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Goals

* Long-term

» Atomic parity non-conservation (APV) measurements using

the /s-8s optical transition In laser-tra

D

» nuclear spin iIndependent (Standarc

bed francium

Model physics)

* nuclear spin dependent (nuclear anapole moment, not

discussed further today)

* Short-term

» spectroscopic investigations of /s - 8s on critical path to APV

- Stark-induced amplitudes (started Sept 201 8)

- relativistic and hyperfine-induced M| amplitudes (started in

Sept 2021)



Atomic Parity Violation

/-boson exchange between atomic electrons and the quarks in the nucleus

Nuclear spin iIndependent Nuclear spin dependent
e e e e e e e e
A, | ) |
| S |
o | 20 @% Y 20 Y
. (\’6\’6 \\ : | do (\\Q\@/bl((\(j |
\ | |
6(?(:\0@??05 | Z° | N '
\ ré\,o : /A‘N V_V;% / \

N N N N N N
VN PV hadronic hyperfine corr.

N N NSD Z-exchange  interactions— to weak neutral
anapole moment current

NSI: coherent over all nucleons (quarks):
H,, mixes electronic s & p states: (n's|H,, |np) Z3 Bouchiat & Bouchiat

Signature: drive s — s electric dipole (E1) transition 1974, 1975



Let's builld a NSI APV Hamiltonian for a pointlike nucleus



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic
strength of weak interaction




Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus
G
F
Hypy = o(r)




Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus
G
NSI _ _—F "

weak charge of the nucleus = how
many nucleons + detalls of their weak
interaction with electrons



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
HWSU = —— 75 5(r) Qy

2\/5
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
NSLo— ZE e S(r) Qy

2\/5
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
HWSU = —— 75 5(r) Qy

2\/5
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
HWSU = —— 75 5(r) Qy

2\/5
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
NSLo— ZE e S(r) Qy

2\/5
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
F
HYS! = rs 8(r) Qy
24/2
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron
systems, requires state-of-art atomic Ow =2 (Klp Z+ kK, N )
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
F
HYS! = rs 8(r) Qy
24/2
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron

systems, requires state-of-art atomic Ow =2 (Klp Z+ kK, N )
structure theory

- only feasible in hydrogen-like (alkali) Standard Model:
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant —generic weak interaction has "zero" range —
strength of weak interaction electron must be at nucleus

G
F
HYS! = rs 8(r) Qy
24/2
weak charge of the nucleus = how

(ns|ys|n'p) depends on details of many nucleons + detalls of their weak
electron wavefunctions in nucleus o Z2 interaction with electrons

» highly non-trivial in many-electron

systems, requires state-of-art atomic Ow =2 (Klp Z+ kK, N )
structure theory

- only feasible in hydrogen-like (alkali) Standard Model:

systems currentl 1 .
/ / K1, =5 (1 —4sin*6y) ~ 0.024
-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant — generic
strength of weak interaction

s o(r) Qw

“ 25

(ns|ys|n'p) depends on details of
electron wavefunctions in nucleus o Z-2

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger

weak interaction has "zero" range —
electron must be at nucleus

weak charge of the nucleus = how

many nucleons + detalls of their weak
interaction with electrons

Oy =2 (Klp Z+x, N)
Standard Model:
K, =7 (1 —4sin’6y) ~ 0.024



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant — generic
strength of weak interaction

s o(r) Qw

“ 25

(ns|ys|n'p) depends on details of
electron wavefunctions in nucleus o Z-2

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger

weak interaction has "zero" range —
electron must be at nucleus

weak charge of the nucleus = how

many nucleons + detalls of their weak
interaction with electrons

QW = 2 (KlpZ+ K1HN>
Standard Model: testl

K, =7 (1 —4sin’6y) ~ 0.024



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant — generic
strength of weak interaction

x 72

G
HNSU = —— 5 &(r) Qy

2y/2

(ns|ys|n'p) depends on details of
electron wavefunctions in nucleus o Z-2

» highly non-trivial in many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect is |8x
larger

x N

weak interaction has "zero" range —
electron must be at nucleus

weak charge of the nucleus = how

many nucleons + detalls of their weak
interaction with electrons

QW = 2 (KlpZ+ K1HN>
Standard Model: testl

K, =7 (1 —4sin’6y) ~ 0.024



Let's builld a NSI APV Hamiltonian for a pointlike nucleus

Fermi constant — generic
strength of weak interaction

x 72

Gr

2y/2

(ns|ys|n'p) depends on details of
electron wavefunctions in nucleus o Z-2

* highly non-trivial iIn many-electron
systems, requires state-of-art atomic
structure theory

- only feasible in hydrogen-like (alkalr)
systems currently

-+ Cs (Wood, Boulder; 1997)

* In Fr (£=87), APV effect Is | 8x
larger

s o(r) Qw

weak interaction has "zero" range —
electron must be at nucleus

*N APV « Z°N ~ Z°
add'l relativistic enh. of for large Z

weak charge of the nucleus = how

many nucleons + detalls of their weak
interaction with electrons

Oy =2 <z<1p Z+x, N)

Standard Model: test |
K, = = (1 —4sin’6y) ~ 0.024

Kln



-lectroweak tests

« The weak orWeinberg angle @y, "runs" with momentum transfer

* APV is a unique test at very low momentum transfer

0242 ! ! ! ! | | ! ! ! | | |
I E158
i (c) T V-PlS ]
0240 :_ (b) o T __
R Q ®
0.238 F ‘ :
. LT (@)  Moller
ST QWEAK
K > - ? APV (Cs) PVDIS ¢
c? - ~ 0.6 %
S 0.234 [ 1 testin Cs
@ ; (0.35 % experimental)
0.232
0.230 — future experiments underlined

-3 -2 -1 0 1 2 3
log,,(Q [GeV])



* Cs APV and Qweak constrain parity violating electron quark couplings

together

0.355

0.345

1d

0.335

0.325

There 1s more to It

+-Ng=3TeV

- 95%
confidence level
| |
-0.20 -0.1

Androic et al,, Nature 557,207/-211 (2018)

I
9 -0.18

C

Tu

I
-0.17



Remarkable APV reach

Physics sensitivity from contact interaction
(LEP2 convention, g2= 4pi)

precision A sin2Bw(0) Anew (expected) from Frank Maas’
32.3TeV CIPANP 2018 talk
7.0 TeV |
17 0 TeV comparison to e.g.
Chiyette iy 0.0008 direct searches
PVE)IS L 0'005 complicated
0.00057
0.00026
0.00036
0.0007
ens Erler
f z
S new physics strong motivation to
8 } \ [\ make progress on the
§ APV front
g AR LEP log(energy) —



Finally, new results! Ytterbium by Mainz/Berkeley group

Antypas et al. T s
Nat. Phys. 15, 120 (2019)

Weighted linear fit

.0l Weak amplitude

First demonstration of relative to Stark {
" Induced amplitude

dependence of nuclear 5
E 0
weak charge on # of S
neutrons. _
23.0 - Fit parameters i
3 | = Intorcept: 06 5 6.6 m
6s7s"S rark Reduced y2: 1.04
| X ?ﬂﬂ'\i\r?ga 25,068 cm™' 656p 'P, 225L 1 - ' - 'Z - |
24489 cm™ 4 qun®"® » (5d6p) 100 102 104 106
5d6s °D, _—v: Number of neutrons
\\\\\ —— O S G D 3p
SNA 656 P,
s p ’ " - '
. L 6607, Experllmental accuracy = 0.5% In
I each isotope! Boulder Cs: 0.35%
7/ 556 : : :
" il But at this point, atomic theory not

i established at this level — alkalis still
unique for interpretability



A Tacility for experiments with francium

* Fr has not stable isotopes = need to work at a radioactive beam facility
* Boulder Cs experiment used a massive atomic beam: [0!3 s-I cm-2

* No existing RIB facility can do this, not even close

* Key figure: Cs had 100 APV excrtations per second

* Would only need = 106 - 107 Fr atoms stored in a neutral atom trap to yield
similar signal = can do this at TRIUMFISAC

="

[
A I} L
& =5
. 1 S \ 2
! 55 .-
— s
= s
: o

ISAC



The Francium Irapping Faci

part |:online cap

gate valve

~70cm

shutter

ity at TRIUMF/ISAC

3 pairs of
counter-prop.
laser beams

Capture

ure trap

push  beam

X anti-Helmholtz coils

MOT trapped atoms

Zr foil releasing Fr
alpha detector

. '@
Frions =
from N S -
ISAC Zr foil down,
iVi Faraday Cu
cloud of UK Fr atoms réceiving y Lup
Frions

experiments

once cooled and trapped,

Fr atoms get pushed to the
science chamber

.



Part 2: Science chamber

Fr atoms from capture

MOT enter here  ©Ptical pumping
beams

506 nm | Sower
A  buildup

Science chamber



VWarm-up exercises with allowed transitions

7s-7p12(D1) isotope shifts in light Fr isotopes

&

1

—

Collister et al.
PRA 90, 052502 (2014)

& 92, 019902(F) (2015)
2

©
o

MIS (10° MHz amu)
8 &

105 |-
110 - 210
: Benchmarks
s _ state-of-the-art
=0 21 atomic theory in Fr
b I Oy Seftonova and others

-130

-t
&
oy &
—a
N
(&)

-120 -115 -110 -105 -100 -95 -90 -85
D, MIS (10° MHz amu)

e also Kalita et al.
Phys. Rev. A 97,04250/ (2013)

1.004

1.002

1.000

0.998

Normalized R _ (A)

0.996

0.994

204

118 120 122 124 126 134

1 * T 7 [ T T ¥ i |
/hang et al., PRL 115, '
@ .. 042501 (2015)

th

9/2

208-213 Fr are “good”
VPx2(m ) nuclei for APV

I - >
s 8
-
) ~
RUA O r
| N i
LT - 1
(N . =
‘v

Vf V'|:5/2 V1:5/2 v p1/2

Vi [\

132

S i
"“‘w 'l:
"}

1 ¢ ¢ g 1 s | 8. |
1
’
1

206 208 210 212 214 ° 221
A

Hyperfine anomaly (Bohr Weisskopf

effect) in light Fr isotopes
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c (Mb)

/P32 photolonization: Crucial for APV

25 :— Er
20 [Li N Airatian [ 4
i lonization limit
B Cs
1 Rb } A
15 . * 506 nm
i { 85
10 — K } A
i Na
L * P35
5 . i
8 506 nm
O _I | I |.l L1 1 I | . | | I S Y I | | ] [ I L1111 | ] | | IIIIII 718 nm 7p1/2
0 10 20 30 40 50 60 70 80 90
7 817 nm
/s

Francium /p3,, photoionization

Collister et al. 2017/, Can | Phys,
2017,95(3), 234-237

Important for APV to know this (roughly)
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APV measurement in francium

e faint transitions

18510) = |8s) +¢€'| p) .
— * osclllator strengths
7 o ~ —10
2 Jstark = 10 (@ few kV/cm)
~ —13
El, .|M1 Elpv Tous o fMl ~ 10
- 21 too weak for

o06 nm 718 nm o ];v ~ 10 direct observation

817 nm

measurements on 2
|75,,) = |7s) + €| p) ™ different hyperfine R7S—>SS X | Elstark + M1 + Elpv |
hyperfine levels transitions give access to
NSD anapole

» Observe interference between the Stark-induced and PV amplitudes ( f,; ~ 1017

* Interference terms changes sign under parity transformations (e.g. electric field
reversals)

* modulation of decay fluorescence (in Fr & 10™*) = extract weak charge of Fr

* M1 always present = study and understand M1 and E1, ., in detall



/s - 8s — Disentangling the amplitudes

electric field,

parallel to light R ~ | E1l
polarization Ts—8s |

L+ M1+ EL |

sta pV

light intensity

(@B + (BE, + M1, = M1, + EL, )(F'm'| G| Fm)|” I

AF = 0 only present on AF = =% 1
« toextract £1, 3s
» have to know f, M1,,;, M1;,to sub-%
precision
* not possible to just measure their values
* # of atoms, light intensity, detection F+ |
efficiency cannot be determined at that 7

level F

15



Hyperfine M| to the rescue

the vector transition polarizability # can be calculated with state-of-the-art atomic
theory reasonably well

the relativistic magnetic dipole amplitude M1, is extremely difficult to predict

but the hyperfine induced magnetic dipole amplitude M1, can be straightforwardly
determined from the known hyperfine splittings

In a surtable series of measurements, all the other amplitudes can be calibrated
against It.

detalls in the next talk by
Tim Hucko
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Recent progress: M| and Estark

* Measured combined M| + Egax signal as a function of electric field

Sept 2018 Sept 202 |
(@ " (b) - (0) 507 (a)
,,‘ '.| 0.9~ 0.80 — i
~19 1 [ - = - ,
§ fo T . 0.75 — — i ’
! B N = N
X ¢ g 0.8 — T = 2 very preliminary
Py ;' "* = L =~ 0.70 s
S 1.7 SR s [ s E T
) 1 . ;’\ — e =
o "ﬂ:‘"' ‘ ¢ h"‘v = 07 B E 0.65 = S B
E 'b";l"l, ‘ ’ “:“I\”" E E O : [al
+ i g o i 0.60 F ‘
0.6 - = 10F
1.5 1 Stark B resonance i Stark B + M1 { 5. M1 only i
E = 6200 V/cm L E =120 V/cm | e E=0V/cm _[,,.-—"l" o
- 2 . . = | | | | | | | l | | | i NS SRR SN ENEun ARAwl A n,
10 20 30 40 10 20 10 20 0 200 400 0600
Laser scan offset (MHz) Laser scan offset (MHz) Laser scan offset (MHz) Electric field (V/cm)
212 2 2
| R ﬁ E Ml —+ Ml M1, calculable from
ﬂ. predicted by Safronova et al. (much + rel hf ‘e lyperine spliting
higher confidence than M1,,))
very hard to calculate AF==x1

» extract M1,,,to < 10% (evaluation in progress)

* better than the tension between experiment and theory in cesium

for a standing wave (as
in our PBC) E1,,,,, — M1
interference Is absent
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Recent progress: technical

* September 2013
* |00 mW of 506 nm light and |0~ trapped atoms

* sufficient to detect B-type Stark-induced E| at high field (= 6 kV/cm)

* no chance to observe M|

e 2019-2021: development of UHV-compatible power buildup cavity (PBC)

* hard! (e.g. vibrational environment on beamline)

* reached = 4000% power buildup
* close to theoretical limit, can't use more due to Fr photo-ionization
* very robust now, lock holds mirror distance at picometer level

* lock survives periodic 5 msec light on-off cycles!

P Lcko
A. Gorelov

M. Kalita




What's next ?

» precision measurement of M1,,, M1,  (sub-%)

rel>
* need more signal = improve detection efficiency of currently = /2000
* difficult to improve light collection solid angle

 best bet Is "burst detection”

8s,, T )
S1/2 F

— /P,, ——

506 nm —e(—3) 7P, , _—
[Elg,. .\ + M1 +ET pvl2 (5) cycling transition
up to 1000s of cycles
F’ © —_—

7S1/2 (6)

* development started, some good challenges ahead
* g0all000% more signal (together with PBC: million-fold improvement over 2018)

* enough to get us signal wise to APV era but signal is not everything!

19



And then!?

Beyond the M1 the f calibration, we need to do interference experiments
* atoms in magneto-optical trap largely (but not entirely) unpolarized

* need to optically pump the atoms in my = £ F stretched states

* new level of magnetic field control

5-10 ms < 500 ys 3ms < 500 ys 5-10 ms
trap on quadrupole off optical pumping quadrupole on re-trapping
quadrupole field homogeneous field measurement homogeneous field quadrupole field
(8 G/cm) on (few G) burst detection off (8 G/cm)
trap lasers on trap lasers off trap lasers on
PBC off PBC on PBC off

chamber geometry leads to significant eddy current problems

use 200 kHz bw bipolar power supplies (Matsusada) B

active coll current shaping to counter location- g
dependent eddy fields fime dependentB |
challenging = optically pumped el n centre of ol
atoms ready for 2023 campaign B field at location of

atom cloud

after-next talk by Anima Sharma




Outlook

o 2023 with optically pumped atoms after-next talk by Anima Sharma
e measure ratio of the scalar to vector Stark transition polarizabilities a/

* observe E1,, . — M1 interference (PBC removed)

stark

« 2024

o attempt to see E1 — L, interference (APV effect)

stark

but 2022 is already half over
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