Experimental Modern Physics:
the need for Mathematics

Atomic, Molecular and Optical Physics Division

and Didactics of Physics Division




Experimental Modern Physics:
what we (urgently) do not know?




Positron = negative electron

e Is antiparticle of &

- mass 511.003 keVAc

- spin %2

- oppositeQ

- Oppositeu

- stable in vacuum (>2x2§)

Ps is light H :

- EnergyE='2 Ry
- p-Ps: 1=125 ps, 2
- 0-Ps: =142 ns, 3

One of Anderson’s (1933) original photographs illus-
trating " the historic discovery of the positron. In the cloud
chamber, there is a lead plate 6 mm thick and a magnetic field
oriented in the page. The change of energy (63 MeV below the
Plate to 23 MeV above) with the knowa thickness of lead and
magnitude of the field proves that the particle is positive and of
the same mass as the electron.

Rev. Mod. Phys., Vol. €0, No. 3, July 1968



Positron scattering — gas phase
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Positron Beam for Solid State studies

First accelerator |

TN

Second accelerator

Detector

CryostLat

Fig. 1. A schematic layout of the electrostatic positron beam constructed in the Trento laboratory,

Brusa, Karwasz, Zecca 1996




Trento-Munchen Positron Microscope

E=500 eV — 25 key P OSITrONS go Into detall,. 505
_A. Zecca, G. Karwasz, Physics World, November 2@041

Fig. 1. Overview of the scanning
POSILION MUCTOsCOpe — vacuum
vessel with attachments:

! — radioactive source and
moderator; 2 — drift tube for pulse
forming (sawtooth buncher});

3 - resonance buncher:

4 — accelerator: 5 — beam switch;
6 — remoderator unit;

7 — postbuncher; & — main
accelerator: 9 - deflector coils; 1)
— specimen chamber with
manipulator: //  probe forming
lens with detector in the central
bore; /2 - load lock; 13 — electron
gun; P — pumping port. Some
components have been rotated
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into the plane of the drawing



Electron optics modelling
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Positron diffusion and trapping
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Positrons In Solid State Physics

Defect detection capabilities of different analysis techniques

Surface { <10 A) Bulk (depth > 10 A)
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Positron in a crystal




Surface/ bulk defects studies

Unexpected & Doppler broadening
unknown surface defects Depth [nm]
. ~ 1 10 100 1000
new Mathgmatigg?———
1.10 Si implanted He 40 keV -

1.08 4= Sj+He 40 keV as implanted 7]

Si+He implanted 40 keV,
annealed 800C

T Z R
Energy (KeV)

Presence of vacancy-like defects Presence of large cavities
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any-hody theary
polarised orbital
eXp. Sinapius et al
exXp. Stain ot al
exp. Karwasz et al

.

s section {a.u

G

FPositron energy (eV)




A Topological Look at t
Quantum Hall Effect

The amazingly precise quantization of Hall conductance in a
two-dimensional electron gas can be understood in terms of
a topological invariant known as the Chern number.

Joseph E. Avron, Daniel Osadchy, and Ruedi Seiler

e Tonlure of parallel tranaport 1or closed paths 15 a
hallmark of intrinsic curvature. In modern geometry, the
local curvature of a surface is defined as the angular mis-
match after the traversal of an infinitesimal closed loop,
divided by the loops area.

This notion of curvature extends to a wide range of
other situations. In particular, it lets us introduce curva-
ture into quantum mechanics. Consider a quantum Hamil-
tonian H(D #) that depends on two angular parameters.
The parameters play a role analogous to the spherical co-
ordinates on Earth’s surface. Suppose that the Hamilton-
ian has a nondegenerate ground state at energy zero. Let

40  August 2003  Physics Today

Chern numbers

Geometry and topology are intimately related. Let us re-
call this relation in the familiar setting of surfaces. A re-
markable relation between geometry and topology is the
formula by Gauss and Charles Bonnet:

(0 -
o[ KaA=2(1-g). (3)

The integral is over a surface 8 without a boundary, like
the torus in figure 4, and K is the local curvature of the
surface. Therefore, K dA is the angular mismateh of par-

hitp/Swww.physicstoday.org

Figure 4. The Gauss—Bonnet formula (equation 3 is illus-
trated here by a toroidal surface with one handle. The
local curvature K is positive on those portions of the sur-
face that resemble a sphere and negative on those, near
the hole, that resemble a saddle. Because g, the number
of handles, equals one, the integral of the curvature over
the entire surface vanishes. One can make

Shiing-shen Chern's gquantum generalization of the
Gauss—Bonnet formula plausible by considering the
angular mismatch of parallel transport after a circuit
around the small red patch in the figure.

TR TR BT L S TELF, s



Topological states of quantum matter

Perturbation to a Perturbation to a

trivial topological insulator topological insulator

Cenduction band

\_,/\_/

E.,.=.>< \._/ N sutace N7

Surface states and topological invariants Valence band

In three-dimensional topological insulators:

Application to Bi ,_, Sb,

Jeffrey C. Y. Teo, Liang Fu, and C. L. Kane

We study the electronic surface states of the semiconducting alloy bismuth antimony
(Bi,_,Sb,). Using a phenomenological tight-binding model, we show that the Fermi surface
for the 111 surface states encloses an odd number of time-reversal-invariant momenta
(TRIM) in the surface Brillouin zone. This confirms that the alloy is a strong topological
insulator in the (1;111)  Z , topological class. We go onto develop general arguments
which show that spatial symmetries lead to additional topological structure of the bulk
energy bands, and impose further constraints on the surface band structure. Inversion-
symmetric band structures are characterized by eight  Z , “parity invariants,” which
include the four Z , invariants defined by time-reversal symmetry. The extra invariants
determine the “surface fermion parity,” which specifies which surface TRIM are enclosed
by an odd number of electron or hole pockets.




Superconductivity: BCE theory
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Lattice of superconducting rmaterial
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Superconductivity is a kind of Bose-
Einstein condensation. Unfortunately,
only bosons, i.e. particles with the
spin=1 (integer, in general) can
condensate. Electrons are fermions,
with spin =1/2. But if two electrons
could couple, they would form a
boson! The crystal matrix serves as a
deformable mattress for this.
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Superconductivity
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T Chandra’s Varma theory, the radical idea
F . o s that high temperature superco_nductlw.ty
and related phenomena occur in certain

I" I; materials because quantum-mechanical
fluctuations in these materials increase as
temperature decreases. Usually such
fluctuations, which determine the
properties of all matter in the universe,

decrease as temperature decreases.

ARV A HT superconductivity:

Superconductivity is associated with the formation of a new
state of matter in which electric current loops form
spontaneously, going from copper to oxygen atoms and back to
copper. His theory concluded that the quantum-mechanical
fluctuations are the fluctuations of these current loops.
Physicists consider these fluctuations in the current loops to be




Topology and phase transitions

Phase transitions and configuration space topology
Michael Castner

Reviews of Modern Physics, Volume 80, January- M2@b83

L o ?ha&c tramsitions may be defined as nonanalytic points of thermodynamic functions, e.2.,
of the mml free energy. Given a certain physical system. it is of interest to understand which
properties of the system account for the presence, or the absence, of a phase transition, and an
investigation of these properties may lead to a deeper understanding of the physical phenomenon.
One possible way to approach this problem, reviewed and discussed in the present paper. is the study
%ﬂmw space which are found to be related to equilibrium phase
transitions in classical statistical mechanical systems. For the study of configuration space topology,
one considers the subsets M, consisting of all points from conficuration space with a potential energy
per particie equal 1o or less than a given v. For finite systems, topology changes of M, are intimately
related to nonanalytic points of the microcanonical entropy. In the thermodynamic limit. a more
complex relation between nonanalytic points of thermodynamic functions (i.2., phase transitions) and
topology changes is observed. For some class of short-range systems, a topology change of the M, at
v=u, was proven to be necessary, but not sufficient, for a phase transition to take place at a potential
encrgy U, In contrast, phase transitions in systems with long-range interactions or in systems with
nonconfining potentials need not be accompanied by such a topology change. Instead, for such
systems the nonmanalytic point in 2 thermodynamic function is found to have some maximization
procedure at s origin. These results may foster insight into the mechamsms which lead to the
occurrence of a phase transition. and thus may help to explore the origin of this physical phenomenon.




Phase transition and topology

 The main issue of the present paper is to invasithe
mechanism which is at the basis of a phase tranaising
a different approach, based on concepts fudferential
geometryandtopology.

* The use of concepts from topology to describeysichl
phenomenon is particularly appealing due the fadt tha
topology vields a very reductional description: consiug
only the topology of, say, a surface, a S|gn|f|cant anto
of ,information” (on curvatures, for example) Is
disregardere, and only a samll part (like the conngtivit
properties) is kept. [...] to get amblurredview onto the
mechnisms which is at the basis.




Numerical simulation example:
Phase transition from
ferromagnetic state
3 (low temperatures)
AP . to paramagnetic state

1G. 2 Logarithmic mndulusr a of _the Ep’eer chafﬂﬂcrisﬁt (ferromag netIC,
e ettt L L ahove Curie temperature

for the nﬂaresl-neighbnr ='p‘" Ide:al on a.'?l'.-zrib'f SqQuare 1a|ti¢¢_
The dotted vertical lin¢ marks the Im‘f““ﬂ energy at whigh ,
phase transition takes place in ”’1? thf—_"mﬂd}f’nﬂl:mu limig,

solid line serves as guide to the eye. From Franzos o al,

2000,

log, X(Z,)

N ; %

i i l o ‘i 4)
FIILf - L= -'fi —J o, (% 4n
V : (g) = 2' (". 2‘-’!; + 4;' '2} 1id (3.10)




Phase transition and topology

Conclusions:

“It remains an open task to precisely specify whagology changes
entail a phase transition. Several proposals for cmmditon topology
changes of the, allegedly sufficient to guaranteee the occurence of

a phase transition are discussed, but a final ansvibrstguestion is
still lacking.

One may conjecture that such a criterion will not bewsteely of
topological character, but instead may involve sowigon of
measure or geometry as well.”




Universe, its geometry and our place
Part |

! Nicolaus Copernicus I
¥ (*Torun 1543) ,

.~ (*Strzelno 1857)



Ryc. 11.31. Rysunek aparatury Michelsona i Morleya. Przy-
rzady byty ustawione na kamiennej podstawie o powierzchni
okoto 2 m2 i grubosci 35 cm. W celu doktadnego wypoziomo-
wania aparatury i wyeliminowania drgan ptywafa ona w ko-
rycie wypetnionym rtecig. Z pracy: A. A. Michelson, E. Mor-
ley, On the relative motion of the Earth and the luminiferous
ether, ,American Journal of Science” 34, 333 (1887)

Ryc. 11.32. Wynik doswiadczenia Michelsona-Morleya byt

negatywny, gdyz nie udato si¢ zaobserwowac oczekiwane-
go przesuniecia prazkow interferencyjnych przy obrocie in-
terferometru. Autorzy napisali: ,Wyniki obserwacji s3
przedstawione w formie graficznej na rysunku. Krzywa gor-
na odpowiada obserwacjom w potudnie, a krzywa dolna -
obserwacjom wieczornym. Krzywe przerywane przedsta-
wiaja 6sma_czes¢ przesuniecia teoretycznego. Wydaje sie,
7e na podstawie tego rysunku mozna wnioskowac, iz jezeli
istnieje jakiekolwiek przesuniecie spowodowane wzglednym
ruchem Ziemi i $wiattonoénego eteru, to nie moze ono byc
duzo wieksze niz 0,01 odlegtosci miedzy prazkami.” Z pracy:
A. A. Michelson, E. Morley, On the relative motion of the
Earth and the luminiferous ether, ,American Journal of Scien-
ce” 34, 333 (1887)

Michelson ( and Kopernik):
No absolute reference frame!



Ziemia, jakkolwiek bardzo wiekkjest bryh, zadnego nie ma
poréwnania z wielkecia nieba...

[...] ze calyswiat sk obraca, ktorego granic nie znamy
ani ich nawet znanie maemy

Nicolaus Copernicud)e revolutionibusNorimberga, 1543



Universe: Part |l

Hubble (1929): galaxies red-shift
= expanding Universe

OBJECT RECEDING:
LONG RED WAVES

OBJECT APPROACHING:
SHORT BLUE WAVES

~Gtebokie pole” teleskopu ,Hubble”:
najdalsze galaktyki
(odlegte 13 mid lat swietlnych)

600

... but still no absolute reference frame!



Universe: Part Il
Penzias | Wilson (1964); ,strange noise”

Obserwatorium radioastronomiczne
w Piwnicach k. Torunia

= promieniowanie reliktowe (Big Bang + 300 tys. lat)



... po odjeciu przesuniecia Dopplera:

,Gorgca zupa” plazmowa z poczatku Wszechswiata

http://lambda.gsfc.nasa.gov/product/cobe/dmr_inwge.

Zmiany temperatury (£ 21iK) promieniowania reliktowego zaobserwowane przez
satelit COBE. Rozmiary ktowe fluktuacji g rzedu kilku do kilkunastu stopni.



Promieniowanie reliktowe tta (£3 mK)

http://csepl0.phys.utk.edu/astr162/lect/cosmology/cbr.html

Blue Shifted —

The Temperature of the Microwave Background

Istnieje uktad uprzywilejowany, w ktdrym promieniowanie tta jest izotropowe.

Ziemia porusza sie wzgledem tego uktadu z predkoscig ok. 400 km/s
G. F. Smoot, M. V. Gorenstein, R. A. Muller, Phigeyv. Letters, 39, 898 (1977).



Beginning the new aether drift experiment

So now here was a project that had a guaranteed signal of well-defined angular dependence, and
amplitude. This made it a good candidate to propose to colleagues, funding agencies, etc. One
problem to overcome was the strong prejudice of good scientists who learned the lesson

of the Michelson and Morley experiment and special relativity that there were no preferred frames
of reference.

REVIEWS OF MODERN PHYSICS, VOLUME 79, OCTOBER-DECEMBER 2007

Nobel Lecture: Cosmic microwave background radiation anisotropies:
Their discovery and utilization™

George F. Smoot

Lawrence Berkeley National Laboratory, Space Sclences Laboratory, Department of
Physics, University of California, Berkeley, California 84720, UUSA

(Published 2 November 2007

DOL: 101103 RevModPhys. 79.1349

The indication of the above image is that the local group of galaxies , to which the Earth belongs,
IS moving at about 600 km/s with respect to the background radiation

Jtis not known why the Earth is moving with such a high velocity
relative to the background radiation.”



Elementary particles (I) : quarks

O =atom % ts.
O = electron

¢ = quark




Elementary particles (I) : quarks

LEPTONS SPIN = 1/2 QUARKS SPIN = 1/2
Ve < 7x10® 0 u ~0.003 2/3
e 0.000511 -1 d ~0.006 -1/3
vy < 0.0003 0 c 1.5 2/3
% 0.106 -1 s ~0.1 -1/3
Vi < 0.03 0 t 170 2/3
T 1.7771 -1 b 4.7 -1/3

Masses of light quarks are known with almost 50% crror bar.
These best data are following : 1/2(m,+m,)=4.2 MeV/e*; 1.5<m, <5 MeV: 5<m <9 MeV/e?
and for strange quark m.=0.105£0.033 GeV/e* [Manohor 2002]

Quarks are, after all, quite light particles: the u quark 1s only s1x times heavier than electron.




Elementary particles (II): CPT symmetry

() C. Kugler




(d) Direct CP Violation




17 December 1098

PHYSICSLETTERS B

ELSEVIER Physics Letters B 444 (199€) 52-60

A determination of the CPT violation parameter Re(8 [from the
semileptonic decay of strangeness-tagged neutral kaons

CPLEAR Collaboration

A. Angelononlos . A. Anostolakis . E. Aslanides *. G. Backenstoss . P. Barcassa ™.

We have improved by two orders of magnitude the limit currently available for the CPT violation parameter Re{§), To
this parpose we have analyzed the full sample of neutral-kaon decays to ewp recorded in the CPLEAR experiment, where
mmm#m:nwﬂhummuwmmmmmymmwmmmﬁmﬂmmmm:d PHYSICSLETTERS B
decay rates. including information from the analysis of w'w " decay channel, gives direcily Re(&). The result Re(§} = (3.0
£33, +06,.) % 107 is compatible with zero. Values for the parameters Im(3), Re(x_) and Im(x, )} were also 5y
obtained. © 1998 Elsevier Science BV, All rights reserved.

First direct observation of time-reversal non-invariance in the
neutral-kaon system

CPLEAR Collaboration

We report on the first abservation of time-reversal symmetry violation through a comparison of the probabilities of K°
me“mﬁ“mﬁ“m-ﬁmﬁnarmm-hunnmﬂmm: The comparteen is baved on the analysis
of the mmmmm:mwmmmmmmmm the strangeness of the newral kaon at
time ¢ = () was tagged by the kaon charge in the reaction pp — K %= KUK") at rest, whereas the strangeness of the kaon
at the decay time = 7 wis tagged by the lepton charge in the final state. An average decay-raie asymmetry

{ﬂl_:r-n"" W Ve ) = R(K,_ﬁuu‘-n ¥.,)
R{Kﬂ‘ ﬁﬂ':*“ 'P.-,}"'E(K" u.""& 'l+lrr_,|]

Yom (664 13,,+10,,) %107

was measured over the interval lrsc‘.fa-:mfa ﬂmhﬂﬁmmmﬁmhw non-invariance. © 1908 Elsevier
Science BV, Aﬂﬁ;ﬂmw&i

B E e EE T o )




Elementary particles (lll): neutrino mixing

LEPTONS SPIN = 1/2
MASS ELECTRIC
FLAVOR  Gevie  CHARGE
Ve < 7x10°® 0
€ 0.000511 -1
Vi < 0.0003 0
8 0.106 -1
Vq < 0.03 0]
T 1.7771 -1
In 2003, experiments from Kamioka laboratory
gave another sensational notice [3].
antineutrinos from Japanese reactors dissapear in
a mysterious way! The only explanation was that
All this comes electronic neutrinos change their flavour in flight,
: becoming muon neutrinos. So they have mass!
as a surprlse! The difference in mass between v, and v is very small

‘but measurable: Am=6.9x1 0°eV?




Beyond Standard Model

There are several areas where "Beyond the Standard Model"
physics focuses.

- The hierarchy problem

- The missing matter problem (dark matter and energy)

- The cosmological constant problem

- The strong CP problem

In addition to these subjects, there are also attempts at relating
different phenomena and parameters to a more fundamental
theory. A partial classification of these attempts are

gauge coupling unification

- A theory of quark masses and mixings

- A theory of neutrino masses and mixings

http://en.wikipedia.org/wiki/Beyond the Standard déb



Supersymmetry (?)

In particle physics, supersymmetry (often abbreviated SUSY)
IS a symmetry that relates elementary particles of one spin to
another particle that differs by half a unit of spin and are
known as superpartners. In other words, in a supersymmetric
theory, for every type of boson there exists a corresponding
type of fermion, and vice-versa.

As of 2008 there is no direct evidence that supersymmetry Is a
symmetry of nature. Since superpartners of the particles of the
Standard Model have not been observed, supersymmetry, if it
exists, must be a broken symmetry allowing the 'sparticles' to
be heavy.



Neutrino mass

Double beta decay, M ajorana neutrinos, and neutrino mass

Department of Physics and Astronomy, Universitysofith Carolina, Columbia, South Carolina
29208, USA

Los Alamos National Laboratory, Los Alamos, Newxite® 87545, USA

Department of Physics and Astronomy, UniversitfNofth Carolina, Chapel Hill, North Carolina
27599-3255, USA

(Published 9 April 2008)

The theoretical and experimental issues relevanettrinoless double beta decay are reviewed. The
impact that a direct observation of this exoticogss would have on elementary particle physics,
nuclear physics, astrophysics, and cosmology fpnal. Now that neutrinos are known to have
mass and experiments are becoming more sensitigr,tee nonobservation of neutrinoless double
beta decay will be useful. If the process is atpuabserved, we will immediately learn much about
the neutrino. The status and discovery potentigroposed experiments are reviewed in this context,
with significant emphasis on proposals favoreddnent panel reviews. The importance of and
challenges in the calculation of nuclear matrixredats that govern the decay are considered in
detail. The increasing sensitivity of experimemd anprovements in nuclear theory make the future
exciting for this field at the interface of nucleard particle physics.



String theory ?

Although string theory, like any other scientific theoly,
In principle, critics maintain that it is unfalsifiablerfthe foreseeable
future, andso should not be called science.

The upper rungs of the particle-physics facultieBranceton,
Stanford, and elsewhere Iin the academy are todayyheith
advocates of "string theory," a proposed explandbo the
existence of the universe.

But string theory works only if you assume the &ase of other
dimensions—nine, 11, or 25 of them, depending air flavor of
string thinking—and there's not one shred of evtgenther
dimensions exist.

http://www.slate.com/id/2149598/



Universe (V). General relativity

Einstein equations can be written in a beautifully simple form:
G=8mT.

The G term on the left side represents all the curvature of spacetime at a
point, while the T term on the right represents the mass at a point, and its
properties. This is the elegant part.

The complicated part comes when we realize that this formula is almost
completely useless for doing actual calculations. To use it, we have to
expand it into at least ten different equations, each with dozens of terms. It
IS possible to solve the equations with pencil and paper in very special
situations—when most of the dozens of terms happen to be zero—or in
situations with low speeds, small masses, and large distances—when

most of the dozens of terms happen to be very small and practically zero.

In fact, when fully written out, the EFE are a system of 10 coupled,
nonlinear, hyperbolic-elliptic partial differential equations.

http://www.black-holes.org/relativity6.html



Universe (part IV). geometry

Dodecahedral space topology as an
explanation for weak wide-angle
temperature correlations in the
cosmic microwave hackground

Jean-Pierre Luminet', Jeffrey R. Weeks~, Alain Riazuelo”,
Roland Lehoucq'~ & Jean-Philippe Uzan*

Some scientist say that time-space is
closed, and folded inside like the Swiss
cheese. But recent observations show
that it is flat, or better, cubic.

Moreover, the Universe accelerates its
expansion and we do not know why!

LT




Dark matter, dark energy..

Meufrimo:
0 1'%

“These daysa
theory without
adark-matter
candidate is not
considered an
interesting one.” —
Leszek Roszkowski m{ rorgy

Fras Hydeospan
mnal Hasfiiam:

i Fi)
ERark NEaiger:
5

The universe Is mostly composeddxir k energy
anddar k matter, both of which are poorly
understood at present. Oniyt% of the universe Is
ordinary matter, a relatively small perturbation.



Dark energy = cosmology constant?

1 8l

pr — iRgpy + ﬂﬂpw — ?pr

R

g s itk

h
- 17
i 1
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{
| e
- .

“Dark energy
seemed to be the
piece that made
everything else
work."

— Michael Turner

e

"We could be

deeply wrong about
cosmology for the
next thousand
years.”

— Leonard Susskind

Nature, Volume 448(7151), 19 July 2007, pp 245-248



Dark energy = cosmology constant?

But the form if this dependence is not known
as a priori. It is of the form:

ds = g,,dX* + 2 g, g dx dy + g, dy?

Then it is called a Riemannian metric. If it is
possible to choose the coordinates so that this

expression takes the form:
ds? = dx? + dy? (Pythagoras's theorem), then
the continuum is Euclidean (a plane).

Einstein, 1929

or unkown geometry?

http://www.rain.org/~karpeles/einfrm.htmi



Fingers of God
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® Random article Fingers of God is an effect in abservational cosmology that causes clusters of

i axis of elongation pointed toward the observer ™ It is caused by a Doppler shift

» About Wikipedia in a cluster. The large velocities that lead to this effect are associated wigh the gravit
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e cluster by means of the virial thearem,
iation from the Hubble's law relationship between distance

e distance, Yoint towards it. At greater distances the fractional effect
the actual redshift increases. In a plot of "true” distance, instead

search of the displayed distance in the figure calculated from ton of Hubble's law, these fingers would be collapsed back to

small spheres at the true cluster sites.

Go A closely related effect is the Kaiser effecy

cosmological redshift, and it leads also to
motions of the cluster predicted by the virial
the cluster center as the cluster assembles.
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ding on the particular dynamics of the situation, the Kaiser effect usually leads

= Upkadne not to an elangation, bu a flattening ("pancakes of God"), of the structure. It is a much smaller effect than the fingers of
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