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Recent measurement of ., (LKB)

e Why?
- Tests of QED exploit two phenomena : Lamb shift, and (g-2). (or a.)

- In pure electron systems, the theoretical expressions are a function of o, and
the lepton masses only, for example:
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Recent measurement of ., (LKB)
« Experiment e
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Recent measurement of o, (LKB)

Experiment i -
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m Laser cooled rubidium atoms (4 uK, about 10cms™1)

m Atom interferometer

R, present in two states (excited / ground state), which interfere. The different
velocities v_induce a phase shift ¢ over the duration of the “flight”.

The interferometer measures ¢, then¢ - v - h/m, - o



Recent measurement of a___ (LKB)

QED
* Result
Stable and reliable device = Long measurement periods
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Recent measurement of a___ (LKB)

QED
* Result
. Relative
Source Correction [10~11] uncertainty [10-11]
Gravity gradient -0.6 0.1
Alignment of the beams 0.5 0.5 .
Coriolis acceleration 1.2 Improvement over pI’EVIOUS I’eSU|'[
Frequencies of the lasers 0.3
Wave front curvature 0.6 0.3 by a faCtor Of 3
Wave front distortion 3.9 1.9
Gouy phase 108.2 5.4 S t t d . t d t
Residual Raman phase shift 2.3 23 yS ematiCs aominated measurement.
s aftiieaie L <0 - knowledge of laser beam parameters
Internal interaction 0 < 0.1 . . i
Light shift (two-photon transition) -11.0 2.3 (Uﬂcertalnty IN phase Sh'ft |nduced by
Second order Zeeman effect 0.1 i i
Phase shifts in Raman phase lock loop -39.8 0.6 beam Sma” frequency dISpeI’SIOH)
Global systematic effects 64.2 6.8 - Mass Of 87Rb
| Statistical uncertainty 2.4 |
Relative mass of *’Rb '© : 86.909 180 531 0(60) 3.5 electron mass
Relative mass of the electron ' : 5.48579909065(16) - 10~* 1.5
Rydberg constant ™ : 10973 731.568 160(21)m ™~ 0.1

Total: « T = 137.035999 206(11) 8.1 |




Implications for a_

m Recoil based
measurement

m Direct measurement

LKB 2011 -

Harvard 2008
RIKEN 2019
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LKB 2020 |
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Normalized contribution to g-2
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* a. VS q,

: | [ zlepton  —0.052 < a, <0.013  exp.
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« Contributions to a, (as of 2018)
SM contribution 10" x (value *+ error) Refs and notes
QED (5 loops) 116584718.951 =+ 0.080 [Ayoma etal, 2012, Laporta'17]
EW (2 loops) 153.6 = 1.0 [Gnendiger et al, 2013]
HVP {LO) 6923 + 42 [DHMZ'11, see also HLMNT'11,JS"11,...]
HVP (NLO) 984 =+ 1.0 [Hagiwara et al, 2011]
HVP (NNLO) 12.4 + 0.1 [Kurz et al, 2014]
HLbL 105 + 26 [Prades et al, 2014] ~Glasgow consensus”
HLbL (NLO‘) 3 + 2 [Colangelo et al, 2014]
Total 116591803 + 49 [Davier et al, 2011]
Experiment 116592089 + 63 [Bennet at al, 2006]
Diff (Exp. - SM): 286 + 80

The difference is large: ~ 2 x (EW contribution)

S
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e Current evaluation : g-2 Theory Initiative, arXiv:2006:04844 (2020)

 Aim : full review of theoretical prediction for this parameter
- QED, Weak : purely perturbative calculations, up to 5t order and beyond

— Hadronic contributions : “HVP” and “HLbL” combine perturbative calculations and

o
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e Current evaluation : g-2 Theory Initiative, arXiv:2006:04844 (2020)

HVP from:

BMW20 —— In depth evaluation of QED, Weak and
. Hadronic contributions. Dispersive results
WP20(lattice) o are still the baseline, and now also introduced

for the LbL contributions
not used in WP20

DHMZ19 e

Lattice calculations gain momentum!

Projected final Fermilab uncertainty

KNT19 - Moriond was just before the announcement

of the last experimental result.
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* Experimental update : April 7, 2021, g-2 Collaboration (Fermilab)

oo wl ®
_ Fermilab °

(White paper result

result) 4.2 standard deviations!!

But..
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* Recent results in lattice QCD
lattice —B—
R-ratio —&— J— Latest lattice prediction ~as precise
sMwe20 [ ' .= ) as the dispersive re_sults, and in
Mainz'19 S~ . better agreement with measurement.
ainz'19 =
FHM'19 | = : o :
= | " On arXiv since some time. Not used
- - s in White Paper as checks were still
, N ongoing, and no independent result
BIVLE L I o ' with same precision.
DHMZ19 [, : |
KNT'19 . § " Finally published within a day from the
CHHKS19 [ _\"&~/ nongWplysics = 1 experimental result.

660 680 700 720 740
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Neutron EDM

 Motivation : test of CP violation

d.=2/3 e*|
A permanent asymmetry in the

1=0.1r, = d_=4.10"% e.cm charge distribution
-> probe of P, T (CP) symmetries

But d <1.8 102 e.cm (90% C.L.)



Neutron EDM

Motivation : test of CP violation
New Physics at high scale

SM prediction
dCKkM dB anpe
n n | n l 5
200 GeV\?
d,=10"%%e.cm + 107 % e.cm (0) + 107** e.cm = ar sin(@cp)

s
Leff = LQCD + 7} ﬁ SHVPGGEVGSO-

From lattice calculations: d,, = —0.0039(2)(9)8 e. fm*

Experimental upper limit: |d,| < 2.10713 e.fm 6 <1070

ﬂ\lew CP violating phases \
contributes to

* baryonic asymmetry of the universe
* neutron EDM

The nEDM is the probably most stringent test of electroweak baryogenesis

\Another possibility is the leptogenesis /




Neutron EDM
Experiment : nEDM @ PSI. Principle, in a nutshell :

Polarized UCN

Ultra-cold, polarized neutrons.
Measurement of the change of the
Larmor precession frequency

1 - -
fn = E ‘ﬂnBO + duE‘ s

under change of polarity of the
electric field :
|B] = 1036 nT
[E| =11 kV/cm
T=2mK, v~5m/s



Result

The search for the neutron EDM

Neutron EDM

TABLE 1. Summary of systematic effects in 1072* ¢.cm. The
first three effects are treated within the crossing-point fit and are
included in d. . The additional effects below that are considered
separately.

Effect Shift Error
Error on (z) . o 7
Higher-order gradients G 69 10
Transverse field correction (B7.) 0 5
Hg EDM (8] -0.1 0.1
Local dipole fields e 4
v x E UCN net motion .- 2
Quadratic v x E e 0.1
Uncompensated G drift e 7.5
Mercury light shift e 0.4
Inc. scattering '*’Hg .. 7
TOTAL 69 18

(0 * 68)
(33 + 14)

(-71 + 81)

(-38 + 99)

/

8

Systematic error budget:

* Divided by a factor of 5

+ Dominated by “new” effects

* QOpensthe door to a new generation
of experiments

P

Compare to contribution

iy =100 £ 105 02, F 510 2i6in. from CKM : d_~10% e.cm



Direct CP violation in K decays

 Experimental program :

B Vc .0 0.74
BK* — ' v¥) = (839 £ 030) x 1011 . [ V< [73?20] -~ NAB2 : BR(KT — ntwi) = (10.6749

—11
40.7 % 1073 | vst) X 10

= (84 +1.0)x 107!

BK" = 7°v¥) = (3.36 £ 0.05) x 107" - =
[3.88 x 107 |

Vol 2[ Ve H sin 'y

40.7 % 1073 sin73.2°] | -~ KOTO : BR < 3x10° (90% C.L.)

=(3.4+0.6)x 107"

Al=1/2 and 3/2 interacti
direct limit (KOTO 2015 result, phys.Rev.Lett. 122 (2019) no.2, 021802) : kel By k?):b{s' intera ‘|oni_;
3.0x10(90% C.L.) ’ ]

108 T o , 6\5}' s_ﬁ
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o 1
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Direct CP violation in K decays
« The KOTO experiment

Signal

K; - vy : (r® -) 2y + nothing

: decay region vV (undetectable)
collimator + 41 :
sweeping magnet (vacuum) r Csl calorimeter (CSI)
B - sy (reconstruct ° from 2y)
Au target K gt | —
— = [— K& : (ﬂ: ) 1 ‘
e e
1
30 GeV/c | (m——
proton - \\
pencil beam ' Hermetic veto detectors

(KL= n, V)



Background

ex.) K, - 2n°%(—> 4y) BR:8.64x10*

Direct CP violation in K decays
The KOTO experiment

collimator +
sweeping magnet

Au target \

—

proton

Csl calorimeter (CSI)

s -
30 GeV/c /

pencil beam
(KL= n, V)

(reconstruct % from 2y)

" Hermetic veto detectors




Direct CP violation in K decays

« The KOTO “anomaly” (as referred to by a flurry of “interpretation” papers)

- 2015 data :
e 2.2 x 1072 protons on target
* 0.4 background events expected, <0.1 signal
* None observed, limit BR < 3 10

- 2016 -2018:
e 7 x 1029 protons on target
* 1.2 background events expected, <0.1 signal
* Three observed, limit BR < 4.9 10+

— not an anomaly! But a drastic effort in background reduction is needed



Direct CP violation in K decays

Prospects
- K* : hardware effort o Charged Veto (UCV)
pstream arge elo
- Reduce #BG events by 95% - scintillation fibers (0.5x0.5 mm?) + MPPCs
= n Ultimately expect
-—_\ 'e\ ~100 Signal event
SERESETE e it signal events,
e ~10% measurement
precision
- Beam-halo K; — 2y : software effort o
Sensitivity O(101)

-~ EM shower shape discrimination
— Reduce #BG events by 94%

Beam-halo
K, - 2y




Summary

* Oggp and a,,

- Oggp - Very precise new result at LKB, tension with main competitor (Berkeley). Upgrades
ongoing to reach 10-11 uncertainty (a further factor of 8)

- a, . good agreement between direct measurement (spin precession) and calculation using
Ogep @S experimental input

- @, : situation still unclear. Lots of momentum on the experimental and theory sides. Further
updates from lattice QCD might change the picture.

e Neutron EDM

- Test CP violation. Not yet sensitive, but new generation of experiments will push limits

» Direct CP violation in K decays
- NAG62 (charged current) in good agreement with SM.

- KOTO (neutral current) : in progress; requires large increase in luminosity and background
reduction to achieve advertised sensitivity.
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