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* The SM describes our visible Universe by a (reasonably small) set of particles:

* The particles that make up matter: Spin 1/2 Fermions

* ... and the force carriers: Spin 1 Vector bosons
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... plus the Higgs particle as a consequence of the mechanism to generate mass

Underlying theories:
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Overview

* Lecture 5: Detailed discussion of LEP physics - Z resonance, WW pairs, ...

* Today: Indirect searches for New Physics at low energies
* Brief recap: Motivation for BSM physics
 The anomalous magnetic moment of the muon

e Electric dipole moments
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Motivations for
Beyond-the-Standard-Model Physics
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* The Standard Model fails to explain two key observations from
astronomy / cosmology:

e The existence of dark matter

 The matter-antimatter asymmetry in the universe

... and has a number of other shortcomings:

e large number of free parameters

e unclear origin of symmetry breaking mechanism, mass hierarchies
... and a number of open gquestions:

* do the forces unify at high scales?

* why are there three families?

* why is the electron charge exactly equal to - the proton charge?

The Standard Model can only be an effective theory,
and there has to be physics beyond the SM
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* No shortness of theoretical ideas - which typically come with new
particles and / or new force carriers
Two examples:

* Supersymmetry (SUSY)
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provides excellent dark matter candidate
fully compatible with unification of forces
theory can be computed up to Planck Scale

essential ingredient for the realisation of
string theory (incl. quantum gravity)

But: No hints for SUSY particles so far at

LHC, also: very large number of free
parameters
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ldeas for Solutions

|

* No shortness of theoretical ideas - which typically come with new

particles and / or new force carriers
Two examples:

e Extra dimensions:

* solves hierarchy problem by moving Planck
scale down into the TeV region

e inspired by string theory: compactified extra
dimensions

e exciting concept - but cannot address many
of the open issues, and is very strongly model
dependent

e and: no hints seen...
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* Direct detection of New Physics:

Production of a new particle,
observation of its decay products

3
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* |Indirect detection of New Physics:

Ap-Byz4t

Observation of new particles / forces
by deviations from the expectations
based on the Standard Model

new particles in loops /
higher order processes
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The Magnetic Moment of the Muon

% Particle Physics with Accelerators and Natural Sources:
Ap-Byz4t

SS 2019, 09: Precision Experiments with Low-Energy Accelerators Frank Simon (fsimon@mpp.mpg.de)



* The magnetic moment of a particle is related to its intrinsic spin by the
gyromagnetic ratio gy:

for = g /Zl;,)f

* For a structureless (=elementary) spin 1/2 particle of mass m and
charge q = ze:

* radiative corrections, which couple the muon spin to virtual fields
introduce an anomalous magnetic moment, defined as:
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PreC|S|on Calculatlons of g- 2

(9 "e‘”\ 0,00 2
~ L
» Taking known corrections into account: 100 23

gSM= 2 Dirac particle
+.00233169438 QED

+.00000013701 Hadronic vacuum é / \
polarisation

Hadronic light-by-light
scattering

+ .00000000307 electroweak A /A
= 2.00233183656

total uncertalnty ~ 0. 00000000100 (1 x 10-9) translated to ap 50 X 10-11

+.00000000210
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Ap-Byz4t

* The concept: putting polarised anti-muons (u+) in a storage ring

* Two oscillation frequencies are relevant

e turning of muon momentum vector given by cyclotron frequency wc

QeB

mry

wWo —

e precession of spin direction of muon with spin precession frequency ws

QeB QeB
ws = —g —(1—=7)
2m ym

= forg=2: ws = wc!
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Measuring the Magnetic Mo

For g different from 2, spin and direction get out of sync, with a frequency of
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Detector to detect
positrons from
anti-muon decay

Sensitivity to spin direction

of anti-muon provided by
parity violation in decay:
: : W
highest-energy positrons -—
emitted in spin direction
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* Transform change in energy of
positrons into a “counting
experiment”: cut on particle
energy in calorimeter

x10°
n
T
=
O
©2000
1500
1000
500 :
oo o o B b

measured oscillation period gives deviation from g = 2

Arﬂy)%f

1 1.5

2 2.5

3

Energy [GeV]

Measuring the Magnetic Moment of the Muon |V
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LIFE OF A MUON:
THE g-2 EXPERIMENT

Muons are
tiny magnets
spinning on
axis like tops.

Protons
from AGS.

JO
D
. J

Hit
Target. J

J

Pions decay

Pions, weighing
to muons.

1/6 proton,
are created.

One of 24 detectors
see an electron, giving
the muon spin direction;
g-2 is this angle, divided
by the magnetic field the
muon is traveling through
in the ring.

Technical Realisation of the Exp

Muons are fed

into a uniform,
doughnut-shaped
magnetic field

and travel in a circle.

After each circle,
muon's spin axis
changes by 12°,

yet it keeps on traveling

After circling the ring

many times, muons
spontaneously decay to
electron, (plus neutrinos,)

in the direction of the muon spin.

e essentially 100% polarisation obtained by selecting highest-energy muons

produced from pion decay

Particle Physics with Accelerators and Natural Sources:
SS 2019, 09: Precision Experiments with Low-Energy Accelerators

Frank Simon (fsimon@mpp.mpg.de)



”~ N
N\ .

U-V line

VD3
VD4

U line

\ ) \
\ A .
\, % N
. .,
\ . J
. o .
<

Particle Physics with Accelerators and Natural Sources:
SS 2019, 09: Precision Experiments with Low-Energy Accelerators

Technical Realisation of the Experiment Il

— = __ —

TABLE III: Selected AGS proton beam and secondary pion beamline characteristics

== = I

Proton Beam Value | Pion Beamline Value
AGS . R i - 13 : 1 .
Protons per AGS cycle 5 x 10 Horizontal emittance 42 mmm-mrad
Cyecle repetition rate 0.37 Hz | Vertical emittance 56 mmm-mrad
Proton momentum 24 GeV /c | Inflector horizontal aperture +9 mm
Bunches per cycle 6 to 12 | Inflector vertical aperture +28 mm
Bunch width (o) 25 ns | Pions per proton® 10~°
V Iin Bunch spacing 33 ms | Muons per pion decay** 0.012
*Captured by the beamline channel; **Measured at the inflector entrance
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* Particle beam needs to be focused to prevent beam disintegration
 Normally done with focusing quadrupoles (-> Lecture 2!)

* The problem here: Cannot afford any additional magnetic fields besides the

standard (and homogeneous) dipole field of the storage ring: would result in
distortions of the spin precession & destroy the effect of g - 2 > 0.

* The solution: Use electrical quadrupole fields for focusing

®
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* But: Maxwell’s equations tell us that an electric charge moving in an E field will
also see an additional B-field - changes impact of anomalous magnetic
moment on oscillation pattern depending on field strength / path of muon:

can be solved by picking a specific momentum
(specific y, B) where the additional term cancels:

“magic momentum” p = 3.09 GeV/c, y = 29.3
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* Measurement of the BNL g-2 experiment, taking into account corrections from
updated measurements of fundamental constants:
a, = 116592089 + 63 x 10-11 (54 ppm)

guEs2l = 2.00233184178 (1206)

Ag = 521 x 10-11
g.SM= 2.00233183656 (100)

Aay =261 x 10-11

almost 3.5 sigma deviation!
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* Additional particles that are not included in the SM calculations would result in
changes of the anomalous magnetic moment

e SUSY candidates: o Others: dark photons (extra U(1) gauge

Sleptons, charginos, neutralinos bosons) as particles of “dark sector” with
weak coupling to the SM

J

v/ R\
* A dark photon with a mass

of a few 10 to a few 100

MeV could explain the

* Tensions (but not completely inconsistent) observed deviation...
with LHC constraints

* To be able to explain the observed effect, the
preferred mass scales of the particles are
relatively low - a few 100 GeV

can only be resolved with higher precision!
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* To improve experimental uncertainties: Primarily need more statistics = more
muons!

* Storage ring moved from BNL to Fermilab, expecting a factor of 20 increase in
statistics:

Experimental uncertainties expected to decrease by a factor of 4

| data

~0.95 billion positrons

Commissioning in 2017,

Physics running since
2018

107 Statistical uncertainty: 1.2 ppm — fit

count /149 ns

10 u Fermilab Muon g-2 Collaboration

A Production Run 1, 22-25 Apr 2018
1 @

PRELIMINARY, no quality cut

1TLr. . - 1, 0 11
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Particle Physics with Accelerators and Natural Sources: _ ]
[ e SS 2019, 09: Precision Experiments with Low-Energy Accelerators Frank Simon (fsimon@mpp.mpg.de) 23
pLgZs



Moving g-2
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Ap-Byz4t

Another Example in brief:

Dipole Moments

- = — —
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Electrlc Dlpole Moments

* Electric dipole moments of a quantum
system are a violation of T- and P-patrity:

* Highly relevant:
If CPT is conserved (all QFT, and all our 1A L P
understanding of physics builds on this!), ﬂ
T violation automatically implies CP violation 4
* CP violation is needed to create the matter- —
antimatter asymmetry in the universe T

 Experimental access:
Measure Larmor precession of a neutral particle in parallel and
anti-parallel magnetic and electric fields: B——
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Many Ways of studying EDMs...

Lines of attack towards an EDM

Free Particles

neutron
muon
deuteron
bare nuclei ?

— particle EDM

— unique information

— new insights

— new techniques

— challenging
technology

Electric
Dipole

— electron EDM goal
— strong enhancements
— new techniques

— poor spectroscopic

data available

YbF
PbO
PbF
HfF*, ThF*

Molecules

Particle Physics with Accelerators and Natural Sources:
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Moment

new source of W

Hg Xe

Tl Atoms

Cs Rb

Ra Rn

— nuclear EDM
— electron EDM
— enhancements
— challenging

technology

— electron EDM

— strong enhancements
— systematics ??

garnets
(GdGa0,,)
(Gd,Fe,Fe 0,,)
lq. He ?

Solid State
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* A long history of measurements:

19
10 u ORNL, Harvard
10 MIT, BNL

o . LNPI

4D on

Sussex, RAL, ILL current upper limit:
-22

10 | ~3x 1026 ecm

10% m

10 P 4

10% vA A

10 _
Supersymmetry Predictions typical goals for next

<«—— generation of experiments:
~5x 1028 ecm

10%

1028

10" {Standardmodel Predictions
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* Ramsey interferometry to measure precession frequency
M dn -

“‘Spin up” :.:.;.;.;.;.;_;.;.E.;.E.;.:".:I:Z:Z:I:Z:I:I:I:::;:::::
neutron |

o)

/2 spin flip ——

Free precession ’f:f:ffff_ﬂﬂlffffff{f{f{;;:::

— P = e ——————— =
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* Need to capture ultracold neutrons, observe precession in magnetic and
electric fields

* Requires excellent shielding from external magnetic fields, cancellation of
systematic uncertainties absolutely critical, monitoring of magnetic field

Hg Electric field:

polariz.

/ chamber 11 kV/cm

Top
UCN current limit on neutron

i EDM corresponds to a
frequency difference of
160 nHz (for a B-induced
precession frequency of

29 Hz)

nEDM experiment at PSI
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* New particles / forces can be searched for in precision observables measured at
low energy

 One example: Magnetic and electric moments:
Provide sensitivity to a variety of different BSM possibilities

e Challenging experiments: Control of systematics absolutely crucial

* Precision measurements of frequency differences / shifts in the 10-9 range

* Measurements of the anomalous magnetic moment of the muon have shown
a ~ 3.5 sigma discrepancy with the SM expectation

e could be a hint for new physics: Low mass SUSY, dark photons, ...
... or just a fluctuation

Next Lecture: 08.07., “Neutrinoless Double Beta Decay”,
B. Majorovits
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Lecture Overview

SS 2019, 09: Precision Experiments with Low-Energy Accelerators

29.04. Introduction & Recap: Particle Physics & Experiments F. Simon
06.05. Dark Matter axions and ALPs: Where do they come from? B. Majorovits
13.05. Axions and ALPs detection B. Majorovits
20.05. Dark Matter WIMPs - origin and searches B. Majorovits
27.05. Precision Tests of the Standard Model F. Simon
03.06. Neutrinos: Freeze out, cosmological implications, structure formation B. Majorovits
Pentecost
17.06. Natural Neutrino Sources: What can we learn from them? B. Majorovits
24.00. Neutrino Oscillations with Manmade Sources F. Simon
01.07. Precision Experiments with Low-Energy Accelerators F. Simon
08.07. Neutrinoless Double Beta Decay B. Majorovits
15.07. Gravitational Waves F. Simon
22.07. Physics with Flavor: Top and Bottom F. Simon
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