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symmetries and Forces



Forces and Symmetries

Forces and Symmetries
—Lee/Yang 1956

Local Symmetries < Forces
 fundamental interactions

Global Symmetries < Conservation Laws
* energy
* momentum
e electric charge

Conservation without known Symmetry
* lepton number
 charged lepton family number
* baryon number




Proneriies of Known Forces

Elementary
Particles

u ¢ t

up charm top

d s b

e down | strange ) bottom

electrong muon )
e neutrine § neutring neutnnq'

e UL T

electron§ muon tau

Leptons Quarks
Force Carriers

| | 1
Three Families of Matter

Standard Model

e 3 Fundamental Forces
Electromagnetic Weak Strong

* 12 Fundamental Fermions

* Quarks, Leptons

* 13 (Gauge) Bosons

* v, W, W-, Z°, H, 8 Gluons

However
° many open questions
* Why 3 generations ?
* Why some 30 Parameters?
* Why CP violation ?
* Why us?

* Gravity not included

* No Combind Theory of
Gravity and Quantum Mechanics




Fundamental Interactions — Standard Model

Gravitation ~.

Maxwell

Glashow,

lam, t'Hooft, P
Physics within the Standard Model S;?,,Weﬁfberg

—— Grand
Unification

Speculative Models:
Supersymmetry, Cold dark matter, Tachyons, Radiative muon generation,
Technicolor, Leptoquarks, Extra gauge bosons, Extra dimensions,
LeftRight Symmetry, Compositeness, Lepton flavour violation, ....

= No Status in Physics , yet: “Not even wrong”



Experiments at the Frontiers of Standard Theory

High Energy Frontier Precision Frontier




finown migractions:-
Fundamenial Gonstants and Sarcies for New Forces

Examples:

* Electron g-2

* Bound State g-factors
* Muon g-2



High Precision Electron g-2

Single electron in a Penning Trap
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TJIIJBd MJIMJIIJ Magnetic Anomaly

Spin precession
in (electro-)
magnetic field
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Discrete Symmetries




H.W. Wilschut

(()* The World according to Escher
P C T o
] 1dentica
start matter to start

tlme —) (— tlme

Time reversal violation
AT DT ITasured at low energies

anti-particle particle
e’ e



Discrete Symmetries

Parity



Possible Gains from Parity Violation Experiments

sin’0%; (Q)

0.242

E158

/(Cs)
! single
Ra" ion

102

t Qweak

10" 1 10,

future plans

10°

PDG2004

10°
Q (GeV)

In past:
- excellent test of
Standard Model

Now:

- running of weak mixing angle

- sensitivity to some leptoquark
models, 7

- s-quark content of nucleon

- neutron distributions in nuclei

- anapole moments

- Cs, Fr Atomic Parity Violation
experiments are going on

- electron scattering & hadron
forward scattering going on



Single Trapped Ba Ion

>

From H.G. Dehmelt



compensation

electrodes
ring trap
RF
loop
anode
Ba oven

fillament

from N. Fortson
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 Parity admixture measured through light shift
* Ra® some 20 times bigger effects than Ba™
* Ground breaking work at Seattle
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Discrete Symmeltries

Z.oom in on Time -Reversal-violation

Correlations in nuclear
B-decays



TRIpP

In Standard Model:

Weak Interaction is
V-A

In general B-decay
could be also
S,P, T

[—decay

r nucleus
"%

Y:.;.
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q

momentum vectors

Vector [Tensor]
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e

d*W
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New Interactions in Nuclear 3-Decay

Scalar [Axial vector]
‘\\[\ ]
s
o

e

E

1 (o) - :GngQ(J)Jr@J) x%}

R and D test both Time Reversal Violation

* D - most potential

* R — scalar and tensor (EDM, a)
» technique D measurements yield a, A, b, B




TRIpP

In Standard Model:

Weak Interaction is
V-A

In general B-decay
could be also
S,P, T

[—decay

recoil s

r nucleus
%%

K
0\»\?‘?

momentum vectors

New Interactions in Nuclear 3-Decay

Vector [Tensor] Scalar [Axial vector]

N
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TRIpP : :
New Interactions in Nuclear 3-Decay

In Standard Model: Vector [Tensor]| Scalar [Axial vector]
Weak Interaction is '\\[\]
VoA " M N
28 o @
In general B-decay A/j'

could be also

S ’ P9 T T 1 000 000 Na atoms @ <1 mK

[—decay

recoil /
—y

r nucleus
N 2

[/
%.
%
q

momentum vectors




1. Atom traps :

2. Ion traps :

Traps for weak interaction physics

TRIUMF-ISAC, %7K, Bv-correlation (J. Behr et al.)
A. Gorelov et al., Hyperfine Interactions 127 (2000) 373

LBNL & UC Berkeley, ?'Na, fv-correlation (S.J. Freedman et al.)
N. Scielzo, Ph. D. Thesis (2003)

LANL Los Alamos, 8?Rb, B-asymmetry (D. Vieira et al.)
S.G. Crane et al., Phys. Rev. Lett. 86 (2001) 2967

KVI-Groningen, Na, Ne, Mg, D-coefficient (K. Jungmann et al.)

Ra, EDM experiment
G.P. Berg et al., NIM B204 (2003) 526

LPC-Caen, ‘He, v-correlation (O. Naviliat-Cuncic et al.)
G. Ban et al., NIM AS518 (2004) 712
WITCH, Leuven-ISOLDE, *Ar, Bv-correlation (N. Severijns et al.)
D. Beck et al., Nucl. Inst. Methods Phys. Res., A 503 (2003) 567
CPT-trap Argonne, '“O, fv-correlation (G. Savard et al.)
G. Savard et al., Nucl. Phys. A654 (1999) 961¢
ISOLTRAP-CERN, mass for 0+ = 0+ decays (K. Blaum et al.)

from N. Severijns



The TRImP Facility

@ KVI Groningen

Dedicated to Fundamental
Interactions and Symmetries

B-decays
EDMs
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IRIAP Separator commissioning

2
N - — » —— n - —
After separation q o Before
o separation
& N
| PINa+—— G ] -
22 & 2
L TN 20Ne = 8
= “stable =
- stable -
o = &L o
S P [=]
L L =
= =
= =
=
bt _ . . o
<0.05% contamination -
| | *Nelp,n)
o | o | 21Na
0 20 100 130 200 230 ] T R
0: B0 100 150 200 250
Time of Flight [arb] Time of Flight [arb]

Yield of 2'Na at the focal plane: 5.3 MHz/kW {@ 1 atm H,}
Now achieved: >99% 2!Na

Other isotopes produced: 2N, 1’B, 1°Ne, 2’Na, 2>Mg, *I’Ra



TRIpP Facility $H

Magnetic separator

I Production

(C.| AGOR
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I ©
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Beyond the >
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Model S
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.
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Low energy beam line




TRIuP Ion Catcher

High efficiency for Na isotopes: Thermal loniser

Gas stopper — a generic solution

Recent results on stopping in cooled Helium gas
(RIASH, P.Dendooven — FOM projectruimte)

Water cooling system

I=e

—— I
0 bead N l||. .
35 gyt e o
[.EI:I —— N §
] TITNNNLE — TV
. \..l

Filaments W foils
~2800K  ~1 pum

RN



Transmission efficiency [%]

First Thermal lonizer Results

Thermal Ionizer Efficiency for Na-20

Dec ’06
20
15
10 Eé
==
5 i
=8
—0—
0
1850 1900 1950 2000 2050 2100 2150 2200 2250 2300

Temperature [C]

Na-21 Dec ’06 e~ 50%

“ ------------
[
d} .

" ANL unpublishe

tlonizer
iregion

=

s iregion
107 10®  10° 10 10"  10%12 1012
lonization rate [lon pairs/cm?3/s]

m 38Ca, L. Weissman, ef af, A 58Ni, M. Eacina, et a/.,
NIM A 540, 245 (2005) NIM B 226, 401 (2004)

€ 8.0, A Takamine, et al, @ 5ENi, J. B. Neumayr, et al.,
R8I 76, 103503 (2005) NIM B 244, 489 (2005)
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Sinee the production works -
Just an intermezzo

12X 5> B +3a



eyl ® = B-decay studies of
R states in 2C
Fynbo et al.
1B decay. B.R.(%) e 12N decay, BR.(Y
Literature KVI Energy Literature ’ \L N
value experiment | level (MeV) value Q Lalt
07.22(30) 08.16(4) g.5. 04.5%° %V-ﬂ{lﬂ]
1.201(17) 4.43801(31) | @\
1.5(3) 0.53(3) 7.6542(15) \/\ 1.26(6)
0.08(2) 0.106(5) 10.37° e J(15) 0.52(3)
? 2.95(5)-107% | 12. 0.31(12) 0.199(6)
i : 15118 | 4.4(15)x10-3 ?
— a 11 L 12X — B+ 12C

Sum energy of the 3 o-particles (MeV) 3



Discrete Symmetries

back to
B-decays



New Interactions in Nuclear 3-Decay

In Standard Model:

Weak Interaction is
V-A

In general B-decay
could be also
S,P, T

—decay

r nucleus
2
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Principle : MOT + RIMS

= (a) A, =1 -
Recoil Measurement aF g =0 '
% Y
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New Interactions in Nuclear 3-Decay

In Standard Model:
Weak Interaction is

V-A

In general B-decay

could be also
S,P, T

—decay

recoil

r nucleus
N 2

@
Y,:.
%
q

momentum vectors

Vector [Tensor] Scalar [Axial vector]

2INa Berkeley:
Scielzo,Freedman, Fujikawa, Vetter

PRL 93, 102501-1 (2004)

a_ =0.5243(91)

exp

A gpoor — 0.558(6)

2 =
W ml@—qubF— / /
o o

dQ,

3BmK TRIUMF

A. Gorelov et al.

PRL 94, 142501 (2005)

a_ =0.9978(30)(37)

exp
a theor = 1



Asymmetry “a” in?Na decay

21Na Ei—‘k' L.B.L. Scielzo et al. PRL 93 102501 (2004)

Before any serious conclusions:
e*/(e*+y) branching ratio
needed to be re-measured
S disagreeing values existed

a=0.5243 = 0.0091

S.M. a=0.558 (?)

3 47 il _'.
Yo s e e ww sx —> NEw measurement
Time of Fight (29 (Caen,Bordeaux,KVI)
Density dependence 2% First user experiment
LELE S e S S @ TRIpP facility at KVI
a=0.55110.013 0.008 , o, "+~ f =+ L. Achouri et al.
. o e preliminary: 4.85(12) %
¥ 4 O EINEL- . .
Also demonstrated: 1 T ) ! H : H — NGW pUbhcatlon
electron-recoil coincidence’ : Numsﬂ of atoms in trap (x10%)
(Texas A&M)
V.E. Iacob et al.,
2INa Phys.Rev.C74, 015501 (2006)
ot final value: 4.74(4) %
- — No change to SM

.Y *Ne discrepancy




Discrete Symmeltries

Zoom in on T-violation

Permanent
Electric Dipole Moments



In many Models related to EDMS:
PrOnerues off
Fundamental Egrimions

In SO(10) the (electron) electric dipole moment
is approximately related to rare muon decays, e.g. u— ey

d,| R. (u—>evy)
= 1.3 sin ¢
1027 e cm 10-12

Violations of lepton flavour and CP
in supersymmetric unified theories'




Fundamental Particles

J is the only vector characterizing a
non-degenerate quantum state

z
t magnetic moment:
wegpl J
electric dipole moment:
d= np,c! J
magneton:
n=-ch/(2m,)

9.7°10°12 ¢ cm (electron)

ncll= {

5.3°10'"> e cm (nucleon)



Permanent Electric Dipole Moment

violates:

® Parity

® Time reversal

®* CP- conservation

1f CPT conservation assumed

Standard Model value orders of magnitude
below experimental limit:

=  Window for
New Physics
beyond
Standard Theory



What's particular aiout GP-viokation 2

Matter — Antimatter Asymmetry MAY be explained by

(Sacharov)
- Baryon number violation
- Thermal non - equilibrium
- CP- violation

Beware: There are other routes!

e.g.

Matter — Antimatter Asymmetry MAY be explained by
(Kostelecky et al.):

- Baryon number violation
- CPT - violation



Generic EDM Experiment

Preparation Interaction Analysis
of —> | with —> of
“pure” J state E - field ate

X

Polarization

Electric Dipole Moment: d=np,ctJ

. _ L deE ExJ”
Spin precession : ® =4 BT

Example: d=10-* e cm, E=100 kV/cm, J=1/2
®, = 15.2 mHz




Generic EDM Experiment Sensitivity

Polarization

Efficiency
Number of particles [1/s]

= Work on
* high Polarization , high Field
* high Efficiency
* long Coherence Time
— one day gives more statistics than needed to
reach previous experimental limits



Free Particles

— particle EDM

— unique information

— new insights

— new techniques

— challenging
technology

— electron EDM
— strong enhancements
— new techniques

— poor spectroscopic
data

Molecules

Lines of attack towards an EDM

Hg Xe
neutron - Atoms
I Cs Rb
deuteron —
bare nuclei ?
— electron EDM
— nuclear EDM
Electric — enhancements
. — challenging
DIPOIQ technology
Moment
goal — electron EDM

new source

:of QP/

— strong enhancements
— systematics ??

bl garnets
PbO
PbLE (Gd;Ga0,,)
L (Gd,Fe,Fe,0,,)
’ solid He ? Solid State




EDM Limits as of summer 2006

Possible
Particle Exp. Limit | SM New Physics
[10*"e cm] || [factor to go] | [factor to go]
e (TI) <1.6 10" <1
W <1.05*10° | 10° <200
T <3.1 *10" || 10’ <1700
n <30 10* <30
Tl (odd p) (<10’ 10’ <10
Hg (odd n) ||<0.21 10° various
- Why so many ?

- Which is THE BEST candidate to choose ?

None is THE BEST - We need many experiments!



TRIpP

Model for
CP Violation

Maskawa
Higgs
Technicolor

Super—
Symmetry

Left—Right
Symmetry

Strong
C'P Violation

Possible Sources of EDMs

Atomic/
Molecular

Observable
EDM

neutral systems

@ &G

charged systems



Discr

rete Symmetries

Permanent
Electric Dipole Moments

Radium Atom



Radium Permanent Electric Dipole Moment A

" Radium Atom (Ra I}ﬁ|

?Hz IS{'_.
75 7p P,
S 7P
A=1488nm~=~~<-2 7s 6d D
A=482.Tnm .

A=714.3nm

A=714.6nm

752 ]Sﬂ

kL

Ra also interesting for weak interaction effects
Anapole moment, weak charge
(Dzuba el al., PRA 6, 062509)

S

KV

Benefits of Radium

* near degeneracy of P, and °D,
= ~40 000 enhancement

* some nuclei strongly deformed
=> nuclear enhancement
50~1000 (?is Schiff operator correct?)

3D : electron spins parallel

= electron EDM

1S : electron Spins anti-parallel

= atomic / nuclear EDM



Laser Cooling Chart
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Radium Spectroscopy Data

Radium Discharge analyzed with grating spectrometer
Ebbe Rasmussen, Z. Phys, 87, 607 , 1934; Z. Phys, 86, 24, 1933.
Resolution ~ 0.05 A, 99 lines, absolute accuracy

3044

Corrections in deduced energy levels

H.N. Russel, Phys. Rev. 46, 989 (1934)

AR08 AR DRYN 101 s e
/ \ [
1S,-1P, 1S,-3P,

Similar to Barium = identification as alkaline earth element

NI

|

\

! ’N

RCO0O

I
GO0

7000

I I I
atdd Q0ac 1C0an

[A]

L. Willmann



Colloing & Trapping of Heavy Alkali Earth: Ra

Repumping necessary

Repumping

2.2%108s!

Cooling

Transitig eaker line, second stage cooling

1.4%101 571

7s2 1S,

Preliminary Transition Rates as calculated
by K. Pachucky (also by V. Dzuba et al.)

L. Willmann



Radiiim slower and tran

Laser-Trapping of Radium Atoms

» World’s first laser
trap of radium atoms:
both #**Ra and *?°Ra
atoms are cooled and
trapped!

« Key *°Ra
frequencies, lifetimes
measured.

Ra fluorescence signal

Ra atom trap

. -

Ra Fluorescence signal

Lifetime

0 0.5 1 15
Time (s)

Ra atomic beam
(100x)
B

-3

2 4 0 1 2 3 4
Probe frequency shift (MHz)

R. Holt, Argonne @ Lepton Moments 2006:



Search for a Nuclear EDM with Trapped Radium Atoms
Irshad Ahmad, Roy J. Holt, Zheng-Tian Lu, Elaine C. Schulte
Physics Division, Argonne National Laboratory

10 mCi Magneto-Optical
:2*Ra sample 1 Trap

Atomic Beam \
—- _ 9

Oven

v 4
-
N

Transverse
Cooling
EDM-probing

region &\_\.
]

CD:-Laser
Optical Dipole Trap
Blue detuned

from R. Holt, Argonne



Discrete Symmetries

Permanent
Electric Dipole Moments

Charged Particles
muon
deuteron
nuclei



The Muon Magnetic Anomaly

Spin precession
in (electro-)
magnetic field
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Magnetic and Electric Dipole Moment arg Real and
Imaginary part ofl a moxre yenexal Dipole Moment

Lpm = % [D,ﬁauﬁl ZTE +D*ﬁcr“’31 _2’}’5] 1 Fop 0% = [’}’ gl ]
e
a, = RD
2m,,
d, = SD
G',NP




G-

Spin precession
in (electro-)
magnetic field

ey Muom Elgelle Difjolss Momgnt

l

-

Nl
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Muon EDM - A Parasitic Measurement

An Improved Limit on the Electric Dipole Moment of the Muon

Ronald BleMabh
ifor the Muon g2 collnborationg
Do, of Phygsies, Univeraity of Mo af Urdana-Champaign
10 W Gmen &, Urbares, JI 81500, USA.

Dars from the mvon 2-2 ecperimant o8 Brookhseen Naclonal Lab has baen analyzed o search
for & mucn ekeerle dipole momang EDR, which would violses parhy end cme revarsal svm-
metdes, An EDM would cause s clli In che gpin precession plane of the musns, resubing In
i wartleal ceclllclon In cha paslilon of elecerons hilcing che desccars. Mo signal has been
obsereed, Brsed on chis snabvets, an improved lmis of 28 = 10~ eem@6%, L) L= sat on the
muon EDM.
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Figure 1: & muon EDR would ik che gpin precesslon plane
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Flgure 2: A iih In the presession pline resules in & vertkesl osd llcdon of hies on the desezvor faea,

presently:
dn<2.8-10°ecm (95% C.L.)

better value expected to come out
soon



The Muon Eeetolc Dipals Moment
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Some Candidate Nuclei for EDM in Ring Searches

Reduced
Nucleus Spin J Wiy | Anomaly Ty
a
139_La 7/2 +2.789 | -0.0305
123 . Sb 7/2 2.550 | -0.1215
137, .Cs 7/2 +2.8413 | 0.0119 30y
223 _Fr 3/2 +1.17 <0.02 22 min
6 Li I | +0.8220 | -0.1779
2 H 1 +0.8574 | -0.1426
5.,Ge 1/2 +0.510 | +0.195 82.8 m
57 Tm 12 | +0476 | 0.083 | 3.6m

More complete lists:

I.B. Khriplovich, K. Jungmann
GSI EDM Workshop, 1999
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Searches for EDMs in charged particles:
Novel Method invented
Motional Electric Fields exploited

International Collaboration
(USA, Russia, Japan, Italy,
Germany, NL, ...)

 possible sites discussed:
BNL, KVI, Frascati, ...

e Limit dy <10?7...10° ecm
e Can be >10 times more

sensitive than neutron d
best test for O cp, .-

edm collaboration
= C.J.G. Onderwater

.Jk ‘l. - ' ; ! {Iz” = _467{1}; +522£!‘J:., C.P. Liu,

e R.G.E. Tlimmermans

vvvvvvvvvvv ¢ AR : T AN [ 4 o -= I .
' if . = —U_{.} lff :.? + “'4{) r.’f ; Phys.Rev.C 70, 055501 (2004)




Discrete Symmetries

CPT

e Lorentz Invariance, preferred reference frame
 Particle — Antiparticle properties

* Spin

* Fermions and Bosons only



CPT - Violation
Lorentz Invariance Violation

What is best CPT test ?
often quoted:

|m o My
CPT teStS rK: K K S10_18
m 0
K
|g__g+| |a__a+|
rp=—¢—=¢—=12103. ¢ ¢ _<y.q9 12
Bavg Lavg

l Are they comparable - Which one is appropriate l

— Use common ground, e.g. energies

+ K- K° mass difference (10-18)
e e -et g- factors (2* 10_12)

¥ I — — l —
Iy D m—a vy b

generic CPTand Lorentz violating DIRAC equation

p_1 RV . BV RpY\\y =
V5Y 2lec +1clwy D +1dlwysy D HY=0

iD, =i, —qA,

n

* We need an interaction

a,,b, break CPT

‘au,bu,cuv,dm,Hllv break LorentzInvar.

with a finite strength !

New Ansatz (Kostelecky)
K ~ 1021 GeV
°n ~ 103 GeV
°p ~ 10 GeV
ce ~ 1027 GeV s
" ~103 GeV B
* Future:

Leptons in External Magnetic Field

- +
Y RS T |
Ao, =0, 0, ~ 4b3
1 1"
o= | Espin up ~ Fspin down | 740,
1~ _ ~
+ El
spin up

Bluhm , Kostelecky, Russell, Phys.Rev. D 57,3932 (1998)

For g2 Experiments :

— h('oc ,lal’ —ay |
1 2
Inlc aavg

Dehmelt, Mittleman,Van Dyck, Schwinberg, Phys.Rev.Lett. 83, 4694 (1999)

Anti hydrogen = 10?7 GeV

—> electron: Iy <1.2.10721

muon: ruS3.5'10_24




CPT and Lorentz Invariance from Muon Experiments
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V.W. Hughes et al., Phys.Rev. Lett. 87, 111804 (2001)

Muonium:

new interaction below

2:1023 GeV

Muon g-2:
new interaction below

3:1022 GeV  (CERN&BNL
combined)

order of magnitude better
expected from BNL when

analysis will be completed
(2007)



nnnlications of Dsuelopmed Techng

ALCATRAZ

UGS



TRIpP N
The ALCATRAZ Experiment )

a precursor for TRIpP (R. Hoekstra, R. Morgenstern et al.) - Early Spin Off Kv ’

Magneto-Optical Trap

Ca oven Zeeman slower

| optical
| modulator

laser

10-12 sensititivity reached — working towards 10-14

Smngle atoms with improved trapping time
Deflected Slow Beam
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KVI

Lepton Number

0Ov2[3 decay



Neutrinoless Double 3-Decay
(A,Z) > (A,Z+2) + 2e
UT 1= Gy (EgZ) | Mgy + (8y/84)" "Myl <m,>’

Det. 12,3,

e 1% GERDA
MOSCOW[
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" KLEGANT of future
Beijin * projects
0 [76%),
i
1
48 Ta 52 10 1M 116 130 136 136 150
Ca Ca Ge '[.e Se Mo Mo Cd Te Xe Xe Nd
Det. 1 4-3 ' * confirmation of Heidelberg-Moscow
4 needed

* independent experiment(s) with different
technologies required

* need nuclear matrix elements CUORICINO




KVI Contribution to
230v Matrixelements
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aummary

» There are plenty of opportunities to investigate Fundamental
Interactions using trapped and stored particles .

» Precision Experiments are indispensable .

° 0 0.3173 1
» Experiment and Theory both needed. 455 x1072 | 20
2.7 x10~° 3o
1-c 6.3x107" 4o

B.T=10~1 B

» Systematics and Statistics crucial. o goxi0® | o

» New facilities promise progress.

» Experiments require LONG TERM COMMITMENTS and
RIGOROUS SUPPORT after CAREFUL SELECTION.
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apparent symmetries
can be observed




TRIuP Ion Catcher

High efficiency for Na isotopes: Thermal loniser

Gas stopper — a generic solution

Recent results on stopping in cooled Helium gas
(RIASH, P.Dendooven — FOM projectruimte)

Water cooling system
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First Thermal lonizer Results
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