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Motivations

Electric Dipole Moments (EDMs) are ideal place to look for new physics
e signal of T and P violation
e signal T violation in the flavor diagonal sector

o insensitive to the CKM phase

Standard Model: Current bounds:
e neutron |dy| < 2.9 x 1073 ¢ fm

SN UltraCold Neutron Experiment @ ILL
DI wd_ d  wd C. A. Baker et al., ‘06

e proton |d,| < 7.9 x 10712 ¢ fm

dy ~ 107 ¢ fm ] )
199Hg EDM @ Univ. of Washington

for review: M. Pospelov and A. Ritz, ‘05 W. C. Griffith et al., ‘09

Large window for new physics and intense experimental activity!



Motivations

o EDM of charged particles in storage ring experiments

PEDM (p,d, ...)EDM
all-electric ring all-in-one ring
BNL (via DOE-NP) FZJ (COSY)
FNAL (via DOE-HEP) (.JEDI*)

polarmetry+ RF sright

magnetic ied (down)

T

from H. Stréher, talk at “EDM Searches at Storage Rings”. ECT™, Trento, ‘12.

e accuracy goal: dj 4 He ~ 10~16 ¢ fm.



Motivations

Why EDMs of light nuclei?

e complementary to nucleon EDM

e sensitive to different low-energy P7’ couplings
(20, 81,d1,..)

e clues on properties of P7 sources at high energy
SU(2), isospin

e can tell QCD  term apart from new physics?

e xPT and Nuclear EFT

e Tools for precise and controlled calculations
(in terms of EFT couplings)

e combination of EFT & lattice QCD

° ﬁrst_principle calculation of d,, d; and dye,
for 6 and dimension-six operators



F

QCD

The QCD 4 term.

Dimension 4

Ly

M

2 . .
= 79657?1'2 E‘“’D‘HG‘ZWG‘&B — e'PqrMqp — e~ 'PqLMqg,

_ Wl(l—e 0 ) = (my +mg)/2
- 0 l1+e¢ e = (mg —mu)/(mg + my)

6 term intimately related to the quark masses

o unphysical if m, 4 = 0



QCD

The QCD 4 term.

Dimension 4

Ly = —mr(0)gq+emr"(0)grsq+ m. sin0r'(0)igy’q,
_ 1+ e2tan2 ¢
my = MGy = | 2
mq + mq 1 + tan? %

6 term intimately related to the quark masses
e unphysical if m, 4 = 0
After anomalous Uy (1) rotation & vacuum alignment
o explicitly break chiral symmetry, conserves isospin

o related to the quark mass difference by an axial SU4 (2) rotation.

_. SU>(A)  _
qrysq q734q



QCD

Dimension-six operators. Quark-gluon Lagrangian.

Dimension 6

1 1
Ly = —Eq (do + d33) ic*" vsq Fuu — 7

dw
+?f“”fe“”aﬁ G’ Gl ,GoP

g <£10 + 337'3) ioc""ys\'q G,

M8 sy

ImE(l’g) (
4

am Y g vuvsg + 493iv59 — 479 - §Tiv59)



QCD

Dimension-six operators. Quark-gluon Lagrangian.

Dimension 6

1

] ~ ~
L = 751? (do + dsm3) ic"" vsq Fuy — Et? <do + d3T3> ichys\q Gy,
dw -abe _pvaf ~a b ~Cp
+?)]‘ 1% GQS(’;:/)(’VI
ImZ(18) 3 o, _ Im¥(; 8y _ _. _ _ .
74( ) e3lfq7'"y“q gl vuysq + ——8 (99 Givsq — GTq - qTivsq)
qEDM and qCEDM

o break SUL(2) (need insertion of Higgs VEV)
e break isospin

o related by axial rotation to the quark (chromo-) magnetic moments.

SU> (A
qio—uy'YSG;_wq 2—()) q"?auuGuuq
SU> (A
‘_]iO'HV’YSTSGqu 2—()> ‘_IO'HVGMV‘I

Weinberg three-gluon operator

e chiral invariant



QCD

Dimension-six operators. Quark-gluon Lagrangian.

Dimension 6

1 1
Lo = —5a(do+dys)iot v5q Fuy — 5

dw
Ho S GL 3G, GL

g <;10 + ;137'3) ioc""ys\'q G,

m=a18) sy

(99 3ivsq — 474 - 4Tivsq)

T . ImE(]‘g)
qr " qqryuysq + 4

Four-quark operators
e only four four-quark operators are genuine dimension-six

e other combinations suppressed by /My

e X g do not break chiral symmetry/isospin
o = g break SUL(2)& isospin
generated when integrate out W, J. Ng and S. Tulin, ‘11.

e I g break SU(2)& isospin differently from qCEDM
tensor vs. vector under SUz(2) x SUR(2)



QCD

Dimension-six operators. Quark-gluon Lagrangian.

Dimension 6

1

1 - -
Lo = —34(do+dyms)ic" ysq Fuy = 54 (do + d37'3) i s\ G,

d
+—Wf“”“e“”aﬁ G2 4G, GoF

MmZa8) s

mZ(l’{;) (
4

ariy"qqrivuysg + 2 494ivsq — 479 - §Tivsq)

e Coefficients (at u ~ 1 GeV)

w . m - - i

dy = 471’W7 d0,3 = 600'3W7 doz = 47'(5()13%,

T 7 r
o8 = 1,8
ImX = (4r 2—, ImE; g = (4m)% 2=,
1,8 (4m) 7 1,8 = (4m) 7

e depend on details of BSM TV mechanism
e contain info on QCD running & heavy SM particles



Chiral Perturbation Theory.

e pion couples weakly at scales Q < Mgcp ~ 27Fr
e Lgpr contains all operators allowed by QCD symmetries

o Lgpr organized as expansion in powers of Q, mx /Mocp

Lepr[m, N = > £ [, N]
A

e f =0,2: #of nucleon legs
A=d+2m+f/2-22>1 o d: # of derivatives or photon fields
e m: # of quark mass insertions

A < 1: perturbative expansion of the amplitudes

v A=1
T - ( Q ) \\\
Mocp N A=0 v =4
L=1¢~~
v = 2L+ ZA;, Mocp = 2nF .

i



Effective Lagrangian for P71 interactions.

Lygy=Lx+ Lan + Ly +Lyv+ ...

e remove pion tadpoles order by order in xPT (vacuum alignment)

e at least 37 interactions, usually suppressed for EDMs

2
— s
Eﬂ':_AT‘-SE-i_...

e non-derivative pion-nucleon couplings

80 + g1 =
Loy = —I‘i—Nﬂ"TN— If—rr3NN+...

™ ™

e short-range EDM operators
["YN = —2NSHM (30 +L_11’7'3)NFMV+...
e nucleon-nucleon interactions

Lny = CINS*N Oy (NN) + CoNS*TN - 0y (NTN) + ...



TV Chiral Lagrangian. Theta Term

80 81 dog x Q* | Cio x F207
- 7 3 3 5
6 x = 1 | eo= o Q NDA
Mocp Moep Moep Moep

Theta Term violates chiral symmetry & conserves isospin
e non-derivative coupling gy appears @ LO
e needs extra insertion of /e to generate g

o higher dimensionality of Ny and NN operators costs powers of Q/Mocp



TV Chiral Lagrangian. Theta Term

80 81 doy x Q% | Cip x F20?
_ 2z 2 2
0 x x 1 0.01 Y Y NDA
MQS'D Mtz;)CD Méa)
0 X i || 011 | ~003 isospin

Theta Term violates chiral symmetry & conserves isospin

e non-derivative coupling gy appears @ LO
e needs extra insertion of /e to generate g
o higher dimensionality of Ny and NN operators costs powers of Q/Mocp

SUA(2)

2

Beyond NDA? qivsq —— q73q

e gy related to the hadronic contribution to m, — mp, dmy

2
_ &2
0,

8o = omy

somewhat smaller than NDA.

1 my

3

o better lattice estimate of dmy coming soon.

=28+0.7+0.6MeV

R. Crewther et al,’79; S. Beane et al, 07

A. Walker-Loud et al, in preparation



TV Chiral Lagrangian. Theta Term

80 81 doy x Q% | Cip x F20?
_ 2z 2 2
0 x x 1 0.01 Y Y NDA
MQS'D Mtz;)CD Méa)
0 X i || 011 | ~003 isospin

Theta Term violates chiral symmetry & conserves isospin
e non-derivative coupling gy appears @ LO
e needs extra insertion of /e to generate g
o higher dimensionality of Ny and NN operators costs powers of Q/Mocp

U (2
Beyond NDA? qivsq @, q73q

e 2 in principle fixed by isospin breaking observables
in practice estimated w. assumptions,

e.g. resonance saturation Lebedev et al, ‘04; J. Bsaisou, et al., *12.

e no constraints on 5,’0, 1



TV Chiral Lagrangian. qCEDM & = g

. 30 glz AJQ [ doy x Q" [ Cio x FEQ°
~ 2 2
8o X ’":;‘4”27@0 1| e M"%;Zl) MQQCD Vi T

~ 2 2

83 X ’”ﬂ:;z;’iD e 1 MQQCD M%CD € Mgw

. So generates same operators as 0



TV Chiral Lagrangian. qCEDM & = g

. 30 glz AJQ [ doy x Q" [ Cio x FEQ°
~ 2 2
8o X ’":;‘4”27@0 1| e M"%;Zl) MQQCD Vi T

~ 2 2

83 X ’”ﬂ:;z;’iD e 1 MQQCD M%CD € Mgw

. So generates same operators as 0
Isospin-breaking sources b3 and &8

e very similar couplings

e g; already in LO

e contribute to isoscalar couplings via vacuum alignment



TV Chiral Lagrangian. qCEDM & = g

. 30 glz A/JQ [ doy x Q% | Cip X FEQ?
. ] 2 2
3y ;;z:szcu 1 € Mé’;l) MQQCD % M2,
~ 2 2
b3 x W,,:;zfib e 1 MQQCD M%Cu e M%CD
(&1,€8) x M,Si?) € 1 % M(E;; EM%ZD

. So generates same operators as 0
Isospin-breaking sources b3 and &8

e very similar couplings

e g; already in LO

e contribute to isoscalar couplings via vacuum alignment

e for £ g 3 coupling is important S~

o generates LO three-body force L--



TV Chiral Lagrangian. qCEDM & = g

) 21 AJO [ doy x Q® | Cip x F20?
- T . 3 7
5o x M=Mocn 1| el 0 0
R sz Méa) Mocp Méa) MéCD
~ M, 2 2
5y x M=Moco e 1 0 [0) 2
M Mocp Mpep Mpen
M M 2 2
ocp ocp ¢ [Y
1,€8) X £ 1 —=—= €
(61,6) My © Mpen Mpep
SU4 (2
Beyond NDA? GiotV 3 (13)q SUa@), go+vm(1)g
e g and g, related to corrections to my, my and dmy from qCMDM
e.g.
A6m$‘. 33
g1 = —2(Aemy —Amy— =
m2 Co

° Aﬁmi, Agmy and dgmy accessible on the lattice? (w/o CP violation)

e 1o chiral symmetry constraint on L_i()’l



TV Chiral Lagrangian. gCEDM, 3J; § & qEDM

g g doi x Q% | Cia x F2L0?

Mocp 2 2 2 2
(w,01,08) X 1\?12 ms mise Q [0}
7

2
503 X "IWMZQCD oem oem gz Qeny gz
53 M7 47 47 MQCD A MQCD

gCEDM, X1 g respect chiral symmetry (xISs)
® 20,1 generated through insertion of the quark mass and mass difference
extra mfr / MéCD suppression!

e NN and N+ couplings do not break chiral symmetry

no extra suppression

e same importance for long & short range operators

qEDM
e hadronic operators suppressed by aem

e only L_i()’l relevant



Nucleon EDM. 6 term, qCEDM & Z; g.

Toa) =20(S - v = 5*v- q) (Fo(a®) + msFy (a) ),

Fi(a’) = d; = Si* + Hi(@*), & =—¢".



Fo(q?)

e purely short-distance

Nucleon EDM. 6 term, qCEDM & Z; g.

d f \ oM,

Tiq) =20 (5 qv — 5*v- q) (Fo(a®) + F1(a))

Fi(a’) = d; = Si* + Hi(@*), & =4

D

Fi(q?)

e momentum independent go only relevant 7-N coupling!

nucleon EDFF cannot distinguish between Theta Term, qCEDM & = g

e short-distance & charged pions in the loops



Nucleon EDM. 6 term, qCEDM & Z; g.

Leading Order

e F purely short-distance & momentum independent

e pion loop contribute to d; & S

_ 2
- €egA80 mz

dy=d ———— |L—1In s

VAT G,y [ uz]

, _ ega8o 1
U™ (2nFR)? 6m2

LO: R. Crewther et al., “79, W. Hockings and U. van Kolck, ‘05.



Nucleon EDM. 6 term, qCEDM & Z; g.

l‘ l‘ \\ \\
) )
: : — —

o first non-analytic contribution & momentum dependence to Fo(q?)

~ egago _ 3mgx 81 / ega8o 1 dmy
do = dy + 8480 o oMm (g 81 — %A% N
0T T 2nF )2 dmy ( 3g0) (nFr)? 6m2 " 2my

e recoil corrections to F;

— 2 —
- egAgo my 5T mg 81
di=d+ —— |L-In—F +——(1+—

=t gy [ (e )]

Next-to-Leading Order

4 my 580
5 egago 1 { ST mw}

(2mFr)? 6m2 - 7m7N

LO: R. Crewther et al., “79, W. Hockings and U. van Kolck, ‘05.

NLO: Ottnad et al., ‘09, EM et al., ‘10



Nucleon EDM. 6 term.

EDM depends on g, and short-distance LECs (_10, 1
neutron EDM

€gA80

ol = |do — dy| 2 2480
|dn| = |do — di] (nFy)?

m3 ™ m g

N T 0

— 4+ —— ~ (0.13 4+ 0.01) = ef
nmgr—’—ZmN ( + )Fﬁem

~22x107% § efm
good convergence of perturbative series
from bound on d,,, 0 < 10-10
NLO bound on isoscalar EDM

- _
\do| 2 —28A80_ 727 0,012 2% ¢ fim
(2nFr)” 4my Fr

=0.2 x 1073 fefm.

but no reason to drop the counterms, 210,1



Nucleon EDM. qCEDM & = 3.

qCEDM
= 2
egago mN ™ My

dy| = |dy — d1]| 2 In — + —— 0.13 +0.01) = ef

ldn| = |do — d| (2F)2{n %+2mN} >~ (0.13 + )Fﬁem
M 2

~ 1.6 x 1072 &) 3 (QCD> efm

My

from current bound on d,,

%3|<“V> < (51092
M3z

.. but in most models 30,3 <Ll1l...
FQLR: gy ~ dmy, a bit smaller than NDA

2
MQCD TeV A\ —2
dp| >~ 0.2 efm — < (10
| = m<m> 5(%) (10%)

factor of 10 weaker than in literature H. An, X. Ji, F. Xu, 09



Nucleon EDM and EDFF. gEDM & xISs

o EDFF purely short-distance & momentum independent at LO
e EDFF acquires momentum dependence at NNLO

e purely short distance for gEDM
e with long distance component for xISs

e isoscalar

e isovector



Nucleon EDM and EDFF. gEDM & xISs

o EDFF purely short-distance & momentum independent at LO
e EDFF acquires momentum dependence at NNLO

e purely short distance for gEDM

e with long distance component for xISs

wl () <o) () <)

e from NDA



Nucleon EDM and EDFF. Sum up

Source 0 qCEDM & E; g qEDM xISs
_ 2 ~ 2 2 7
mevile |0 ) o(55e) () o)

dp o) o) o) o)
m%Sy /dy o (1) o (1) O L= e
Miep Miep

2 2

2 ¢/ My v My mn mo
mﬂ.So/dn o (»‘Wrx‘n) o <'WQCD> o M(Zg(‘u MéCD

° S’1 come at the same order as d;

° S(’) suppressed by m /Mgcp with respect to d;

scale for momentum variation of EDFF set by m

e S}, suppressed by m2/ Mécn with respect to d;

measurement of d;, and dj, can be fitted by any source.

Theta Term & qCEDM

qEDM & YISs




Chiral Perturbation Theory. A > 2

o another relevant scale:
binding energy Q% /my!
e nucleon propagator non static

e enhanced w.r.t chiral power counting

3 8 my0
P2 F2 4nF2



Chiral Perturbation Theory. A > 2

e another relevant scale:

binding energy Q% /my!
e nucleon propagator non static

e enhanced w.r.t chiral power counting

g
F%
Weinberg:
e “irreducible diagram’:
follow xPT power counting —
define the potential V [ : \ = $----- +




Chiral Perturbation Theory. A > 2

e another relevant scale:

binding energy Q% /my!
e nucleon propagator non static

e enhanced w.r.t chiral power counting

Weinberg:

e “irreducible diagram’:
follow xPT power counting
define the potential V

e amplitude: iterate V
Lippmann-Schwinger equation!




Chiral Perturbation Theory. A > 2

o another relevant scale:

binding energy Q% /my!
o nucleon propagator non static LT
e enhanced w.r.t chiral power counting g g2 myQ g2 0
A SA ~ LA _
. F2 F2 ATF2  F2 Myy
Weinberg:

e “irreducible diagram’:
follow xPT power counting
define the potential V

e amplitude: iterate V
Lippmann-Schwinger equation!

« . ., 1. LO potential: contact S-wave operator (Cp)
e “perturbative pions
2. pion exchange as perturbation: Q/Myy < 1
3. v = v/myB only relevant parameter in LO



Chiral Perturbation Theory. A > 2

o another relevant scale:

binding energy Q% /my!

e nucleon propagator non static

enhanced w.r.t chiral power counting

& & myQ
P2 F2 4nF2
Weinberg:
e “irreducible diagram’:
follow xPT power counting e e
define the potential V T )= v )+
e amplitude: iterate V o o
Lippmann-Schwinger equation!
L 1. pi h leading effi
« “perturbative pions” pion exchange leading effect

e “non-perturbative pions” Q/Myy ~ 1

& 0

F2 Mpy



EDMs of Light Nuclei. Power Counting




EDMs of Light Nuclei. Power Counting

do 1 gi Y 8o.1 C 2F2 X i 80,1
' 2 M, Q> T My 2
my, MINN my

e extra loop cost no suppression (small suppression): M—%N Vs 5
QCD

e pion-exchange dominates for chiral breaking sources selection rules!

e light nuclei EDMs enhanced w.r.t dy, dp

Q2

2
MNN



EDMs of Light Nuclei. Power Counting

do1 g @ 8.1 & g2y o

m3, My Q27T T My
for gEDM one-body contribution dominates

no substantial deviation from d,, d

for xISs, all contribs. should be considered

with slight dominance of one-body piece




EDMs of Light Nuclei. Power Counting

do,1 & O go’; Ci2F% x 2 %01 0°
2 o M, 2 12
mN MNN Q NN mN MNN

for gEDM one-body contribution dominates

no substantial deviation from d,, d

for xISs, all contribs. should be considered

with slight dominance of one-body piece



Deuteron EDM and MQM

Spin 1, Isospin 0 particle
Hy = —2d;D'S - ED — M;D{s', 5} DV B

dg: deuteron EDM M, deuteron magnetic quadrupole moment (MQM).

3 1 3
S1 P1 S‘I
dEDM

o isoscalar (gg, C; 12) TV corrections to wavefunction vanish at LO.

dMQM

e both isoscalar & isovector corrections contribute



Deuteron EDM and MQM

Spin 1, Isospin 0 particle
Hy = —2d,D'S - ED — M, D {s, §}DV B

dg: deuteron EDM M, deuteron magnetic quadrupole moment (MQM).

dEDM

o isoscalar (gg, C; 12) TV corrections to wavefunction vanish at LO.

dMQM

e both isoscalar & isovector corrections contribute



Deuteron EDM

One-body TV corrections to wavefunction

“perturbative pions”: expand in v/Myy, v = 45 MeV

e only sensitive to isoscalar nucleon EDM

4 1 ?
Fp(q®) = ZdOH’YI arctan (%I) = 2dy <1 3 (%) +.. )

e sensitive to isobreaking g;
2 gagimyms 1+€ (\(ﬂ)z g
Fp(q?) = —Ze22l T 75 (1 _045( 2 R =1
o(a) 32 4nF2 (14 26)2 g ¢

= —0.23;{—‘ efm + O(q?)

™

J. de Vries, et al, ‘11



Deuteron EDM. Non perturbative results

Iterate pions: v/Myy ~ 1

e realistic potentials for TC interactions
(AV18, CD-Bonn, Nijmegen II, Reid93)

e EFT potential & currents for TV interactions

ok . .. if observable not too sensitive to short distance details

dg = dyp +dy —0.19 ;71 efm

70

for AV18, C.P. Liu and R. Timmermans, ‘04; J. de Vries, et al, ‘12

o different potentials agree at the 10% level
LR. Afnan and B. Gibson, ‘10; J. Bsaisou, et al., ‘12;

e good agreement with the perturbative calculation



Deuteron EDM. 6 term, qCEDM & = g

Source | qCEDM xM;/MéCD Eig X M;/MéCD 0 term _
d; 0.5+ 1.7)- 10726 0.3+ 1.1)¢ (5+0.3)-10736

qCEDM & E; g
e g is leading, deuteron mainly two-body
e dj about 30 % correction
6 term
" 09k comectons from g
Accuracy of the calculation:

e qCEDM: PT potential and currents up to NLO < 10%

e Z;g: 37 vertex contributes at NLO, wQ/Mgcp ~ 30%
not in the calculation yet!

o 0: other formally LO pieces are small.



Deuteron EDM. gEDM & x1ISs

Source ><M§~ /MéCD qEDM xISs
dy (05+10°)-10725 (0.34+ 0.02)w

qEDM
e g suppressed by aem
e d, purely one-body
® 2| & dj same order

e 3 contribs. suppressed by v/Mnn

e conclusion based on NDA. Need to do better!



Deuteron MQM. Theta Term.

maMy = — [0.30(1 + k1) S5 +0.42(1 + k) 2> | efm
Fx Fx

Q

~[2-107 45107 e
(1—‘,—/{1) :4.7, (1+Iio) :088
J. de Vries et al., ‘12
e 1o one-body contamination

e 21 & go contributions roughly comparable large k1 enhances g;

e enhanced w.r.t to the long-range contribution to deuteron EDM



EDM of *He and *H

AV18, EFT potentials for TC interactions
code of I. Stetcu et al., ‘08

dsyy, and dsp; depend on 6 TV coefficients

dsyy, = 0.88dy — 0.047d) — (0.15 1‘%" 1028 ;‘é‘ +0.01 F3Cy — 0.02 Fer) efm

™ ™

dsy = —0.050d, + 0.90d, + (O.IS If—" ~0.28 If—‘ +0.01 F3C) —0.02 F;CZ) efm,

™ ™

numbers for AV18 J. de Vries, et al, ‘12.

different potentials agree at 25% for one-body & pion-exchange contribs.
no agreement for short range contribution (C; 2)

for EFT potential, C, 12 contribs. five time bigger

e short-distance not treated consistently,
need fully consistent calculation for xISs!

e ...but C) , small correction



EDM of *He and *H. Theta Term.

dyy — d 7

B BHe _ 954, +0.158% ¢ fm
Fr

dyy + d 7

Butdme _ g5, - 0.285—‘ efm

™



EDM of *He and *H. Theta Term.

dsyy — d o
% =(1.8-107% +2.2-107%) fefm
dsyg + d o

% =(20-107%4+0.2-107%) Gefm

e isovector EDM significantly different from d;

but go less important than expected from NDA



EDM of *He and *H. Theta Term.

dyy — d o
SHZDHe — (18.1073 +2.2-10 %) fefm

dsy + dayge
2

e isovector EDM significantly different from d;

=(2.0-107240.2-107°) fefm

but go less important than expected from NDA

e gy gives 10 % correction to isoscalar EDM

smallness of gg & nuclear matrix element increases importance of one-body!

in agreement with ptb. counting



EDM of *He and *H. Dimension 6 Sources.

dyy — d g i _
ZH T THe — 0954, + (ows% +0.01F3C) — o.ozFicz) efm

Bt e _ g5y~ 085" efm
2 Fr
Source qCEDM qEDM xISs
(dy —dsge)/2 | (1413)-10726 0210728 (0.17 4 0.01 + 0.005) w
(day + daye)/2 | (0242.5)-10726  02-10725 (0.14 +0.02) w
qCEDM
o both isoscalar and isovector significantly todo: =5
different from dj,; e qualitatively similar to qCEDM
e go and d; roughly equally important, e but three-body TV force at LO
e 2, dominate, 10% correction from dy
qEDM & xISs

e no deviation from dj ;

but large uncertainty in Clﬂz contrib.



EDM of Light Nuclei. Summary

Source [4 qCEDM & = g qEDM xISs
7_mx 5 my i Mocp
a © <0M3QCD) © (6MQCDM'2/> © (6MQC“M'2/) © (W My
dg/dn O (1) O (10) O (1) O (1)
mgMg/dy O (10) O (1) O (1) O (1)
(dsy — d3yge) /dn O(10) O(10) O(1) o(1)
(dys + i) /dn | O(1) o(10) o() o)

Chiral & Isospin-breaking sources
o light nuclei dominated by OPE

e large deviation from dy,, d), for deuteron, three-nucleon

Chiral breaking & Isoscalar source Chiral invariant & EM sources
e go important, g; small e no deviation from dy,, dj
e significant deviation from dy, d for dsy; — ds,



EFT approach

Summary & Conclusion

1. consistent framework to treat 1, 2, and 3 nucleon TV observables

2. qualitative relations between 1, 2, and 3 nucleon observables, specific to TV source

3. particularly promising for qCEDM, =1 g and Theta Term

identify/exclude them in next generation of experiments?

4. not much hope to distinguish between qEDM and xISs

To-do list

1. beyond NDA

. improve calculation

[\°)

3. other observables,
deuteron MQM,
proton Schiff moment

other observables? TV observables w/o photons?

e compute LECs on the lattice

e NLO with perturbative pions

o fully consistent non ptb. calculation for *He, *H
o three-body force for = g

e study atomic EDMs



«Or aFr

it
v
[Tl

Q>



Backup Slides



Lattice Evaluation of the Nucleon EDM

0.041 o CP-PACS, N=2 clover, AE(0) ]
o CP-PACS. N‘='l clover, Fq(eJ
Q.02 — RBC, N=2DW, F,(8) -1
o QCDSF, N =2 clover, F (i)
Theta Term R s Curcatalgeba ]
e ~ 10 times bigger than xPT E
00k ]
result 2 00
=
o still large error, 0.04F i ]
|
large my 06k ]
e EDFF mainly isovector
-0.08 =
| . \ .
02 0.4 06 08 1
m (Gevh

from: Eigo Shintani, talk at Project X Physics Study, June ‘12.

Dimension 6 sources: some preliminary work on gEDM

see: T. Bhattacharya, talk at Project X Physics Study, June “12.



Lattice Evaluation of the Nucleon EDM

004

e

Theta Term 201

> o

Current algebra

=

e ~ 10 times bigger than xPT

result :;_Z 002 ]
=
o still large error, 0.04f- . ]
large my 1

006 4
e EDFF mainly isovector ook ]

| I L I
0.2 0.4 06 0.8
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from: Eigo Shintani, talk at Project X Physics Study, June ‘12.

Dimension 6 sources: some preliminary work on gEDM

see: T. Bhattacharya, talk at Project X Physics Study, June “12.



Helion & Triton EDM. Details

e no core shell model: 0.06 ‘

Q = 20, 30, 40, 50 MeV, 0.05
Ninax = 50 -

e PT potentials “?L 004
AV18, EFT J}: 003
NN interaction @ N3LO, p &

Entem and Machleidt, ‘03 E 0.02

NNN interaction @ N>LO 001
Epelbaum et al, ‘02

For EFT potential:
® Npax = 40
e still linear dependence on my  at my » ~ 2.5 GeV



Electromagnetic and T-violating operators

chiral properties of (P3 + P4) ® (I + T34)
lowest chiral order A = 3
P3+ Py

3) _ .3 1]2m
L =rem = CLem ) {E +p (1 -

(P3+Py) ® T34
6(3) _ 3 5 2 271'3 W,V {7
kf=2em = 3emlV 7ﬁ7r-tfp t3 — ——m-t)| (S¥V — SYV)NeF,,
s
-+ tensor

isoscalar and isovector EDM related to pion photo-production.



Electromagnetic and T-violating operators

At the same order Sy ® (1 + T34)

° Sy
@) _ .0 2 \x
L}(J":Z,em = Cgom (— F,rD> N7e -t (SPvW — SYVA)N eF
o Sy ® T3y 5
T —
L:(}i)f em = cé?e)m FWZ)N (SHvY — S¥vH) N eF ., + tensor

o same chiral properties as partners of 1" operator

e pion-photoproduction constrains only cf)em + cé?)em

(3) (3)

1,em 3,em

e

e but I only depends on ¢ and ¢

’ no T-conserving observable constrains short distance contrib. to nucleon EDM

e true only in SU(2) x SU(2)
o larger symmetry of SU(3) x SU(3) leaves question open



Deuteron EDM and MQM. KSW Power Counting

T-even sector
3 ) ) C3S1 ) 1
Limy = —C (N’}D’AI)TN’P’J\H-ZT [(N’P,-N)TN’DZP,-N + h.c.} 4o, P=——aam

V8

e enhance Cj to account for unnaturaly large scattering lengths. In PDS scheme

3 4
c;&:@(i) p~Q

my [

e iterate Cy at all orders

XX A

Co Co 2 ¢, Co % Co



Deuteron EDM and MQM. KSW Power Counting

T-even sector
3 ) ) C3S1 ) 1
Limy = —C (N’P’N)TN’P'NJrzT [(N’P,-N)TN’DZP,-N + h.c.} 4o, P=——aam

V8

e enhance Cj to account for unnaturaly large scattering lengths. In PDS scheme
35 47
G o(2m). wme
my [

e iterate Cy at all orders

e operators which connect S-waves get enhanced C Si=0o (mN4KNN iz
Q myQ mN
Cosey Ann Co Any W Co Co 2 TNN A CO



Deuteron EDM and MQM. KSW Power Counting

e treat pion exchange as a perturbation

2 2 2 2
gamnQ gamnQ myQ gamnQ ((myQ
Co 47rF%_ Co 4‘rrF3\_ 4 Co Co 47rF3\_ 47 Co

o identify Ayy = 47F2 /my ~ 300 MeV.

Perturbative pion approach:

o expansion in Q/Any, with Q € {|q|, m~,y = V/mnB}
o competing with the mr /Mgcp of ChPT Lagrangian

o successful for deuteron properties at low energies
Kaplan, Savage and Wise, Phys. Rev. C 59, 617 (1999);

e problems in 3S; scattering lenghts,
ptb. series does not converge for Q ~ nm

Fleming, Mehen, and Stewart, Nucl. Phys. A 677, 313 (2000);



Deuteron EDM and MQM. KSW Power Counting

e treat pion exchange as a perturbation

_ R I E—
2 2 2
S 84 8amN@
F2. F2 AmFZ

o identify Ayy = 47F2 /my ~ 300 MeV.

Perturbative pion approach:

o expansion in Q/Any, with Q € {|q|, m~,y = VmnB}
o competing with the mr /Mgcp of ChPT Lagrangian

o successful for deuteron properties at low energies
Kaplan, Savage and Wise, Phys. Rev. C 59, 617 (1999);

e problems in 3S; scattering lenghts,
ptb. series does not converge for Q ~ nm

Fleming, Mehen, and Stewart, Nucl. Phys. A 677, 313 (2000);



Deuteron EDM and MQM. KSW Power Counting

T-odd sector

a. four-nucleon T-odd operators

Lyjeg=CiyNS-(D+DNNN+C,yNTS-(D+DH)N -N7TN.

e in the PDS scheme

1. Theta 2. qCEDM
2 2
4m p_ My 4w 5 Mg
Gz ? Mocp A2y sy 0 M3 Moco

b. four-nucleon T-odd currents

E,T,emf:4 = Cl,,T, emN(S#vV -

e in the PDS scheme
1. Theta 2. qCEDM

C ) mg‘- 4w § m%\-
wrmy Mocp Ay n2my MZTMQCD

Ci 1 \em

3. qEDM
0

SYVH)NNNF ..

3. qEDM

4 mzr
urmy M27M ocp

4. gCEDM

4w

a2 Any

4. gCEDM

dr wo A
Hsz sz NN




Deuteron EDM. Formalism

S S \y N

@@@)@@Q

. 3
o crossed blob: insertion of interpolating field D'(x) = N (x)PiSIN (%)
e two-point and three-point Green’s functions expressed in terms of irreducible function
3
irreducible: do not contain COS'
e by LSZ formula
Il (EE,q)
J =i | Lt
W i) [ SEE |
EE'=—B
e two-point function
¥y
dE

2
M

E=—B B 8my
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