T

| BT

—

Towards an af‘;elg C parlty

" 8

3
v

violation ex ent in

|um

it Hucko i
X NV hdi |

~ '
o
&

g

. I
1

. 3 W “-‘ v 2
\2".‘ Sy
%; .
E
" 4



Standard Model

Classifies all known elementary particles Standard Model of Elementary Particles
three generations of matter interactions | force carriers
Describes 3 of the 4 fundamental forces; mediated , ferm ens) 0 osens)
b>/ bosons :ass ;2.2 Me\ic2 ;1.25{3&\.&{:2 ;1?3.1{3&\.@ g :uq.ﬂ?ﬂewcz
charge
, , , spin § ¥ L) ¥ 1 L] H
Very successful theory, but still missing ol @ et 9 _
1 Barvon asymmetr | up I charm JL top JL gluon ) higgs
2 . G ra>\//|‘t>/ y >/ =4.7 MeV/c= =596 MeWicz =418 GeVic 0
. 15 -4 -5 0
3. Dark energy @ @ |- @ |[[ .
4 Dark matter § down J strange JL bottom JL photon )
= El =105.66 Me =1 & '=.-—.e_‘
Search for new physics using (electro)weak interaction |Z¥ | 2555 [ 27" ugm.w 0
Leptoquarksl] @ |9 |- ] 2.
Change: quarks N Ieptons , kelec:tn‘:nn JL muon J tau J11 Z boson ) 8§
e ' 2 =1.0 eV/c2 =0.17 MeV/c2 =18.2 MeV/c? =80.39 GeV/c? o
Unification of matter ol & o & w N ICJDJm
o
Lower mass limit ~ 1TeV o I? - & | m) ' ‘ EE
electron muon u Q
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Neutral current that mixes with Z boson
/' possible dark matter candidate
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Standard Model

Classifies all known elementary particles Standard Model of Elementary Particles

three generations of matter interactions | force carriers
(fermions) (bosons)

Describes 3 of the 4 fundamental forces; mediated , | .

by bOSOﬂS mass | =2.2 MeVic? =1.28 GeVic? =173.1 GeVic? =124.97 GeVic?
charge | % 3 3 3 ] H
. . . spin § ¥ L) ¥ 0
Very successful theory, but still missing 'uw dgm o e
1. Baryon asymmetry D |\ JU__F 29
2 G ra\/lty =4.7 MeV/c= =596 MeWicz =418 GeVic
' -1 " -4
3. Dark energy @ |+ ® |- ®
4 Dark matter § down J strange JL bottom
Search for new physics using (electro)weak interaction |75 | 37250 |20 0
Leptoquarksl" @ |9 |1 @ o)
electron muon tau Ny
Change: quarks <> leptons 0 J\ J\ Q5
Unification of matter 5 ELW;“: E”'m:;w . ”:“ IEI.'}JE
o
Lower mass limit ~ 1TeV o I? - & || m) EE
electron muon u Q
Z' bosonl!-4 I'I_|J . neutrino || neutrino || neutrino W boson G

Neutral current that mixes with Z boson
/' possible dark matter candidate
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Atomic parity-violation (APV)
Z-boson exchange between electrons an nucleons (quarks)
Hey mixes s and p states — (ns|H}p! |n'p) o« Z2NEBE

Nuclear Spin Independent Nuclear Spin Dependent

N N

Dominates in heavy atoms
Coherent over all nucleons

NSD Z-exchange; Vector electron axial-vector nucleon
Inter-nucleus interaction; anapole moment
Vector nucleon axial-vector e Dominates in heavy atoms

electron interaction Hyperfine correction to the weak interaction
Connection to the Qy, 2



NSI Hamiltonian
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NSI Hamiltonian

Gr
HNSI — 5 r
PV 2\/— Y56 (r)Qw

e Fermi constant



NSI Hamiltonian

Hllbvlfl — 1’55(7”)QW

2V 2
e Fermi constant

* Weak interaction “zero” range — electron at the
nucleus



NSI Hamiltonian

Gr
HNSI — 5 r
PV 2\/— Vs ( )QW

* Fermi constant
* Weak interaction “zero” range — electron at the

nucleus
e (ns|ys|n'p) matrix element depends on electronic

wave function at the nucleus
e Scales as /4



NSI Hamiltonian

HIIDVI?QI = Y56 (r)Qw

2«/_
Fermi constant
Weak interaction “zero” range — electron at the
nucleus
e (ns|ys|n'p) matrix element depends on electronic
wave function at the nucleus
e Scales as /4
* Weak charge of the nucleus
* Qw = 2(K1pZ + K1y N)

* Ky = —(1—451n29w) ~ 0.024 > Qi&FY = N
1

o K f—
1in — 2



NSI Hamiltonian

Hpy' =~ ¥50(1)Q
PV 2 5 w ¥ . AP\/—>ZZN
* Highly non-trivial to calculate

Fermi constant matrix element

Weak interaction “zero” range — electron at the « Alkalis provide suitable systems
nucleus for calculations

(ns|ys|n'p) matrix element depends on electronic | [* Measured in Cs(Z=55)"
wave function at the nucleus * InFr(Z=87), APV effect is x18

e Scales as 72 larger compared to Cs(Z=55)

Weak charge of the nucleus

* Qw = 2(K1pZ + K1nN)

* Ky = —(1—451n29W) 0.024 > Q&FY = N
1

* K =
n
2 3



Flectroweak interaction

* Running of the Weinberg angle: Q,,, — sin“6,,,
* APV tests at low momentum transfer

* Colored bands represents scenarios with dark Z' bosons

o242 —m"m—m—m————————r——T7TT—T—T—T—T—T—T—T—TTTTT1
i E158
(c) v-DIS ]
0.240 __ (b) — —:
I P2 T
0.238 F ]
. T (@)  Moller
SHEN: QWEAK SOLID
@ = ’ ¢ APV (Cs) PVDIS ¢
D ~ 06 %
k= 0234 | testincs | |
@ (0.35 % experimental) Chiral Belle
0.232 4
1 ¢ - _
0.230 | future experiments underlined SLAC  LHC -
3 -2 -1 0 1 2 3

Gwinner & Orozco, Quantum Sci. Technol. 7, (2022). log,,(Q [GeV])



* Electron-quark coupling constants
* Combination of results from PVES and APV (black ellipse) @ 95% CL

e Red dot is SM prediction
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* Electron-quark coupling constants
* Combination of results from PVES and APV (black ellipse) @ 95% CL

. o J. Erler et al, Annu. Rev. Nucl. Part. Sci. 64, 269 (2014).
e Red dot is SM prediction '

Experiment Precision (%) A sin? 0/(0) Apew (TeV)
APV (133Cs) 0.58 0.0019 323
e T 0T SLACEISS 14 0.0013 17.0
.. & JLab-Qweak (run I) 19 0.0030 17.0
\ JLab-Qweak (final) 4.5 0.0008 33
oausy 5{ A=5TeV \  JLab-SoLID 0.6 0.00057 22
: ) \ JLab-MOLLER 2.3 0.00026 39
S \ A/ ! Mainz-P2 2.0 0.00036 49
P Y i PVES (12C) 0.3 0.0007 49
Tt Dashed circles
03251~ 959 confidence level represents mass reaches

for new physics (g?=4)
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D. Androi’c et al,, Nature 557, 207 (2018).



* Electron-quark coupling constants
* Combination of results from PVES and APV (black ellipse) @ 95% CL

. o J. Erler et al, Annu. Rev. Nucl. Part. Sci. 64, 269 (2014).
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* Electron-quark coupling constants
* Combination of results from PVES and APV (black ellipse) @ 95% CL

. o J. Erler et al, Annu. Rev. Nucl. Part. Sci. 64, 269 (2014).
e Red dot is SM prediction '

Experiment Precision (%) A sin? 0/(0) Apew (TeV)
APV (133Cs) 0.58 0.0019 323
088 T T SLACEIsS g S 17.0
. JLab-Qweak (runI) —  Impressive sensitivity 17.0
: N JLab-Quwek (fma)  provides strong motivation 33
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| \\/g ) \ JLab-SoLID for APV as searches of new 22
. : E— +—— JLab-MOLLER physics beyond SM! 39
© \ 3 J Mainz-P2 49
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03251~ 959 confidence level represents mass reaches

for new physics (g?=4)
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Current APV results

e Current best result is for Cs

* 1997 by Boulder group

* Performed interference experiment (more on this later)

* Experimental accuracy — 0.35%
e Other Cs measurements reach 12%[8l and 2.6%!"]

— Im(g]_pv)

p

|

1.6349(80) mV/cm — 6s(F=4)-7s(F=3)
1.5576(77) mV /cm — 6s(F=3)-1s(F=4)




Current APV results

* Current best result is for Cs
* 1997 by Boulder group
* Performed interference experiment (more on this later)

* Experimental accuracy — 0.35%
e Other Cs measurements reach 12%[8l and 2.6%!"]
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|
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1.5935(56) mV/cm
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Current APV results

* Current best result is for Cs
* 1997 by Boulder group
* Performed interference experiment (more on this later)

* Experimental accuracy — 0.35%
e Other Cs measurements reach 12%[8l and 2.6%!"]

—Im(Elpy) _ {1.6349(80) mV/cm — 6s(F=4)-7s(F=3)

3 1.5576(77) mV /cm — 6s(F=3)-7s(F=4)
Average gives NS| contribution Difference gives NSD contribution
NSI NSD
_ Im(;PV) = 1.5935(56) mV/cm Im(sﬁlpv = 0.077(11) mV/cm



Current APV results

* Current best result is for Cs
* 1997 by Boulder group
* Performed interference experiment (more on this later)

* Experimental accuracy — 0.35%
e Other Cs measurements reach 12%[8l and 2.6%!"]

—Im(Elpy) _ {1.6349(80) mV/cm — 6s(F=4)-7s(F=3)

3 1.5576(77) mV /cm — 65(F=3)-Ts(F=4)
Average gives NS| contribution Difference gives NSD contribution
Im(efph) Im(e1py”
— = 1.5935(56) mV/cm = 0.077(11) mV/em

B B

1999 improved Q,,, = -72.06(28), by measuring
B using the 6s-7s M1 transition!'] — Progress
made in measuring M1 in Fr! 6



/B (mVem™)

* New result for APV in 2019, Antypas, et al, Nat. Phys. 15, 120 (2019).
* Used Ytterbium; N =170, 172, 174, and 176
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Fit parameters
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Reduced 12 1.04
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/B (mVem™)

* New result for APV in 2019, Antypas, et al, Nat. Phys. 15, 120 (2019).

* Used Ytterbium; N =170, 172, 174, and 176

24.5

24.0

23.5

23.0

225

—— Weighted linear fit

Fit parameters
Slope: 0.226 + 0.085 mV cm™
Intercept: 0.3 + 3.6 mV cm™

Reduced 12 1.04

100 102 104 106
Number of neutrons

First demonstration of VWeak

charge dependence on neutron #
in atomic system

Same interference
experiment as Cs.

-
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/B (mVem™)

* New result for APV in 2019, Antypas, et al, Nat. Phys. 15, 120 (2019).

* Used Ytterbium; N =170, 172, 174, and 176

24.5

—— Weighted linear fit

24.0 -

235

23.0 Fit parameters

Slope: 0.226 + 0.085 mV cm™
Intercept: 0.3 + 3.6 mV cm™

Reduced 12 1.04

22.5 : ' ' ! ' |

100 102 104 106
Number of neutrons

First demonstration of VWeak

charge dependence on neutron #
in atomic system

Same interference
experiment as Cs.

-
6s7s 381 S{a\"&
eV ﬂi\ng 25,068 cm™' 6s6p P,
s 24,489 cm gy w e v (5d6p)
%Q - 3
S 656p °P,
408 - 6s6p °P,
nm
V4
7/
,/ 556 nm
V4
,/
J 3
6s°'S,

Single-isotope measurement accuracy 0.5%)!
But theory not at the same level of

accuracy — Alkalis still have the upper hand .



Future APV with francium

* Heaviest of the alkalis (Z=87)
* APV ~18x larger than Cs

* Simple atomic structure — single valence electron

* Main drawback: highly radioactive
e No abundant source on earth

* Need radioactive facility — ISAC | at TRIUMF
* Boulder group had thermal beam of 103 Cs atoms/s — not feasible with Fr

* Solution: Use magneto-optical trap (MOT)
* Need 106-107 trapped atoms to achieve comparable signal to Cs



Francium trapping facility ‘/P“Sh beam

= Anti- Helmholtz

MOT beam

.! {__‘
— 4 o
[ — 3 l

_adetector and
| Faraday cup

— S

Fr* ions



MOT beams

~/0 M Atom cloud
~10°-106 atoms

506 nm Iighti

=

Reaay1 &8
L. =l

Anti-Helmholtz
Coil

i m m lm:"
Detection

system 10




Electric field plates and PBC

* Indium tin oxide (ITO) transparent field plates
* Separation is 2.858 £ 0.003 cm

* PBC developed during the pandemic
* Build-up factor of ~4000




Previous Measurements

* Test atomic theory using allowed transitions

* /s-/p,, isotope shift in Fr — Collister, R, et al, PRA 90, 052502 (2014)

* Hyperfine Anomaly in light Fr isotopes — Zhang, |. et al., PRL, 115, 042501
(2015)

* Fr /ps;, photoionization — Collister, R. et al., Can | Phys 95(3), 234-237.

* /s-8s isotope shift in Fr (2 photon) — Kalita, M. R. et al,, PRA, 97, 042507
(2018)
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Previous Measurements

* Test atomic theory using allowed transitions

* /s-/p,, isotope shift in Fr — Collister, R, et al, PRA 90, 052502 (2014)

* Hyperfine Anomaly in light Fr isotopes — Zhang, |. et al., PRL, 115, 042501
(2015)

* Fr /p;, photoionization — Collister, R. et al,, Can | Phys 95(3), 234-237/.

* /s-8s isotope shift in Fr (2 photon) — Kalita, M. R. et al,, PRA, 97, 042507
(2018)

This is very important for any /s-8s
transition!

12



8s

506 nm

/18 nm

/s

/P5, photoionization

506 nm

/P3p

/P

817 nm

G (Mb)

25

20

15

10

5

D_

Collister, R. et al., Can | Phys 95(3),

234-237.

Fr

10 20 30 40 50 60 70 BO 90

* Single photon for APV uses 506 nm light  Z

* /Py, pOpulate via decay or trap

* Provides additional loss mechanism to the MOT

e Enhanced with PBC

13




* s-s typically E1 and M1

forbidden

* Oscillator strengths:

¢ fe.. 100 — for a few kV/cm

¢ fiyy~10713
¢ fo,~102

e APV to small to observe alone

e Observe interference
between El¢.., and Elpy

* Example: electric field reversal

* Rys_gs € |Elgpqri + M1+ Elpy|?

/s-8s transition

8s) = |8s) + €'8p)

ET Stark M1

|75) = |7s) + €|7p)
* Reversal of coordinate system — change in sign of interference term

211|:r
F=5
F=4
/D3
/Py
F=5
F=4

14



/s-8s transition rate

Rys_gs & |a(&+ E)S,m + (B(€ X E) + M + Im(E1p))(F'm'|G|Fm)|?

15



/s-8s transition rate

+ M + Im(E1py)){F'm’'|c|Fm)|?
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/s-8s transition rate

+ M + Im(E1p))){F'm’'|c|Fm)|?

* M1 component
e M = Mrel i th5FF’i1
* For Fr, M. ~12% contribution to M

15



/s-8s transition rate

+ M+ WF'm'|3|Fm)|?

* M1 component
e M = Mrel i th5FF’i1
* For Fr, M. ~12% contribution to M
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/s-8s transition rate

+ M+ WF'm'|3|Fm)|?

* M1 component
e M = Mrel i th5FF’i1
* For Fr, M. ~12% contribution to M

e We use AF=1+1 to avoid a
* Toget E1py we need B, M,,;, and

Mp ¢ to sub-%

17



Importance of M~

* 3 cannot be measured alone — measure against

Mi.o; T thSFF’il
B

M1
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Importance of M~

* 3 cannot be measured alone — measure against

M;.e; thSFF’il

M1
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Importance of M~

* 3 cannot be measured alone — measure against M1

Extremely difficult to
calculate. Has only been Mrer £ MpfOpp 44

measured in Cs. -
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Importance of M’

* 3 cannot be measured alone — measure against M1

remely dffcut  Calcltesemempirialy.

calculate. Has only been My * FF'+1

measured in Cs. -
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Importance of M’

* 3 cannot be measured alone — measure against M1

remely dffcut  Calcltesemempirialy.

calculate. Has only been My * FF'+1

measured in Cs. -

* We can use M, to determine [3 and then M in a series of measurements

* Need to measure the ratio for AF=+1 )



Normalized
Residuals

Counting Rate (kHz)

0.80

ja]
-
|:_"_[

o
o
Sy

[}
Ut

ot
o

|
S
o

Recent Measurement
* September 2021: Observed M1 using PBC

* First measurement of M., in francium
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Recent Measurement
* September 2021: Observed M1 using PBC

* First measurement of M., in francium
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Recent Measuremeﬂt Measured transition
* September 2021: Observed M1 using PBC rate for AF = -1

. . . transition
* First measurement of M., in francium
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Recent Measuremeﬂt Measured transition
* September 2021: Observed M1 using PBC rate for AF = -1

. . . transition
* First measurement of M., in francium
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Recent Measurement
* September 2021: Observed M1 using PBC

* First measurement of M., in francium
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Measured transition
rate for AF = -1

transition
— R « B%E? + M*
— M =M
- Talk on this in a later
— Session
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Recent development: Burst technigue

* Further amplification of signal is
needed for APV

* Detection efficiency is ~1/4500

* Cycle atoms that have been excited
via /s-8s

e Estimate 10" to 10° cycles for Fr

18



Recent development: Burst technigue

* Further amplification of signal is
needed for APV

* Detection efficiency is ~1/4500

* Cycle atoms that have been excited
via /s-8s

e Estimate 10" to 10° cycles for Fr

851/

1Sy
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F=5

F=4

F=6

F=5

Py Efg

F=5

7Py e
F=5

Prep atoms in
F=4 " 75(F=4)
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Recent development: Burst technigue

* Further amplification of signal is
needed for APV

* Detection efficiency is ~1/4500

* Cycle atoms that have been excited
via /s-8s

e Estimate 10" to 10° cycles for Fr

D

851/

&/

Excite atoms

to 8s(F=5)

506 nm
MI + f

1Sy

P

F=5
F=4

1P3p

1Py

F=5

F=4

I
Wb 010
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Recent development: Burst technigue

851/

F=4
* Further amplification of signal is \ F=
needed for APV F=
* Detection efficiency is ~1/4500 Py Ef
* Cycle atoms that have been excited )<
via /s-8s

e Estimate 10" to 10° cycles for Fr ﬂm

Atoms decay
7S/, back to /s (

&— F=4

18

Wb 010



Recent development: Burst technigue

1111l
Wb 010

T1 T1 T1 TI

i
o1

I
N

. F=5
S
* Further amplification of signal is
needed for APV
| o | Cycle them using 7p
* Detection efficiency is ~1/4500 75(F=5)-7py,(F=6) 3/2
* Cycle atoms that have been excited transition
via /s-8s
e Estimate 10" to 10° cycles for Fr 7Py
_ _ S F=5
We can also use /s(F=4)-/p5,(F=3) to
cycle atoms that have been exited to 7S¢/
8s(F=4) from 7/s(F=5). — F=4




Normalized

Burst observation in Fr
* Dec 2022: ?""Fr burst using 7s(F=5)-7p5,(F=6)

* PMT with 100-fold attenuation in front — not present in Sept 2021
* 10x less atoms, excitation 4x shorter, and 2x less 506 nm light than Sept 2021
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Burst observation in Fr
* Dec 2022: ?""Fr burst using 7s(F=5)-7p5,(F=6)

* PMT with 100-fold attenuation in front — not present in Sept 2021
* 10x less atoms, excitation 4x shorter, and 2x less 506 nm light than Sept 2021
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Burst observation in Fr
* Dec 2022: ?""Fr burst using 7s(F=5)-7p5,(F=6)

* PMT with 100-fold attenuation in front — not present in Sept 2021
* 10x less atoms, excitation 4x shorter, and 2x less 506 nm light than Sept 2021
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Challenges with the burst technique

* Burst are on cycling transitions — could destroy the atom cloud
* Burst signal is same as MOT light — possible large background
 Utilize the /p5), state — risk of photoionization if overlapped with 506 nm

* Could produce a large signal — complications with detector
* i.e. linearity and protection of detector

20
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* Burst signal is same as MOT light — possible large background
 Utilize the /p5), state — risk of photoionization if overlapped with 506 nm
* Could produce a large signal — complications with detector Shutter light using
* ie. linearity and protection of detector AOM and timing
schemes
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Challenges with the burst technique

Retroreflect the

laser b
* Burst are on cycling transitions — could destroy the atom cloud e
* Burst signal is same as MOT light — possible large background }
 Utilize the /p5), state — risk of photoionization if overlapped with 506 nm

* Could produce a large signal — complications with detector Shutter light using

* i.e. linearity and protection of detector

AOM and timing

Switching to SiPM with schemes

increased linearity and is
more robust

Hamamatsu SiPM,

linearity upwards of 11
MHz 20



VWhat's next!?

* Still need to measure AF=+1 to extract (3

* Sub-% measurement of M_

* Next phase will be interference experiments

* Atoms in a MOT are generally (but not completely) unpolarized
* Need to optically pump atoms into mg = +F states

* Need to control magnetic fields used in the MOT
* Center of science chamber — magnetic field to zero in < Tms

* Use 200 kHz bipolar power supplies from Matsusada
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VWhat's next!?

* Still need to measure AF=+1 to extract (3 Attempt for August 2023

* Sub-% measurement of M
* Next phase will be interference experiments
* Atoms in a MOT are generally (but not completely) unpolarized

* Need to optically pump atoms into mg = +F states

* Need to control magnetic fields used in the MOT
* Center of science chamber — magnetic field to zero in < Tms

* Use 200 kHz bipolar power supplies from Matsusada
* Using optically pumped atoms (late 2023 or 2024):

* Measure the ratio between the scalar and tensor polarizabilities a/f
* Interference experiment between Elc,..-M1 (without PBC)

* Nearing first attempt of interference Elc,-E1p, (2024-2025)
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