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ﬂ e Reminder from the 1st day: ‘e‘s‘l_

Collider CM energy

1 * Fora (p; = 0) and if we neglect the masses (i.e. if we are at sufficiently
ARIES high energy)

Ecm = \/2E1m02C2
+ Fora (73 = i)

ECM - El +E2

* ) , the energy required is much higher for an
accelerator with Fixed Target (FT) than for a Collider (C)

Eer = 2yc E
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Collider shape
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discoveries and precision measurements

Accelerators contributed to 26 Nobel Prizes in physics

since 1939
e 1939 Ernest O. Lawrence e 1983 William A. Fowler
e 1951 John D. Cockcroft & Ernest Walton e 1984 Carlo Rubbia & Simon van der Meer
e 1952 Felix Bloch e 1986 Ernst Ruska
e 1957 Tsung-Dao Lee & Chen Ning Yang e 1988 Leon M. Lederman, Melvin Schwartz &
e 1959 Emilio G. Segré & Owen Chamberlain Jack Steinberger
e 1960 Donald A. Glaser ¢ 1989 Wolfgang Paul
e 1961 Robert Hofstadter e 1990 Jerome I. Friedman, Henry W. Kendall

e 1963 Maria Goeppert Mayer & Richard E. Taylor

e 1967 Hans A. Bethe * 1992 Georges Charpak

e 1968 Luis W. Alvarez ® 1995 Martin L. Per |

e 1976 Burton Richter & Samuel C.C. Ting y ég?:d%?)\lfi'g eJ; Gross, Frank Wilczek & H.

e 1979 Sheldon L. Glashow, Abdus Salam & . .
Steven Weinberg * a(;(;ial\\/’lvzkoto Kobayashi & Toshihide

e 1980 James W. Cronin & Val L. Fitch

« 1981 Kai M. Siegbahn e 2013 Frangois Englert & Peter Higgs

e 2015 Takaaki Kajita & Arthur B. MacDonald
Courtesy of P. Lebrun (JUAS-2021, will also give a seminar for JUAS-2023 Course 2 on 13/02/2023)

S
E. Métral, 23/01/2023




Juas % - .
ﬂ E Why colliders? => Particle e

discoveries and precision measurements

Accelerators contributed to 26 Nobel Prizes in physics

since 1939
e 1939 Ernest O. Lawrence e 1983 William A. Fowler
e 1951 John D. Cockcroft & Ernest Walton e 1984 Carlo Rubbia & Simon van der Meer
e 1952 Felix Bloch e 1986 Ernst Ruska
e 1957 Tsung-Dao Lee & Chen Ning Yang e 1988 Leon M. Lederman, Melvin Schwartz &
e 1959 Emilio G. Segré & Owen Chamberlain Jack Steinberger
e 1960 Donald A. Glaser ¢ 1989 Wolfgang Paul
e 1961 Robert Hofstadter e 1990 Jerome I. Friedman, Henry W. Kendall

e 1963 Maria Goeppert Mayer & Richard E. Taylor

e 1967 Hans A. Bethe o 1992 Geor.ges Charpak
e 1968 Luis W. Alvarez ® 1995 Martin L Perl |
e« 1976 Burton Richter & Samuel C.C. Ting e 2004 David J. Gross, Frank Wilczek & H.

David Politzer

e 2008 Makoto Kobayashi & Toshihide
Maskawa Higgs boson in the CERN LHC (2012)

e |2013 Frangois Englert & Peter Higgs
e 2015 Takaaki Kajita & Arthur B. MacDonald

Courtesy of P. Lebrun (JUAS-2021, will also give a seminar for JUAS-2023 Course 2 on 13/02/2023)

e 1979 Sheldon L. Glashow, Abdus Salam &
Steven Weinberg

e 1980 James W. Cronin & Val L. Fitch
e 1981 Kai M. Siegbahn
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% A historical day : 4™ July 2012

% => Announcement of the discovery of
¥ a new particle (“Higgs-like” boson)

2013 Nobel prize
in physics awarded to
F. Englert and P. Higgs for
their theoretical work on

Higgs boson (1964)
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ﬂ i Short history of colliders el .

e 1943, R. Widerge patents the concept of colliding beams in storage rings

e 1961, the first electron-positron storage ring AdA is built in Frascati

e 1971, CERN starts operating the ISR, first proton-proton collider

e 1982, the CERN SPS is converted into a proton-antiproton collider

e 1987, the TeVatron at Fermilab is converted into a proton-antiproton collider

e 1987, the SSC, a 40 TeV proton-proton collider, is approved for construction in the USA.
The project was subsequently cancelled in 1993.

e 1989, CERN starts operating the 26.7 km, high-energy electron-positron collider LEP
e 1989, SLAC starts operating the SLC, first linear collider converted from the linac

e 1991, HERA at DESY becomes the first proton-electron collider

e 1999, RHIC at BNL becomes the first heavy-ion collider

e 2008, CERN starts operation of the LHC, 14 TeV proton-proton collider

e 2012, design studies are published for electron-positron linear colliders, ILC and CLIC

e 2014, CERN launches design study for Future Circular Colliders (100 km
circumference)

Courtesy of P. Lebrun (JUAS-2021, will also give a seminar for JUAS-2023 Course 2 on 13/02/2023)
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e Y === o 6 quarks

hadron collider => frontier of physics
—discovery machine
—collisions of quarks
—not all nucleon energy available in collision
—huge background
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ﬂ 22— Hadrons vs. Leptons in circular colliders

-, g | e 6 quarks
S

hadron collider => frontier of physics
—discovery machine
—collisions of quarks
—not all nucleon energy available in collision
—huge background

os
o

e_
2 leptons

=)

lepton collider => precision physics
—study machine
—elementary particles collisions
—well defined CM energy
—polarization possible

esl .

European Scientific Institute

E. Métral, 23/01/2023




juas % : : .
ﬂ 22— Hadrons vs. Leptons in circular colliders esl_.

Limited by the dipole field available

) pg i}p - 6 quarks and the ring size
p[GeV/c] ~ 0.3B[T]p[m]
hadron collider => frontier of physics
—discovery machine ‘

—collisions of quarks
—not all nucleon energy available in collision
—huge background

Go to higher magnetic fields
(=> Superconducting) or/and
large circumferences
(=> ten’s km)

=) < /\He - 2 leptons
lepton collider => precision physics
—study machine
—elementary particles collisions
—well defined CM energy
—polarization possible
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ﬂ 22— Hadrons vs. Leptons in circular colliders esl_.

Limited by the dipole field available

) pg i}p - 6 quarks and the ring size
p[GeV/c] ~ 0.3B[T]p[m]
hadron collider => frontier of physics
—discovery machine ‘

—collisions of quarks
—not all nucleon energy available in collision
—huge background

Go to higher magnetic fields
(=> Superconducting) or/and
large circumferences
(=> ten’s km)

Limited by energy lost from

e+ synchrotron radiation
o

& 2 leptons
= A - P J
- - . U, .ox——
lepton collider => precision physics lost pEg
—study machine
—elementary particles collisions 1
—well defined CM energy

—polarization possible _ , _
Go to linear colliders or heavier leptons

]

E. Métral, 23/01/2023 7
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ﬂ e Luminosity: figure of merit of a collider esl .

The number of events N,,,, is the product of the cross-section of interest

o,., and the time integral over the instantaneous luminosity L(?)

P

N, =o, X | L({)dt

exp exp

I |
E. Métral, 23/01/2023 8
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P

N, =o, X | L({)dt

exp exp
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The number of events N,,,, is the product of the cross-section of interest

o,., and the time integral over the instantaneous luminosity L(?)

P

N, =o, X | L({)dt

exp exp
Detector Nature Accelerator

E. Métral, 23/01/2023 8



ﬂ Jves . Luminosity for the SIMPLEST case

Collision without
crossing angle

Collision with
crossing angle
(general case)

esl

European Scientific Institute

E. Métral, 23/01/2023




ﬂ Jues_ Luminosity for the SIMPLEST case esl_.

Collision without
crossing angle

Collision with
crossing angle
(general case)

Pyxy.8:-s0) Pxy.sss,)

Luminosity in the absence of crossing angle (and transverse
beam offset and hourglass effect => See later)

Number of bunches Mf;"ev coll
+00 400 400 4+

L=MN, N, frev2ffffpl(x,y,s,—so)pz(x,y,s,so)dxdydsdso

-0 —00 —00 —00
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Collision without
crossing angle

Collision with
crossing angle
(general case)

Pyxy.8:-s0) Pxy.sss,)

Luminosity in the absence of crossing angle (and transverse
beam offset and hourglass effect => See later)

Number of bunches @ Mf;"ev coll
FE+00 +00 400 400

L=MN, N, f ffffpl ,y,s,—so)pz(x,y,s,so)dxdydsdso

rev
-0 —00 —00 —00
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ﬂ Jues_ Luminosity for the SIMPLEST case esl_.

Collision without
crossing angle

Collision with
crossing angle
(general case)

Pyxy.8:-s0) Pxy.sss,)

Mgaller kinematic luminosity factor

(V1 X 13)?
2

Myir = \/(’U_i —13)% —

(&

M,
IZLF = \/ﬁ% + 82 + 28182 cos @ — B232sin? @

Luminosity in the absence of crossing angle (and transverse

beam offset and hourglass effect => See later)

Mj,

rev — Jeoll

L=MN,N, f

rev

Number of bunches @
FE+00 400 400 400

S ST ) p(xeysi=s,

-0 —00 —00 —00

)pz(x,y,s,so)dxdydsdso
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¢ With several assumptions
* 1) Uncorrelated densities in all planes
* 2) Gaussian distributions in all dimensions
* 3) Same longitudinal dimension for both beams (rms beam
size 0,)
*4) Same transverse dimensions for both beams (rms beam
sizes 0, and o)

* 5) No modifications during the bunch crossing

E. Métral, 23/01/2023 10
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With several assumptions
1) Uncorrelated densities in all planes
2) Gaussian distributions in all dimensions
3) Same longitudinal dimension for both beams (rms beam
size 0,)
4) Same transverse dimensions for both beams (rms beam
sizes 0, and o)

5) No modifications during the bunch crossing

the simplest formula for the peak luminosity is obtained

MNI N2 frev
L= Let’s call it L,
4ro,0,

E. Métral, 23/01/2023 10
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Assuming now a round beam (o, = o, = o), but flat optics can

also be used, and the same bunch intensities (N, = N, = N,), this

leads to
; _MN, f,, BY
) 4w f €

Normalized
transverse beam
emittance

B-function at the
collision point

L |
E. Métral, 23/01/2023 11
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¢ Inthe general case:|L = Ly X FwithO < F < 1
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¢ Inthe general case:|L = Ly X FwithO < F < 1

\ =

* Crossing angle
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ﬂ e Luminosity for the GENERAL case

In the general case:

Crossing angle

L=LyXFwith0<F<1

\ e

e

O, 2
tan® /2~ /2

E. Métral, 23/01/2023
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In the general case:|L = Ly X Fwith0O < F <1

\ =

Crossing angle

0.7

(2

Lumi reduction from crossing angle

. 2
tan®/2~d/2

=

o, [cm]
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ﬂ s Luminosity for the GENERAL case esl_.

In the general case:|L = Ly X Fwith0O < F <1

Transverse offset
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In the general case:

Transverse offset

L=LyXFwith0<F<1
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ﬂ s Luminosity for the GENERAL case esl_.

In the general case:

Transverse offset

L=LyXFwith0<F<1

[
‘&“‘.‘

[ [
= =)

=
h“‘.”‘.“‘

Luminosity reduction facfor

E. Métral, 23/01/2023
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Transverse offset [in o]
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¢ Inthe general case:|L = Ly X FwithO < F < 1

* Hourglass effect |B(s)=§ 1+(/;*)
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¢ Inthe general case:|L = Ly X FwithO < F < 1

* Hourglass effect |B(s)=§ 1+(/;*)

LCA& HG — LCA F HG
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ﬂ e Luminosity for the GENERAL case esl .

In the general case:|L = Ly X Fwith0O < F <1

: —
Hourglass effect [J’(s)=/3* 1+( S)

LCA& HG — LCA F HG

SlIl2 COS2
-2 q) 2 ¢ —s2 +
Sm — COS — 2
2 2 o1+ S*
*2 + 2 +
P o, (o

HG = \/? _fdse

E. Métral, 23/01/2023
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Luminosity for the GENERAL case

In the general case:

L=LyXFwith0<F<1

Hourglass effect

LCA& HG — LCA F HG

sian 22
. 4)) 6)) 2 2 2
sin>—  cos® — 01 o2
2, 2 o 1+[i)
0_*2 0_2 +00 e B
Fy; = . fds 3
s
(7]

E. Métral, 23/01/2023

esl .

European Scientific Institute

Lumi reduction from hour—glass

.c o
=
A

=)
T b T T

S
—]
-

length o,

LHC nominal rms bunch
length o,: 7.5 cm

Starts to become
important when g* is
comparable or smaller
than the rms bunch

L —
LHC nominal: 55 cm

|||||||

o 10
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The unit of the cross-section (aexp

1 barn =10-28m2 = 10-24 cm?2

) is the barn:

1 barn-! =1028m-2 = 1024 cm-2
1 ub-! =103 m2=1030cm-2
1 pb-l =104 m2=1036cm-2
1 fb-l =108 m2=103% cm-2

E. Métral, 23/01/2023
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The unit of the cross-section (Gexp

1 barn =10-28m2 = 10-24 cm?2

) is the barn:

1 barn-! =1028m-2 = 1024 cm-2
1 ub-! =103 m2=1030cm-2
1 pb-l =104 m2=1036cm-2
1 b1 =104 m2=103% cm-2

The inverse femtobarn (fb_l) is the unit typically used to measure
the number of particle collision events per femtobarn of target cross-
section, and is the conventional unit for time-integrated luminosity

E. Métral, 23/01/2023 15
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The unit of the cross-section (o,,,) is the barn:

P

1 barn =10-28m2 = 10-24 cm?2

1 barn-! =1028m-2 = 1024 cm-2
1 ub-! =103 m2=1030cm-2
1 pb-l =104 m2=1036cm-2
1 b1 =104 m2=103% cm-2

The inverse femtobarn (fb_l) is the unit typically used to measure
the number of particle collision events per femtobarn of target cross-
section, and is the conventional unit for time-integrated luminosity

Thus if a detector has accumulated 100 fb~! of integrated luminosity,

one expects to find 100 events per femtobarn of cross-section within
these data

E. Métral, 23/01/2023 15



Let’s assume some luminosity lifetime behaviour => Exponential
decay (due to intensity decay, emittance growth, etc.)

What is the best run time ¢,?

E. Métral, 23/01/2023



INTEGRATED LUMINOSITY AND MAXIMIZATION (2/4)

" Let’s call t, the preparation time (time needed to put the beams
in collision after the end of the previous physics fill) =>
Optimization of ¢, and ¢, gives the maximum luminosity

E. Métral, 23/01/2023



INTEGRATED LUMINOSITY AND MAXIMIZATION (3/4)

E. Métral, 23/01/2023

Luminosity evolution

e
%

o
=)
T

esl

European Scientific Institute

S
PN
i

)
T h T

Average luminosity evolution
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INTEGRATED LUMINOSITY AND MAXIMIZATION (4/4)

“ The average luminosity is maximum when

[ l
t =7, In| 1+ 2% +-F&
L, T

E. Métral, 23/01/2023 19



Pile-Up (PU) = Number of events / crossing for a given luminosity

This is a limit coming from the experiments’ detectors => Better

to have larger number of bunches (for the same beam intensity)

In case the pile-up is too big, luminosity leveling techniques could
be used to remain at the limit => Playing with the different
parameters which can reduce the luminosity (transverse beam
offset, 8*, etc.)

E. Métral, 23/01/2023



Pile-Up (PU) = Number of events / crossing for a given luminosity

PU =19 from
LHC Design Report
(ATLAS and CMS)

This is a limit coming from the experiments’ detectors => Better

to have larger number of bunches (for the same beam intensity)

In case the pile-up is too big, luminosity leveling techniques could
be used to remain at the limit => Playing with the different
parameters which can reduce the luminosity (transverse beam
offset, 8*, etc.)
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Summary: how to reach
high luminosity in a collider?

High beam intensities

High bunch intensity => More efficient (for the same beam
intensity) but pile-up issue for the experiments’ detectors

High number of bunches => Less efficient but better for the pile-
up
Small transverse beam sizes (small transverse emittance and beta
function at the IP)
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Summary: how to reach
high luminosity in a collider?

High beam intensities

High bunch intensity => More efficient (for the same beam
intensity) but pile-up issue for the experiments’ detectors

High number of bunches => Less efficient but better for the pile-
up
Small transverse beam sizes (small transverse emittance and beta
function at the IP)

High energy

Small crossing angle
Small transverse offset
Short bunches

E. Métral, 23/01/2023
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ﬂ = 6 major challenges for future

high-energy colliders

1. Synchrotron radiation
2. Bending magnetic fields

3. Accelerating gradient

4. Particle production (et, p, i)
5. Power consumption and sustainability

6. Cost

E. Métral, 23/01/2023
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16 collider options at Showmass 2021

esl -

(US Particle Physics Community Planning Exercise)

10:10 AM

10:25 AM

10:40 AM

10:55 AM

11:10 AM

— 9:10 AM Introduction: goals, format, etc

— 9:25AM FCCee
Speaker: Katsunobu Oide (kEk)

— 9:40 AM CepC
Speaker: Yu Chenghui

—9:55AM ILC
Speaker: Shinichiro MICHIZONO (kek)

— 10:10 AM CLIC
Speaker: Steinar Stapnes (FNAL)

— 10:25 AM EIC
Speaker: Christoph Montag (8nL)

— 10:40 AM LHeC
Speaker: Oliver Bruning (CERN)

— 10:55 AM  HE-LHC
Speaker: Frank Zimmermann (CERN)

—11:10 AM SppC
Speaker: Jingyu Tang (institute of High Energy Physics)

— 11:25 AM  FCChh
Speaker: Michael Benedikt

10:10 AM

10:30 AM

10:50 AM

11:10 AM

11:30 AM

—9:10 AM

— 9:30 AM

— 9:50 AM

—10:10 AM

— 1210 PM

Introduction: gioals, format, etc

Cold NC-Linear Collider
Speaker: Emilio Nanni (SLAC National Accelerator Laboratory)

ERL based FCCee
Speaker: Thomas Roser (BNL)

Gamma-Gamma Higgs factories
Speaker: Frank Zimmermann (CERN)

— 10:30 AM Plasma-Laser WFA 1 TeV +

Speaker: Carl Schroeder (Lawrence Berkeley National Laboratory)

— 10:50 AM Plasma-Beam WFA 1 TeV +

Speaker: Spencer Gessner

— 11:10 AM  Structure-beam WFA 1 Tev +

Speaker: John Power (Argonne National Lab)

— 11:30 AM  Muon Coliders: Higgs Factory and 3-14 TeV

Speaker: Daniel Schulte (CERN)

Discussion/ Q&A

I |
E. Métral, 23/01/2023
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Why a future collider and why at CERN?

Physics case is very strong

O Higgs boson is a guaranteed deliverable: related to the most obscure and problematic sector
of the Standard Model; it carries special quantum numbers and a new type of interaction
= unique door into new physics, which can only be studied at colliders

O Unprecedented direct/indirect reach for new physics: up to ~100 TeV (details depend on

whether it's CLIC or FCC). Note: no guarantee of discovery of new particles ()
(*) “When theorists are more confused, it's time for more, not less, experiments”, Nima Arkani-Hamed.

O Precise measurements, as well as exclusion of unfounded theoretical scenarios, are as
crucial as discoveries to make progress and redirect our theoretical thoughts and
experimental exploration towards the most promising directions.

Fabiola Gianotti (CERN Director General, 14/01/2020)
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HEP Colliders (1984-2011) (Revision August 30, 2012)

Location Accelerator Type Energy Operations Period Impact Note
C tructi b i
Cancellation a blow to the 15());; Lr:,ct :;:S ;iir;;:d
SSCL SSC p-p 20x 20 TeV N/A world HEP program, especially .
in the US by the US Congress in
1nthe 1993
Highest energy collider, first to Inaueuration in
P-p 7x7TeV use 2-in-1 SC magnet 8
technology, limits on Higgs October 2008, re-
LHC 574 x574 TeV 2009 present, mass, searc,h for physics ;gr(;lgmlcslj:(r):r:rtllg in late
Pb-Pb (2.76 x 2.76 TeV per beyond SM, Quark-gluon '€ Yy
nucleon) . operating at4 x4 TeV
plasma physics
Precise measurement of Z and
W bosons, determination of Hizhest enerev lebton
LEP ete- 104.5 x 104.5 GeV 1989-2000 the number of light neutrino g’ gylep
CERN - - collider
families to be 3, exclusion of
Higgs mass below 114 GeV
" N both LHC
|£)|scovery of W and Z bosons, . (.)W a5 bo
- - - injector (450 GeV) and
SPS p-pbar 315 x 315 GeV 1981-1984 first to use stochastic cooling . .
technolo fixed-target machine
By (400 GeV)
. . . Also ranin p-d, d-d, p-
First had Ilid d first !
ISR p-p 31.4x31.4 GeV 1971-1984 Irst hadron COMder andiirst - A o oha, alpha-alpha
p-pbar collider
modes
Di fT k and .
Tau neuttino, frstlarge | K2 25 both a fixed:
Fermilab Tevatron p-pbar 980 x 980 GeV 1983-2011 " g target machine and a
accelerator using SC magnet .
collider
technology
CP violation in the decay of B- T ———
KEKB ete- 8 (e-) x 3.5 (e+) GeV 1998-2010 meson, confirmation of the g. v
. collider
KEK CKM mattrix
First | lerat ing S
TRISTAN ete- 32 x 32 GeV 1986-1995 l] WSt large accelerator using

RF technology

~ 2.1 103 cm2 13
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HEP Colliders (1984-2011) (Revision August 30, 2012)

Location Accelerator Type Energy Operations Period Impact Note
C tructi b i
Cancellation a blow to the 15());; Lr:,ct :;:S ;iir;;:d
SSCL SSC p-p 20x 20 TeV N/A world HEP program, especially .
in the US by the US Congress in
1nthe 1993
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technology, limits on Higgs October 2008, re-
LHC 574 x574 TeV 2009 present, mass, searc,h for physics ;gr(;lgmlcslj:(r):r:rtllg in late
Pb-Pb (2.76 x 2.76 TeV per beyond SM, Quark-gluon '€ Yy
nucleon) . operating at4 x4 TeV
plasma physics
Precise measurement of Z and
W bosons, determination of Hizhest enerev lebton
LEP ete- 104.5 x 104.5 GeV 1989-2000 the number of light neutrino g’ gylep
CERN - - collider
families to be 3, exclusion of
Higgs mass below 114 GeV
" N both LHC
|£)|scovery of W and Z bosons, . (.)W a5 bo
- - - injector (450 GeV) and
SPS p-pbar 315 x 315 GeV 1981-1984 first to use stochastic cooling . .
technolo fixed-target machine
By (400 GeV)
. . . Also ranin p-d, d-d, p-
First had Ilid d first !
ISR p-p 31.4x31.4 GeV 1971-1984 Irst hadron COMder andiirst - A o oha, alpha-alpha
p-pbar collider
modes
Di fT k and .
Tau neuttino, frstlarge | K2 25 both a fixed:
Fermilab Tevatron p-pbar 980 x 980 GeV 1983-2011 " g target machine and a
accelerator using SC magnet .
collider
technology
CP violation in the decay of B- T ———
KEKB ete- 8 (e-) x 3.5 (e+) GeV 1998-2010 meson, confirmation of the g. v
. collider
KEK CKM mattrix
First | lerat ing S
TRISTAN ete- 32 x 32 GeV 1986-1995 l] WSt large accelerator using

RF technology

~ 2.1 103 cm2 13
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HEP Colliders (1984-2011) (Revision August 30, 2012)

Location Accelerator Type Energy Operations Period Impact Note

Construction began in

1989 but was canceled
by the US Congress in

1993

Cancellation a blow to the
SSCL SSC p-p 20x 20 TeV N/A world HEP program, especially
in the US

nghest energy collider, first to

p-p 7x7TeV

\
LHC E— 5009-bresent Current record (202324 at
Pb-Pb (2.76 x 2.76 TeV per 13.6 TeV): 2.610
nucleon) errrgal 4 x4 TeV

plasma physics

Precise measurement of Z and
W bosons, determination of
LEP ete- 104.5 x 104.5 GeV 1989-2000 the number of light neutrino .
CERN - - collider
families to be 3, exclusion of

|Higgs mass below 114 GeV
Now as both LHC
injector (450 GeV) and
fixed-target machine
(400 GeV)
First hadron collider and first Alsoran in p-d, d-d, p-

ISR p-p 31.4x31.4 GeV 1971-1984 p-pbar collider ?T:;;I;z,salpha-alpha

Highest energy lepton

lEiscovery of W and Z bosons,
SPS p-pbar 315 x 315 GeV 1981-1984 first to use stochastic cooling
technology

Discovery of Top quark and

. . Ran as both a fixed-
Tau neutrino, first large

Fermilab Tevatron p-pbar 980 x 980 GeV 1983-2011 . target machine and a
accelerator using SC magnet .
collider
technology
CP violation in the decay of B- T ———
KEKB ete- 8 (e-) x 3.5 (e+) GeV 1998-2010 meson, confirmation of the g. Y
. collider
KEK CKM mattrix
First large accelerator using S
TRISTAN +e- 32 x 32 GeV 1986-1995
e § ¢ H RF technology ~2.11034 cm-2 s-1
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Location Accelerator Type Energy Operations Period Impact Note
CP violation in B-Bbar system, | Record stored beam
PEP-II ete- 9 (e-) x 3.1 (e+) GeV 1999-2008 confirmation of the CKM currents, 3.2 A (e+), 2.1
mattrix A(e-)
Precise measurement of Z -
boson, including most precise First (and only) e+e-
SLC et+e- 46.2 x 46.2 Gev 1988-1998 o g p linear collider, 80%
indirect constraint on Higgs
SLAC polarized e-
mass
Lifetime measurements of Tau
PEP e+e- 14 x 14 GeV 1980-1990 lepton and B meson, analysis Six interaction points
of gluon jets, QCD studies
SPEAR ore- Ax4GeV 1972-1988 Discovery of the J/Psi meson Early 47 deteFtors and
and Tau lepton synchrotron light port
Test of QCD t truct .
HERA ep 27.5x 920 GeV 1992-2007 est of QCD, proton structure |, |- i7ed e- and e+
function
. Ligth source since
DESY PETRA et+e- 23.4x23.4 GeV 1978-1986 Discovery of Gluon 2009
. . e+/e- collision with
D fl/p d Ypsil .
DORIS ete- 5.6x5.6 GeV 1974-1992 ecays of J/Psi and Ypsilon hydrogen target in
resonances, B physics
2012
Measurement of |Vub], .
. " L Currently operating in
1.8 x 1.8 GeV to observation of "penguin” and two modes: light
Cornell CESR ete- ’ ' 1979-2008 b—sy decays, CKM matrix - 18 .
5.5x5.5 GeV .. o source and damping
constraining the unitarity .
. ring test accelerator
triangle
Quark-gluon plasma discovery,
BNL RHIC p-p, Au-Au | 250 x 250 GeV 2000-present nuclear phase diagram, source
of proton spin
High precision K physics, crab-
INFN DAFNE ete- 0.51 x0.51 GeV 1999-present waist operation for future
Super-B
1.5x1.5GeVto 1988-2005, 2008-
IH hi P PC- +e- ! - i
EP/China | BEPC & BEPC-II | e+e 5% 2.5 GeV present Charm-t physics
r—— .
0.2x0.2 GeV t Hadron production
VEPP-200 ete- £ X052 Bhevio 2010-present measurement; p-pbar and n-
1X1GeV
BINP npar near threshold
1.5x1.5GeV to T and Psi mass measurement
VEPP-4M ete- 1984 -present !
5x5GeV el 2-gamma physics
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