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Abstract: <span>l will review applications of the muon as a probe for new phenomena. Topics to be discussed include the free muon decay and the
determination of the Fermi constant; the anomal ous magnetic moment of the muon; and searches for Iepton flavor violation such as mu->e+gamma,
mu->3e, and the muon-electron conversion, with special emphasis on the modification of the muon decay by the atomic binding.</span>
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Outline

Three promising directions in low-energy
searches:

* anomalous magr*eﬁc moments (muon vs
electron)

* electric dipole moments (electron)

* lepton flavor violation (muon --> electron)

Three pramising directions in low-energy
searches

* enomalous magnetic momenis (muon vs
glectren)

* glectric dipole moments (electron)

* lepton flaver vislation (muan --» electron)
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The puzzle of the muon magnetic moment

The 3.6 sigma discrepancy persists,

SM _ 287(80) x 10~

This is rather large when compared with other bounds on New Physics:

Muon MDM —aX* ~.3.10-B¢-cm
2m,,

Muon-electron transition moment |d,.|<4-10%e.cm  mEG 2013

Electron EDM |del < 8.7-10°% ¢ . cm ACME 2014

The purziz of the muon

R e
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How can g -2 be checked?

IIT
BNL EB21

L] \- Goal: 0.14 ppm

New experiment at Fermil [
6o

Future
Goals

2012 ¢*e Thy *

+ l- Expecled
Improvement

New experimental concept at J-PARC

Can we use g -2?
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New approach tq g -2 at J-PARC

Slower muons 300 MeV (instead of the “magic” 3.} GeV)

Ultracold muons; no electri¢ focusing

-

Smaller ring r = 33 em (instead of 7 m) 38 in Teala]

r|in meters| =

Strong, very precisely controlled magnetic field.
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New approach tq g -2 at J-PARC
Slower muons 300 MeV (instead of the “magic” 3.1 GeV)
Ultracold muons; no electri¢ focusing!

-

Smaller ring r = 33 cm (instead of 7 m) 3B in Toola]

r|in meters| =
Strong, very precisely controlled magnetic field.
~ 10 times more muons than at Fermilab (compensates shorter lifetime)

Brookhoven Fermilab  J-PARC
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(Futuristic?) approach to g -2
USM2013 Gabriclsxe
Measure Mudn Magnetic Moment in a Trap

trapped muons

_—
muons lonized - I
from slow
muonium
positron positron channe]
detector detector plate to
detect
muons

Advantages: Use muons to measure the magnetic field in situ
Less expensive
Different systematics

Thanks w A. Mills for
helpful conversations

Challenge: 2.2 microsecond muon lifctime

LR

Mpasire M Vagretic Moot in o 1rap
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Magnetic moment of the electron

ith relative error 25 - 10"
fine structure constant with

ision,

Experimental error
dominates (for now)

Kinoshita
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Magnetic moment of the electron

ith relative error 25 - 10"

fine structure constant with
ision,

« &= 137.035999 1736 (331 ) (86)

Experimental error / \

dominates (for now) Numerical errors f
rom

.'——“-. )
: I_I":‘l }5.”‘1 t'..
Kinoshita
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How to use g -2|(to check g -2?

If the mucn anomaly is dye to New Physics, the expected effect
for the electron is likely ler by o N

mi~ 43000
Aa, ~287-107" - Ag, ~ 7107

This means relative uncertainty 5,

"‘T"l il

and requires a factor of 4 improvement of the latest measurement.

In addition, an independent determination of the fine structure constant
is needed, with matching precision.
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How to use g -2|(to check g -2?

The second best determination of alpha:
from atomic spectroscopy mico?
o = T
Needed precision:
14-107 N\ R

]
o=

.\I X ’ 1

% = u B .
. u My
7-10 -_,/ /m l"\ : \

(but is it £-10°1 12-10°"
for sure?) NEW Nature 2014 for Rb
Sturm et ol (better for He)

- @—

a(Rth) = 1/137.035.999049(90) (66 - 10°"")

1241071

improvement
needed by
factor ~10
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How to use g_-2|(to check g -2?

The second best determination of alpha:
from atomic spectroscopy

~
m.ca*
~ b
2h

™~ My h

(but is it §-10°1 12-10°"
for sure?) NEW Nature 2014 for Rb
Sturm et al (better for He)

- @ Rb
gives h/m
R aa s ol .‘—-‘

a(Rb) = 1/137.035999049(90) [66- 107"

L u
o= - . .
/ m, u .‘\,{‘\. -
& L
7-1072 / \ \

12¢-10°1
improvement
needed by
factor ~10
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How to use g_-2|(to check g -2?

The second best determination of alpha:
from atomic spectroscopy

m,m"a2
o 2)
Needed precision:
URADEE ™. My h

N v u
a = - . >
ml u .‘I[‘\'v
/ :
'.' 1u id ‘-.‘
(but is it §.10-1 121071 1241071
for sure?) NEW Nature 2014 for Rb improvement

Sturm et al (better for He) needed by
factor ~10

gives h/m
R e .-_

a(Rb) = 1/137.035900049(90) [66- 10 ")
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Similar binding corrections needed for the
muonium: input to g-2

AL, My Hypertee

— R
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Pure letron
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Another source of alpha: highly-charged ions

2
PSR C-) e T Ba ) ~ (5gay: large Z favorable
Y 3 o (aZ}

e

Pb

Hydrogen-like lead Boron-like lead

There is a combination of g-factors in both ions where the sensitivity
to the nuclear structure largely cancels, but the sensitivity to alpha remains.

Much interesting theoretical work remains to be donel
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Electron electric dipole moment

-

T reverses spin
but leaves charge
distribution intact
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Electron EDM: what used to be expected
(2006)

e«edm 10-32
Cornzll

> Gould 2009 .
B Hei A-/hnds 10®
/\\H\?nzen ,}? Shaf:r' , 1028
© Weiss, 4 xho 0 Beile few x 10%
\\\ o%
o NN 12007/ /@rbd)ﬂll: fewer x 1028

\ Hinds, few x 10-2¢
> 12006+ 7

Present bound:

T, 16 x10%

[ Solid state|

3

Hunter
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In 2010, Muxim‘Pospelov was suspicious:

|
Are they \‘lic'mg_:

In 2010, Maxim Pospelov was suspicious
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Recent great pra

2011: YbF @ Imperial
N

IEETTER

I

gress

d.| <10.5 %X 107 **ecm

[ B B

Improved measu.Lment of the shape of the electron

L0 P’ O W K, L] S’ 0 )

S M. N Tarast' &0 A Vet
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Recent great pragress

2011: YbF @ Imperial  [d,| < 10.5 X 10 **ecm
LETTER Bl

Improved measuL:ment of the shape of the electron

Y aily I N u 1 (Y

2014: ThOby ACME  |de| <8.7 x 107% e-cm

Science

Order of Magnitude Smaller
Limit on the Electric Dipole
Moment of the Electron

e P AS TR S ——" !ﬂ-'u.n-rp._‘
LR N - R " T, A€ V' A . Weu”
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What will be on the cover when d, discovered?

Analogous discussion about the shape of the earth (18" century):
which theory of gravity is forrect?
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When will we ge1L there? Plans for d_:

» Molecular ion

Atoms inan
optical lattice

Ultimate goal

<10%

few - 10-©

DeMille
Gabrielse
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History of the electron EDM

16 0 Salperer E¥
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14718 (1964}
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ﬂw Rew 112:1642 (1958)
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cral Nerwr 473491 (2011)

Baron et al. Science 343:269 (2014)

History o

the electron

EDM

Page 25/38



Remarks on d_

Molecules: great new player: but enhancement factors very tricky

One way to check: hyperfine structure (YbF)

Molecules are a very new fjeld: many improvements pessible
(sourcesl)

An even newer field: molegylar ions.

Challenge for theorists: “enhancement factors”: this is a new frontier for
quantitative studies in molecules.
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History of the electron EDM
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Efforts in LFV searches

Histoncal overview
of selected CLFV
searches:

New physics:

3

zo

Acsptee lrom. Mgrmgne L'on B Bercy
Armg Fey Reol Pert. Lo JOCH 50 ) 15-4]

Current best
limit on exotic
dipcle mements

e

=]

o]

from Gordon Lim
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Conversion: probes also non-dipole interactions

So far, we have only talked about dipole interactions.
There are also vectors and|scalars.

They are not (directly) prd

bed by processes with external photons,
by gauge invariance requirimen?s.

New process: muon-electron conversion
(as well as mu —> eee)

Variety of mechanisms:
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Bound muon decay has been measured: TWIST/TRIUMF

prom. 001z  INEgative muon decay-in-orbit

e
1

Fulure yp —» ¢ cConversion
expenments plan o stugy
gpegalive muons bound 1o Al
Mos! precse measurement
ever of the muon decay-in-orbil
specirum

Thecretical predictions include
higher-arder contnibutions from
the muon+nucieus potential

Need 1o include the O(a)
radialive comections that anse
from tha interaction between
the muon and the culgaing
electron
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Decay of a muon bound in aluminium

e
¢ A-\\mz

Munnmnm pucleus \
Nearly on-shell
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Decay of a muon bound in aluminium

e ———— factorization
Aluminium nucleus

Free muon decay rate,
with all corrections!

[dAu(A)dr"" . :(\) = AEe+ ) +(Za)’m,

d.. liLc !-hl{.k) "]“ + A
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Shape function

~ Zom,

a0 10
A [MeV]

Previously used in heavy mesons, where it cannot be computed
f_rorn firsrl-‘prindp!gs, but can be experimentally accessed.
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Result: spectrum of the bound muon decay
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What about the |upper half of the spectrum?

-

E, [MeV]

dr : :
I-IZHHL‘__, E) L
/ ‘

It is the main background for the expected conversion signal
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Next step: radigtive corrections to the

Competing effects:
- vacuum polarization in the hard photon: and
- self-energy and real radiation

Ultimate goal: smooth matching of all energy regions,
from the bound electron at low energy to the end-point.

Pirsa: 14100115 Page 36/38



Free muon lifetin

a? correction to
L (p(M) = e(m)vp)

~

Rrte————

Note: the blue curve is designed form ~ M,
but is good even for m <« M.

So we want to exploit the expansion around m = M
fo get o’
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Conclusions

Great opportunities for precise theoretical
studies in low-energy physics:

- bound electron g-factor: complements a
vigorous experimental program in Mainz,
Heidelberg and GSI Darmstadt

- muon decay: background for y-e conversion
searches; theoretically interesting

- many atomic/molecular structure studies
needed, eg for electric dipole searches

onclusons

Great eppartunities for precise Thesretical
sTudies in low-energy physics.

- bound electron g-factor. complements o

vigorous experimental pregram in Meinz
Heidelbery and &SI Darmstadt

mupn decay: bockground for pe conversion
searches; thearetically interesting

- many atomic/melecular structure studies

nesded, eg for electric dipole searches
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