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Introduction and timeline

1989
LEP first
collisions
1985 1992
First collisions Tevatron Run |
at Tevatron begins
9 9 [ K 9 9
1983 1988-1989 1992 1996
W and Zbosons  Tevatron Run 0 HERA Tevatron Run |
discovered at collisions ends
UA1 and UA2 begin
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2000
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Fermilab and accelerators S e
- National Accelerator Laboratory founded 1967 R g T

- Named after Enrico Fermi and dedicated (“Fermilab”) in 1974

» Central facility: proton synchrotron “Main Ring”
- 2 km circumference and initial energy of 200 GeV (1972)
- Used for fixed target experiments

* Higher energy with superconducting magnets —
- First Superconducting SynChrotron superconducting.magnet

18-Mar-1983

- Initial name “Energy Doubler” or “Energy Saver”. 512 GeV
(1983)

* Antiproton source added in 1985

- Stochastic cooling built on success of SppS at CERN
- First collisions at 1.6 TeV in 1985, 1.8 TeV in 1986: TeVatron
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CDF and DO

Tevatron experiments

Fermilab

2
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Early Tevatron results

* Tevatron first run 1988-1989

- Retroactively named “Run 0”

- 4 pb-1 lumi delivered to CDF
D@ still under construction at this time

* Ability to measure W and Z bosons?

- Precision measurements seemed well out of reach
* Limiting factor: calorimeter energy resolution
* Breakthrough: calibrating with E/p (including tracker

» SLC starting up around the same time

- Who would be first to see Z bosons in the Western
Hemisphere?
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Search Quickens for Ultimate Particles

Two new American
colliders start up,
with a European one
soon to follow.

By MALCOLM W. BROWNE

OR the first time in five

years, high-energy physicists

in the United States are

poised to seize a command-
ing lead from colleagues in Europe as
they bring powerful new particle ac-
celerators to bear on mysteries
shrouding the ultimate basis of mat-
ter.

Full-scale experiments have begun
at America’s two largest accelerator
laboratories, in California and -
nois, both of which recently com-
pleted machines even more powerful
than European counterparts.

The Stanford Linear Collider
(S.L.C) in California, the Stanford
Linear Accelerator Center's new
entry in the high-energy physics race,
began its ambitious experimental
program last month. The machine
hurls clusters of negatively charged
electrons into oncoming clusters of
their antimatier counterparts, posi-
trons. Scientists at Stanford hope
these collisions will soon produce
large numbers of 2% or Z-zero, parti-
cles — cphemeral particles whose
properties illuminate some of the
enigmas that underlie material exist-
ence.

At America's other leading high-

. energy accelerator, the Fermi Na-

tional Accelerator Laboratory (Fer-
milab) in Batavia, Il scientists are
also expecting important results
soon. "“We have just started our first
real series of experiments using the
new Tevatron collider,” said Dr. Leon
M. Lederman, its director.

One object of their work is to make
progress toward testing the theory
that everything in nature is made
of some combination of 16 ingredi-
ents: four classes of vector particles,
six massless leptons and six heavier
quarks, one of which, called the top
quark, has not yet been detected.

“We think we will soon have the top
quark in the bag; that's the missing
quark physicists have been looking
for,” he said. “But in this business
you learn to keep your (fingers
crossed.”

But the technological supremacy
the S.L.C. and Tevatron offer may be
shortlived. A Western European
scientific consortium is nearing com-
pletion of an underground accelera-
tor 17 miles i circumference, by far
the largest such machine in the
world. Last Wednesday scientists
successfully tested the first two-mile
segment of the European Large Elec-
tron-Positron collider, prompting ac-
claim from scientists at competing
institutions in the United States. The
LEP will not be ready for experi-
ments until 1990, however, and until
then physicists in the United States
are pressing their temporary advan-

tage.
Much farther down the road, Amer-

Fermi Natlonal Accelcrmor Ladoraiory

Aerial view of Fermi National Accelerator Laboratory in Batavia, lllincis, showing circular main accelerator.

ican physicists hope to build an accel-
erator about 52 miles in circumfer.
ence, the Superconducting Supercol-
lider, which would dwarf even the
European LEP ring. The cost of the
SS.C. is so daunting, however, that
even some of its proponents have
begun to express doubts that it will
ever be paid for. Meanwhile, the lead-
ers of American laboratories are
focusing on current developments.
“This will be a very interesting
saummer but a very tense one,” Dr.
Eurton Richter, director of the Stan-
ford Linear Accelerator Center and
vinner of a Nobel prize in physics,
sald in an interview. "'In the next few
veeks we hope to start producing 2°
particles, one of the types of particle

>

the S.L.C. was designed to make, but
you never can be certain of a result
until you achieve it.""

“While we wait," he added with a
laugh, “I've asked my department di-
rectors o go to a synagogue or a
church to pray for divine help.”

Dr. Richter's uneasiness stems
from the fact that his S.L.C. repre-
sents an accelerator design that has
never been tried. A conventional par-
ticle collider spins counter-rotating
clusters of particles around a ring. In
the machine Dr. Richter conceived
and built, however, the opposing par-
ticle beams, each one much thinner
than a human hair, are initially accel-
erated together down a straight, two-
mile-long linear accelerator. At the

end of the line, the two beams diverge
and are ducted around two semi-cir-
cular arms resembling crab claws.
The tips of the claws point toward
each other, aiming the two beams di-
rectly at each other.

The Z° particle that scientists hope
the S.L.C. will soon produce in large
numbers is a very heavy, short-lived
particle that conveys the weak nu-
clear force from one subnuclear par-
ticle to another. (The weak force is

ible for one form of radioac-
tive nuclear decay.)

Five years ago, physicists in Eu-
rope created and Z° parti-
cles and two other carriers of the
weak force, the W+ (W-plus) and W-

Continued on Page C13

resuliting particles.

Stanford’s new linear collider uses an unusual
design, avoiding some of the energy losses of the
more common circular design. Electrons are fired
into the system, and some are diverted to bom-
bard a tungsten target, creating positrons, their
antimatter equivalents. The beams, which are
shaped in damping rings, and their two-mile jour-
ney when magnets bend them around opposing
arms. The beams collide in a detector that records

Stewe Hart/ The New York Times
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Validation of E/p calibration

First W and Z results: 1989 ]
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Run | of the Tevatron (1992-1996)

* 140 pb-1 of 1.8 TeV collisions delivered to both experiments

- DO fully online in 1992

* The top quark
- Evidence in 1994

- Discovery by both experiments in 1995 ==

Elusive Atomic Particle Found by Physicists

By MALCOLM W. BROWNE
Spoeciad 10 The New York Times

BATAVIA, 111, March 2 — Culmi-
nating nearly a decade of intense
effort, two rival groups of physicists
announced today that they had found
the elusive top quark — an ephemer-
al building block of matter that prob-
ably holds clues to some of the ulti-
mate riddles of existence.

The announcements brought sus-
tained applause and a barrage of
questions from an overflow audience
of physicists at the Fermi National
Accelerator Laboratory, where the
work was done. Fermilab has the

] e s mmsssmaliil mnwtiala an I

One of the teams, the CDF Col-
laboration (standing for Collider De-
tector at Fermilab) reported last
April that it had found evidence of
the quark's existence. But at the
time, the group lacked enough statis-
tical evidence to claim discovery,
and the competing group, the DO (for
D-Zero) Collaboration, which had
even less evidence of its own, brand-
ed the CDF announcement as pre-
mature.

The achievement claimed today
by both teams leaves virtually no
room for doubt, however, and the
discovery was hailed as a landmark

in science. Hazel O'Leary, who as
Secretary of Energy heads the Fed-
eral agency providing most of the
money for research at Fermilab,
called the discovery a ‘““major con-

tribution to human understanding of
the fundamentals of the universe.”

The finding confirms a prediction
based on a theory known as the
Standard Model that nature has pro-
vided the universe with six types of
quarks; the other five, the up, down,
strange, charm and bottom quarks
had all been known or discovered by

Continued on Page B7, Column |
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Fermilab director John Peoples
CDF and DO spokespersons




DO gets in the game

* Bruno Gobbi at ICHEP 1992 (Dallas, TX USA)

- Shortly after the start of Run |

In the 1992 Tevatron running period, prior
to this conference, about 100nb~' have been
delivered. Half of this luminosity has been
used to debug and calibrate the detector. A

fraction of the remaining luminosity has been
dedicated to the study of Ws decays.

Electromagnetic Shower
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The goal of D@ towards the study of the
IVBs for the 1992 Tevatron running period 1is
to measure the mass of the W with a precision
of 160 MeV. This will be achievable with the
expected luminosity of 25 pb~!. This measure-
ment together with the prediction of the Stan-
dard Model will set new limits on the mass of
the top quark.

Electromagnetic Ep
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How to measure the W boson mass precisely

* Young-Kee Kim at ICHEP 1994 (Glasgow, UK)
2) Calibrate EM scale with

1) Calibrate track scale with dimuon res

OoNnances
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3) Calibrate hadronic recoil §-f. I

with Z events

many other steps (bkgd, etc) _| o
I T

9 31/10/23  Jayatilaka | Tevatron and HERA

electron E/p
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W and Z physics by the end of Run |
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Standard Model Indirect Prediction Prediction
UA2 (1992) M,, = 80.36 + 0.37
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DO M,, = 80.483 = 0.084 W boson mass
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The HERA accelerator

 electron-proton collider at DESY
- Operated 1992-2007
- 0.5 fb-1 delivered to each experiment

 Collisions of 920(p)x27.6(e) GeV
- V/s=320 GeV

» Two collider experiments H1 and ZEUS
- Specialized experiments: HERMES and HERA-B

* Precision probe of QCD and parton structure

2t Fermilab
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EPJ C75 (2015) 12, 580 H1 and ZEUS

Electroweak probes at HERA AXHAS06.06042 £ E l

5 e
* Differential cross sections for ep scattering ; E\%%E e
- Charged current (W boson) and Neutral current (Zy 5
interference) probes TE L e
oL
 Simultaneous electroweak+PDF fits N Suvoniiatis SO
- Indirect measure of W/Z masses and other SM  [waesonmase ™ T S1E
parameters gﬁig < S B
- Mw = 80.520+0.115 GeV, Mz = 91.080.11 GeV |~ % 08 bourum
I(_)3PAL T e+
» Can also probe couplings " .
- e.g. axial and vector couplings of Z boson PoGeor 2. Hl
202 803 80.4 805 OV
EPJ C78 (2018) 777 d,
arXiv:1806.01176
& Fermilab
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Observing W and Z bosons at HERA?  :z,f e
. . . Lﬁ § ¢ _/ gm Signal
* Real W production incredibly rare at HERA 0F -
: i %
- Combined H1+ZEUS measurement: 23 events 30F %
- Measured o = 1.06+0.17 pb JHEP 0910:013,2009 20;‘ %
» SM prediction of o = 1.26+0.19 pb BT SR oF %+
//% 2= Purre
. Z bOsonS even rarer 0 20 40 60 80 100 120 140“:'%0[1;23;)0
- ZEUS sees Z production in hadronic decays . e LEUS |
- Measured 6 = 0.13+0.06 pb g Rpr I f
* SM prediction of 0 =0.16 pb oemoe || N c1sems
: _ : “ 1 PLB 718,915 (2013)
- Leptonic decays of Zs not observed in searches at both  °f it 7 arivi1210.551"
H1 and ZEUS 4t IJ 1 -
OM 1 1 1 1 1 1

40 60 80 100 120 140
M, (GeV)

2= Fermilab
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Tevatron Run Il

- Major upgrade after Run | ended (1996) _ Wain mjector

- Increase in peak luminosity from 1030 cm=2s-1 to over [l eaE
4x1032cm-2 s-1 .

- Increase of beam energy from 900 GeV to 980 GeV

» Construction of Main Injector

- New 150 GeV accelerator stage
- Essential in increase in luminosity g iifaﬁ;"lf“’”te* s
- Still used at Fermilab for neutrino experiments s =

» Significant upgrades to both CDF and DO

- €.g. upgraded trackers and triggers
- Solenoid magnet in D@

* Run Il delivered data from 2001-2011
- 12 fb-1 to each experiment

Main Injector

2t Fermilab
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Vector boson pairs j
3 ~|Bkgnd CDF WW observation (leptonic)
» Vector boson pairs: WW, WZ, ZZ . 6 T 0501050
- Critical test of standard model and probe for S .
potential new physics g4 L
- Run Il dataset enabled measurement 2 I
Only evidence seen for WW in Run | t T W

- Crucial backgrounds for Higgs boson searches 020 o co m@g“;gg“;:gsgggg,gbgBO 200
- Provides validation of theoretical calculations

2 | D@Runll, 1.7 fb' ® /e data
22.5_— v 4y data
: n - signal
S " D@ 4.3 fb! — Data - Bkgd ..g i Il background
; 1500~ — Bkgd Uncert. 4 2"
. 2 - Wy woT DO ZZ observation (leptonic)
D@ WW+WZ observation S 1000 | 1.5 PRL 101, 171803 (2008)
(W+jets final state) & - arXiv:0808.0703
PRL 108, 181803 (2012) o0k
- B 1 —o—o—V—
arXiv:1112.0536 B
0 i
B | |—'_'_I_ 0.5
- P(x?) = 0.398 .
'500_] |||||||||||||||||||||||||||||| (lx l) lllllll ETETEE L—l_x_:ﬁ—'—
0 01 02 03 04 05 06 07 0.8 09 1 0 100 200 300 400 500
RF Output Four lepton invariant mass (GeV)
L, ! :
a¢ Fermilab
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W boson mass: towards unprecedented precision

Jnblinding first Run II \'/ mass measurement at CDF
16iDec 2006 | |

* LEP set the standard by 2004

- Uncertainty: 33 MeV combined (51 MeV single best)

* CDF/DQ goals

- Exceed single best LEP measurement

* ~0.2 fb-1 CDF, ~1 fb-1 DO

- Exceed world average with single measurement

« ~2 fb-1 CDF, ~5 fb-1 DO

First Run |l measurements
80413 + 48 MeV (CDF, 2006)
80401 =43 MeV (DY, 2009)

nb. CDF e+u, DO e only
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W boson mass: achieving unprecedented precision

Calibrating with well-known resonances: Fits to mr, lepton pr, missing pr,
JIp,Y, Z at CDF; Zat DO - Combined for final result
- , 4.3 fb™ — Data
> : CDF 2.2 fb-! 1500;_("‘) o * led:fF=l-\1$5§.3l\,,;$60 315000 - CDF 2.2 fb-1
E 3 1200 § i W iy Mass of the W Boson
% x2/dof = 95 / 86 g gooi— Emooo i 2/dof = 54/ 62 Measurement M,, [MeV]
i 5000 — % 6002— :>j ]
i 300 . CDF 1988-1995 (107 pb™) O 80432 + 79
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= (b) O N A — ] ;
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3 32 m‘::‘(Gev) 7; - 810 s |9,5 e 0 40 >0 pl (Gev) DO 2002-2009 (5.3 fo™) + 80376 = 23
m,. (GeV) Tevatron 2012 -C- 80387 = 16
_ _ _ _ _ _ _ %40000:(3) DO, 4.3 fb™ —Data LEP + 80376 = 33
Calibrating hadronic recoil with Z, validate with W S mBackoround  worg average A 50535 - 15
10 10° o 30000~ -2/dof = 37.4/49 5
of D0.43fb" (a) %140:— simuiation  CDF 2.2 fb-" Data £ -
_ 8— £ Data © %120__ u =-0.321 GeV i =-0.313 = 0.006 GeV :>_,|20000:_
E 7;_ ©-Fast MC 3100_ o = 4.665 GeV 0=4.664 = 0.004 GeV - . | | | | E | | | | |
S 6f ) g 10000 H‘a\ 80200 80400 80600
L : : S~ M,, [MeV]
.-E sk x ;-—__—L ------ -
= 3 - ok 3 P P CDF: PRD 89, 072003 (2014)
T ol ot gt il ) po: PR 89, 012005 014
;Q.D. L : | l l l l -2 BT TR P o S + ...... CDF+D@: PRD 88, 052018 (2013)
% 75 0 15 20 25 S O 50 60 70 80 90 100
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Forward-backward asymmetry: measuring sin20w

* Indirect measurement of weak mixing angle
- Obtain from angular distribution of leptons in Z decays
- Extract forward-backward asymmetry (Arg)
- Measure Ars—SiN20es'eP —SIiN20w
* Can also obtain indirect measurement of Mw
 CDF+D@: most precise determination at hadron colliders!

PRD 89, 072005 (2014)

0.5 1
" CDF uu9fb

0.4:_ + Data

~ - RESBOS NLO EBA
0.3 First/Last Bin: Underflows/Overflows T

e

0.2
<e 0.13—
of A
ok ﬂ
- T
-0.2— T T
- [T
-0'34| | | | |
80| | | |85 | | | |90| | | |95 | | | |100| |
M (GeV/c?)

18  31/10/23  Jayatilaka | Tevatron and HERA

=
=
<

0.3

0.2

0.1

-0.1

PRL 115, 041801 (2015)
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SLD: A,
CMS uu 1fb”
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—8—
0.232210.00029
0.23098+0.00026
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ATLAS ee+uu 5fb™.

* T 0.2308+0.0012

LHCb pu 3 fb”
CDF uu 9o
CDF ee 9 fb™
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D B R
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—G—
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O
0.2322t0.00046

0.23016:0.00064
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s
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W boson mass: one final surprise?

x10° 10°

B 2/dof = 33/ 30 : _
. — iy

sz - 29 °/o sz - 37 o/o
Py =88 %

Science 376, 170 (2022)

20

» CDF goal with the full Tevatron dataset

- Once again exceed world average precision

- <10 MeV total uncertainty
* Nearly every systematic uncertainty constrained by

&)
o

Pec=98 %

Eventis/ 0.5 GeV
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Conclusions

 The Tevatron

- Hadron collider discovery frontier after SppS
* Highest energy collider in the world from 1985 to 2009

- Pushed the boundaries of precision physics at a hadron collider

* HERA

- First ever electron-proton collider
- Precision probe of parton structure: unique test of electroweak physics

* Foundation for the next generation
- Expertise from both sets of experiments crucial for LHC physics program
- See next talks!
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