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nEDM4

Introduction

Baryon Asymmetry of the Universe (BAU)
Sakharov conditions

» Baryon number violation
» CP-violation
s Interaction out of thermal equilibrium

CPV in SM cannot explain BAU
SM4 has large CPV phase, perhaps enough for BAU

— M. Kohda, EPS-HEP 2011 Poster
NnEDM violates P and CP
What is the nEDM value in SM4 (nEDM4)?
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Long quest of nEDM (1)
-

# Single quark contribution

» two weak loop order geDM vanish
E.P. Shabalin, 1978




Long quest of NnEDM (I)
- -

# Single quark contribution

» two weak loop order geDM vanish
E.P. Shabalin, 1978

» two weak loop + one gluonic loop
E.P. Shabalin, 1979; I.B. Khriplovich, 1986;

A.Czarnecki and B. Krause, 1997

u,c
d

2 d, ~ 10734 cm
gk
SR
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Long quest of NnEDM (I)
- -

# Single quark contribution

» two weak loop order geDM vanish
E.P. Shabalin, 1978

» two weak loop + one gluonic loop
E.P. Shabalin, 1979; I.B. Khriplovich, 1986;
A.Czarnecki and B. Krause, 1997

g

T d, ~ 1073% cm

w

4™

T TR
# LD enhancement: ~ 10732¢cm
|.B. Khriplovich and A.R. Zhitnisky, 1982;

M.B. Gavela, A. Le Yaouanc, L. Oliver, O. Pene, J.C. Raynal, T.N. Pham, 1982

o

nEDM4
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Long quest of nEDM (I1)

PHYSICAL REVIEW VOLUME 108, NUMBER 1 OCTOBER 1, 1957

Experimental Limit to the Electric Dipole Moment of the Neutron

J. H. Smite,* E. M. PurceLr, ANp N. F., RaMsey
Oak Ridge National Laboratory, Oak Ridge, Tennessee, and Harvard University, Cambridge, M assachuseils

. . (Received May 17, 1957)
First experiment

experimental measurement of the electric dipole moment of the neutron by a neutron-beam magnetic
resonance method is described. The result of the experiment is that the electric dipole moment of the neutron
equals the charge of the electron multiplied by a distance D= (—0.142.4) X102 cm. Consequently, if an
electric dipole moment of the neutron exists and is associated with the spin angular momentum, its magni-
tude almost certainly corresponds to a value of D less than 5X10°% cm.
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Long quest of nEDM (I1)

PHYSICAL REVIEW VOLUME 108, NUMBER 1 OCTOBER 1, 1957

Experimental Limit to the Electric Dipole Moment of the Neutron

J. H. Smite,* E. M. PurceLr, ANp N. F., RaMsey
Oak Ridge National Laboratory, Oak Ridge, Tennessee, and Harvard University, Cambridge, Massachuseits

. . (Received May 17, 1957)
First experiment

experimental measurement of the electric dipole moment of the neutron by a neutron-beam magnetic
resonance method is described. The result of the experiment is that the electric dipole moment of the neutron
equals the charge of the electron multiplied by a distance D= (—0.14-2.4) X107 cm. Consequently, if an

electric dipole moment of the neutron exists and is associated with the spin angular momentum, its magni-
tude almost certainly corresponds to a value of D less than 5X107%0 ¢m.

week endin
PRL 97, 131801 (2006) PHYSICAL REVIEW LETTERS 2

| atest lImit

Improved Experimental Limit on the Electric Dipole Moment of the Neutron

C.A. Baker,' D.D. Doyle,? P. Geltenbort,” K. Green,'* M. G. D. van der Grinten,"* P. G. Harris,” P. laydjiev,"*
S.N. Ivanov,"" D.J.R. May,” J. M. Pendlebury,? J. D. Richardson,” D. Shiers,” and K. F. Smith?
'Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 00X, United Kingdom
Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, United Kingdom

nstitur Laue-Langevin, BP 156, F-38042 Grenoble Cedex 9, France
(Received 9 February 2006; revised manuscript received 29 March 2006; published 27 September 2006)

An experimental search for an electric dipole moment (EDM) of the neutron has been carried out at the
Institut Laue-Langevm,(EirenobEe) Spurious signals from magnetic-field fluctuations were reduced to
insignificance by the use of a cohabiting atomic-mercury magnetometer. Systematic uncertainties,
including geometric-phase-induced false EDMs, have been carefully studied. The results may be
interpreted as an upper limit on the neutron EDM of |d,| <2.9 X 10 *®¢ ¢cm (90% C.L.).
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(Received 9 February 2006; revised manuscript received 29 March 2006; published 27 September 2006)

An experimental search for an electric dipole moment (EDM) of the neutron has been carried out at the

Institut Laue-Langevin,(EirenobEe) Spurious signals from magnetic-field fluctuations were reduced to
insignificance by the use of a cohabiting atomic-mercury magnetometer. Systematic uncertainties,

including geometric-phase-induced false EDMs, have been carefully studied. The results may be
interpreted as an upper limit on the neutron EDM of |d,| <2.9 X 10 *®¢ ¢cm (90% C.L.).

For next decade
LCryoEDM/GrenobIe, PSI, SNS, J-PARC, TRIUMF = 10~ ®®ecm

nEDM4
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Long geust of nEDM (lll)
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NEDM approach
-

# P-odd, CP-odd operators (dim < 5)

dy .. dy .
40" iysqF — 2 qinst aGy,

— Qg ~
Lop = _HS—WGG — 5




NEDM approach
-

# P-odd, CP-odd operators (dim < 5)

~

d, d

~ (X ~ _ . q —.
,CCP — —(98—;_GG — 9 QO"LWZ’%QFMV — EQZ’%ISGQGZV
® QCD sum rule M. Pospelov & A. Ritz , PRD'01
_ 1 5d
d, = (04£0.2) {Xm*(éled — ey) (6’ — m(%S)
2 M
1 ~ ~ degmg + e, m
+§Xm(2)<dd — dy) —
My + Mg LD parameters: y, ot
1 - .
‘|‘§(4dd04;1|_ — dqu,j) + (4dq — du)]
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NEDM approach
-

# P-odd, CP-odd operators (dim < 5)

~

—Ck ~ dq . . dq .
Lop = _98—;‘GG — 5C]UW7J’Y5QFW - 561@75?5&(]6:21/
® QCD sum rule M. Pospelov & A. Ritz , PRD'01
_ 1 d
2 My

1 9,5 ~ degmg + ey my,
— dqg—d
+2xm0( d w) My, + My

LD parameters: x, a™

1 - _
—|—§(4dd04;l|_ — dqu,j) —+ (4dd — du)]

s If PQ invoked, 4 removed, SCEDM cancelled

o
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NEDM approach
-

# P-odd, CP-odd operators (dim < 5)

~

—Ck ~ dq . . dq .
Lop = _98—;GG — 5C]UW7J’Y5QFW - 5QZ’Y5taqGZV
® QCD sum rule M. Pospelov & A. Ritz , PRD'01
_ 1 d
2 My

1 9,5 ~ degmg + ey my,
— dqg—d
+2xm0( d w) My, + My

LD parameters: x, a™

1 - _
—|—§(4dd04;; — dqu,j) —+ (4dd — du)]

s If PQ invoked, 4 removed, SCEDM cancelled
s If PQ absent, sCEDM large for SM4

o
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Flavor structure of geDM4
-

Three loop calculation needs analysis of flavor structure.
Takec=u=u,d=s=0b=d,

-

iy Im(VF; Vi Vi Vi) fikLf
7.kl
f, 7, k, 1 - flavor indices and Green function

® f =u, EDM vanishes
® f=d,s,gEDM prop. to
Im(‘@?‘/ib’ oy Virp) = _Im(‘ﬁ?‘@b Vi) = Jf

0.974 0.225 0.0036¢790°  0.015¢'%"

—0.226 0.972 0.041 0.060¢'7%°
0.008¢~ 22" —(.043¢ " 0.994 0.099¢—1" | W.-S.Hou & C.-Y. Ma, PRD'10
—0.003¢ 1% —0.06¢ 7" —0.1 0.993

o

nEDM4 Fanrong Xu EPS-HEP2011@Grenoble,21/7/2011 —p. 8



Flavor structure of geDM4
-

Three loop calculation needs analysis of flavor structure.
Takec=u=u,d=s=0b=d,

-

iy Im(VF; Vi Vi Vi) fikLf
7.kl
f, 7, k, 1 - flavor indices and Green function

® f =u, EDM vanishes
® f=d,s,gEDM prop. to
Im(‘@?‘/ib’ oy Virp) = _Im(‘ﬁ?‘@b Vi) = Jf

0.974 0.225 0.0036¢790°  0.015¢'%"

—0.226 0.972 0.041 0.060¢'7%°
0.008¢~ 22" —(.043¢ " 0.994 0.099¢—1" | W.-S.Hou & C.-Y. Ma, PRD'10
—0.003¢ 1% —0.06¢ 7" —0.1 0.993

Ts > Ta why strange CEDM !

o
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W-W-g loop contribution
5

External field method
Large N limit

C. Hamzaoui & M.E. Pospelov, PLB'95

~ Gr asaw BN, m? 1 9 m2
V2 (4m)t 6 Mg, 2!
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W-W-Z loop contribution
-

Effective Lagrangian approach

t R S t¥ I s s o s
/ \ /

S b/\
\

C. Hamzaoui & M.E. Pospelov, PRD’96




W-W-Z loop contribution
=

Effective Lagrangian approach

g;tf/‘v;é 5\% g\% large momentum in loop
ST, T —&— = Goldstone coupling
/ AN /

s v
\

C. Hamzaoui & M.E. Pospelov, PRD’96
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W-W-Z loop contribution
=

Effective Lagrangian approach

g\w‘é g\% g\% large momentum in loop
;N\V% T —e— = Goldstone coupling
\ /

s t v t I s S
\ /

C. Hamzaoui & M.E. Pospelov, PRD’96

a9 _ _ g Gr o mim? I <m%,>

i V2 (4m)4 AM, m?
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W-W-Z loop contribution
-

Effective Lagrangian approach

g\w‘é g\% g\% large momentum in loop
;N\V% T —e— = Goldstone coupling
\ /

s t v t I s S
\ /

C. Hamzaoui & M.E. Pospelov, PRD’96

a9 _ _ g Gr o mim? I <m%,>

i V2 (4m)4 AM, m?

# Z loop contribution in SM is small

o
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W-W-Z loop contribution
-

Effective Lagrangian approach

ggtfgé 5\% g\% large momentum in loop
— T —e— = Goldstone coupling
AN /

s t b I s S
\ /

C. Hamzaoui & M.E. Pospelov, PRD’96

72) _ _Tm Gr oz%v m%m?, n m%,
i TUV/2 (4m)t 4M, 2

my
# Z loop contribution in SM is small

#® Z loop dominates gluonic loop

o
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Numerical estimate

-

® The value of CKM factor

T = Im(VEV Vi Vis) ~ 2.4 x 1074,
Ja = Im(V,5Vig Vi Virg) ~ 1.7 x 1077,
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Numerical estimate

-

® The value of CKM factor

js — Im(‘/{;‘/tbvticb‘/tfs) ~ 2.4 X 10_4,
Ja=Im(V, Vi Vi Virg) ~ 1.7 x 1077,

Measure V5, Vi, by By — J/¢ ¢ and B(Bs — p" i)
Hou, Kohda and Xu, 1107.2343

nEDM4 Fanrong Xu EPS-HEP2011@Grenoble,21/7/2011 —p. 11



Numerical estimate

-

® The value of CKM factor

js — Im(‘/tz‘/tb‘/;b‘/t’s) ~ 2.4 X 10_4,
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#® sSCEDM is the most important contribution

A ~ —0.8 x 10729 em
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Numerical estimate

-

® The value of CKM factor

Ts = Im(VEVy Vi, Virg) ~ 2.4 x 1074,
Ja = Im(V;5Vig Vi Virg) ~ 1.7 x 1077,

Measure V5, Vi, by By — J/¢ ¢ and B(Bs — p" i)
Hou, Kohda and Xu, 1107.2343

#® sSCEDM is the most important contribution

~

A ~ —0.8 x 10729 em

o nEDMA4

4 = (2241.1) x 103 e cm

L no PQ
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Discussion

-

o If PQ operative, then
dy? = (0.4 £0.2) [1.6e(2dg + dy) + (4dg — dy,)]

depends only on naive constituents of neutron, with

~

dy =0, dy, =0

nEDM4 Fanrong Xu EPS-HEP2011@Grenoble,21/7/2011 —p. 12



Discussion

L | N

o If PQ operative, then
dy? = (0.4 £0.2) [1.6e(2dg + dy) + (4dg — dy,)]

depends only on naive constituents of neutron, with
d, =0, d, =0
# Numerical estimate

§é4> ~ —3 X 10_34(:111, dgl) ~ —4 x 107**ecm

AP = (14 0.5) x 1073e em
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Discussion

If PQ operative, then
dy? = (0.4 £0.2) [1.6e(2dg + dy) + (4dg — dy,)]

depends only on naive constituents of neutron, with
d, =0, d, =0
Numerical estimate

§é4> ~ —3 X 10_34(:111, dgl) ~ —4 x 107**ecm

AP = (14 0.5) x 1073e em

dff) IS stronger than in SM
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nEDM4

Discussion

If PQ operative, then
dy? = (0.4 £0.2) [1.6e(2dg + dy) + (4dg — dy,)]

depends only on naive constituents of neutron, with
d, =0, d, =0

Numerical estimate

~

dvgl) ~ —3 X 10_34(:111, dgl) ~ —4 x 107**ecm

AP = (14 0.5) x 1073e em

d( ) is stronger than in SM

LD effect may have order of magnitude enhancement ¥

Fanrong Xu EPS-HEP2011@Grenoble,21/7/2011 —p. 12



Conclusion

f.o NnEDMA4 is stronger than nEDM3 T
s without PQ: d'V ~ 10~3'e¢ cm
s with PQ: dY) ~ 10-33¢ cm

# Hadronic uncertainty is large,;
LD effect might bring another order of magnitude
enhancement

® nEDMA4 is still below 107%%¢ cm,
Seems out of reach of next round of experiments in
coming decade.
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Thanks
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Backup - flavor structure

® f=u
i Zlm i Vi Vi Var) ugk lu
7,k
= 2 > Im(Vyy Vi Viy Vi) u(dk b — bk d)u = 0
® f=ds

iy Tm (ViVigViaVa) fikLf

7,k,l
= 0 Im(VipVip Vi Virp) flt(d = b))t —t'(d — V)t
+t'(d=bYu—u(d—-0)t

L— +u(d=bV)t—t(d—b)u]f
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