons in
the beam with a lead absorber and searched for
the production of the 3.1-GeV/c resonance in-
duced by neutrons. In that experiment, we not
only observed the production of the 3.1-GeV/c
resonance by neutrons but also measured the
production cross section using the same appara-
tus. Our measured cross section in the neutron
experiment and the known ratio of photons to neu-
trons in the beam allow us to determine the num-
ber of events in this experiment induced by neu-
trons. We expect that fewer than three events in
this experiment originated from neutrons in the
beam.

The t distribution of the resonance events is

shown in Fig. 3(b). Five events with extra tracks
which come from the same interaction are in this
sample of 48 events. There are twelve events
with -t&0.7. The average value of -t for these
events is 1.6 (GeV/c)', while the largest value of-t is 5.9 (GeV/c)'. The t distribution for a sam-
ple of 1000 events in the m+m final state with a
mass of the p meson has also been studied. The
p data can be fitted very well with the sum of two
exponentials, one with a slope of -40 (GeV/c) ',
which is characteristic of the coherent scattering
from the Be nucleus, and the other with a slope
of -10 (GeV/c) ', which is characteristic of scat-
tering from single nucleons in Be. One can also
see these same features in the t distribution of
the 3.1-GeV/c' resonance. The curve shown in
Fig. 3(b) is the'calculated t distribution, cor-
rected for acceptance and resolution, assuming
gd(y+B »e3.1)/dt is proportional to A 8 +Ae
where A is the atomic number of the Be nucleus.
We have made no attempt to fit for b, but we find
that the value of 4 (GeV/c) ' is quite consistent
with our data. We conclude, therefore, that the
3.1-GeV/c' resonance is photoproduced diffrac-
tively on the Be nucleus. The simplest explana-
tion for this behavior is that the 3.1-GeV/c' res-
onance couples directly to the photon in the same
way as do the p, &u, and y. In Fig. 3(c), we show
the total momentum distribution of the dimuon.
We have not attempted at this time to exclude

the events which do not come from either coher-
ent scattering from Be or quasielastic scattering
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THE BOTTOMONIUM SYSTEM
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The level scheme of the bb states showing experimentally estab-
lished states with solid lines. Singlet states are called ηb and hb,
triplet states Υ and χbJ . In parentheses it is sufficient to give the
radial quantum number and the orbital angular momentum to
specify the states with all their quantum numbers. E.g., hb(2P )
means 21P1 with n = 2, L = 1, S = 0, J = 1, PC = +−.
The figure shows observed hadronic transitions. The single pho-
ton transitions Υ(nS) → γηb(mS), Υ(nS) → γχbJ(mP ), and
χbJ (nP ) → γΥ(mS) are omitted for clarity.

CITATION: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

October 1, 2016 19:58
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THE CHARMONIUM SYSTEM
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The level scheme of the cc states showing experimentally es-
tablished states with solid lines. Singlet states are called ηc
and hc, triplet states ψ and χcJ , and unassigned charmonium-
like states X . In parentheses it is sufficient to give the ra-
dial quantum number and the orbital angular momentum
to specify the states with all their quantum numbers. Only
observed hadronic transitions are shown; the single photon
transitions ψ(nS) → γηc(mP ), ψ(nS) → γχcJ (mP ), and
χcJ (1P ) → γJ/ψ are omitted for clarity.

CITATION: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

October 1, 2016 19:58

Comparative Quarkonium Spectroscopy

+ Richness of b-hadron studies
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D0 meson lifetime 
~0.4 picoseconds 

(4200 events)
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KTeV
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Symposium in Celebration ofthe 
Fixed Target Program with the 

, Tevatron 

Fermi National Accelerator Laboratory  

June 2, 2000  
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CDF: Bc
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)2 (GeV/ctm
150 160 170 180 190 200

0

15

CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.65±     174.30  0.54)±0.35 ±(
  syst)± stat  ±(

CDF-II MET+Jets 1.85±     173.93  1.35)±1.26 ±(

CDF-II Lxy 9.43±     166.90  2.80)±9.00 ±(

CDF-II all-jets 1.95±     175.07  1.55)±1.19 ±(

CDF-I all-jets 11.5±     186.0   5.7)±10.0 ±(

D0-II lepton+jets 0.75±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.99)±0.52 ±(

D0-I lepton+jets  5.3±     180.1   3.9)± 3.6 ±(

CDF-I lepton+jets  7.3±     176.1   5.3)± 5.1 ±(

D0-II dilepton * 1.56±     173.50  0.84)±1.31 ±(

CDF-II dilepton  3.2±     171.5   2.5)± 1.9 ±(

D0-I dilepton 12.8±     168.4   3.6)±12.3 ±(

CDF-I dilepton 11.4±     167.4   4.9)±10.3 ±(

Mass of the Top Quark
(* preliminary)July 2016

/dof = 10.8/11 (46%)2χ

Figure 1: Summary of the input measurements and resulting Tevatron average mass of the top
quark. The red lines correspond to the statistical uncertainty while the blue lines show the
total uncertainty.

10

80200 80400 80600

Mass of the W Boson

 [MeV]WM March 2012

Measurement  [MeV]WM

CDF-0/I  79±80432 

-I∅D  83±80478 

CDF-II )-1(2.2 fb  19±80387 

-II∅D )-1(1.0 fb  43±80402 

-II∅D )-1 (4.3 fb  26±80369 

Tevatron Run-0/I/II  16±80387 

LEP-2  33±80376 
World Average  15±80385 
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To measure !ms, we fix A ! 1 and fit for the oscil-
lation frequency. We find !ms ! 17:77" 0:10#stat$ "
0:07#syst$ ps%1. The only non-negligible systematic uncer-
tainty on !ms is from the uncertainty on the absolute scale
of the decay-time measurement. Contributions to this un-
certainty include biases in the primary-vertex reconstruc-
tion due to the presence of the opposite-side b hadron,
uncertainties in the silicon-detector alignment, and biases
in track fitting. The uncertainty on the correction ! for the
hadronic candidates with a missing photon or "0 is in-
cluded and has a negligible effect.

The B0
s- "B0

s oscillations are depicted in Fig. 5. Candidates
in the hadronic sample are collected in five bins of proper
decay-time modulo the measured oscillation period
2"=!ms. In each bin, we fit for an amplitude (the points
in Fig. 5) using the likelihood function [4], which takes
into account the effects of background, flavor tag dilution
and decay-time resolution for each candidate. The curve
shown in Fig. 5 is a cosine with an amplitude of 1.28,
which is the observed value in the amplitude scan for the
hadronic sample at !ms ! 17:77 ps%1. As expected, the
data are well represented by the curve.

The measured B0
s- "B0

s oscillation frequency is used to

derive the ratio jVtd=Vtsj ! #
!!!!!!!!!!!!!!!
!md
!ms

mB0s
mB0

r
[13]. As inputs we

use mB0=mB0
s
! 0:983 90 [14] with negligible uncertainty,

!md ! 0:507" 0:005 ps%1 [13] and # ! 1:21&0:047
%0:035 [15].

We find jVtd=Vtsj ! 0:2060" 0:0007#!ms$&0:0081
%0:0060#!md &

theor$.

In conclusion, we report the first observation of B0
s- "B0

s
oscillations from a decay-time-dependent measurement of
!ms. Our signal exceeds 5$ significance and yields a
precise value of !ms, which is consistent with standard
model expectations. This result supersedes our previous
measurement [4].

 

 [ps]sm∆/πDecay Time Modulo 2
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F
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2

data

cosine with A=1.28

FIG. 5. The B0
s- "B0

s oscillation signal measured in five bins of
proper decay-time modulo the measured oscillation period
2"=!ms. The figure is described in the text.
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FIG. 4. The measured amplitude values and uncertainties versus the B0
s - "B0

s oscillation frequency !ms. Upper left: semileptonic
decays only. (Lower Left) hadronic decays only. Upper right: all decay modes combined. Lower right: the logarithm of the ratio of
likelihoods for amplitude equal to one and amplitude equal to zero, # ! log'LA!0=LA!1#!ms$(, versus the oscillation frequency.
The horizontal line indicates the value # ! %15 that corresponds to a probability of 5:7) 10%7 (5$) in the case of randomly tagged
data.

PRL 97, 242003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
15 DECEMBER 2006

242003-7

Bs oscillations: CDF

︎Δms = 17.77 ± 0.10︎ (stat)︎ ± 0.07 (︎syst)︎ / ps ⇒ 2.8 THz︎ 72



Accelerator Operations

Records
The following are performance records achieved by the AD accelerators.

Name Value Date Description

Booster

Hourly Beam Intensity 2.17 E17 April 19, 2017
Highest sum of protons through
Booster in one hour.

Main Injector

Beam Power Hour
Average

727.1 kW April 17, 2017
Main Injector one hour average
beam power record at 120 GeV.
Using 6+6 slip stacking in Recycler.

Beam Intensity (120 GeV) 55.1 E12 March 14, 2017
Highest intensity Main Injector pulse
at 120 GeV. 12 batch slip-stacking.

Recycler

Beam Intensity (8 GeV) 56.6 E12 January 30, 2017
Highest intensity Recycler pulse at 8
GeV. 12 batch slip-stacking.

Antiproton "Stash" Size 608 E10 March 21, 2011
Largest amount of antiprotons stored
in the Recycler storage ring.

Sustained Antiproton
"Stash" Time

49 days, 9
hours

August 15, 2008 -
October 3, 2008

Longest uninterrupted amount of
time antiprotons were stored in
Recycler storage ring.

Anitprotons Delivered to
the TeVatron (One week)

3977 E10 April 24, 2010 - May 1,
2010

Most amount of antiprotons
delivered to the TeVatron for collider
stores in one week.

Anitprotons "Stashed"
(Floating week)

3980 E10
January 25, 2011
03:11:15 - February 1,
2011 03:11:15

Most amount of antiprotons stored in
the Recycler storage ring in one
week. Last modified: April 20, 2017 - 11:08AM email Beau Harrison

ECool
Electron Cooling through
entire Cooling Section 720 mA October 19, 2005

Largest current ran through the
ECool cooling section beam line.

Electron Cooling through
UBend

1800 mA April 9, 2006
Largest current ran through the
UBend (Not delivered to the ECool
cooling section beam line).

DC Electron Beam Power 7.8 MW April 9, 2006
Electron DC beam power generated
by ECool.

Accumulator

Antiproton "Stack" Size 338.0 E10 April 15, 2011 04:43:21
Largest amount of antiprotons stored
in the PBar accumulator ring.

Sustained Antiproton
"Stack" Time

69 days, 10
hours, 18
minutes

March 26, 2004 - June 4,
2004

Longest uninterrupted amount of
time antiprotons were stored in
Accumulator storage ring.

Antiproton "Stacking"
Rate (One hour) 28.56 E10/hr

December 19, 2008
17:43:37

Largest amount of antiprotons
accumulated in one hour.

Antiproton "Stacking"
Rate Average (One week)

25.65 E10/hr January 30, 2011
00:00:00

Largest average amount of
antiprotons accumulated in one hour
for a week.

TeVatron

Antiproton Beam Energy 980 GeV 2001 - 2011
The energy of antiprotons in the
TeVatron.

"Store" Initial Luminosity 4.3107 E32
1/cm**2 sec

May 3, 2011 Store: 8709
Largest amount of integrated
luminosity for proton/antiproton
collisions in the TeVatron.

"Store" Integrated
Luminosity

CDF:
12150.17 D0:
12048.1 1/nb

April 17, 2010 Store:
7748

Largest amount of integrated
luminosity for proton/antiproton
collisions in the TeVatron.

Integrated Luminosity
(One week)

78.439 1/pb March 2010
Largest average integrated
luminosity for proton/antiproton
collisions in the TeVatron in a week.

Sustained "Store"
Duration

53.75 hours
Store: 4862

July 29, 2006 - July 31,
2006

Longest amount of time
proton/antiproton collisions in the
TeVatron were sustained.
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part of the cross section and a parameterization of the
strange sea distribution in the nucleon. To avoid introduc-
ing theoretical uncertainty in the comparisons of data, we
compare only with other neutrino data sets. Second, the
comparison to targets other than iron requires a theoretical
model for nuclear dependence. To avoid uncertainties as-
sociated with these models we compare only to other
neutrino-iron data.

At moderate x, this result agrees well with CCFR over
the full energy and y range of the data, both in level and in
shape, and agrees in level with CDHSW. The CDHSW
measurement has a known Q2 shape difference with CCFR
[10], and thus also with this result. There are differences in
NuTeV and CCFR at x > 0:40 where CCFR’s measure-
ment for both neutrino and antineutrino cross sections are
consistently below our result for all energies. Figure 12
shows the ratio of the CCFR and NuTeV differential cross
sections as a function of x. This is suprising since NuTeV
used the refurbished CCFR detector and the analysis meth-

ods used by the two experiments were very similar. We
discuss below several sources which may contribute to the
high-x cross section difference. We have determined that
the largest single contribution to the discrepancy is due to a
miscalibration of the magnetic field map of the toroid in
CCFR. NuTeV performed thorough calibrations of muon
and hadron responses in the detector, including mapping
the response over the detector active area and measuring
the energy scale over a wide range of energies [14]. This
allowed NuTeV to measure precisely the radial depen-
dence of the magnetic field in the toroid. Both experiments
used the same muon spectrometer; therefore, the model of
the magnetic field could have a different overall normal-
ization, but the radial dependence (which is determined by
the geometry of the muon spectrometer) should be the
same for both. CCFR used one high-statistics muon test
beam run aimed at a single point in the spectrometer to set
the absolute energy scale and modeled the radial depen-
dence of the magnetic field using POISSON [29]. NuTeV
used ANSYS to model the field and compared the predic-
tion to a precision test beam map data. The width of the
residual fractional difference distribution over the 45 test
beam points is the main contribution to the absolute muon
energy scale uncertainty (0.7%). If NuTeV uses the CCFR
model the result is shifted to within 1.6 sigma agreement
with CCFR at x ! 0:65. This accounts for 6% of the 18%
difference at x ! 0:65. The field model differences can
also be translated into an effective 0.8% difference in the
muon energy scales by integrating the difference in the
field models over the toroid.

The cross section model contributes an additional "3%
to the discrepancy seen at x ! 0:65. Both experiments
determine acceptance corrections using an iterated fit to
the cross section data. Because the measured cross sections
are different, this necessarily requires that the respective
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FIG. 12. Ratio of CCFR to NuTeV cross sections as a function
of x for neutrinos (filled squares) and antineutrinos (open
squares). The points show the weighted average of the ratio of
CCFR to NuTeV differential cross section points for which the
sum is over all E and y for each x bin.
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FIG. 11 (color online). xF3#x;Q2$ NuTeV (solid circles) com-
pared with previous measurements; CCFR97 (open circles) and
CDHSW (triangles). The data are corrected to an isoscalar (iron)
target and for QED radiative effects as described in the text. The
curve shows the NuTeV model.
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Direct Observation of the tau neutrino
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Dark Matter Searches
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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  
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Panofsky Prize
Mike Witherell 1990
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Paul Grannis 2001
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John Peoples 2010

Hassan Padamsee 2015
Bj Bjorken & Sekazi Mtingwa 2017
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