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What we know

The Standard Model of particles and forces [ R s

Particle Interactions

— QFT with radiative corrections e
— Massive neutrinos

Gravity weak and strong (G(R) => dYPtamf?.S)
— Dark matter/Dark energy

The universe 1Is MATTER dominant
What we don’t know

How neutrinos acquire mass o —
— Dirac/Higgs(m <10 m,; m,~m,~10-%m,) |
What is THE dark matter/what is dark energy

What made the universe MATTER dominant
— Baryogenesis




Where to look

High energy, rare decays, exotic processes (astro)

Muon g-2

— 3.7c difference of experiment and theory

Beta-decay: neutron, nuclel

— Probe BSM through T violation

— Measure CKM element V4
Permanent electric dipole moments

— SM predicts EDMs<<current sensitivity
* Note O,¢p contribution (inexplicably small)
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EDMs
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Standard-model EDMs are small

Vanish at 2-loops for quarks and 3-loops for leptons
Khriplovich, Zhitnitsky (1982), McKellar et al., (1987)

Pion-nucleon picture o,
— 7y external E_M field
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EDMSs probe TeV-scale “new” physics

eh e’

u=- (OF%)

(new heavy particle X) ¢~

. 2N C .
S —»f +sinf
X R emXﬂ '\

I | ,'z \ \)) A
K '¢
° »10°* d ~102¢e-cm
\\\\\\\//////, T'vkﬂaﬂng
phase

Coupling 14
constant x 2 m, \/10 \[
00ps
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Baryon Asymmetry
CP —— Baryon Asymmetry —— NEW PHYSICS (BSMP)

Fact: There is more matter than antimatter
n
n,tn; h=—"—=%» few 107 |
n +n_ Yo = 8487 £ 2.08cc
(WMAP/PLANCK, [4He]”_._)

How?  A) Initial condition

B) Evolution from n=0

1) Baryon number violation i H

2) CP Violation —1T 1

3) Rapid expansion (non-equilibrium)

A. Shakarov
Nobel Peace Prize 1975

Another possibility: CP violation in neutrinos + “seesaw”

Reflections on the Atomic Nucleus



Electroweak Baryongenesis

Kuzmin, Rubakov, Shaposhnikov 87; Cohen, Kaplan, Nelson 90&95

1. First-order EW PT produces expanding bubbles.
2. C and CP violation near the bubble wall induce asymmetries.
3. Electroweak physics (sphalerons) convert this to a baryons

1 A
V(H,T) ' - é(;12— iT?)H? - yTH? + ZH4

ML XR

Sphaleron
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>=0
DOESN’T WORK Bubble Wall — <¢

1. The EW PT is not first order form =125 GeV.

Kajantie, Laine, Rummukainen, Shaposhnikov 98
2. Not enough effective CP violation.
Gavela, Hernandez, Orloff, Pene’94; Huet + Sather *95

From D. Morrissey



EDM’s

TC, MJ Ramsey Musolf Phys. Rev. C 91 035502 (2015)
Upcoming Review: TC, Fierlinger, Ramsey-Musolf, Singh

CP odd Nucleon Nucleus
physics Oocp _ ) level . ) level .
Coge Oocp S
CKM Caaaq — | dd, L .
( ) dud - g 0.1.2 (MQM)
QCD / < x

/ - - - -

};ISISGYS > Cp CPE » Atom/Molec ~Z273

\

LR CO!
e, du

4 1 _ _
d, = 3.6 x 107%0gcp e—cm + (=dyg — =d,) + (1.1d4 + 0.55d,,)

3
ds=KsS(Ogcp,.gn) 1 (h,CrthCs) td. + h.o. (MQM)
Paramagnetic atoms (L XS coupling) Diamagnetic atoms: Schiff moment
Cs, Tl, YbF, ThO Xe, Hg, TIF  § =L<r27p>_6LZ<rz><;p>
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Normal Ramsey & Ed Purcel (neutron)
L Norval Fortson, Blayne Heckel (12°Xe, 1*Hg)

Adelberger/Heckel

Pat (P.G.H.) Sandars (Cs, Xe™, TIF)
L Ed Hinds (TIF, YbF)

Gene Commins (T1)
—> Larry Hunter (Cs)

—> deMille, Doyle, Gabrielse (ThO)
> Zheng-Tian Lu (?*°Ra)

Stuart Freedman

Pioneers - experiment
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System | Year/ref | Result

Paramagnetic systems

Cs [1989 [33]|da = (-1.8£6.9) x 107** e-cm

de = (—1.54+5.6) x 107%°  e-cm

TI 2002 [9] |da = (—4.0+£4.3) x 107*° e-cm

de=( 69474)x107*® e-cm

YbF | 2011 [8] [de = (2.4 £5.9) x 107*® e-cm
ThO | 2014 [7] [wV* =2.6£5.8 mrad,/s

de = (—2.14+4.5) x 107%°  e-cm

Cs = (-1.34+3.0) x 107?
Diamagnetic systems

"IHg | 2006 [5] [da = (049 £1.5) x 107*  e-cm

129Xe (2001 [34]|da = (0.7 £3) x 1077 e-cm

TIF [2000 [35]|d = (—1.7£2.9) x 10°* e-cm

neutron| 2006 [4] |d, = (0.2 £1.7) x 107*°  e-cm
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Octupole Enhancements
Intrinsic (body-frame) moment

Polarizabitliy

NH,; (see Feynman vol 3.) Reflection Symmetry
a) b) .

- +|h

i y) = (- 1)
: J

+ v

+ Small splitting (tunnel frequency)
+ Large electric polarizability

ircosdt-) | e
o E, - E E, - FE
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Nucle1 with Octupole Deformation/Vibration
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.)

(Hartcosql-)  hb A7
S e 1o 0
EESRH EEER,EL EEERa
12 732m 114d 1404
I 7/2 3/2 1/2
AE th (keV) 37" 170 AT

TN

AE exp (keV) (—) 50.2 5h.2
10118 (e-fm?) 375 150 115

10%d4 (e-cm) 1250 1250 940 1050

Mgg = 270 x 1077 1

Ref: Dzuba PRAG6, 012111 (2002) - Uncertainties of 50% oy,
*Based on Woods-Saxon Potential

T Nilsson Potential Prediction is 137 keV o

NOTES: o8 i 1.':._r‘r1 T ] "}_7 - 11_' LI '_ N
Ocutpole Enhancements ol =T ]
Engel et al. agree with Flambaum et al. ki i

Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky)
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O“.‘ce of Nuclear Ph}’S/‘c
X}

Search for EDM of 2°Ra at Argonne Argne
/

Status and Outlook \

e First atom trap of radium realized
Guest et al. Phys Rev Lett (2007)
e Search for EDM of 22°Ra in 2009

\- Improvements will follow /

i, [
& Nucloqr Matter - Qua™*®

Oven:\ '
225Rq (+Ba) ‘
225Ra

Nuclear Spin =%

Electronic Spin=0

Zeeman

ty,=15 days SIOWCP

/Why trap 22°Ra atoms \

eLarge enhancement:

EDM (Ra) / EDM (Hg) ~ 200 — 2,000
o Efficient use of the rare 22°Ra atoms
eHigh electric field (> 100 kV/cm)

e Long coherence times (~ 100 s)

\-Negligible “v x E” systematic effect /
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First Ra-225 EDM Measurement

® E-field Off Data

1.5-a) 3 mCi Run 1.5FC) 6 mCi Run
=2ntx 15Hz =21 x 29Hz E-field Off Fit
2
n
E
o
=z
A Parallel Data
Parallel Fit
¥  Anti-Parallel Data
. = = = Anti-Parallel Fit
=
n
£
o
- {
1990 2000 2010 2020 2030 2040

1960 1980 2000 2020 2040
Delay after polarization (ms) Delay after polarization (ms)

Phys. Rev. Lett. 114, 233002: |d(Ra-225)| < 5x10%? e cm (95%)
« all systematic effects estimated to be <102° e cm (goal)
* first EDM measurement made in a laser trap

 first EDM measurement of an octupole-deformed species
Thanks to Jaideep Singh

1940



221Rn Enhancement

SRn _ SRa SRn ~1000 /32 /33

SHg Hg “~Ra

500-1000
(J. Engel et al.)

50 keV
/

~ 50 -100

B, B: A

Rn
400 keV

eeirrisoua

L. Gaffney
P. Butler
M. Scheck
et al.

Counts

* | 221Rn (ISOLDE)
6“;_ KB, 2235
; 201 0. 239 .
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223Rn: TBD
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Radon-EDM Experiment
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TRIUMF E929
Spokesmen: Timothy Chupp & Carl Svensson

E-929 Collaboration (Guelph, Michigan, SFU, TRIUMF)

§ TRIUMF

f Canada's National Laboratory for Particle and Nuclear Physics

Funding: NSF-Focus Center, DOE, NRC (TRIUMF), NSERC
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5. Field-sensor array

5. Inner shield/ i
cos-theta manget |

+HV

4. EDM Cell

Recirculation pump

3. Air actuated
valves

To Vacuum/gas recovery

|
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2. Polarizer Cell |

1
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1. On-line collection and gas transfer.

: X
X )

Cold finger Cryogens

. N2 Gas Ballast

ISAC Beamline ZHRn
storage

Collection foil

Cold finger Reflections on the Atomic Nucleus
Cryogens




Spin-Exchange Optical Pumping

Buffer gas
Optically pump the Rb with collisions
circularly polarized laser light. B __5p,,
Spin-exchange collisions transfer
the polarization to the 3He, 129Xe, ! 12
radon nuclei. : ¥ Sip
m=-1/2 m=+1/2

@ van Der Waals Molecule

@ Binary Collision: '

t~10-12 sec.

o D
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VOLUME 60, NUsMBER 21 PHYSICAL REVIEW LETTERS 13 May 1988

Muclear Orientation of Radon Isotopes by Spin-Exchange Optical Pumping

M. Kitano,"' F. P. Calaprice. M. L. Pirt, 1. Clayhold, W. Happer. M. Kadar-Kallen, and M. Musolf

Ey (ke Spin sequence Anisotropy R R—1 (%)
337 (F)-(87) 0.903(14) -9.7+1.4
408 (§7)-% 1.009(7) +0.9+0.7
689 LA 1.079(22) +7.9+23
745 (F )% 1.129(14) +129+1.4

Polarization and relaxation of radon

E. R. Tardiff! J. A. Behr? T. E. Chupp,! K. Gulyuz,* R. 5. Lefferts.* W. Lorenzon,? 5. R.
Nuss-Warren,! M. R. Pearson,® N. Pietralla,? G. Rainoveki,* J. F. Sell® and G. D. Spronse?

IFOCUS Center, University of Mickigan Physics Department, {50 Church St., Ann Avbor {8109-1040, USA
Yiniversity of Michigan Physics Department, {50 Church St, Ann Arber {E109-1040, [FS4
*TRIUMF. 400§ Westhrook Mall, Vancouver V6T 248, Canada
$SUNY Stony Brook Department of Physics and Astronomy, Stony Brook 11794-3800, U84
(Diated: Diecember 6, 2006)

; Uncoated Cell | E Uncoated Cell l
3 ! 1 105 ! Fit for I, (T,=300°K),
1 C ’
T o5t S 0.05 Hz (uncoated);
095 095 0.03 Hz (coated)s
£ w s . . C ' : ' -21 2
 oated oo [ Comeacan Use 2.5x10“* cm
1.05)- 1.05[-
A L e 1
0.95[ -
i 0.95F
0.9 r
E ‘ ‘ L _Reflections on the*Aterg Nusggts 80— 200230 21
140 160 180 200 220 Cell Temperature (°C)

Cell Temperature (°C)



Genat'4 Sl mu |a'[I0nS by Evan Rand ~-ray energy-time matrix from the 3 decay of 1.2 billion ***Rn nuclei from an initial

8 x 10'° nuclei located in the EDM cell surrounded by a ring of eight GRIFFIN
detectors in the forward position.

300
350~
300
A 250
250
200 = 200
150,
100~ H dapyint H b ] 4 o = 4150
50~
100

1
650

Time (sec) . 630 %40
s 620

b 590 600
& 550 560 A o Energy (keV) !
223
Known Level Structure of “==’Fr - Nuclear Data Sheets (2001)
o 00 T ‘ T ‘ T T T I T 1 T ‘ T ‘ T ‘ T
- 24.3 min _ _ _
#23Rn o e IR 31000
- 2000 = ) 30000 I
- Hpea— 1,12 ] 9
£ 29000
- F=1.9996(3) Hz < |
L 28000 4
- 27000 -l 11l I 1111 I 111 I 1111 -
0 5 10 15 20
1500 — Seconds (500ms Time Bins) -
<] L 4
= | f
3 i ) i i ]
5 - | | ] : i ! h H1 |' h 0 -
L | f
222.98 | ‘
219.58 F ' | !
ji88.02 1000 I |y A . —
% 187.07 ‘ J ’ ¥
5/ Rk < > /ﬁ 171.963 | T o8 1
(3/24) \\ = T O A 160.43 i v
\(3/‘2+) 'k\ Y] | ¢ NN@NN@%@@%" [ 134.48 7
<2 (5/2-) \:.‘ ! L i ¥ ;;;’ 100.999 L 4
. (3/2-) 99.53
le \(7;2,} \ ” /"32.129 B b
1200) \ T54.08 50 PR SR NI S TR NS AT S N N T RS R
w2 \—\;f;’;‘j pilefkions on theAtemic Nucleus 1 2 3 4 5 6 7 8 22 10

Seconds (20ms Time Bins)
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Two-photon magnetometry with 22Y?23Rn (J=7/2)

S. Degenkolb

F' =3/2

F'=5/2,7/2, ..

F=7/2

N

etc.

fluorescence
recycling mirror

Two-photon allowed

excited states (Am = 2)

pole-allowed intermediate _ 2[5/ 2],
levels (Am = 1) — 2[5/2],
2[3/2]T - - 2[3/2]2
“[3/2)] —

*[1/2]5 *[3/2],
*[5/2],

2[3/215
2[1/2]3 ?[3/2],
*[5/2];

*[3/2];

1S,

silicon APD

246.8 nm

250.8 nm
251.1 nm

257.0 nm
259.2 nm

290.7 nm

299.8 nm

(ground state)
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Radon-EDM Prospects

Global analysis: TC, Ramsey Musolf PRC 91 035502 (2015)
Goal ~10%6e-cm

TRIUMF-ISAC FRIB(233Th)

Rate 2.5x107 st 1x10° s

# atoms 3.5x1010 1.4x1012
cepm (100 d) 2x1027 e-cm 3x10-28e-cm
199Hg 4x10-2829e-cm 6x10-2930e-cm

equivalent

Assumptions: E=10 kV/cm, T,=15 s, A=0.2, 25% duty factor

N
! 2E AT, N,

Reflections on the Atomic Nucleus
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Summary

EDMSs probe TeV-scale “new” physics
CP —— Baryon Asymmetry — NEW PHYSICS (BSMP)

Measurements in NEW SYSTEMS are essential

Octupole collectivity enhances Schiff moments:
225Ra and 221223Rn underway .... 1072526 e-cm

THANK YOU!
and
Happy transition(s) PETER!



