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Experimental EDM Limits

= o EDMs are powerful (amplitude-level) probes for new
H = _dE . § (T,P) violating sources, motivated e.g. by baryogenesis.
S

¢ Best current limits from neutrons, para- and dia-magnetic
atoms and molecules

Neutron EDM |d,| <3 x10"*°ecm [Baker et al. ‘06]
Thallium EDM d7r| <9 X 10%%¢ cm [Regan et al. ‘02]
(paramagnetic)

YbF “EDM” o

( tic) |“dYbF”| < 1.4 x10"""ecm | [Hudsonetal. 11]
paramagnetic

?ﬁf;;‘f;i%d drg| < 3% 10" ecm (Griffith et al. *09]

SM background from CKM phase is down by O(10°-108) in each case,
due to mixing angles and Yukawa couplings (Jarlskog invariant)
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Schematic view of the bounds
log(d [e cm])

YbF
24 Difference of more than 6
orders of magnitude, but the
26@ n sensitivity to many underlying
CP-odd sources is similar...
-28
Hg
-30
-32

. n (in SM, via CKM phase)



EN

* Review of CP-odd operator
expansion at 1GeV [induced by
UV sources of CP violation]

0

* Overview of the dependence of
observable EDMs on nuclear
nuclear/atomic parameters

4

* Focus on the computation of

Obsematle  pudsen gl sleTen's
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CP-odd operator expansion (at ~1GeV)

(Flavor-diagonal) CP-violating operators at ~1GeV

Eeff —

Edim4 D) HZCVSGG

N\

é = (90 — ArgDet(MuMd) = (90 — 9(1



CP-odd operator expansion (at ~1GeV)

(Flavor-diagonal) CP-violating operators at ~1GeV

£eff —

Ldim4 D éOésGé / di ~ CYiE

_ ;
L«dime” D Z (dqQFU’Y5Q+dq67GU’Y5Q) + Z dilFoysl

q:U,d,S l:e,,u

Laime D wgsGGG + Y Cyq(qTq)LL(qT) rR
q,I

C .
C' ~ — but requires “RH currents”

A% " [ talk by S. Tulin]



CP-odd operator expansion (at ~1GeV)

(Flavor-diagonal) CP-violating operators at ~1GeV

Cn

Lefr = Ad—4

oL

»Cdim4 D éOéSGé

Le«dime D Z (dqu075q+Jquay5q) + Z diIF oysl

qzu,d,s lZG,ILL

£d1m6 ) wygg, GGG + Z qu qFQ)LL(qFQ)

q,I’

Lqimg® D Z C’(’Jququi%q + Creql'gel'iyse + - - -
q,I’ N

AN 2

Cij ~cY;Y;— i N



CP-odd operator expansion (at ~1GeV)

(Flavor-diagonal) CP-violating operators at ~1GeV

Cn (n)
Ad—4 Od

" dyNFoysN + gl yi'NN + -

/:'eff —

»Cdim4 D gCVSGé

L«dime” D Z (dquU%QJFCZqCYGU%Q) + Z dilFoysl

q:u7d78 l:e,,u

Laims D wg>GGG + Z Cu(@1'q)r(qUq) rR
q,I’

Lqimg® D Z Cl @ qqliysq + Coeqlgelliyse + - - -
q,I’ \

\

CsNNeivse + - -



EFT hierarchy

Energy
A
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Qcp | 0,d,,d
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solid state




Paramagnetic EDMs - “Schiff enhancement”

Atoms (e.q. Tl [Berkeley]) (relativistic violation of Schiff screening)
[Regan et al '02]

2731
= Sandars ‘69]
d 4
dr; ~ —200*Z°d, + O(Cs)

de
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Paramagnetic EDMs - “Schiff enhancement”

Atoms (e.q. Tl [Berkeley]) (relativistic violation of Schiff screening)

[Regan et al '02]

2731
Sandars ‘69] /
d dr; ~ —2004223de + O(Cy)

Polar molecules (e.q. YbF [Imperial]) [also ThO [Harvard/Yale]]

[Hudson et al "11]

Nonlinear function of Eext

AEYbF ~ geff (Eext)de + O(CS)

[Sushkov &

M
« 9 2 3 mol
L de £ O(CS) £2mbaum, 78]

Me

[ml» talk by J. Sapirstein] 11



Paramagnetic EDMs - “Schiff enhancement”

Atoms (e.q. Tl [Berkeley]) (relativistic violation of Schiff screening)
[Regan et al '02]

AL
[Salpeter ‘58;
. Sandars ‘65]
d
; d1 ~ —585d, — € (43GeV)CY (Cye) + - - -
e

[Liu & Kelly "92] [Bouchiat “75;
Khatsymovsky et al. ‘86]

Polar molecules (e.q. YbF [Imperial]) [also ThO [Harvard/Yale]]
[Hudson et al "11]
geff(Eext)

de
AEvip ~ —1.5 x 10'%eV ( ) + O(Cs(Cye))

€ CIn

“dypp’ ~ 1.4 X 106d€ -+ O(Cs)

[Kozlov et al. 94-98]
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Diamagnetic EDMs - “Schiff suppression”

Atoms (e.g. Hg [Washington]) (finite size violation of Schiff screening)

[Griffith et al '09]

charge distribution dirg ~ 10Z%(Ry /R 4)?dyue

\ 0(1077)
dg ~ —3 x 10717 S[efm?] + O(d., Cye, Cyq)

/ [Flambaum et al '86;

Schiff moment Dzuba et al. '02]
[Schiff ‘63]

— nuclear dipole
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Diamagnetic EDMs - “Schiff suppression”

Atoms (e.q. Hg [Washington]) (finite size violation of Schiff screening)

[Griffith et al '09]

charge distribution dirg ~ 10Z%(Ry /R 4)?dyue

\ 0(1077)
dg ~ —3 x 10717 S[efm?] + O(d., Cye, Cyq)

/ [Flambaum et al '86;

— nuclear dipole Schiff moment Dzuba et al. '02]

/ [Schiff '63] [Flambaum et al. ‘86;
Dmitriev & Senkov ‘03;
ngN? dn, ---) de Jesus & Engel '05;

Ban et al ‘10

~ 006953 NGy fn® 4 |

NB: concern about precision [Ban et al 10]

[uu» talk by J. Engel]
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Diamagnetic EDMs - “Schiff suppression”

Atoms (e.q. Hg [Washington]) (finite size violation of Schiff screening)

[Griffith et al '09]

charge distribution dirg ~ 10Z%(Ry /R 4)?dyue

\ 0(1077)
dg ~ —3 x 10717 S[efm?] + O(d., Cye, Cyq)

/ [Flambaum et al '86;

— nuclear dipole Schiff moment Dzuba et al. '02]

/ [Schiff '63] [Flambaum et al. ‘86;
Dmitriev & Senkov ‘03;
ngN? dn, ---) de Jesus & Engel '05;

Ban et al ‘10

~ 006953 NGy fn® 4 |

NB: concern about precision [Ban et al 10]

* Octopole enhancements (e.g. Ra, Rn) [R. Holt, Z.-T. Lu, et al,

T. Chupp et al]
- Schiff moment O(100-1000) larger than Hg
[Flambaum et al.]
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Nuclear EDMs - avoiding Schiff screening

e Neutron EDM [...., Sussex/ILL, PSI, ORNL, Osaka/TRIUMF]

 Nuclear EDMs (e.g. p,D,3He,...) in storage rings [B“’J%‘Tir(‘;‘]’e”’

dirg ~ 10Z%(Rn/RA)*dnuc

K O(10-3) suppression could be avoided with a
direct measurement of the nuclear EDM.

E.g. dp = (d, + dp)(é, dg, jq) i dgNN(é, Jq) via n-Tr mixing

~ —2 X 10_14§7(T1]3,N(§, czq)e cm + O(gff}iw)
[Lebedey, Olive, Pospelov, AR ‘04]

[Khriplovich & Korkin ‘00; Liu &
Timmermans '04; de Vries et al "11]

Also extended to other light nuclei (e.g. 3H, 3He) in recent work
[Stetcu et al ‘08, de Vries et al '11]

[» talk by E. Mereghetti] 16



EFT hierarchy
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EFT hierarchy

focus of the

Enirgy - rest of this talk!
Te\7 /

QCD |

nuclear

atomic




The QCD scale

 Chiral EFT
L=L(r,(K),N,---)

:—%N<dn7'_—l-d7' VFoys N — N(g() T —|—g7(T]3,-N7T )N + - -

\ low energy {dN(e \dg,dg,w,Cyj, . ..)

constants %1 (@, dg,Cij,...)

« continuing development of CP-odd structure

[Crewther, Di Vecchia, Veneziano & Witten ‘79]
[Hisano & Shimizu '04]

[Stetcu et al '08, de Vries et al “11,12]
[An, Ji and Xu ’12]
[Guo & Meissner '12]

[ talks by M. Ramsey-Musolf,
E. Mereghetti]
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The QCD scale

 Chiral EFT
L=L(r,(K),N,---)

:—%N(dn7_+d7' VFoysN — N(g() T +g7(d3,N7T )N + -

\ low energy dN(g dqa q,w Cq;j,...)

constants —(0 1) ) (0,d,,Cij,...)

« LEC's related by loop corrections
— e.g. chiral logarithm [Crewther, Di Vecchia, Veneziano & Witten ‘79]

unknown threshold corrections

%} e _(0) A /

B — dp = g NNY ln—+cct
/TE__‘_\ S n A12m, @ TNN M,

—(0 9 m*
gﬁjer(Hq) ~

fr

L (plgr’q|p)

n X P ' n

o T o —  [0]<10° (in1979)
[also Baluni “79] 20




The QCD scale

Chiral EFT
L=L(r,(K),N,---)

= —SN(dn7™ +dym " )FoysN = N(@\yn" + 3 )N + -
\ owenergy J v (0:dg.dg,w.Cij,...)
_(0,1) ;7 3
constants 97(71\71)\7(97 dg,Cij,...)
LEC's related by loop corrections
— e.qg. chiral Iogarithm [Crewther, Di Vecchia, Veneziano & Witten ‘79]

Difficult to compute the dependence on many CP-odd
sources (other than 0)

— need extra input to fix LECs, including counterterms

e NDA
e QCD sum rules
[ e | attice QCD (= talk by T. Izubuchi)]
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Nucleon Matrix Elements

Focussing on the parameters that are (usually) the most

important for hadronic EDMs:

L o) - -
dnp(0,dg, dg,w, Cij,...), Goxi (8, dg,

w,C’ij,...),

NDA estimates (With Apaa/fr ~ gs(p) ~ 47, My, ay ~ M2 /Apad):

(9(1 dq Jq
EMyg €Ys
dn Al%ad 0(1) dm
_ m A7,
ooy | ~ O(a) —p
. 4 1
cf. naive SU(6) Quark Model: d,(d,) = =dq — =d,

22



(CP-odd) QCD sum rules

« Consider the two-point function of the nucleon interpolating
current in the presence of CP-odd sources

[ a5 Gulo), in)gp = Tho(p) + T () +

 Notes:

— multiple interpolating currents with lowest dimension
Jn = 2€ape(dE Cysup)d, + B X 2€qpe(dE Cup)ysd,.

unphysical parameter

— CP mixing (and chiral WI)

(0]7n|m) = (A1 + BAz)e 75/ %y
CP-odd sources render the current
chirally variant, and able to mix with
CP-conjugate currents

jn = CPj,CP
23



(CP-odd) QCD sum rules

« Approach:
— work in a general basis of CP sources, as a cross-check
— isolate EDM from a chirally-invariant structure

d, \>m,, A
() F ~ {Fovs, ) bt )

(= mZ) PP —md
\ independent of a (avoids mixing of d and u structures)

— account for current mixing explicitly, to linear order in the
CP sources

G = Jn + €CPIn

— fit for the EDM, using other CP-even sum rules to
determine {mn,A,A}

A1 + BAg choose B to “optimize

convergence” of the OPE o



Neutron EDM

 schematic structure of the OPE [Pospelov & AR “‘99-'00]

* depends on vacuum condensates, €.9. (Gong)r = xeFn(Gq)
(qGog) = —mi(Gq)
 implicit dependence of condensates on the CP-odd sources

determined via xPT, and saturation with 1T and n exchange.
(vacuum “realignment”) 25



Neutron EDM

 Results:

- [(qq)|

d,(0) = (140.5) (225 MoV ? 9 x 2.5 x 10" ecm

« If the axion relaxes 6, the CEDM sources shift the minimum
of the axion potential V(0) away from zero
1 5 @

Oind = EmO Z
_ Mg
q=u,d,s

(99)| L 54 3 7Y - |
dn — 0.4 :|:O.2 4d - du _ },l 4 d - udu c O ds, 7C
( )(225M6V)3 ‘ \2X olteads e j) (% Cag)

Y
2.7e(d;+0.5d,) [Pospelov &AR '99,00]

Sensitive only to ratios of light quark masses
(via GMOR relation, given dq ~ mq etc.)

 at this order, s-quark CEDM contribution cancels under axion
relaxation 26



Neutron EDM

 Precision?

— numerical coefficients are consistent with NDA,
NQM (for dg), and the chiral log (for 6)

— another test for dn(dq) via (LQCD) nucleon tensor charge
[e.g. Falk et al '99]

1, - 1 - 1, -
(N|5dyaFoq|N) = 5dyF* (N0 |N) = Sgtd,NFoN

— d,(d,;) = g%(1GeV)dy + g% (1 GeV)d, ~ 1.1dg — 0.25d,

X

inserting LQCD results
(15% larger than at 2 GeV)

[Hagler '09; Bhattacharya et al "11]

27



Neutron EDM

 Precision?

— numerical coefficients are consistent with NDA,
NQM (for dq), and the chiral log (for 6)

— another test for dn(dq) via (LQCD) nucleon tensor charge
[e.g. Falk et al '99]

1. - 1~ 1 _
<N|§dqu0q|N> = §quﬂ (N|ou,|N) = igﬁ}quFaN
— d,(d,;) = g%(1GeV)dy + g% (1 GeV)d, ~ 1.1dg — 0.25d,

— sum-rules fixes (dn ~ <qg>/A?), so the normalization of the
coupling matters

A ~ 0.025 GeV? A~ 0.044 £ 0.01 GeV*
from analysis of CP-even sum rules from LQCD [Aoki et al '08] run down
for mn, sigma term, etc (or lattice from 2 GeV, *BUT* <qg> is also
result for tensor charge above) larger with LQCD values for mq

[Pospelov & AR ‘99,’00] [Hisano et al ’12, Fuyuto et al '12]
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Neutron EDM

 Precision?

— numerical coefficients are consistent with NDA,
NQM (for dq), and the chiral log (for 6)

— another test for dn(dq) via (LQCD) nucleon tensor charge
[e.g. Falk et al '99]

1. - 1~ 1 _
<N|§dqu0q|N> = §quﬂ (N|ou,|N) = igﬁ}quFaN
— d,(d,;) = g%(1GeV)dy + g% (1 GeV)d, ~ 1.1dg — 0.25d,

— sum-rules fixes (dn ~ <qg>/A?), so the normalization of the
coupling matters

A ~ 0.025 GeV? A~ 0.044 £ 0.01 GeV*
from analysis of CP-even sum rules from LQCD [Aoki et al '08] run down
for mn, sigma term, etc (or lattice from 2 GeV, *BUT* <qg> is also
result for tensor charge above) larger with LQCD values for mq
[Pospelov & AR ‘99,’00] [Hisano et al ’12, Fuyuto et al '12]

— higher order dependence on s-quark EDM? o



Pion-nucleon couplings

« Can follow a similar approach for the pion-nucleon couplings
— focus on the isovector coupling [Pospelov '01]

30



Pion-nucleon couplings

« Can follow a similar approach for the pion-nucleon couplings

— focus on the isovector coupling [Pospelov 01]
b
(a) (b) O
| ®
; m Tt ; T
N ,)'g N !
Ocp
_(1 7 ~u — d~d _
gnNN(dq) = N 2 qgsGoq—moqq N )+-...
2fn g=u,d

31



Pion-nucleon couplings

* Using QCD sum rules

/d4xeip'x<jn(37)ajn(0)>Jqu ~ P ( (p2 —m2)?2  p2—m?

\ chirally invariant

~

{qq)] = (dy — dg) + O(ds, w)

Y (d) ~ (2 = 12

N2 NN A

~

~ ~

(q9)| ~(dy + dg) + O(ds, w)

—(0) CZ ~ (—1

[Pospelov ‘01]

NB: larger errors due to cancelations

between the direct and rescattering terms
32



Pion-nucleon couplings

 Precision?

— normalization again consistent with NDA, but the errors
are larger due to cancelations

[result slightly smaller than estimates using
LETs: Falk et al ‘99; Hisano & Shimizu ‘04]

— smaller result for the isoscalar coupling, covers a range
including O!

— dependence on quark EDMs suppressed by Oem

33



Further operators

* \WWeinberg operator:

<qg(Go)q >

(N|Ocp|N) 3g3m%

NN g wlin(M?/uzg) ~ e2 x 1072 GeVw(1 GeV)

[Demir, Pospelov, AR ’02]

_(1) _(1) (w)

9NN — 9=NN suppressed by light quark masses

* 4-quark (factorizable) operators:

5 [Khatsimovsky et al '88;
dp(Cyq) ~ (few) x 1077 GeV Cyq Hamzaoui & Pospelov ’99;
An, Ji & Xu '09]

§7(r112rN(Cz'j) = Cij«;i—qi><N|Qij|N> via PCAC, vacuum
J saturation
34



EFT hierarchy
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EFT hierarchy

...In the absence
- of a detection

nuclear

EDM constraints

atomic




Resulting Bounds on fermion EDMs & CEDMs

YbF EDM
(£20%) de + O(Ceq)] < 1.1 x 107 * ccm

TI EDM o o o
(£20%) d + (26 MeV)? (3 4 111 15 eb)‘ < 1.6 x10"*"ecm

mq ms my

Neutron 5 3 5
EDM le(dg+0.5d,) + 1.3(d; —0.25d,) + O(ds,w,Cyy)| < 2% 107*°e cm

(£50%7)

Hg EDM o )
(£100%7?) eldg — dy + O(de,ds, Cyy, Cye)| < 6 x 10727 cm

—1
. . m’l,l/
Generic scaling: dq(qq) = ma{qq) ~ —m2 f? (1 + m_)
d

reduces uncertainty due to overall light quark mass scale 37



Summary of the bounds

log(d [e cm])

YbF
24 Difference of more than 6
orders of magnitude, but the
26@ n sensitivity to many underlying
CP-odd sources is similar...
-28
Hg
-30
-32

. n (in SM, via CKM phase)

38



Summary of the bounds

log(d [e cm])

-22

dq and aq from the neutron

/

«— dq from Hg

T~ 4. from YbFE, TI

Given df « ms the sensitivity of
Tl and the neutron is very
similar, with the recent limit
from Hg somewhat stronger

39



Concluding Remarks

« EDMS are a powerful (amplitude-level) probe of new physics,
with impressive recent (and ongoing) experimental progress

« Computations require a multi-scale approach, and various
matrix elements enter at atomic/molecular, nuclear and QCD
scales

* Reviewed some of the techniques used at the QCD scale to
compute/estimate nucleon matrix elements of CP-odd quark/
gluon operators

— lattice QCD approaches discussed later [ talk by T. Izubuchi]
« Uncertainties from QCD matrix elements are still large, but...

40



Concluding Remarks

« EDMS are a powerful (amplitude-level) probe of new physics,
with impressive recent (and ongoing) experimental progress

« Computations require a multi-scale approach, and various
matrix elements enter at atomic/molecular, nuclear and QCD
scales

* Reviewed some of the techniques used at the QCD scale to
compute/estimate nucleon matrix elements of CP-odd quark/
gluon operators

— lattice QCD approaches discussed later [ talk by T. Izubuchi]
« Uncertainties from QCD matrix elements are still large, but...

dexp (Catomic (Cnuclear (CQCD (Cnew physics ) ) ) )

T

largest uncertainty
is still here! 41



