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My qualifications to give this talk"<—

| came to FNAL in early 1985 as a University of
Chicago postdoc on the CCFR neutrino experiment

| was a Wilson Fellow on the E665 muon scattering
experiment

| later worked on NuTeV and MINERVA alternating
with the DO experiment

My knowledge of pre-TeVatron fixed target is
limited to the historical record (Gallison etc.) and
the oral tradition.
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Qutline

The early days

An aside on experiment #’s and series
Upsilon

TeV Il overview

Conclusions
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Sources

Fermilab archives! Awesome
resource

Gallison’s “How experiments
end”

INSPIRE list of experiments

FNAL preprints/proposals/
theses online

http:/ /conferences.fnal.gov/ |

tevft /book/
Visual Media Services

Legends told by the elders
(Drasko Yovanovitch)
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Fixed
Target

Every 20-60 sec
ramp from 0-400/800
GeV

Deliver up to 3x10'3
protons /cycle




Why fixed target?

Collider
Tevatron |

y

—><-

4

ECM = 2Ebeam
~1960 GeV

Fixed Target

D)

7.<

ECM =~ \/ZMEbeam

~40 GeV TeV I
~ 30 GeV @500GeV
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Advantages

OHigher Luminosity
103 p/min instead of 10'3 pbar/day
103 /cm?/sec vs 1034 /em?/sec @LHC

OLonger, more flexible detector designs
OHot and cold running exotic particle beams

OSmaller groups
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Achievements s

o Discovery — b quark and v_ confirmation of neutral
currents

71 Nucleon spin and structure — anti-quarks and gluons
1 QCD tests at many scales

1 Fundamental constants (V, V., as, 0,,...)

1 Charm Physics and new technologies

o1 CP violation and rare kaon decays

1 Hyperons galore
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Design phase 1968




Main Ring groundbreaking 1969
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NAL PROPOSAL No. 1-A
Correspondent: D. Cline
Department of Physics
University of Wisconsin
Madison, Wisconsin

FTS/Commercial 608-262-5878

NAL NEUTRINOC PROPOSAL

D. Cline, D. D. Reeder
Wisconsin

E., W, Beier, A. X, Mann
Pennsylvania

J. Pilcher, C. Rubbia
Harvard

June 1970

6/7/17



12

HARVARD - PENNSYLVANIA - WISCONSIN COLLABORATION*

NAL NEUTRINO PROPOSAL

ABSTRACT

We propose here an experiment, using neutrinos in the
energy range 10 - 100 GeV, that will permit us to: (1) search
for an intermediate vector boson W through the reaction
vu+z-m’+w++z, up to a W mass of = 10 GeV/c2 at

200 GeV operation of NAL; both the leptonic and hadronic

decay modes will be detected; (2) measure the cross section

for the diagonal 'point' four-fermion interaction %{FZ*u-u+iLZ;
(3) measure dzo/dqzd(Ev- ql) in the region q2-+very large,
(Ev- %1)-0very large, i.e., the deeply inelastic scattering
region; (4) measure d201dq2d(Ev-%J) and ofot(Ev) for the
reaction Vu+p-m-+ (anything). The device that will be used

to accomplish these experiments consists of a large hydrogen
target, a heavy metal, fine-grained total absorption calori-

meter and a large iron core magnet,
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200 GeV Beam arrives
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Nevutrino Area construction 1973




Location of Experiments Meson Area Experiments

at NAL- Fall 1973 Neutron Cross Section¥#4|
Elastic Scattering® 7
Neutron Dissociation¥27A

Nuclear Chemistry#8I1A

K° Regeneration *#82 Neutrino Area
Elastic Scattering™ 96 Experiments
Central Total Cross Section® |04 P #
Laboratory = Neutrino® |A
Pion Charge Exchange [l #*
) Proton 30-Inch Hybrld 2B
Linac Switchyard 30-Inch 7+-p@I00¥I21A
I5 Foot Bubble Chamber
Booster q\
Neutrino Area
Experiments
3
Mai Neutrlno 21A
i Muon®26

Accelerator Proton Area
Experlments
Monopole 3
Lepton"‘?O
Photoproduction *87A

Particle Search®100
Particle Search¥187

Muon¥98

Internal Target Area
———Experiments

Particle Production¥63A

Particle Search¥184

Proton-deuteron Scattering® 186

Proton-proton Inelastic¥22|




Raise the energy to 400 GeV




THEORY GROUP
1974
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Shirley Ann Jackson, Ben Lee, -

Mary K. Gaillard, and Tony Pagnamenta
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Fermilab Dedication 1974




E1A Collaborators in 1973
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Observation of Muonless Neutrino-Induced Inelastic Interactions

A. Benvenuti, D. C. Cheng,* D. Cline, W. T. Ford, R. Imlay, T. Y. Ling, A. K. Mann, F., Messing,
R. L. Piccioni, J. Pilcher,t D. D. Reeder, C. Rubbia, R. Stefanski, and L. Sulak
Department of Physics, Harvard University,1 Cambvidge, Massachusetts 02138, and Depaviment of Physics,
University of Pennsylvania,} Philadelphia, Pennsylvania 19174, and Department of Physics, University of
Wisconsin,} Madison, Wisconsin 53706, and National Accelerator Laborvatory, Batavia, Nlinois 60510
(Received 3 August 1972)

We report the observation of inelastic interactions induced by high-energy neutrinos
and antineutrinos in which no muon is observed in the final state. A possible, but by no
means unique, interpretation of this effect is the existence of a neutral weak current,

ot
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15’ Bubble chamber being assembled

21 6/7/17



Bubble Chamber experiments are still a major source of information on neutrino interactions




E21
Caltech-FNAL

Begat
CCFR
NuTeV




Neutrino begats B

744
E21 356 482 1
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Mini Sci Micro
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Date

Fermilab Proposals 1-1000

2030

2020

2010

2000

1990

1980

1970

1960

Main IniectTr and Booster

==Proposed

==Approved

~=Completed

800 1000 1200

Proposal number
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Time scales

At in Years

25

20 -

==Approval Time

15

TeVll

10

200 400 600

800

1000

Experiment Number
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E288 proposal, Feb 1974 =

ADDENDUM TO PROPOSAL 70

"Study of Lepton Pairs from Proton-Nuclear Interactions;
Search for Intermediate Bosons and Lee-Wick Structure”

L.M. LEDERMAN, W. LEE, J. APPEL, D. SAXON

Columbia University, New York, N.Y.

-

M. TANNENBAUM, Harvard University, Cambridge, Mass.

L. REARD, J. SCULLI, T. WHITE, T. YAMANOUCHI

National Accelerator Laboratory, Batavia, Ill.

U///]7
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3. Double Arm Study of Lepton Pairs. This is a larger

aperture study of the continuum distribution of effective

" .masses of the dilepton produced in (1). It is complementary

to reactions of deeply inelastic scattering
e + p - e + anything (4)

and clashing ete” beams t

| et 4+ e anything . ' ' ’ | (5)
Récent theoretical analysis of (1) indicates that the rather
special diproton initial state can be handled and the range of
variables s and me+e;2 far surpasses those available in the
timelike “competition" of.reaction (5)1 |

The continuum serves also to "measure" the theoretical

production cross section for weak charged bosons via the CVC

arguments of Yamaguchi etc. ' : .

However, the major thrust is to search for new physics
however weakly coupled to hadrons via the 1~ state we are
studying. The larger apertures here would extend the

sensiéivity of the single arm search by an order of magnitude.

/17



“Drell-Yan” process

Collide protons on protons
Annihilate quarks and anti-quarks,
“Z much higher luminosity than in e+e-

Drell-Yan

process
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Observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucdleus Collisions
8. W. Herb, D, C, Hom, L. M. Lederman, J. C. Sens,'™ 1. D. Snyder, and J. K. Yoh
Cotambio Usiversily, New York, New York 10027
and

J. A, Appel, B. C, Brown, C. N, Brown, W. R. Innes, K. Ueao, and T. Yamanouchi
Fermf Mational Acceleralor Ladoralory, Batavie, Rltupds 60510

and

A, 8. Ito, H. Jostleln, D. M. Kaplan, and R, D, Kephart
State Unioersity af New York af Stony Brosk, Stony Brook, New York 11374
(Hocelved L July 1977)

N L DO

A

CALCULATED APPARATUS
RESOLUTION AT 9.5 GeV

(FWHM)

8

i L i 1 1

6 8 i0 12
m(GeV)

—d—z-?'—l (10% cm¥GeV/nucleon)
dmdyly=0
(@)
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Physics beyond the Upsilon... =

Parton Momentum Fractions 0 If you can pick out @
o type of quark, you can
X measure its momentum

Q? = 20 GeV?

fraction

0 Vital input to almost all
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The adventure continues

NUSEA(TeVIl) and SEAQUEST(MI)




Drell-Yan Cross Section Ratio and dbar/u-ban__—
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The “Doubler”

-1 Build the TeVatron
71 Not just for collider physics

1 800 GeV high intensity beams
0 Muons at 500 GeV
O Hyperons
o Neutrinos up to 500 GeV
O Protons and pions galore

o High intensity photon beams for charm production

6/7/17



1979 Funding for the “Energy Saverf<—

v ,vs.',?r"i T o




Tevatron |l (1983-2000)

o 43 experiments in many i,iv > W
different beamlines

1 > 400 doctorates from

>100 Universities in 18
countries

1 More than 300
publications as of 2012

R Typical postdoc

40 has it alls7 /7



Chicago Cyclotron

moves again!




New Muon Lab




TeV Il Experiments featured

E21 in the Wonder Buildig
: ’;\‘? : l R

Actual floors
Indoor plumbing

Hot and cold running Helium

.
) ey m:[\\yﬁ !
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CHARM Physics

Silicon Detectors
Computing

Mike Witherell in the tagged
photon lab in 1999

44
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Generic detector (E687)

Veto counter Silicon micro-strips

. 7
- Hatched area shows regio
neutral vees can be recong

Target region ) Muon
I P - hodoscope
| - Elec Muon
Electmmqgn\etuc Cerenkov tromagnetic  filters |

| Magnet PWC calorimeter PWC countér chmlor'meur l‘\

|

, \ -

Target ‘ [ ? Muon i
Magnet | hodoscope Trigger

Cerenkov  Trigger Prop. hodoscope  yadron Prop.
counter hodoscope  tubes calorimeters  tubes

10m ,l

45

Target
Silicon microstrips

Scint. Counters
Tracking chambers
Particle ID

EM calorimeter

Muon detector

6/7/17



ws| E687 detector

spsgymeir o -
paremad, e i
Lﬁ 11; /" -~ ¢ 8
Tk paintem: / 7 Omox -~ - -
n"—trf'n'ﬁ-:;‘ﬂ;;nﬁ-:;u 2" v Imuts Tmu2x | Trackl

= ] [ Py High statistics Charm

] [ | physics
Use silicon strip

ég detectors to identify

charm in humungous

E687 — photon beam background

46 6/7/17






Charm rates at E/91 _ﬁ\\/<

Pion beam at 2 MHz

The target consisted of 5
foils:
o A 0.5 mm Pt target and

0 Four 1.6 mm C (diamond)
fargets

Interaction rate of 40 kHz —
10 kHz written to tape

Only 1/1000 of the events

were charm

A total of 2 x 10'° events
were recorded.

N /5 MeV

500

400}

200}

100

300}

D+

ol

1.70 1.90 1.70 1.90 2.1(

M(K K" ") Gev M(K'K ©n7) GeV

Slides from M Pyichit



To four

— additional
VME crates
RS485 E79.|
Data Paths
VME crate C h arm
clclelclc|c|c|clc|e|ele|e|e|e|e|E|m|m
UPPPPPPPPPBBBBBBBBTT Exabyte
vliglulu|ulu|ujujufufulrrjrjr|fr|rfriele Drives
R|V
MIEEEEEEEEB12345678M
H{H|H|H|H|A|H|H|O
S
; s
i

VME crate N‘I““I““I““I““I““I““I““

‘lclc|clclclc|c|c|c|E|e|E|E|e|E|E|E|M|M
UPPPPPPPPPBBBBBBBBTT Exabyte
ululu lulr|rfr|r|ififr|r|clc Drives
v|B
R|V m‘
M Helele|ele|le|ele|B|1]|2|3|a|5]6]|7]8 u
H|H|H|H|H|H[H[H]|O
S
i s
:
Branch i
Bus elefelellellellelle
FIFIFIFIIFlFllFllF] FIFO
=Y Y Y Y2 2
VAX 11/780 B“ﬁefs
1HE A E K
RS485
49 Data Paths

Data from Digitizing Electronics



KTeV: high intensity kaon bec:ms—?-\«/<

MUON FILTERS MUON COUNTERS

LEAD WALL
Csl CRYSTAL CALORIMETER
HODOSCOPE

DRIFT CHAMBER 4 BACK-ANTI

HADRON-ANTI

DRIFT CHAMBER 3 -

AN LTERRR
. \
MAGNET

DRIFT CHAMBER 2 WA

= ~

—

DRIFT CHAMBER 13 \

)

/ SPECTROMETER ANTI

HELIUM BAG

Io%

RING VETOS

REGENERATOR (E832)
MASK-ANTI (E832)

//’IBEAM
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KTeV Pure Csl Calorimeter

7 3100 crystals, 1.9mx1.9m
0 27 X, deep (50cm)

11 0.6% energy resolution e
o 0.6% ergy resolutio EZ731 lead glass
i
. T
0.5 E aeay
/ui :
-0.0- _ i \ﬂ : -EE ‘l
= it T DN :EEE' l:E' 7!
+ ) At
= =
( '\/ )
05 - X égi_
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Example of Intensity
Discovery of K, 2m*me™e
Branching fraction of 4x10-7

[aN]
©
=
=
= 1000 |- KTeV
(@N|
[22)
[
Q® 500}
Ll
o2
M _ ... MeV/c

Gray: sinpcos¢p<0; Clear: sinpcos$p>0

* 5000 events observed, sensitivity < 10710,
* Large T-odd, CP asymmetry observed.

53

Phys. Rev. Lett. 96, 101801 (2006).

in mn rest frame

ee

2/ N

sinhcos( is

T-odd 2
-~

T~ in ee rest frame

6/7/17



Tevatron
800 GeV

1 kilometer

Main Ring
150 GeV

S SQT sign selected Quadrupole Train

B A
I — Wrong-Sign K

I DUMPED
— Protons
D!

UMPED
— Right-Sign K

NuTeV Sign Selected beam

54

915 m

Use neutrinos to see
strange quarks

Booster 8 GeV p
Linac 200 MeV H

Cockcroft-Walton
750 KeV H

\ Switchyard

— BeO Target
Quad Magnets

Decay Pipe

Beam Dump

Muon Shield (Berm)

<0.1% anti-vinv
<0.3% v in anti-v

Lab E
NuTeV Detector 6/7/17
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Strangeness

Neutrinos scattering can
pick out strange quarks
through the process

V+s2>U +c
C decays to M+

Dimuons at NuTeV
medasure

* Strange content s(x)
* s/anti-s difference

“. VS/ Vdc

Run: €020 Event: 194246 Tgate: 1 Date: Thu Vay § 14:28:21 194

s AABBCERHE

C IR E

EMU1: 13.13 eV
EHDNC: §3.21 GeV
PLACE: 33
CEXIT: l
SHEND: 28

6/7/17



Run: €020 Event: 194246 Tgate: 1 [Date: Thu bay 8 14:28:21 199em 13.12 GV

S.I. r q n g e n e S S Triggers: .nmn@ EHONC; §3.21 GeV

PLACE. ks
CEXIT: l
|| | SHEND: 2%
Neutrinos scattering can ST ‘ | T
pick out strange quarks i
through the process il
VHsDU +c Wi
C decays to M+ et
Dimuons at NuTeV
measure Fun fact, we’re all about

* Strange content s(x)
* s/anti-s difference

7 Vi/Va 6/6/17

5% strange



Discovery of the tau neutrino (DONUT)

Shielding

Make a v_beam Detect a T decay

Emulsion Targets

1 [\

Beam Dump

\\.\\
800 GeV protons ‘ k h k

58 6/7/17



Emulsion modules and drift

chambers

I mm steel plates: total target

mass 260 kg (not kt !)
= Recycled drift chamber elec’rgc/)p)'g
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Saw 9 candidates 7.52 v=>1 + 1.48 background

.......................
DONUT - .
3334119920 : i \ o
Vi ” Y 400- e
f y A et
T f. ~ , \_ - P e
— Y[ ™ aanee
1 { in k -g;}éifgg:::’iiiﬁ:;:;:::: ......................
——Electron i ary e T, .
3 { ape
Hadron * "}’{?‘i / 4 x
"o, -v""" /, -‘
------------ - +
——— Unknown 1a0mgad

FL.-8870ym ;'
i

~80 GeV 1: T probability 0.99+

~9mm decay length

6 digitized emulsion information shown 6/7/17



Test Beamsl!!

0 Facility upgraded in 2005
1 38 experiments as of 2005-2015
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LArIAT test beam

File Layout Edit Tools View Window Help

ald =

LArIAT TEST-BEAM OVERVIEW

Upstream TOF

TOF A (E:COW0OO1):

Cosmic AG

Cos 1 HV (E:COW005): -1784.059 V Right (E:LHV5A): -1540.000 Vout MuRS :LHV4A): -1502. Vout

Magnets Cos 2 HV (E:COWO06): -1690.727 V Right (E:LHVISA): -708.469 ulmp MuRS :LHV4B): -1554. Vout
Magnet Current (F:MC7AN)

-0.10 amps

Upstream AG
E Voltage (E:COW007): -1795.680 V

Left (E:LHVSB): -1540.313 Vout MURS :LHV4C): -1454.688 Vout

TOF B (E:COWO02): Left (E:LHVISB): -705.750 uAmp MURS :LHV4D): -1452.813 Vout

Probe (F:MC7ANB)

. -6.55 Gaus E Counts (F:MC7U05): 0.000 Cnts .

TOF C (E:COWD03): MURS :LHVSC): -1605.000 Vout
o (B 1 HV7AY: 1908 12

Coil 1 Temp (F:MC7AT1) LIVAIREDD (LIRSt D & TOF MURS 6 (E:LHVSD): -1603.125 Vout

72220008 0F W Counts (F:MC7U08): 0.000 Cnts LIS At

RIGHT (E:COW008): -1616.279 V

TOF D (E:COWO04):

SC1 (F:MC7SC1) . 6A): —161 c
> 34E02 counts Coil 2 Temp (F:MC7AT3) B . e HuRS S
72.40 DegF ownstream MURS :LHVGC): -1603.438 Vout
LEFT (E:COWO09): -1778.611 V

E Voltage (): b, mox

MuRS 9 (E:COWO17): -1782.243 V

E Counts (F:MC7U07): 0.000 Cnts

MuRS 10 (E:COWO18): -1794.954 V
W Voltage (): mo,mom (F:MC7SC3)
- |J,_ 02 counts MuRS 11 (E:COW019): -1632.621 V

W Counts (F:MC7U08): 0.000 Cnts

MuRS 12 (E:COWO20): -28.184 V

LAr dewar level low!

TO CRYD SYSTEM
OVERVIEW

OVERVIEW
s TIPEL o

Beam info

MCenter Intensity(F:MC6IC) 0.00E00 ppp
MC6 Target Scint (F:MCESC) 3.00EQQ CNTS Xo;;a\gle Ly

N =t d =B . Voltage (E:WC2V)
Current (E:WC1I) -1.53 vV

-0.00 uAmp Current (E:WC2I)

MCECV Collimator (F:MCECV) 4.089 mm
Voltage (E:WC3V)

MCenter Energy (F:MCENRG) 8.010 GeV

Lar!

Counts (F:MC7U01)
0.00E00 Cnts

-0.00 ulmp

Counts (F:MC7U02)
0.00E00 Cnts

2015-04-30 16:49:35

8.54 V

Current (E:WC3I)
-0.00 uAmp
Counts (F:MC7U03)
0.00E00 Cnts

Voltage (E:WC4V)
7.32V

Current (E:WC4I)
0.00 uAmp

Counts (F:MC7U04)
0.00E00 Cnts

Up left (E:COWD10): -1541.469 V
Up right (E:COWO11): -1369.694 V
Down Teft (E:COWD12): -1662.764 V

Down right (E:COW013): -1400.926 V

MAIN MENU




. =
Conclusions <=

FNAL Fixed Target Legacy

O Led to detectors and computing used in all modern
experiments

o High intensity and highest energy ever in fixed target
Charm physics
Kaon physics to 10719
Proton Structure
Precision Standard Model Parameters

o Discoveries

Discovery of Upsilon and V_
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i
Not over yet s

Fermilab fixed target lives at 8 and 120 GeV

Neutrino physics at 8 and 120 GeV

O Cross sections (MINERVA)

O Oscillations (MINOS, NOvA, MiniBooNE, MicroBooNE, SBND,
lcarus DUNE .....)

0 222

Proton Physics
0 SEAQUEST — son of NUSEA

Test beams !l

Your idea here

6/7/17
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Fermilab Dedication 1974
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