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APV in muonic atoms
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Can we measure APV directly with muons?

Not a new idea, as reviewed by:

Renewed interested about 10 years ago:
❏ Muon specific force related to g-2. Is the muon special?  →  Model specific
❏ Neutral currents are not tested with muons at low Q2! →  Generic
❏ Kick-started muX 2015-2019 measurements



muX looking at Z=30
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▪ Atomic parity violation (APV) in muonic atoms 
arises from an admixture of the 
opposite-parity 2P state in the 2S state, allowing 
for E1-M1 interference in the 2S-1S transition

▪ Is the muon special? 
▪ New physics ~ SM effect? 

APV =  η ⋅ IE1/IM1 ⋅ f 

＜HW＞/ΔE

1 photon fraction

❏ APV scales with 1/ΔE2P2S ~ Z4 , % level for Z =5-10, 10-4 for Z=30

❏ BR(1γ)/BR(other)  < 10-4  → > 10-3

❏ Low-Z → low P gas target (get rid Auger transitions)

❏ Big compton Background

❏ muX @ PSI:
❏ Can we get good S/B ?
❏ Reach APV experiment? O(SM) or better?



muX (2015-2019)

target 
(solid or gas)

Muon counter for 
t=0
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HPGe
detectors

So we have:
● μ-time → t=0
● Beam-halo veto
● μ-decay in orbit time
● X-ray time/energy/angle

2015

2016

2017-18

2019

Also for radium 
charge-radius experiment
R16-1-01

Full Miniball detector array @ PSI !



muX data
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60Co calibration lines

Nuclear capture

Michel electrons 

and neutrons

Bread and butter spectrum

10 ns tim
e resolution on 

H
PG

e detectors!

Timing cuts

Energy resolution helps: HPGe detectors
Timing helps: A challenge with HPGe detectors, we get 10ns > 1 MeV



2S1S in Kr

s p d f
1

2

3

…2S1S Kr runs

❏ Increase 2S population by μH → μKr
❏ ~4 fold increase in 2S population
❏ 2mm lead shielding against 2s2p + 2p1s PU

2 x 109 muons

6 x 10-4 B.R.

ε = 1.4% @ 2.2 MeV

S/B ~ 1/10, σstat ~ 10% 



muX data

γ-γ coincidences

eliminate (n>2)p - 1s background

tag2s
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Michel electrons & fast neutrons



2S1S in Zn, 2S tagging

Zinc

2S Tagging

❏ Obtain a purified 2S sample
❏ Efficiency2 dependence
❏ 180 degree detector pairs



2S1S in Zn, 2S tagging

2S Tagging

❏ Obtain a purified 2S sample
❏ Efficiency2 dependence
❏ 180 degree detector pairs
❏ 1010 muon stops after cuts

S/B = ⅓ ?



μAPV with HiMB

2S1S measurements with HiMB

What can be done with all the muons you can get?

❏ Using high intensity negative muons: 104 - 105 muon stops/s →107  
(108)

❏ Still do an event by event experiment ( μ-γ coincidence)

❏  HPGe trigger rate < 10 KHz (not a hard limit, but neutrons damage … )

❏ More statistics, and more breathing room to optimize detector 
geometries.

 

X-ray detTarget

μ

0.07 e-

3 X-rays, 1 γ > 100 keV
1 n

~ 1m from target

Damage from 108-109 /cm2

Use e- to get muon polariza
tion in S orbital



μAPV with HiMB (muX Z=30 style)

μH →μKr

m
uon counter

electron counters

Compton shieldX-ray det

GeH4, GaH2(H)2GaH2 for lower Z?
μH transfer ❏ 107 muons/s

❏ Keep distance (80 cm)
❏ DOI fraction of 0.07
❏ Experimental BR
❏ 16 HPGe detectors @ 80cm
❏ S/B(2S1S) ≃ 0.2 

❏ Not SM APV before detectors 
are in trouble

❏ HiMB intensity help < O(10)

e-

γ

not fully profiting from HIMB intensities



μAPV with HiMB (muX Z=30 style)

Z ≃ 30

m
uon counter

electron counters

2S tagging

tag2s

1s

2p

3p

Scattered photons
creating fake tags

❏ Tag 3p2s photon
❏ Efficiency2 

❏ Keeping distance + Efficiency2 effect:
Hard to get better then 200 counts 
day

not fully profiting from HIMB intensities



μH →μKr

μAPV with HiMB (muX Z=30 style)

m
uon counter

electron counters

2S tagging + Kr 
transfer

Scattered photons
creating fake tags

❏ Even with a HPGe, 3p2s S/B is 0.1
❏ Sacrifice a bit, and use a high 

resolution scintillator
❏ To first order, BG is 2P or 1S 

feeding: OK

profiting from HIMB intensities
(only 10-20 kHz stopping rate in 
gas in PiE1)

 0.001 % APV possible

tag2s

1s

2p

3p



μH →μKr

μAPV with HiMB (muX Z=30 style)

m
uon counter

electron counters

2S tagging + Kr 
transfer

Scattered photons
creating fake tags

❏ Even with a HPGe, 3p2s S/B is 0.1
❏ To first order, BG is 2P or 1S 

feeding: OK

profiting from HIMB intensities
(only 10-20 kHz stopping rate in 
gas in PiE1)

 0.001 % APV possible

tag2s

1s

2p

3p

Getting rid of DOI loss, and get average polarization 
from e-

➔ 50% beam * 0.2 cascade loss = 0.1
➔ 0.3 * APV for event-event, 0.1 *  APV
➔ √(stat gain) = 3.7 ↔ sensitivity loss = 3



μH →μKr

μAPV with HiMB (muX Z=30 style)

m
uon counter

electron counters

All in
❏ 5 * 107 muons/s
❏ ~ 50 Hi RES scintillators tagging det
❏ S/B ≃ 0.5
❏ Move closer to 25 cm

profiting from HIMB intensities
(only 10-20 kHz stopping rate in 
gas in PiE1)

< 0.001 % APV possible

tag2s

1s

2p

3p



μAPV with HiMB (Z=5-10 style)

❏ SM e-γ(2s1s) correlation of 10-3 @ Z=10    Eγ = 50 keV

❏ SM e-γ(2s1s) correlation of 10-2 @ Z=5      Eγ = 400 keV

Attractive, no?

Experimental difficulties to overcome

1. Suppress 2S → 1S + e and 2S → 1P + e
→ Kick out atomic e during cascade, prohibit 
refilling by stopping in low pressure target, < 
0.1 Bar.

2. Low BR 5 ×10-5 due to 2S → 1S + 2γ

3. Differentiate 2S → 1S + γ
                   2P → 1S + γ  (104 more intense)

→ timing ( λ(2s) > 10 ns for Z=5 )
→ tag 3p → 2s ( reduce 2P population)

Long stopping tim
es



μAPV with HiMB (Z=5-10 style)

❏ SM e-γ(2s1s) correlation of 10-3 @ Z=10    Eγ = 50 keV

❏ SM e-γ(2s1s) correlation of 10-2 @ Z=5      Eγ = 400 keV

Attractive, no?

Experimental difficulties to overcome

1. Suppress 2S → 1S + e and 2S → 1P + e
→ Kick out atomic e during cascade, prohibit 
refilling by stopping in low pressure target, < 
0.1 Bar.

2. Low BR 5 ×10-5 due to 2S → 1S + 2γ

3. Differentiate 2S → 1S + γ
                   2P → 1S + γ  (104 more intense)

→ timing ( λ(2s) > 10 ns for Z=5 )
→ tag 3p → 2s ( reduce 2P population)

He + Ne/B,x



μAPV with HiMB

❏ SM e-γ(2s1s) correlation of 10-3 @ Z=10    Eγ = 50 keV

❏ SM e-γ(2s1s) correlation of 10-2 @ Z=5      Eγ = 400 keV

Experimental difficulties to overcome

1. Suppress 2S → 1S + e and 2S → 1P + e
→ Kick out atomic e during cascade, prohibit 
refilling by stopping in low pressure target, < 
0.1 Bar.

2. Low BR 5 ×10-5 due to 2S → 1S + 2γ

3. Differentiate 2S → 1S + γ
                   2P → 1S + γ  (104 more intense)

→ timing ( λ(2s) > 10 ns for Z=5 )
→ tag 3p → 2s ( reduce 2P population)

He + Ne/B,x

Some preliminary conclusions:

❏ HiMB is not a cure all, but gives us some head room

❏ 10-3 - 10-4 precision possible, < 10-4 is hard
→ For Z ≃ 30, (new) new-physics motivation?

❏ HPGe detectors not ideal for HiMB rates. Can we use HiRes scintillators, O(100000 
photons/MeV)  ( LYSO, LaBr 3 :Ce 3+ ;Sr 2+, ... ) ? Active field.

❏ For low Z: Can we efficiently stop 105-107 muons seconds in low pressure gas?

Some next steps:

❏ Finish our muX work:
❏ How good (S/N) can we get the 2S-1S transition
❏ Do we understand the BG’s?
❏ Notebook estimates → MC estimates for a APV reach

❏ ...
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