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Observed photon density (CMB):

* n,=411 cm?3

* ng=6x10"%n,

Baryon density and asymmetry:
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Sakharov criteria for Baryogenesis:
1. B non-conservation
2. Cand CP violation
3. Far from thermal equilibrium

Strong CP problem:
* |d,|< 102 e-cm (measured)
* implies |fqcp|< 10710 (too small)

Fo ) — i59a"y°F ¢
|

EDM

Hopin =—pn-B-d-E

neutron (enlarged)
<

+

EDM separation

<1pum




A Taxonomy of Form Factors

*not just for composite particles!
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A Taxonomy of Form Factors
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2020 European Strategy Update

| Other essential scientific
activities for particle physics

A. The quest for dark matter and the exploration of flavour and fundamental
symmetries are crucial components of the search for new physics. This search can

be done in many ways. for example through precision measurements of flavour
physics and electric or magnetic dipole momentsj and searches for axions, dark sector
candidates and feebly Iinteracting particles. There are many options to address such

physics topics including energy-frontier colliders, accelerator and non-accelerator
experiments. A diverse programme that is complementary to the energy frontier is an
essential part of the European particle physics Strategy. Experiments in such diverse
OR PAR R areas that offer potential high-impact particle physics programmes at laboratories
in Europe should be supported, as well as participation in such experiments in
other regions of the world.




2020 European Strategy Update
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Reality: many parameters, many experiments

: L e S \
System 1 | Measured d; [ecm] Upper limit on |d;| [ecm] Reference ! ® CKM SUSY Multi Higgs LR-symmetry ectc. '
0 T N S0 S S P S i S G 0 A B !
no | (0.0 £ 115, £ 0.2,,,) - 10726 2.2-10726 [47] 2
2051 (—4.0£4.3)-107 1.1-107% [48]
133¢s (—1.8 £ 6.7ar £ 1.84,) - 1072 1.4-107% [49]
FENRESEREARENAIERGAREREI—. e - e et 3
HfF* (—1.3 £ 2.04; £ 0.6,) - 10720 4.8-107% [50] : Cooer Coyes(1.8), Cpy d,g d,;  semileptonic  d, |
ThO (4.3 £ 3.1 £ 2.64,) - 1070 1.1-107% [51] i e e b S e =’
YbF (—2.4£5.755 £ 1.55,) - 1072 1.2-107% [52]
199Hg (2.20 £2.75,, + 1.48,) - 1070 7.4-107%° [53,54] |
129%e (—1.76 £1.82)-10"28 48-10728 [55,56] (~FmmTmnnYey (mmmmmm——— .
171yh (—6.8 £ 5.1 +1.2,,) - 10727 1.5-1072%6 [57] be? gl (gxz)' '\ Cp GO E
**>Ra (4 & 61 £ 0.245) - 1071 1.4-107%° [58] N Ssopsasgess
TIF (-1.7+2.9)-107% 6.5-107% [59]
| Measured w; [mrad/s] Rescaling factor x; for d; Reference
HfF* (—0.0459 £ 0.0716,, + 0.0217,,)* 0.999 [50] P T
ThO (—0.510 £ 0.373 % 0.310,,,) 0.982 [51]  Schiff moment |
YbF (5.30 £ 12.60,, + 3.305,,) 1.12 [52]

Table 1: Measured EDM values and 95% C.L. ranges used in our global analysis.
For 12°Xe we combine two independent results with similar precision, using inverse-
variance weighting. For the paramagnetic molecules, we also provide the measured
angular frequencies and the rescaling factor which allows us to use x;d; for each

experimentally reported d;. *The frequency for HfF " is scaled by a factor of 2 relative

to Ref. [50], to consistently use Eq.(27) for all systems.

Solid state

arXiv:2403.02052 Rev. Mod. Phys. 91, 015001 (2019)



Joint analysis: 11 experiments / 7 parameters

System 1 | Measured d; [ecm] Upper limit on |d;| [ecm] Reference
no | (0.0 £ 1.1, £ 0.24,) - 1072 2.2-1072% [47]
205T] (—4.0£4.3)-107 1.1-107% [48]
133¢s (—1.8 £ 6.7ar £ 1.84,) - 1072 1.4-107% [49]
HfF* (—1.3 £ 2.04; £ 0.6,) - 10720 4.8-107% [50]
ThO (4.3 3. 1g; £ 2.64,) - 1070 1.1-107% [51]
YbF (—2.4£5.755 £ 1.55,) - 1072 1.2-107% [52]
199Hg (2.20 £2.75,, + 1.48,) - 1070 7.4-107%° [53,54]
129%e (—1.76 £1.82)-10728 4.8-107%8 [55,56]
71yh (—6.8 £ 5.1¢ £ 1.24,) - 1077 1.5-1072%6 [57]
225Ra (4 % 64 £ 0.24y,) - 1077 1.4-107% [58]
TIF (-1.7+2.9)-107% 6.5-107% [59]

| Measured w; [mrad/s] Rescaling factor x; for d; Reference

HfF* (—0.0459 % 0.07164,, £ 0.0217,,)* 0.999 [50]
ThO (—0.510 £ 0.373;,, £ 0.3104,) 0.982 [51]
YbF (5.30 £ 12.60,, + 3.305,,) 1.12 [52]

Table 1: Measured EDM values and 95% C.L. ranges used in our global analysis.
For 12°Xe we combine two independent results with similar precision, using inverse-
variance weighting. For the paramagnetic molecules, we also provide the measured
angular frequencies and the rescaling factor which allows us to use x;d; for each
experimentally reported d;. *The frequency for HfF " is scaled by a factor of 2 relative
to Ref. [50], to consistently use Eq.(27) for all systems.

Hadronic scale global analysis: arXiv:2403.02052
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“A Global View of the EDM Landscape”

SMD, Nina Elmer, Tanmoy Modak,
Margarete Miuhlleitner, Tilman Plehn



Impact of theory uncertainties
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Neutrons: “Testing the SM™ vs. “New Physics”

Neutron EDM within the Standard Model (CKM):

y=

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169

In more detail (work in progress / broad effort):
Not all coefficients are yet well known:

dn — g(Tn’u) du + g(Tn’d) dd -+ géﬁn’s) ds Lattice QCD, 5-10% for u, d
—(055 T OQS)GCZU — (11 T O55)€dvd *QCD sum rules

+ Weinberg + 4-fermion *Naive dim. analysis



Neutrons: “Testing the SM™ vs. “New Physics”

Neutron EDM within the Standard Model (CKM):

Y=

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169

In more detail (work in progress / broad effort):

" ( )d +g(T )d +g} )ds

—(0.55 + 0.28)ed,, — (1.1 4 0.55)ed,
+ Weinberg + 4-fermion

d

Naive estimate for generic new physics:
m

dn, OCF e - pcpv

Not all coefficients are yet well known:

Lattice QCD, 5-10% for u, d

*QCD sum rules

*Naive dim. analysis



Neutrons: “Testing the SM™ vs. “New Physics”

Neutron EDM within the Standard Model (CKM):

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169

In more detail (work in progress / broad effort):

d, = gy dy + g7V dy + gi" d.

—(0.55 + 0.28)ed,, — (1.1 4 0.55)ed,
+ Weinberg + 4-fermion

Naive estimate for generic new physics:

1
q
dy, X @L_._e - pcpv
A =30TeV
Statistical sensitivity, count-rate limited:

o(dn) Z

2a |E| TV N
first saturate “classical” parameters
...then new approaches, quantum sensing

Current limit (PSI):

2.2x102%6 e cm, 95% C.L. PRL 124, 081803 (2020)




Neutrons: “Testing the SM™ vs.

“New Physics”

Neutron EDM within the Standard Model (CKM):

g =

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169

Current experimental limit: 102 e cm
Standard Model CKM: 1032 e cm
Standard Model QCD: 1016 e cm x 6 [??7]
Standard Model PMNS

— |nsufficient for baryogenesis

o(d

Naive estimate for generic new physics:

m
dp X A;’ e - pcpv

Statistical sensitivity, count-rate limited:

S op—.
20 |E| TV N

first saturate “classical” parameters
...then new approaches, quantum sensing

v

Current limit (PSI):
2.2x10%6 e cm, 95% C.L. PRL 124, 081803 (2020)



The Role of Ultracold Neutrons

“Never measure anything but frequency”

—Arthur Schawlow (1981 Physics Nobel Prize)
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But... how to store or
cool ensembles?

Wave optics, with
massive particles!

“Cold” beams: O(500 m/s)

particles fly through most
experiments in milliseconds

“Ultracold” traps: O(5 m/s)

particles stored for
minutes (>10> ms)




The (many) Roles of Ultracold Neutrons

Neutron EDM:

Lifetime 1 (s)

Neutron lifetime:

890}

885}

880+

875}

SM-prediction

I 7peam

Experiments

EPJ Conf: 219, 02006 (2019)
Eur. Phys. J. C 81:512 (2021)

Phys. Lett. B 791, 6-10 (2019)

f decay correlations:

Hall Probe

Calibration Source
Array

Insertion

Iron Foil UCN
Superconducting Detector UCN flow
Spectrometer (SCS) during
1 T Central Field depolarization
measurement

Switcher UCN

Phys. Rev. C 97, 035505 (2018)

Spin-flipper

Polarizer-AFP

| . ) ks =T £ 3
\/ e -
Scintillator Polarimetry
Thin Foil shutter
UCN Detector

& - Switcher

Gravitational quantum states:
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measurement .
Height [um]
Detector

EPJ Conf. 219, 05003 (2019)

“Cold” beams: O(500 m/s)

particles fly through most
experiments in milliseconds

S-DH

“Ultracold” traps: O(5 m/s)

particles stored for
minutes (>10> ms)
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Working to get more neutrons

Neutron EDM Upper Limit (e.cm)
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Working to get more neutrons

Neutron EDM Upper Limit (e.cm)
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Very rough factors separating today’s experiments and SM predictions:

108 107 105_106
How do electron and atomic/molecular EDMs compare to neutron?

JNR (2022) 24(2), 123-143
potential reach with today’s technology
(statistics only)




New Source at the Institut Laue-Langevin "’
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.L SuperSUN: High density UCN source

Phase | characterization Comparison to the prototype source SUN2
Measurement agrees with expectation (48 MW)
cf. EPJ Conf. 219, 02006 (2019) 600005 —}— SuperSUN - s
1 —— SUN2 o Z |
Total UCN output: 3.8x10° (integral of blue peak) i 0om 108
Source density: 270 UCN/cm3 o 0007 0
Long storage times: 126000 UCN remaining after 20min % ; -
Expected density in PanEDM: 3.9 UCN/cm3 (58 MW) g 40000 7
Source characterization, PanEDM commissioning ongoing 2 _ o7 a0 w0 wor
£2 30000 1
Phase Il expectation E ;
Peak field: 21T 2 200007
Source density: 1670 UCN/cm3 (x5 gain) > :
Density in PanEDM: 40 UCN/cm?3 (x10 gain) 10000 1
0-
0 500 1000 1500 2000 2500 3000 3500
Time [s]
" - UNIVERSITY OF )
- 7l X iiivos TUTY
. NEUTRONS URBANA-CHAMPAIGN SEIT 1386
I Photo credit: FOR SCIENCE

Ecliptique — Laurent Thion.


https://doi.org/10.1051/epjconf/201921902006

Phase | characterization

Measurement agrees with expectation (48 MW)

cf. EPJ Conf. 219, 02006 (2019)

Total UCN output: 3.8x10° (integral of blue peak)

L SuperSUN: High density UCN source

Comparison to the prototype source SUN2

! —— supersun
soooo: L sunz

EPJ Web of Conferences 219, 02006 (2019)
PPNS 2018

normalized Counts [a.u.]
o o ©o o

https://doi.org/10.1051/epjconf/201921902006
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SUN 2
—— (30s delayed
extraction)
—— PF2TES

at the ILL

David Wurm', Douglas H. Beck®, Tim Chupp’, Skyler Degenkolb*?, Katharina Fierlinger', Peter Fierlinger',
Hanno Filter', Sergey Ivanov®, Christopher Klau', Michael Kreuz*, Eddy Lelievre-Berna*, Tobias Lins',

Joachim Meichelbdck!, Thomas Neulinger?, Robert Paddock®, Florian Rohrer!, Martin Rosner!, Anatolii P. Serebrov®,
Jaideep Taggart Singh’, Rainer Stoepler!, Stefan Stuiber', Michael Sturm', Bernd Taubenheim', Xavier Tonon®,
Mark Tucker®, Maurits van der Grinten®, and Oliver Zimmer*

Ongoing work: spectrum, transfer
efficiency and storage in external
volumes, etc...

The PanEDM neutron electric dipole moment experiment

by material walls only, and a similar spectrum is expected. L

vz [m/s]

The converter volume is 12 liters (three times larger than in

SUN2); scalmg for this and the brighter cold beam implies

Js—L At saturation, a Time [s]
total of 4 x 10° stored UCN is predicted {330 cm ™).

3.8x10° UCN measured (fill-and-empty)

I Photo credit:
Ecliptique — Laurent Thion.
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https://doi.org/10.1051/epjconf/201921902006

_ SuperSUN phase |l:
polarized UCN and magnetic storage

Benefits in phase Il

* Increase storage potential for one spin state
* Decrease loss rate for stored UCN

- UCN already polarized within the source

Phase Il expectations ( )
Peak field: 21T
Source density: 1670 UCN/cm?3 (x5 gain)

Density in PanEDM: 40 UCN/cm3 (x10 gain)

Status

Quench protection validated

Octupole trainedupto 1T

Preparing impregnation of the octupole, to reach
nominal field




he Current Best Limit: PSI 2020

Previous result (ILL): Phys. Rev. D. 92 092003 (2015)
dp = (—0.2 £ 15505t + 1.05y5) X 10726 ecm

Most recent result (PSI): PRL 124 081803 (2020)
dp=1(00 + Llga * 0.25s) X 1072¢ ecm

}

LY

1]
)

R

Effect Shift Error
Error on (z) e 7
Higher-order gradients G 69 10
Transverse field correction (B%) 0 5
Hg EDM [8] —0.1 0.1
Local dipole fields e 4

v x E UCN net motion R 2
Quadratic v x £ e 0.1
Uncompensated G drift R 7.5
Mercury light shift R 0.4
Inc. scattering '"Hg . 7
TOTAL 69 18 <+ 1072 e.cm

RAL/Sussex apparatus from ILL (from 2006 limit, and 2015 revised analysis)
...almost completely rebuilt and upgraded



he Current Best Limit: PSI 2020

Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

with a 1MQ resistance

Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10°V/m

& Mercury lamp
to read out the

Photomultiplier tube
mercury polarization

to detect the Intensity modulation
of the mercury light

Mercury polarizing cell

where the mercury is polarized Magnetlc field coils

are wound around the vacuum
chamber to generate the holding
and compensating fields, as well
as the spin flipping fields

Mercury lamp
:I to polarize the mercury

ultraviolet (253.7 nm) \@
5 tesla magnet

to spin polarize the UCNs

Switch
to distribute the UCNs to
different parts of the apparatus

Spin analyzer
[+4—— Neutron detector

Key technique:
199Hg comagnetometer
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Vearth = 11.6 pHz is a very large
and well-understood correction
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Nn2EDM commissioning

First Ramsey curves in 2023!

Run 3338, T=115s, ty; =8s

. . . . . 1.00
Magnetic environment with active compensation; | 8 (61
. . .o . . - | -939800 0.751
Residual gradient specifications achieved through | 050,
} ~940000 .
field-mapping campaigns. R
[ —oa0200 5 .
Cs magnetometers 2 o1 ()]
= | | =940400 E 0.001
Vacuum chamber | E
-2} P4 ~940600 1.>r;~| —0.251
\ ¥ <
L —0.50 1
l L ~940800
_4ol_u‘ '-O:f —~0.75+ aTOP=U-81
ao"”-ao:,; —~< -941000 agor = 0.83
Ultracold neutron switches y rc?,,, -1.00 T T v T T T
27.460 27.465 27.470 27.475 27.480 27.485
fmrz (HZ)
25
— linear fit
A Bot
Superconducting magnet ?::rzlser 20, ¥ Bl
with high- —
voltage £ Predicted slope G10/6z = 6.45 (pT/cm)/mm
electrodes 9]
= Slope from fit G10/6z=6.58 =0.01 (pT/cm)/mm
Z 151 F—— rm
&
€ 10
2
e
o
Simultaneous spin © 57
analyzer system .E
/]
>
Sy 0-
Magnetically shielded room (MSR)
Gip=0atbz= —-3.10x0.07 mm
-5 } } } } ‘
-4 -3 -2 -1 0
Vertical coil displ t 6
see Eur. Phys. J. C 81, 512 (2021) ertical coil displacement 6z (mm)

Thanks — S. Roccia, K. Svirina



N2EDM commissioning progress

Thanks — G. Pignol, D. Ries

8 coils (x,y,z, G1...G5)
500 loops
55km wires




The PanEDM Experiment

Double chamber Ramsey interferometer at
room temperature (while Eycn/kg ~ 5SmK)

4
&

L, 19Hg magnetometers with few-fT resolution
ET & UNN G I, ®' « Cs magnetometers (also at high voltage)
)\ ST =114 « Magnetic shielding factor: 6x10° at 1 mHz
HV
v{// IIIIIIIIIIIIIIIIIIIII DCSH\] « Simultaneous spin detection for up/down
El//]| o A N g): « SuperSUN UCN source at ILL in 2 phases:
o UCN . .
- Phase |: unpolarized UCN with 80 neV peak
A = Phase Il polarized UCN, magnetic storage
I "9 = « Ongoing installation of interface parts,
Fiber Cs

commissioning with UCN ongoing in 2024

EPJ Conf. 219, 02006 (2019)



https://doi.org/10.1051/epjconf/201921902006

The SuperSUN-PanEDM Installation

3He pumping

UCN density given by product of 0.89nm flux, and source
storage time. High in-situ density, but extracting to external
volumes is very penalizing. Cold neutrons guided under He-ll

by unique circular “replica” supermirror.

1 ELYTT ENERGY

Cold beam

Lead shield
SHe cryostat <

; Cryogenic
4
UCN out Isotopically pure “He CN guide

Journal of Neutron Research, vol. 24, no. 2, pp. 111-121 (2022)

J. Neutron Research 20(4),
N 117-122 (2018)

SP UCN optics MSR

Vac. pumps



PanEDM commissioning progress
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The farther future

SuperSUN Phase I |E| =

Saturated source
density [cm™]
Diluted density [cm™]
Density in cells [cm™]

T =

2 MV/m
250 s

330 a =0.85

63

PanEDM Sensitivity [10, e cm]

Per run 55%x107%
Per day 3.8 x 1072
Per 100 days 3.8x 107%

EPJ Conf. 219, 02006 (2019)

Transfer loss including dilution:
97-99% for filling phase only

...this is a generic challenge when
neutrons are extracted/transferred can be eliminated.
to experiments

One possible approach to investigate for high statistics:

art by O. Zimmer
WHRIIN

INR (2022) 24(2), 123-143

EDM Cell Detail: Field Directions and Detectors

Alternating "+--+"

N pattern compensates
+HY drifts and gradients

0 0 1!

(. \ Q

El o] €] |5

UCN capture
products are
detected in
superfluid, or
by solid-state

Magnetic field direction, for EDM
measurement via spin-precession,
is shared across all cells in stack

readout
UCN structure

“HEJJ] LKsuhstrate
reflector J superconductor
absorber insulator

Broad interest in the community to
explore feasibility for in-situ
experiments, performed within
superthermal UCN sources based on
superfluid *He, as a platform for
future nEDM measurements.

...extraction and transfer losses

Intermediate sensitivity,
with extensively studied in-
situ concept: nNEDM@SNS

...possible US-Europe
collaboration

JINST 14 P11017 (2019)


https://doi.org/10.1051/epjconf/201921902006

Thanks! Questions?

EXPERIMENT

OUR NEV TEtESERE (JILL
ANSWER TWO KEY QUESTIONS:

D WHY IS THERE ALL THIS MATTER?
— 2) CAN VE DO ANYTHING ABDUT [T?

Special thanks to:

Both groups are
hiring students

% and post-docs!
N

what-if.xkcd.com

SuperSUN-PanEDM collaboration
Institut Laue-Langevin, NPP & SANE

PSI nEDM and n2EDM collaborations
LPSC and UGA groups (Grenoble)



Un-natural Units (orders of magnitude)

1 MV 1
_ 1
107%%¢ cm x xﬂ:MnHz 1 ecm=10%e fi
m vi
GeV
= 11.6 uHz lneV=1——Xx1lcmxyg
24 hours C
1 Terminolo
gy for Slow Neutron Spectra
— 1 mHz
5 min
109-101 m/s Ultracold 5 neV — 500 neV
lﬂT 101 -102m/s Very cold 0.5 peV — 50 peV
HN X o h = 8 Hz 102 - 103 m/s Cold 50 peV — 5 meV
2.2x103m/s Thermal 25 meV
1MT 2x103-2x10*m/s  Hot 20 meV -2 eV
Ly X —— = 14 kHz

2mh



Seven decades of progress

Ramsey’s method to measure frequencies™:

A 0 : 0 A
wd ) — cosi\ﬂﬂ”tsinglw
o(t) ~ / dt w(t)

——————————————

*we can come back to frequency vs. phase

REDUCTION 1N BEAM INTENSITY (CM)
&

25

20

-—+| I-r— (615 = 23KC

Ramsey, 1957

(AV], *12KC

{8¥)3 = 30KC

5 —
ol | | L ]
18330 18 305 18 280 1B 265 18 250
af
1 I n I 1
i gata E—pos
ata E-ne
05k = Fit E-neg y
2
)
>
7]
<
-0.5 Blind E-pos

Blind E-neg

Blind fit E-pos

Blind fit E-neg
[l

1
-1.5

-1

1
-0.5

[] 1
1 1.5 2




UCN and Production in He-ll

heat/phonons o . UCN extracted to
A free neutrons: E = 1mu? removed 4% c UCN accumulation o 4ornaj detector
: Cryostat with _ 8 104, | ]
superfluid *He superfluid “He “He refrigerator Q
E ~1 meV dispersion | converter bath PESE 0
LL-I.. """"" ] relation (T ~ 500mK) exchanger aj. . cold neutron .-
} '] r (1]
o e “He bath o lbeam on . \
7)) J— gl \
0 T 107 T
o 5
ultracold neutron o extraction
| (trapped) L | valve opens
g~ 0.7T A~ Fo
UCN ' > S |
Momentum transfer, g “Inot trappable: E~1 meV vs. U,.;~200 neV % 00 background level
0 1000 2000
Time (s)
Velocity “Temperature” m
10°— 10! m/s Ultracold 5 neV — 500 neV 5x107° d® Vieap 1\ 2
R~ —= | X N X 533 neV production
101 - 102 m/s Very cold 0.5 peV - 50 peV CI™ S 8.9A e
102—-103 m/s Cold 50 peV —5 meV 1 1 1 1 1
2.2x103m/s Thermal 25 meV — = —+ + + —— T+ loss
T T3 Tup Teapture Twall

2x103 - 2x10*m/s Hot 20 meV-2eV



EDMs in the SM do not vanish

 CP violation from three sources (ignoring neutrinos):
Lepy = Lekm + L5 + Lpsm

 CKM CP-violation (Standard Model):

e - .
§ZVHJ¢tJ§w "D? 4+ H.c.
V= pg

[-"CKNI —

 Strong CP-violation (Standard Model):
L= ——S0Te(G"G,,) details:
167~ arXiv:2403.02052
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)
Prog. Part. Nucl. Phys. 71, 21 (2013)




Effective Field Theory for EDMSs

General Effective Lagrangian: Global Analysis:
) arXiv:2403.02052
1(5) O'\° arXiv:2312.08858
Log = Loy + ——0) + E Yio ) Rev. Mod. Phys. 91, 015001 (2019)
A — A2 Phys. Rev. C 91, 035502 (2015)
T

Dimension-six terms for the neutron: Prog. Part. Nucl. Phys. 71, 21 (2013)

?: Wilson coefficient ~ Operator (dimension) Number
(6) § = 5 v ; .
Gﬁf;ﬂ, = — 5 dqqg‘ﬁy")f F q 0 Theta term (4) 1
Lq de Electron EDM (6) 1
o Im CE'.{.;[:J,?, Im Cgega Semi-leptonic (6) 3
¢ 7 5
—_ ~ QYUY dq Quark EDM (6) 2
2 Z dqggqffw’}f G q 8¢ Quark chromo EDM (6) 2
q C: Three-gluon (6) 1
ImC {;;ﬁ? Four-quark (6) 2
1

Total 13

95 ~ (4f) (4f) Im Cyyq Induced four-quark (6)
+dw GGG + Z 0! q
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