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Modern ete™ Colliders Hadron Colliders

SPEAR (SLAC) DADNE (Frascati) SppS Collider (CERN)
DORIS (DESY) CESR (Cornell) Tevatron (Fermilab)

PETRA (DESY)  CESR-C (Cornell) e
PEP (SLAC) | EP (CERN) RHIC (Brookhaven)
TRISTAN (KEK) SLC (SLAC) | HC (CERN)
VEPP-2000 (Novosibirsk)  KEKB (KEK)
VEPP-4M (Novosibirsk)  PEP-Il (SLAC) e~p Collider
BEPC (Beljing) Super KEK-B (KEK
BEPC-II (Beijing) i HERA (DESY)

Lists from Particle Data Group: Defunct and Recent



https://pdg.lbl.gov/1996/collidersrpp.ps
https://pdg.lbl.gov/2025/reviews/rpp2024-rev-hep-collider-params.pdf

Rolf Widerge (1943), Tuddal (Telemark) NO:
colliding clouds Inspire colliding beams
Kemmuhle German patent issued 1953
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https://doi.org/10.1007/978-3-663-05244-9

8 The Invention of the Storage Ring

At this point 1 would like to recall an important event of my
Hamburg period. It happened during the autumn of 1943, on one
of my vacation trips back to Norway. Ragnhild and I were staying
in a hotel in a forest in Tuddal, near Telemarken, and Ragnhild
unfortunately took rather ill with pneumonia.

I was lying on a grassy hill one day, observing the clouds in the
sky, when I noticed two clouds moving towards each other, as if
they were about to collide. This started me thinking about cars in
frontal collisions and inspired me to make the following consid-
eration: On frontal impact, most of the kinetic energy of both cars
is transformed into destructive energy. On the other hand, if a car
collides against one which is at rest, only part of the kinetic energy
contributes to the destruction. Quite a considerable amount of it is
used up to hurl the previously stationary car away and therefore is
not available to destroy the two cars. This is a result of the laws of
mechanics.

I had thus come upon a simple method for improving the
exploitation of particle energies available in accelerators for
nuclear reactions. As with the cars, when a target particle (at rest)
is bombarded, a considerable portion of the kinetic energy is used
to hurl it (or the reaction products) away. Only a relatively small
portion of the accelerated particle’s energy is used to actually split
or destroy the colliding particles. However, when the collision is
frontal, most of the available kinetic energy can be exploited. For
nuclear particles, relativistic mechanics must be applied, and this
would cause the effect to be even greater.

However, it is not so easy to achieve head-on collisions of very
small particles against each other. A large number of particles are
required and they have to be tightly bundled in order for any two
to stand any chance of ever colliding with each other. At the time,
I was thinking of atomic nuclei. Since Rutherford’s experiments
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their approximate size was known and I could therefore estimate
the probability of a collision. However, given the particle beams
available at that time this was an utterly hopeless venture.

And this 1s where I had my second idea. If it were possible to
store the particles in rings for longer periods, and if these ‘stored’
particles were made to run in opposite directions, the result would
be one opportunity for collision at each revolution. Because the
accelerated particles would move very quickly they would make
many thousand revolutions per second and one could expect to
obtain a collision rate that would be sufficient for many interesting
experiments. I gave the name ‘nuclear mill’ to this storage ring, or
rings, in which the collisions were to take place.

This exceedingly simple principle was not conceived of again
until 1956, i.e. thirteen years later, in the USA [Ke56] [O’NS5S6],
when it was developed further and eventually put into practice.
Also, 1in the USSR, at Novosibirsk, similar ideas appeared. How-
ever, the first storage ring was put into operation in 1961, and it
was not in either the USA or the USSR, but in Italy. Many storage
rings used 1n high energy physics were built in accordance with the
principle of this first Italian machine.

After I returned to Hamburg I spoke with Touschek about my
ideas and he said that they were obvious, the type of thing that most
people would learn at school (he even said ‘primary school’) and
that such an idea could not be published or patented. That was fine,
but I still wanted to be assured of the priority of this idea, and 1
thought the best way to do this would be to submit a patent. I
telephoned my friend Ernst Sommerfeld in Berlin and we turned
it into a very nice and quite useable patent which we submitted on
September 8, 1943 (see facsimile in Appendix 1). This was given
the status of a ‘secret patent’. It was not until 1953 that it was
retrospectively recognized and published [Wi43a].

But we had taken Touschek’s objections into consideration and
did not state anything about the favourable balance of energy
during a frontal collision in the patent, as this was considered a
well known fact. Even so, Touschek was pretty offended.
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https://link.springer.com/content/pdf/10.1007/978-3-663-05244-9_9.pdf
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Maria Sktodowska-Curie & Pierre Curie (Paris, 1898-1902)
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Hans Geiger, Emest Marsden, Emest Rutherford (Manchester, 1908-1913)



Monte Generoso (1927-1928)

-
W
O
S
)
T
-
A4
Q
®)
-
d
—
N
-
S
L
=
®
7
Q0
S
-
S
<

Cable, Strung between Mountains, Acts

Dr. Kesrt Urban, mest shocked
mas in the woeld, an roof of Mt
Cexeroso lightaizgpooct cabin

T THE f)\’tl: of their Bves here
yvoung GCermans have just sucocedod 0
;‘fr.mm; eCInC Currents of R OO0 000
volts from the skies during a violent dis-
]'l.'\}' of lightr ing Un 1he L09es o ML
Generoso i Switzerland they duplicated
Benjamin Franklin's famous expen
of catching atmospheric electricity with a
kite and key, on a scale which that peonces
never dreamed of
From the side of Generoso's booy-radged
slope. they stretched, 25 an aenial 2 metal.
lic cable across a chasm to a neighborag
pcak. Threaded through covlinders of
galvanized metal, this antenna resembled
a sinng of beads fer 2 gantess, 1ts knobs

were d(\zgx.rl,! 10 keep the cerrents froe
leapdng from the ends. Instead, an excape

uas p.’u\ﬁ!«‘u’ S L ..-.'_v'.;\‘-}n'_r ",-_r'; R33,
from which the electricity could be carried
to a hightning-proof cabin sheathed with
metal bencath the brow of the mountam
Here were meters and other instraments
10 gare the force of the clectnoty

NE tf.x.\ not Jong 220 the darnne three

Des. A, Brasch, F. Lange, and Kunt
Urban, of the University of Berlin, saw 2
storm of unusual intensity beewing,. T
‘k) became Patg h dark Peals of thunder
burried the sciemtists as they threw
swilches and tested mstruments. Then

with 2 rush of wind up the valley tha

T ’ ) ) ’ . "
\‘ > l £y L5OW : < 3 High-v Afe cumtents, inawing ne bends,
4 ' " ) :

.::l’x;u,". .\'A(;nt away the aenal the fury of X 28 3 LY Eiiicy MR 2 o sirange thisgs Mete i 0 v that ©»
the storm broke n-made awchane has been 2 to pro PAg Deiwesn twe Agh-henniee Wi
Tongues of electric flame played about ooe, their dream 1o appiy the an
the rocks of the mounstain™s face near th fosces 1o am ratus ke an N-ray tube forces volis—by a con-
summiat. Filled with metalhc ore. 11 was nd ¢ what w hagren Ihe ordmar siderable marmn the most powerful ever
a patural lightning rod. Great yellow glass X-rav tobe would have to be hailf ; i’
sparks snapped every second across the tie loog. an wmpossible comstructional he rays from this tube far exceed in
spark gap, The pointers of the vollmeters fead, 10 wilstang sexh elecineal pressure wower thase of all the radium in the world
within the calin were doing a2 duwe. Bot the experimentors have alecady bailt They casily penetrate a wall of lead a yard
There came a brief lull ominous = s 2 stzange tube, Jess than 3 dosen fee heck, an impassable barnier 1o all ordinary
calm, long, of alternate rings of aleminum rul Neorays. Next the experimenters plan to
Suddenly a ternific thunderclap scemed  ber, and paper, th - od electn id a2 7.000000.volt tube of sumalar
26 POPULAR SCIENCE MONTHLY

as Antenna to Gather up Lightning

design,  Only lightning can run it, for the
greatest electrical tension ever produced

in a laboratory is 5,000,000 volts

How can such staggering forces be pul

to use? No onc knows exactly, yeq,

But there are several long-awasted
tests for which the power of light-

ning may be tried

One of these is the dream of

alchemists of old—the ““trans-

mutation of elements,” such as 4 \
tuming base metals into gold,

In recemt years science has

conceded that metals and

other substances once held
unchangeable can actually
be transformed into entire-
ly dificreat ones under
certain circumstances, re-
quiring tremendous forces
S0 far the oaly proved
cases of transmutation
have been done with the
mysierious power of radi
umn,; thus, mnute quantitics

of aluminum, phosphorus,

and other things have been

.

This 558 0cot mann-made are was drawn ot

in Westinghsuse laborarory

SEPTEMBER, 1931

"

recent tesn.

Thris is not lightnisg, bat a discharge of
laborsteory electriciny Jeaping frem insuls.
1es. It shows wiy extrascdinnry apparatus
is required i» harmessing 15000000 velts

turned into hydregen, Perhaps lightning’s

power may permit more useiul teansfor-
mations of other elements, when harnessed
in a vacuum tube.

Then there is the question of unlocking
the power of the atom. Some scientists
hold that the encrgy contained in a single
spoonful of water, for example, 15 suffi-
clent to drive a modermn steamship across
the occan, But this energy, if it does exist,
is 50 securely locked up that no way has
yet been found to release 1t,  Showld
lightning's force break an entrance Mo
this stronghold of power, the world might
sec 2 new era of industrial greatness based
upon free atomic energy

ASTLY, the rays from an electrnic tube

< gperated by lightning’s power may
well have the most peofound effect upon
human beings. Whether beneficial or not,
it is too early to say, Perhaps the auda.
cious expenimenters will find a2 curative
ray more effective agamst cancer than any

Hete s part of the appara-
tus that was wsed in the
Mt Gentroso tests. This
srange nctwork was  des
sigeed 19 canty the eaarmous
voltage 1 the labormory
where the scientists walted
in danger of issnant death

instrument hitherto known
to science. On the other
haad it may be a “death ray.”
Such fascinating possibilitics
spur man's advance in  his

attempt to hamess stupendous
electric forces. Only a few vears
ago the pinnacle of these efforts
was a crackling spark of 3,600000
volts produced at the General Electric
Company’s laboratory in Pittsficld, Mass
Then experts at the Camegie Institution
i Washington, D, C., built a3 mighty
machine that could command $5,000000
volts.  Meanwhile the German experi-
menters had already installed a prelimi-
nary apparatus on Mt, Generoso, a peak
famed for the frequency and violence of
its electiric storms. and were drawing Lwo-
million-volt sparks (P. S. M., Jan, 29, p
23). A higher, rebuilt antenna made their
recent feat possible. One of the expen-
menters, Dr. Urban, has acquiced the so-
briquet of “most shocked man in the
world” from being knocked unconscious
by sky currents

I' MUST be understood that thei

antenna is not directly struck by light-
ning, for if ® were, despite an electrical
safety valve” they have provided, they
would probably all be killed, The aerial
takes current from the clouds in two ways,
Elecinaty in the air itsell feaks down the
cables in steady sparks. But the greatest
voltages are obtained when a lightaing
bolt passes close to the aerial and a svin-
pathetic surge of electricity is induced in
the wire. In this way they have now
captured 15000000 velts, and even
greater voltages, up to thirty mallion, are
in sight!
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Lawrence & Livingston Cyclotron (Berkeley, 1931-2)
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16-MeV deuterons from Lawrence's 60" cyclotron

L -

- " (W"




TRIUMF Cyclotron: 18-m diameter,-520 MeV, 105 p/sec
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Cosmic Rays (Hess,
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isintegration

stars (Blau & Wambacher,

OCTOBER 2, 1937 NATURE 585

Disintegration Processes by  Cosmic Rays with
the Simultaneous Emission of Several Heavy
Particles

O~ photographic plates which had been exposed
to cosmie radiation on the Hafelekar (2,300 m. above
sea-level) near Innsbruck for five months, we found,
apart from the very long tracks (up to 1,200 cm. in
length) which have been reported recently in a note
in-the Wiener Akadermie-Berichte, evidence of several
processes described below.

From a single point within the emulsion several
tracks, some of them having a considerable length,
take their departure. We observed four cases with
three particles, four with four and ‘stars’ with six,
seven, eight and nine particles, one of each kind.

The longest track corresponded to a range in air
(15°, 760 mm, Hg) of 176 cm. The ionization pro-
duced by the particles is different in the different
cases, Most of the tracks show much larger mean
grain-distances than «-particles and slow protons.

In Fig. 1 a ‘star’ with eight tracks is reproduced.
On account of the rather steep angles at which some
of the particles cross the emulsion-layer (approxi-
mately 70 p thick) it is not possible to have all the
tracks of a ‘star’ in focus sinultaneously. Fig. 2
shows a sketch of the same ‘star’. Measurement of
the tracks gives the results in the accompanying
table.

i
Length in cm. of | Number | Position of the end of
air (15°, 760 mm.) | of grains the track

Track

30-0 em. Within the emulsion

4] * » 3 7

Glass

13

»
Within the emulsion
Surface of the emulsion
Glass

Centre of the ‘star’ 25 x under the surface of the emulsion.

We believe that the process in question is a dis-
integration of an atom in the emulsion (probably
Ag or Br) by a cosmic ray. The striking feature

about it is the simultaneous emission of so many
heavy particles with such long ranges, which excludes
any confusion with ‘stars’ due to radioactive con-
tamination. A similar configuration of tracks by
chance is equally out of question. Brode and others?

observed a single case of a disintegration with three
heavy particles in a Wilson cloud chamber. The
phenomenon which Wilkins believes was a shower of
protons 1is perhaps a similar process, but he did
not observe a centrez,

C

Fig. 2.

THICK LINES INDICATE A COMPARATIVELY LARGE
NUMBER OF GRAINS PER UNIT OF LENGTH OF THE
TRACK. AN INTERRUPTED LINE MEANS THAT THE
TRACK IS TOO LONG TO BE REPRODUCED ON THE SAME
SCALE. THE ARROWS INDICATE THE DIRECTION FROM
THE SURFACE OF THE EMULSION TO THE GLASS.

The total energy involved in the process cannot
as yet be calculated as most of the particles do not
end in the emulsion.

We hope to give further details before long in the
Wiener Akademie-Berichte.

M. Bravu.

H., WAMBACHER,
Radium Institut

u. 2 Physik. Institut,
Wien.
Aug. 25.
! Brode, R. L., and others, Phys. Rev., 50, 581 (October, 1936).
* Wilkins, Nat. Geog. Soc., Stratosphere Series, No. 2, 37 (1936).

© 1937 Nature Publishing Group
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Posrtron, muon, pion, strange particles, ...

Eur. Phys. J. H 36, 183-201 (2011)
DOT: 10.1140/epjh/e2011-20014-4 THE EUROPEAN
PHYSICAL JOURNAL H

The 1953 Cosmic Ray Conference at Bagneres
de Bigorre: the Birth of Sub Atomic Physics

J.W. Cronin®

Department of Astronomy and Astrophysics, Enrico Fermi Institute, University of Chicago, W S & % B
5640 South Ellis Ave., Chicago, IL 60637, USA "%3? B Ry "\ ?’
KA P '. \

Received 2 March 2011 ' ' '
Db online 29 August 2011 ouis Leprince-Ringuet
(© EDP Sciences, Springer-Verlag 2011 S .
| o Bagneres-de-Bigorre (1953)
Abstract. The cosmic ray conference at Bagneres de Bigorre in July,
1953 ized by Patrick Blackett and Louis Leprince-Ri t - :
semin(;lig::llel.zit mgrkeadrtlfle begicnrelinga(r)lf su{))lz’csomeigr;?l;esicslr;izeitsvisalfif? « Mal S nOUS deVOnS al Ier Vlte : nOUS

from cosmic ray research to research at the new high energy accelera-
tors. The knowledge of the heavy unstable particles found in the cosmic d - | t' -

rays was essentially correct in fact and interpretation and defined the eVOnS COUHr Sans ra en Ir nO ;re
experiments that needed to be carried out with the new accelerators.

A large fraction of the physicists who had been using cosmic rays for ® adence " NOUS SOMmMmes pOurS | ) V|S

their research moved to the accelerators. This conference can be placed
in importance in the same category as two other famous conferences,

the Solvay congress of 1927 and the Shelter Island Conference of 1948. - NOUS sommes DOUI’SU IVIS par eS
machines ! »

| 4


https://ui.adsabs.harvard.edu/search/p_=0&q=bibstem:%22ICRC%22%20year:1953&sort=date%20desc,%20bibcode%20desc
https://doi.org/10.1140/epjh/e2011-20014-4

Phase stability (Veksler (1944)-McMillan (1945)) & Synchrotrons
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Srookhaven Cosmotron, 3+ GeV (1952-4)



https://journals.aps.org/pr/pdf/10.1103/PhysRev.69.244
https://doi.org/10.1103/PhysRev.68.143
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Fermi's Dream Machine (1954): 5000-TeV p ~ Ecm = 3 TeV

2-tesla magnets at radius ~ 8000 km “"  Projected operation 1994

cost $170 Billion
1954 inflation rate O.75%
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Why must accelerators be so large”?
| 10 km ( Energy ) / ( Magnetic Field)
radius ~ :
3 1 TeV | tesla

+ aperture to contain unruly beam

|18
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Alternating-gradient (strong) focusing

©

Christofilos (Athens, 194

Courant, Livingston, Snyder ( Brookﬂé\/en, 1952

AY
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https://patentimages.storage.googleapis.com/fa/bb/52/0ce28e28b492a6/US2736799.pdf
https://doi.org/10.1103/PhysRev.88.1190

Impact of alternating-gradient (strong) focusing

Synchrotron (circumference, £) Seam [ube NMagnet Size
Cosmotron (230 ft, 3 GeV) 9Qin x 3 ft STtx8Tft
Sevatron (400 ft, 6.2 GeV) 1 ft x 4 ft O-1/2 ft x 20-1/2 ft

Srooknhaven AGS (0.5 mi, 30 GeV) 2.7 1N x06in 331N x 39 in

ermilab Main Ring (21 km, 400 GeV) 21N x4in 141N x 251N
-ermilab Tevatron (= 1 TeV) /0 mm 4.3 T (5C, 4.2 K
CERN LHC (27 km, = 7 TeV) 56 mMm 8.3 T (SC, 1.3K)

Main Ring's volume under vacuum < Bevatron's

21



NY 7imes, March 11, 1965: "Atom-Smasher Test Shows Way to Save on Energy”

Attainment of Very High Energy by Means
of Intersecting Beams of Particles
D. W. Kerst,* F. T. CoLEe,f H. R. CranE,} L. W. JonEs,f L. J.
LASLETT,§ T. Ouxkawa,|| A. M. SessLer,] K. R. Symon, **
K. M. TErRWILLIGER,f AND NiLs VocT NILsENTT
Midwestern Universities Research Association,tt University
of Illinois, Champaign, Illinois
(Received January 23, 1956)

The Frascati Storage Ring.

U, BErwarpist, G F. Cokazga, (s, (IGO0

[ I"Illl'u |'|'Il|l"'|."|'- _.l T M i | i I_|I'_'. II r I '||_ Ir..-.-lll. - .|I.I||.|.|I PR f I.

STUDIES OF COLLIDING ELECTRON-ELECTRON, POSITRON -ELECTRON
AND PROTON-PROTON BEAMS
AT THE INSTITUTE FOR NUCLEAR PHYSICS,

THE SIBERIAN BRANCH OF THE U.S.S.R, ACADEMY OF SCIENCES

G.I. Budker, A.A. Naumov, and co-workers

—

O'Neill (1956)
25025-GeV pp
~1.3 TeV fixed target

Carl Barber, Berard Gittelman, G. K. O'Nelll, Burton Richter: CBX
300-MeV electrons in collision = 350 GeV fixed-target 2


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.16.1127
https://doi.org/10.1103/PhysRev.102.590
https://doi.org/10.1007/BF02733192
https://inspirehep.net/files/97bd73843e156e9e63edac854ecf7a5b

First ete™ Collisions: AdJA

Anello di Accumulazione, Frascat
S ACO, Orsay

Gy nb

1200(—

1000{—

800
600
400 —

200 |
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4 500 550 600 650 700 750 800 850 900

Vs, MeV

Figure 12. The dependence of the Born cross section of the ete™ — w™ 7w~ process on energy,
dots with errors are data, curve is the fit result.

Bruno Touschek and AdA SND, VEPP-2000 Collider (Novosibirsk, 20212


https://arxiv.org/pdf/1805.09434
https://arxiv.org/pdf/1805.09434
https://link.springer.com/article/10.1007/JHEP01(2021)113
https://link.springer.com/article/10.1007/JHEP01(2021)113
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First superconducting magnet: Pb wire, 600 gauss (< 7.2 K)
Museum Boerhaave, Leiden
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Superconducting accelerator magnets based on Type-Il superconductors

104 T Nb-Ti 4.2 K LHC insertion Maximel J, at 1.9 K for entire LHCNbTi L
- /' V' quadrupole strand strondproduction (CERN-T. Boutboul 07). . neBLU B Tape lane
4

(Boutboul et al. 2006) Reducing the temperature from 4.2 K

o = p— SuperP tope, 50
produces a ~3 T shift in J, for Nb-Ti : upers 0“_’” o N b i “"?
“)i — substrate, SOum Cu, 7.5% Zr,
x ~ measured at NHMFL
S 4 e ———— 2

55x18 filament B-OST strand with NHMFL
50 bar Over-Pressure HT. J. Jiang et al.

.~ 2223: B || Tape Plane
"~ Sumitomo Electric (NHMFL)

M—
03B | 22

e REBCO:B|| T la
B % Tape Plane MEM'13 . | : ape plane
Nb-Ti °|  Sumitomo 2223: Bl Tape & REBCO:B 1 Tape Plane
. «  Electric (2012 Plane Sumitomo - ¥ =+ Bi-2212 50 bar OP
, 4.22 K High Field Q‘( ey Electric (NHMFL) i- : r

104 - ﬁfm;;ﬂ N\ < ++Bi-2223: B || Tape Plane

- \ ~#- Bi-2223:B L Tape Place

- & / \\ Nb;Sn: High J, O Bi-2223:B L Tape plane (carr. cont.)

- -'_.A Nb,Sn: &\ : ’ === Bi-2223: B 1 Tape plane (prod.)

Bronze Process s Nb;Sn: Internal Sn RRP®

MgB,: 2nd Gen. AIMI 18+1

wenpms Nb3Sn: High Sn Bronze

Filaments , The OSU/ HTRI, W B
o : Compiled fiom | o Nb-Tiz LHC 1.9 K
) oS A ASC'02 and
5 Soa - ICMC'03 papers wey = Nb-Ti: LHC 4.2 K

Whole Wire Critical Current Density (A/mm?, 4.2 K)

"
. 4543 filament High Sn . .
Bronze-16wt. %5n-0.3wt%Ti (). Parrell O1-5T) = « X+« Nb-Ti: High Field MRI14.22 K

(Miyazaki-MT18-JEEE’04) w MgB2: 18+1 Fil. 13 % Fill
10 | | | | | | | | ' | | | | | | | | | I | | | . | | | { | e

0 5 10 15 20 25 30 35 40 45
April 2018 Applied Magnetic Field (T) mGLAB




How can accelerators be so small?
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Development of large-scale cryogenic technology,
to maintain many km of magnets at a few kelvins.

Active optics to achieve real-time corrections of oroits

enables reliable, highly tuned accelerators with small-aperture magnets.

Also “cooling,” or phase-space compaction, of stored (anti)protons.

Evolution of vacuum technology.
Beams stored for approximately 20 hours travel
~ 2 x 1010 km, about 150 times the Earth—Sun distance,

without encountering a stray air molecule. LHC: 10-13 atm.

Improvements In accelerating gradient
through efficient (superconducting) RF cavities
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Simon van der Meer, Carlo Rubbia: SppS Collider (1981); “active optics”
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G. I. Budker, A. N. Skrinsky (Novosibirsk, 1970s
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CDF/DO (1995)
top quark:
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The Tevatron (1983-) showed SC magnets in reach

HERA e<p Collider

Thought experiment (1977) considering WW scattering had revealed

1/2
(Sﬂ\/z) ~ 1 TeV

3G,

energy scale to discover the mechanism
of electroweak symmetry breaking
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H(125 GeV) = 27° = ut u- Ut U= candidate
ATLAS
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http://atlas.ch

Run: 189280
Event: 143576940
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Higgs discovery follow-ups

Refine Higgs-boson properties: (HL)-LHC, "Higgs Factory’
ete- > H+ /L

s H source of all guark, charged-lepton masses”? Neutrino masses'?

Does H have partners”

ow does H interact with itselt”

Does H fully regulate WV scattering””

Vacuum-energy problem: 10-° Mg In each of us??"

“erspectives & (120+) Questions — Gedanken Worlds without Higgs

4]


https://doi.org/10.1103/PhysRevD.79.096002
https://doi.org/10.5281/zenodo.13285473

‘sixtn place of the decimal” and beyond ...

: U
BaBa,r  E— — E
BESIIT « e
T SND20 = M — e
T o—+—H §
 LatticeHVP Avg | el
WP25 | ®
== FNAL-25
R FNAL-23
P ‘ | FNAL-21 C;;
; * | BNL-06
40 —30 —920 ~10 0 10 20
10%0 x (aﬁM — a3 ®)
. - +0.0032

e magnetic dipole moment
measured to 0.13 ppt

fine structure constant

Berkeley: a—1(Cs) =

—pe/HB = 137.035 999 046(27)
1.00115965218059(13)

Paris: a—!(Rb) =
% s 1 137.035999206(11)
1786'\:,32:23222:)60—2—F 180.5 181 taiz’ (dlffer by 54 Sd)

(-w/n, - 1.001 159 652 000) x10'"?

Gabrielse: Harvard—NU
(Anti)proton magnetic moments: CPT test

j5 = —2.792 847 344 1(42) Ly
VS.

1, = +2.792 847 344 62(82) 1

BASE Collaboration @CERN Antiproton Decelerator
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https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf

Next steps 1or accelerators and colligers:
more interactions, higher energy, better control

mproved technigues to accelerate
anad Manipulate stanaara particles

Novel acceleration schnemes

Accelerate novel particle species, compinations
e+p - heavy I0Ns - rare iIsotopes - 3-emitters/EC - 1
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A 10-TeV ptu- Collider for the Nuclear Mill Centennial?
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https://indico.fnal.gov/event/52701/contributions/231910/attachments/151345/195514/22sitefillerfinal.pdf

Applications beyona our researcn agenda

>30,000 accelerators worldwide
few hundred for research
industrial processes,
medical Imaging, Isotopes, hadron therapy, ...
food Irradiation, cross-linking polymers, ...
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