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Nature has pfobably violated CP when
generating the Baryon asymmetry !?

‘Observed*:
~ (ng-ng)/n, :'6 X 10-10

4w . SMexpectation:
... (ngeng) /n, " + 1018

-

i
o

Sakharov 1967:.
Biviolation TR SR R S WMAPLEEOBE, 2003
C'& CP-Violation , “** .~ S8 &0 ng/n,=(6.1£93) x 1010
non-equilibrium ' 2

' (6.19 £0.15) x 1010 _
[JETP Lett. 5 (1967) 24] g - " . [EKomatsuet al. 2011 ApJS 192]




EDM and symmetries

» g

A nonzero particle EDM

violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau

D
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EDM and symmetries

H= —(dg E + pg B
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A nonzero particle EDM
violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau
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Today’s most spectacular (Standard) Particle Physic s

Direct production of new particles ...

H

t and detection of

decay products

... at the energy frontier: LHC - 14 TeV

D
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A complementary approach:

Effects of new particles in loops ...

Y
W ﬂ”ﬂf U>ety| . . x

hw
X
/m/lLLLS
<

X > 4+ 5 o5
H Vo Ve € M 2o e
1050 ... 10601 1012 ... 10147

... can be measured best when the @
expected contribution is small. ",.‘.

or very well known. '.‘

D
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A complementary approach:

Effects of new particles in loops ...

W

3 [nEDM| "YW

¢, t “_\_ ;.-"'C, t

(| R e e :
.~ : =
n s oon u, d = u, d
- - - iy - - - -

... can be measured best when the @
expected contribution is small. ‘,.‘

¢
or very well known. P

Precision frontier - high mass scales

D
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Standard Model EDM-expectations?

B Leptons: electroweak negligible

B Neutron, proton, nuclei:
electroweak negligible, strong?

I
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Standard model lepton EDM s

F. Hoogeveen:
Fourth order electroweak,

The Standard Model Prediction for the
Electric Dipole Moment of the Electron,

Nucl. Phys. B 241 (1990) 322
|
\u Ay u u _ ju
. b'-_-“ - T > ﬁ & ’ “_
B __v.__D*q TV v - v MY
(a) (b} (c) (d) (e)
- P d d d
b ¥ d A - d
}} Y 4 ir
R v v v v
(f) (g} {h) {i}

()
Fig. 4. The ten diagrams which contribute to the edm of the electron. The internal wavy lines are
W-propagators.

... + new physics?
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Standard model lepton EDM s

F. Hoogeveen:

Fou rth Order eleCtroweak, The Standard Model Prediction for the

Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

*r
I
3

r-}"

Completely negligible at any
experimental sensitivity we
can imagine today!
| d

=

#The ten diagrams which contribute to the edm of the electron. The internal wavy
W-propagators.

Much greater sensitivity to
new, CP-violating physics!
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Standard model lepton EDM s

Fourth order electroweak,

|

b -

F. Hoogeveen:

The Standard Model Prediction for the
Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

u

v Vv

Y

v
(c) /

Completely negligible at any
experimental sensitivity we
can imagine today!

e

v
{h)

d d

{ i g
T \"
{i)

#The ten diagrams which contribute to the edm of the electron. Th

W-propagators.

Expect from SM,
approximately:

d.< 1038 e.cm
d,< 10°° e.cm
d, <10 e.cm

Experimentally so far:

d.< 1 x 10?7 e.cm
d,<2x 10" e.cm
d<3x 101" e.cm

~

Much greater sensitivity to
new, CP-violating physics!

Klaus Kirch

Saclay, Sep 30, 2013
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Neutron: Standard Model prediction

- electroweak -

ol W
WV
1 o tN\_ et
?I_+-' = ‘ \_‘<
=
9
LN . A U . W d 2 i

d,~ 10 =10 e cm

[Khriplovich & Zhitnitsky ‘86]

See also: Mannel&Uraltsev hep-ph/1202.6270 : ~1031 e cm
Shabalin 1983, McKellar et al. 1987

Klaus Kirch Saclay, Sep 30, 2013
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Neutron: Standard Model prediction

_ | Expect from
s | electro-weak SM,
approximately:

: / d,< 103! e.cm

i Completely negligible at any
experimental sensitivity we _
can imagine today! Experimentally so far:

d.< 3 x 1026 e.cm

n

+ [7]

d,~ 1072 =10 ¢

[Khriplovich & Zhitnitsky ‘86]
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Q :
The strong CP problem 2 | Experiment
1E-19 . . i |
é ®_| | Smith, Purcell, Ramsey
~ [ Boco=0 ~ ] PR108(1957)120
Loco = L2y + g2/(3218) 6,,GG 1020 (1957)
~ -16 1E-21 =
d,=10%% e cm. O ;
= i
5 10 G e d
ocp < 10 = 5
B - a
f‘:—«ng — 1E28
7 e ) 3
2 e
- P
, : 1E-24
n ! g ' n % f L
. . . ) . m :
e06 1 | RAL-Sussex-ILL
i ) il d,<2.9x1026e cm
Why IS eQCD SO Sma” ) ] C.R.Baker etal.,
10-26 || PRL 97 (2006) 131801

19I50. 15:6[} | 19'?0 | 15;80 | 1990 '2000

here, e.g., d,~-4/3 d, and dj ~ dn+dp+dTDlNN Year of Publication
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The SUSY CP problem

[e cm]
(for neutron and electron!) et
2 -20 "
300 GeV/cZ) : 10
~ -23
d,= 104 e cm ( v SINQPs sy
SUSY -
1 E-21 E
' ?2 T ]
Why is (@5 ,sy SO small % -
(this is testing M already to 10TeV and you :
may also ask: why are the masses so huge?) £ 1
— 1E23 4
Q E
0.4 %
T1 n >
0.2 z 1 E-24
0
eA lu] Lu A
=4 Hg By 1026 | | .. .
o D - i - 1860 1970 1980 1980 .
Pospelov, Ritz, Ann. Phys. 318(2005)119 1950 T 2000
for Mgsy = 500GeV, tan B = 3 Year of Publication
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The SUSY CP problem

[e cm]
(for neutron and electron!) et
2 -20
300 GeV/cZ) : 10
~ -23
d,= 104 e cm ( v SINQPs sy
SUSY -
1 E-21 ER
Why is Mg gy SO large ? | = 1
O jpooo
Q. E
(this is testing M already to 10TeV and you =
may also ask: why are the masses so huge?) £ 1
— 1E23 4
Q E
0.4 %
T1 n S
0.2 z 1 E-24
@)
eA lu] Lu A
T 1E-25 o
=4 Hg By 10-26 - : -
o D - Ak .~ 1860 1970 1880 1990 |
Pospelov, Ritz, Ann. Phys. 318(2005)119 1950 T 2000
for Mgsy = 500GeV, tan B = 3 Year of Publication
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E.g. - SUSY CP Problem (given LHC constraints)

(pre-LHC) See: Adam Ritz, I_DSI2013 (now)
www.psi.ch/psi2013
Msusy =500 GeV ) Msusy = 2 TeV
| I ]
04+ dvoE due | |d,
02
b2 ol
T
1st gen squarks
-0.2t excluded by direct Y-
searches at ~1 TeV
-04f 04}
01 0 01 0
6, !
n E

EDMs have for many years required (tuned) O(10-°) CP-odd phases
for generic weak-scale SUSY. The LHC appears to have “resolved”
this by pushing mass limits on 1st generation sfermions above a TeV

ETH Klaus Kirch Saclay, Sep 30, 2013 (= J» 19



Origin of EDMs

Energy /
A fundamental CP—odd phases
TeV —— K

QCD | de \

This is what we need

le—

[ 6.dgdgw |

¥ C ,C
/ N qe’ ~ qq

A
Il \
/ \
4
, AY
4

AY
nuclear 34— A
’ } \
g Cspr) *\
\ \
\ \
A"

|
1
|
|
|
: [ 8 NN ] neutron & proton EDMs
1
N A

/ N EDMs of
/; . v |nuclei and ions
/ v ‘.| (deuteron, etc)
y Y \\ \
. —\ Y
Solid state EDMs of paramagnetic
EDM effects | . atoms & molecules ~ EDMsof
GdIG,GdYIG, TI,Cs..,YbF, diamagnetic atoms
(EU,Ba)TiO, PbO, ThO,HfF*WC.. Hg, Xe, Ra, Rn ..

Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
ETH Klaus Kirch Saclay, Sep 30,2013 M. Raidal et al., Eur. Phys. J. C 57 (2008) 13




Origin of EDMs

Energy /
A fundamental CP—odd phases
TeV —— K

This is what we need
L
G |
QCD—\ e . - [G,dqd({,w ]

4
nuclear 44— A
’ } \
g Cspr)
\

‘ 8NN \ (&zutron & proton EDI\@

e —

Y

N </EID.MS do.f\> I
i L ldeuteron. a6 These we can access

AN

(

Solid state > ('EDMs of paramagnetic

EDM effects [/ . atoms & molecules (, EDMs of
-GG, CS—YOF diamagnetic atoms

(EU,Ba)TiO,4 PbO,ThO,HfF*,WC..

Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
ETH Klaus Kirch Saclay, Sep 30,2013 M. Raidal et al., Eur. Phys. J. C 57 (2008) 13




(

Solid state > EDMs of paramagnetic

EDM effects [/ . atoms & molecules < ~ EDMsof
 SUe-6e G -es—YOF diamagnetic atoms

(EU,Ba)TiO, PbO, ThO,HfF* WC..

ETH Klaus Kirch Saclay, Sep 30, 2013

Energy

TeV —

QCD —

<

Origin of EDMs

m

/

fundamental CP—odd phases

\ This is what we need

CP-violating
parameters:
should be
deduced

[~

eutron & proton EDI\@

e

i

EDMs of
nuclel and 10ns

/ <Luteron @/> These we can access

<—

Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
M. Raidal et al., Eur. Phys. J. C 57 (2008) 13



Energy
A
Direct limits /
Active R&D ([ 4,]]

QCD —

nuclear —
/

Origin of EDMs

@1 CP-odd phases

... of mostly composite systems!

’ ‘ c .C
‘. g€’ qq
/I ' ! N
/l \\ |
P |
\ |
| A |
Cspr| *\ ; [ 8NN ] neutron & proton EDMs
\\ \ 1 0\
\\ \\ v + @

. | (deuteron, etc)

EDMs of . (Q
nuclei and ions 6‘\

Solid state EDMs of paramagnetic AX + QQ
EDM effects | . atoms & molecules ~ EDMsof
GdIG,GdYIG, TI.Cs][,YbF diamagnetic atoms
(EU,Ba)TiO; Fr,PbO, ThO,HfF*,WC.. Hg, Xe{Ra, Rn ..
Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
ETH Klaus Kirch Saclay, Sep 30,2013\, Raidal et al., Eur. Phys. J. C 57 (2008) 13



Jin of EDMSs

il CP—odd phases

State of the art

neutron d, <2.9x10%°ecm PRL97(2006)131801
B Hg-199 ng <3.1x10%ecm PRL102(2009)101601
2> d, <8x10%ecm*
B Xe-129 d,.<6x10?% ecm PRL86(2001)22

|

[ 6.dadgw |

TlI-205 dy <9x102%ecm

C

qe’ ~ qq l

> d, <1.6x102%"ecm* PRL88(2002)071805
YbF - d, <1.05x 107" e cm* Nature473(2011)493
muon d,<1.8x10"ecm PRD80(2009)052008

- = = = ———— -

[ 8NN ] neutron & proton EDMs
EDM+ : * using the ,1-miracle assumption’, i.e. no cancelations
SO i _
Huclel nd ions with other CP-odd effects.
(deuteron, etc) _
: | Only for one fundamental fermion, the muon,
\ a competitive direct EDM-limits exist.
EDMs of _ _
Jiamagnetic atoms The next ,simple‘ system is arguably the neutron.
Hg, Xe]JRa, Rn ..
ETH Klaus Kirch Saclay, Sep 30, 2013 [ )» 24



How to measure the neutron
(or other) electric dipole moment ?

i ; ﬁ I hv,= 2 (uB+d, E)
hv, = 2 (uB- d,E)

hAv=4d E

<Sz> Y WSS

o(d )=
() D0ETN

<Sz> = /] e e e

I
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The Neutron

[Chadwick 1932]

+2/3

w9

e massive

e cCOMposite B

* N0 net electric charge W ¢
e unstable

* Spin %2, polarizable

« electric dipole: no, well... —
» electrically polarizable

o takes part in all interactions

ETH Klaus Kirch Saclay, Sep 30, 2013 (=)= 26



Ultra-cold neutrons

similar to ideal gas with temperatures of milli-Kelvin
move with velocities of few m/s

have kinetic energies of order 100 neV

strong magnetic gravitation
Fermi potential V V., =-uB V, =m,gh
300 neV 60 neV T-1 100 neV m-1
+V ! | L |
Eq < 300 nev 5 T field -> 300 neV 3 m up -> 300 neV

—
—

ETH Klaus Kirch Saclay, Sep 30, 2013 (w27



Typical neutron experiments

Vey ~ 1000 m/s
tObS — 10_3 S

CN Beam

—
p~10%...10°cm3
possibly improved quality at new pulsed sources

UCN Storage
Vyen ~ 9 M/s

tObS -~ 102'103 S
p~10cm3

Improved density at new UCN sources

ETH Klaus Kirch Saclay, Sep 30, 2013 (=)= 28



Use UCN for nEDM search

B Statistics:

old. )=
(d,) 20ETN N
s

B Systematics:
F e.g. v XxE effects

ﬁ Il
= 1
E B El B:vxEl

ETH Klaus Kirch Saclay, Sep 30, 2013



The high intensity&precision frontier at PSI

Klaus Kirch

Staff ~1500 PY
el éxternally financed ~400 PY

:PhD students ~300

> 2000 external users

Budget ~320MCHF

;:10% partlcle phyS|cs related

Saclay, Sep 30, 2013




Iotrn at (:SI

The 590 MeV R

OF
O

@)
c\

Saclay, Sep 30, 2013
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Intensity machlnes

10 ¢ — &
NP =MW MYRRHA
ESS O study
2 e 3 planned
operatin
PSI @ SNS2 b .
SNS
1 LANSCEg 51030 4
P = 100kW F'ERN
= TRIUMF (CERNY) power
£ @ RC3GeV
4 I
_® [ CSNS P=10MW
Isis O
i e CSNS' @ LP-SPL 3
(CERN)
O
. IPNS . 50GeV 1
0.01 == =
0.1 1 10 100
Ebeam [GeV]
Klaus Kirch Saclay, Sep 30, 2013 32



The intensity frontier at PSI: 1t 11, UCN

Precision experiments with the lightest unstable particles of their kind

| “\% _HiMB.
The world’s most powerful | _ . EN\ Feasibility study for more than

proton beam to targets: 10%°u*/s below 30 MeV/c: HIMB

590 MeV x 24 A= 1.4 MW | —

The world S hlghest intensity
pion and muon beams, e.g.,
more than 108u+/s at 28 MeV/c

The new ultracold

| neutron source,
ramping up, designed
for 1000 UCN cm-3

Swiss national laboratory with strong international collaborations
ETH Klaus Kirch Saclay, Sep 30, 2013 (= )» 33




High Intensity Proton accelerator & UCN Source

—

j====i== 590 MeV Proton Cyclotron i
ey 2~ 2.2 ..2.4 mABeam Current A

| (“performance improving consolidation”)

Excellent performance of HIPA ol

and regular beam delivery tO I_- Ultra Cold Neutron Source
~ UCN during many weeks in 2012, 2013 |

120.0 M| ACC Status | 12 025?095141;;'00#'29;};2 1.8'04&%5;_.’_ UCN.Sou rce "
sl | -1sttest: 12/2010 me N8
£5d " win | - Safety approval: 06/2011 '

I | -ucN start 0812011
| |{ || | -Improvements in cryo-system
Inj-2: production | during winter shutdown 11/12
| gjlﬂg E;ogggﬁiﬂon xo‘i'] - Reliable performance 2012
oy £2° - UCN to nEDM 2012; 2013
lflEN : itaﬂdby A% S -> intensity 90 times over 2010
: 4 sec pulses every 480 sec.

[ | Klaus  -> expect another factor ~10




The PI UCN source

tank “ %- [ cryo-pum
DLC coated F AW yo-pump

UCN storage vessel
height 2.5 m, ~ 2 m3

\

£
[ S
heavy water moderator

— thermal neutrons
3.6m3 D,O

SV-shutter

pulsed

1.3 MW p-beam
600 MeV, 2.2 mA,

1% duty cycle

e ®
L}
N’

Ultra Cold Neutron Source

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

cold UCN-converter
~30 dm3 solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)

Klaus Kirch Saclay, Sep 30, 2013
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Ultra Cold Neutron Source

UCN-Start Dec.16/17/22, 2010

1 MW UCN pulse

S O E I T e e IR SR O R T

S IO SRR S ey 5 OO VRSN - SOPTOUN - NORURIIORIS. RUIOSS O | RO
E — SINQ
- 0N SRR SR - NN (hvrrrmrome: sevmmreeos N SNURUROINE SN S S S S .
& .
2
& SEremeeT—— e R R
8 ...................... .................... — UCN ................................................. . ...................................................
aelEN 3 : TS SIS NS S
0 2 4 6 8 10 12 14 16 18 20
Time [s]
ETH Klaus Kirch Saclay, Sep 30, 2013 (= J» 37
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UCN Counts /s

Continuous improvement under way

600000 — ' : '
- 2s Normkicks
N> :
q,Q Dec.22 2010 - 0.03 Mill
200000 - Nov11-2011 - 2.0 Mill B
Sep21-2012 - 2.6 Mill
400000 = June 27 - 2013 - 3.4 Mill
i S L
300000 - Wl Expect another factor L
of 210 in UCN output
200000 - —
1000004 | o -
P %10
\:‘:‘.—_l_l_‘—l;._
Q= —_— e —
0 10 20 30
Time (s)
ETH Klaus Kirch Saclay, Sep 30, 2013 38



Routine operation since 2012

20.0 MW| ACC Status | 12°C"IMEd 17.0ct. 2012 18:04:00 |

(o 2000

1000

Fa D

12H | | an>

zsuu _

I’I!....

K 1500 b

500-

il

"Inj-2: production
Ring : production
SINQ : 1in operation

IP . Standby

f> delivered UCN

UCN @ 4 sec pulses every 480 sec.

Klaus Kirch Saclay, Sep 30, 2013
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19.0 MW/ ACC Status | -2°C| Sat 1.Dec.2012 22:03:59 [19.0 MW ACC Status | 12°C| Sat 29.Jun.2013 10:32:03 |

Aot B Now 1R e Now
sooo [FEEEEEE e 2000 gzg"-éﬂii:iél--:'é-lil.i{!-;
o [
o QR R
A I LT AR

Inj-2: In Betrieb Inj-2: Production

Ring : In Betrieb Ring : Production

SINQ : Produktion SINQ : Production

IP: Standby IP: Standby

UCN : 3s-Pulse/360s UCN : 4s-pulse/480s |

21.5 MW| ACC Status | 14°C| Wed 26.Jun.2013 09:31:18 [18.6 MW, ACC Status | 15°C| Sat 24.Aug.2013 14:26:47 |
RSP Now> 4 <-12H -6 Now>
zuoo%{.{i;iéi;;;m: ] 2000.555.._:..:. :;i;;.‘:_:;:l
- ] oo bbb ]
. e I it
N Hli e
LT | o

Inj-2: Production Inj-2: Production

Ring : Production Ring : Production

SINQ : In operation SINQ : Production

IP : Production IP : Production

UCN : 4s-pulse/480s IUGN : 3s-pulse/340s |

ETH Klaus Kirch Saclay, Sep 30, 2013 oz H» 40



Installing nEDM |,
at PSI'in 2009 _J

Coming from ILL %
Sussex-RAL-ILL collaboration "
PRL 97 (2006) 131801
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How to measure the neutron
(or other) electric dipole moment ?

i ; ﬁ I hv,= 2 (uB+d, E)
hv, = 2 (uB- d,E)

hAv=4d E

<Sz> Y WSS

o(d )=
() D0ETN

<Sz> = /] e e e

I
ETH Klaus Kirch Saclay, Sep 30, 2013 (= )» 43



The Ramsey method

[K. Green et al, Nucl. Instr. Meth. A 404, 381 (1998)]
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} Resonant freq.

working points

I
o
o
o
N
-—

24000 -
22000 +
20000 -
18000
16000
14000

SJUN0D UOJNaN,

Spin up
neutrons
TY2 flip
pulse

Free

10000 4,

precession

P S S T
v

Applied Frequency (Hz)

Statistical sensitivity

Visibility of resonance
Electric field strength

a

Time of free precession

E
T

N

2EaT

o
\_

Number of neutrons /

external
clock

Neutron
clock
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Apparatus

High yoltage lead

Vacuum chamber

Precession chamber Electrode (upper)
where neutrons precesses
'E ©
E~12 kV/cm \
B=1 uT - _
Magnetic field coils
B,-correction coils
© Switch
to distribute the UCNSs to
different parts of the apparatus
5T magnet Spin analyzer .
to spin polarize UCNs [==— Neutron detector

ETH Klaus Kirch Saclay, Sep 30, 2013 @] jm 45
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L PSC i

3
i

"

IRPTB "EDM 2

== The TU2-pulses seen by CsM

1036 . . | ;
Close-up, n rf pulse
1030 - -
10341 Hg-199
1032+ 1028/
3
~ 1030+ - -
2 10266 7 8 9
0 4598 & T typically 100-200s > .
1026
neutron-1 neutron-2
1024+
| | | |
0 5 10 15 20
Time (s)
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NEDM - performance 2012
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projected (and as of Nov. 2012)

o(d )=
(@) DOET~ N

a = 0.75(0.68)

E = 12 kV/cm (8.3)

T = 150 s (2005s)

N = 350000 (8'000)

" Statistical Sensitivity

Ramsey Resonance Curve

300
uency (Hz)

o(d, ) =4x10%ecm/cycle

400 s

(~ 2-3 x 10%° ecm / day)
= 3 x 102 ecm / day

=3 x 102" ecm/ year
200 nights

Obtain same figures with

After 2 years*, statistics only

E=10kV/cm, T=130s, 200s cycle dn =0: |dn| <4X 10_27 ecm (95% C-L-)

* 200 nights each

ETH Klaus Kirch

Saclay, Sep 30, 2013 (A J» 51




nedm.web.psi.ch
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Present best limit: d, < 2.9 x 1026 ecm

Sussex-RAL-ILL collaboration
C. A. Baker et al.,, PRL 97 (2006) 131801

NEDM collaboration nedm.web.psi.ch
14 groups, ~ 50 people

Moved from ILL to PSI March 2009 3)

Data taking at PSI 2011 — 2014 .. (Phase )
Sensitivity goal: 5x10%’ecm (95% C.L.)

Operation of new n2EDM apparatus 2012 -
2018 .. (Phase IlI)

Sensitivity goal: 5x102%ecm

(95% C.L.)

1 ‘r 2oy

- ’
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Klaus Kirch Saclay, Sep 30, 2013 [ J» s2

%‘ \
< iR

e .’:.: = . ':.'1 4




International context (nEDMSs)

Project Goal Result expected
(ene.cm)
NEDM@PSI ~5x 10%/ 2014
Nn2EDM@PSI ~5x 1028 2020
PNPI@ILL ~5x 1026 2013
CryoEDM@ILL ~3x10% 2016
NEDM@SNS ~3x 10728 2020
~3x10% 2017
NEDM@TRIUMF
~1x 1028 2020
NEDM@TUM ~5x 10728 2018

Klaus Kirch

Saclay, Sep 30, 2013
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EDM

_ P Molecules Rough estimate of numbers
worldwide o B YbF@Imperial of researchers, in total
P ~500 (with some overlap)
E Neutrons ;LQQ B PbO@Yale
B @ILL B ThO@Harvard P Atoms
F @ILL,@PNPI B HF+@JILA o ¥ Hg@Uwash
B @QPSI B WC@UMich A" B Xe@Princeton
¥ @FRM-2 B PbF@Oklahoma * Xe@TokyoTech
_ @RCNP,@TRIUI\/IEQ_,MW&WBD - B Xe@TUM
E @SNS SETEERY £ s P Xe@Mainz
B @J-PARC " rfl.?‘f; B Cs@Penn
@ﬁg f;i P Cs@Texas
O P Fr@RCNP/CYRIC
B lons-Muons | ¥ Rn@TRIUMF
erﬁ lj F Ra@ANL
0 ¢ @BNL \C F Ra@KVI
F @FZ] Solids P Yb@Kyoto
F @FNAL .
E @JPARC A :
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