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Outline of this talk
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Part Il: Chiral perturbation theory with T-violation

Part Ill: Observables
llla: Nucleon Form Factors
lllb: Deuteron Form Factors
llic: Trinucleon Form Factors
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Finding the ?./#0+%
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Finding the ?./#0+%

Can we D),D.),$ the microscopic source of P+T-
violation from 7)E;$4,/07+"#(:%3+"-/#+3+,$- ?

Nucleons [~ - - -
CP-violating effective
operators

QCD

Nuclei ==& ?

FUNDAMENTAL THEORY

nuclear theory



’ oo
Standard Model as an EFT 24t
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Effective Field Theories

¥ Start the analysis right below: |\/|T >> 100 GeV

¥ Degrees of freedom: M/77%7?:%N+7<%0.,$+,$%

¥ Symmetries: Lorentz, SU(3)xSU(2)xU(1) gauge symmetries
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Effective Field Theories

¥ Start the analysis right below: M, >>100 GeV

¥ Degrees of freedom: M/77%7?:%N+7<%0.,$+,$%

¥ Symmetries: Lorentz, SU(3)xSU(2)xU(1) gauge symmetries
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Running through the scales

Dekens & JdV, JHEP, ‘13

_ +#EK°AA New Physics
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SUSY?
M 7T <
>002+8%
Eeff
EW

FI1%J+8%6%

Mocp
F%J+8%%

Integrate out heavy
New Physics
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Running through the scales %<

Dekens & JdV, JHEP, ‘13

— ruckod New Physics

SUSY?
My < Integrate out heavy
>0/42+H3% New Physics
Eeff -
QCD running

EW < Integrate out
FI119%J+8%6% heavy SM fields
Mgep

F%J+8%%
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Running through the scales

Dekens & JdV, JHEP, ‘13

_ +#EK%A New Physics
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SUSY?
My < Integrate out heavy
>02+H8% New Physics
ﬁeff -
QCD running
EW < Integrate out
FI119%J+8%6% heavy SM fields
Lo QCD running
Mgcep
F%J+$%%

Hadronic/nuclear
EDMs

Non-perturbative QCD

Lattice or Chiral Perturbation Theory
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Dimension-siX sources

Add to the SM "77%D.--)L7+%20!doritact interactions
2:+K%-$"#$%"$%<)3+,-).,%-)P

FI19d+8 %%

M+B.%81Vo%
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o« 1/M;
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Buchmuller & Wyler NPB ‘86
Gradzkowski et al JHEP "10
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Dimension-six sources

Add to the SM "77%D.--)L7+%20!dostact interactions
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Add to the SM "77%D.--)L7+%20!dostact interactions

2;+K%-$"#$%"$%<)3+,-).,%-)P 5
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Dimension-six sources

e Addtothe SM"77%D.--)L7+%20!dortact interactions

o 2;+K%-$"#3%"$%<)3+,-).,%-)P

FI19d+8 %%

l

J7/..%
0;#.3.4=(:%
g
M+B%81A)%
=,+#EK%

"1/ M2

Weinberg PRL ‘89

abc u#$% ~a ~Db c&
dW f $%Gu& G#

Braaten et al PRL ‘90
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Braaten et al PRL’90
Degrassi et al JHEP '05
. ) ] Dekens et al JHEP ‘13
¥ Dipole interactions

ngh energy, Quark EDM Quark chromo- Gluon chromo- EDM
Myg =1TeV EDM o
Y g
Low energy, %
M
QCD q q q q g g

% + (Macp) = 0.39d,(1TeV) + 0.37d, (1 TeV) — 0.072 dyy (1 TeV)
E « (Macp) = 0.88d,(1TeV) — 0.29 dyy (1 TeV)

w (Mqcp) = 0.33 dy (1 TeV)

16
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Four-quark operators

Ramsey-Musolf & Su Phys. Rep. ‘08
Maekawa et al NPA 11

N Only $B. gauge-invariant 1./#4U/"#R%teractions (u, d quarks S 1
= +H#EK% only) 18 Mﬁ
q _ _
My  (0_ug ded, #d,ug U.d, ) +h.c.
S (X uy dpX'd, —d, Xup T Ad, )+ hec.
q
M pw

Mocp

(.,V$%),-)-$%.,%?GSWTU%E"/E+%-K33+$#K % %4X%K./%N
),$+#"09.,-Y%
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Four-quark operators

N Only $B. gauge-invariant 1./#4U/"#R®#teractions (u, d quarks y

=,+HEKX
My

Mocp

qu
q g
g g

Ramsey-Musolf & Su Phys. Rep. ‘08
Maekawa et al NPA 11

only) 1,8 M2
S, (U Ug ded, —d,ug Td, ) + h.c.
"o (U #ug de#7d, $d #u, U#d, ) +h.cC.

Hisano et al ’12
Dekens, JdV ‘13

Quite strong QCD enhancement:

> (1GeV)=73, (1TeV)
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Dimension-siX sources

e Addtothe SM"77%D.--)L7+%20!dortact interactions
o 2;+K%-$"#$%"$%<)3+,-).,%-)P
RS S VIV E:

Finally:
FII%d+8%% One U/"#R4Z)EE-4Z)BRté&faction

M+B.%81A)%

=,+#EK%
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Ng & Tulin PRD ’12

1
L
MT

=, (@ey"dy) ¢ iDg+ hoc. — " V(@)W +hc.
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Dimension-six sources < JULIcH

e Addtothe SM"77%D.--)L7+%20!dortact interactions
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Ng & Tulin PRD ’12
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Ng & Tulin PRD 12

n 2(— +
1v(uR;l;“’dR)WM+h.c. .
1 2
W M
u
Fllvd+8%% é
dR > > l/tR
u_ . . d /
dR > > Up
Dekens, JdV JHEP ‘13
u, 1 d, Plus a color-partner%

M+B3%8 %% >< Y (H QCD) = $1-1Vud " (M)
:,+;EK%dR u " ks (H# QCD) =%14 Vi (M)
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Short Intermezzo
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2349 #)E),% Ng & Tulin PRD 12

=, vz(ﬁRy“dR) W!+h.c.

U, dL VL>< e;
dy U d, Uy
Contributes to: N),R+<% Contributes to:
<€ >
0% %Y Y6% %246).7"9.,%),%

L+$"4<+0"K%

=(:- %D/$%-$#.,E%L./,<%.,%(%0.+]0)+,$%SFIIP%0/##+,$%7)3)$T%

However, dubious chiPT calculation......

Role of color-partner not investigated
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Operators with heavy fields 2 Het

Manohar et al ’13

[,.3"7.1-%$#)D7+%E"/E+% Cl4.<<%U/"#R4Z)EERS et al '13
L.-.,%6+#90+-% 6+#90+-% Dekens etal *13
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Part I: Different sources of Time-Reversal Violation
"#$% &GO POD+#S/HL"9.,%%$;+.#K%B)$;%246).7"9.,%

Part Ill: Observables
llla: Nucleon Form Factors
lllb: Deuteron Form Factors
llic: Trinucleon Form Factors



Chiral Pert. Theory with T viofdtii5"
g=(u d
Lycp =iq"*D g # i Tr(G xG*)

¥ Massless QCD Lagrangian has a global SU,(2)xSU.(2) ~ SO(4)
symmetry spontaneously broken to SuU(2) ~S0O(3)

¥ Pions are massless Goldstone bosons

— 9 N ¢ o
I—"PT - Lkinetic+F_2 N($ N t--

O = O(l)



Chiral Pert. Theory with T viofdti"

. 1 _ _
Loco =10"D,q# 7, Tr(G,G*)  + (m, Ga+om, gr’a)

¥ Massless QCD Lagrangian has a global SU,(2)xSU.(2) ~ SO(4)
symmetry spontaneously broken to SuU(2) ~S0O(3)

¥ Pions become 7)E;$seudo-Goldstone bosons

_ 1] 2
+ 2 NS ID#HEN " ZEA 4

7

g, =001 me = o(m M ;)

I_"PT = L

kinetic
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Chiral Pert. Theory with T viofdti"

Loc

¥

¥

Y

. 1 N A n ral
»=19y"D,¢ —ZTr(GWG“V) + (mq qq+"m, q#gq)

Massless QCD Lagrangian has a global SU,(2)xSU.(2) ~ SO(4)
symmetry spontaneously broken to SU(2) ~S0O(3)
Pions become 7)E;$seudo-Goldstone bosons

Isospin breaking and electromagnetism can be incorporated
similarly

_ 1 2
+ 2 NS ID#NEN " TrA 4

7

I_"PT = L

kinetic

g, =0 m? = O(qu ocp)



Chiral Pert. Theory with T vmfdt'féb'w "

= m, +m,
1
=10y"“D, q——Tr(G ,G") +(m qq+om, gt q)

Theta term breaks chiral symmetry: + (5 m* i q),Sq )

Baluni PRD ’'79

m2
gA N(G - Dx VAN - —Z 7 -
F 2

T

L. =L

X kinetlc

gO 18
N #
+ N7

8o ~ (F ”_”l#)




Chiral Pert. Theory with T wofAfi%b'w "

1

m =" m+m0I

-igy'D,a-5Tr(G,,6™) +(m, qa+"m, 4#q)

Theta term breaks chiral symmetry:

Quark chromo-EDM also isospin:

|
=L

kinetlc

+(0m" igy°q )

Baluni PRD ’'79
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Hierarchy among the sources¥ ¢!

Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L =g,N("#3)N + gN".N

+.0
T’ 7[0

|
| |
| |
| |
| I
— - + |
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Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L =g,N("#3)N + gN".N

" B4erm L#+"R-OY# Bymmetry but 0.,-+#6+-%.-D), Bymmetry

¥ g,>>g, because g, isisospin-breaking
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Hierarchy among the sources? -

Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L=g,N("#)N + gN" ;N

" B4erm L#+"R-OY# Bymmetry but 0.,-+#6+-%.-D), Bymmetry

¥ g,>>g, because g, isisospin-breaking
Here NDA, for QCD

‘gl‘: #1:@0\0/@.01 ‘go‘ it;ﬁzrluolgs: Pospelov
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Hierarchy among the sources? -

Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L = g,N(7- 7)N + g,Nm,N

" B4erm L#+"R-OY# Bymmetry but 0.,-+#6+-%.-D), Bymmetry

¥ g,>>g, because g, isisospin-breaking
Here NDA, for QCD

‘gl‘ _ #1;‘(?0‘ %).Ol\go\ iléri?zr}g;& Pospelov

— — New estimate: Bsaisou
gl‘~0'1‘go et al ‘12
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Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L =g,N("#$N + gN" N

" B4erm L#+"R-OY# Bymmetry but 0.,-+#6+-%.-D), Bymmetry

¥ g,>>g, because g, isisospin-breaking
Here NDA, for QCD

om
‘QL‘ _ qu‘go‘zo.o]_‘go‘ itliri?zrluolgs: Pospelov

Quark chromo-EDM (+ FQLR) L#+"R-0h#"Po",<po-D), Kymmetry
¥ ol 2
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Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L — goﬁ(n#$)N + §1N"3N

" Gluon chromo-EDM + 4Q O.,-+#6+%;)#"P6",<p-D), Bymmetry

¥ Both g, and g, break chiral symmetry.
¥  Suppressed by m_ /M., and (qu/M

OCD
¥  Chiral symmetric nucleon-nucleon interactions become
important
1 VN
L =C (NoGN) d(NN) .
VN
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Hierarchy among the sources? -

Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L=g,N("#)N + gN" ;N

" Gluon chromo-EDM + 4Q O.,-+#6+%;)#"P6",<p-D), Bymmetry

¥ Both g, and g, break chiral symmetry.
¥ Suppressedby m,/" , and om, /A,

For quark EDM Nsat and NN -interactions are suppressed by

" 1(4#) ~10%



Hierarchy among the sources?*o:e"

Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L = g,N(7- 7)N + g,Nm,N

e QI"#R%UC=(:%%%.._ . . | J7/..%C=(:
248 %%$HID < o\ neTly QI H#RY=(% O\
9 %n ( 1 | (ﬁ)) 1 1
gO &#$) mf[

Mitpperebeek

Mereghetti, Hockings, van Kolck, Ann. of. Phys. (2010), ldV et al, Ann. of. Phys. (2013)
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Each source transforms <)*+#+,$7kKinder chiral and isospin symmetry

L =g,N("#5)N + gN".,N + d, N(9%&E)N

e QI"#R%C=(:%%% .o, | J71.,.%C=(;
248 %%$HID < o\ neTly QI H#RY=(% O\
& gl ( 1 (" g () 1 1
8o &#$) &mg )
— 0/ 2 (y 2
/A s 1 (aem) i |
d,| ”* &#$) A7 & 5)

Mereghetti, Hockings, van Kolck, Ann. of. Phys. (2010), ldV et al, Ann. of. Phys. (2013)
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Six important interactions ~ <2H<"

¥ EDMs of light nuclei at LO depend on -)Plow-energy constant (LECs)

g h AT/ >
L—FON( #$)N +F1N( 3)N N

.
_ év
+ d,N("#E)N + d, N("#E)$N _. & .

+C, (N" N)#$(NN) +C, (N" WWHSNB) -
+ ! N

¥ Which of the six are important depends on the 124.<<%-./#0+%%
%9<%3%$;+%,/07+/-%/,<+#%0.,-)<+#"9.,Y%

JdV, Higa, Liu, Mereghetti, Stetcu, Timmermans, van Kolck, PRC ‘11
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A seventh important LEC ??

¥ G,U/+%;)# " PoD#.D+#9+-%.1%MRQEEHPT-odd $;#++4L.<K%1.#0+
¥ Subleading effects in A<3 but leading in A > 3
¥ However, its LEC is proportional to Qo

MQA5%
' . — 2
e _ 8o M.
®----=
b F. #m,
-

JdV et al AOP’ 13

()-07")3+#'%,.%U/",9$"96+9%0"70/7"9.,-%),%$:#++4L.<K%-K-$+3-%K
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Sizes of theECs

¥ In principle unknown, need to be fitted to data....

¥ For theta term, there is some more information due to 7),R%%$.%%
U5#.,E%.-D), %oL#+"R),Eb%%

$T] Crewther et al., PLB ‘79
N

E 28M Mereghetti et al, AOP 10
go Z(md O/dT]u) & ( 8 eV) Bsaisou et al, EJPA ‘12
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Sizes of theECs

¥ In principle unknown, need to be fitted to data....

¥ For theta term, there is some more information due to 7),R%%$.%%

K K K

05#.,E%%.-D), %L#+"R),Eb%%

_ 6m . Crewther et al., PLB ‘79
g =0 N ~ 0 (28 |\/|e\/) Mereghetti et al, AOP 10
° 2(md — mu) Bsaisou et al, EJPA 12

But in general the LECs are not known very well (if at all)
We mostly use NDA for power counting (0;)!2 %D.B+#%0./,9,E

Comparison with QCD sum rules is reasonable (when possible)
Pospeloy, Ritz, ‘05
Engel et al, PPNP, ‘13

Size of LECs: 3"),%-./#0+%.1%/,0+#3$"),BKiMese calculations
Calculation of EDMs in terms of the LECs is pretty well under control
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Sizes of theECs

¥ In principle unknown, need to be fitted to data....

Yolatiee data exists for theta Talk by Shintani

Shintani et al. PRD ’05, ‘07 ‘08
Berruto et al. PRD '06

Horsley et al. ‘08
Guo & Meifner JHEP ‘12

¥ Unfortunately: No results for dimension-six sources yet

Y6%%C$; +#9%3+$;.<->%%(K-.,47B) HEHFhschmann

Pitschmann et al, PRC, ‘13
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Outline of this talk

Part I: Different sources of Time-Reversal Violation

Part Il: Chiral perturbation theory with T-violation

Part Ill: Observables
&&E&LWA/O7+.,%M.#3%M"0$.#-%
lllb: Deuteron Form Factors
llic: Trinucleon Form Factors
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The Nucleon Electric Dipole Mormeént

¥ Calculated for each source from the PT-odd chiral Lagrangian

Y
¥ 0O4erm + quark chromo-EDM (FQLR) N §
" JU S
A/07+.,%=(:% . E : ' .- :
N N X X
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The Nucleon Electric Dipole Mormeént

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ 0B4erm + quark chromo-EDM (FQLR) "t §
Y y
A/07+.,%=(:% . é . * .-
T \ \
Jo 84
I | egA $m# -
dn — Y0 d1+

(Z#F )2 In%fl,f % go Crewther et al., PLB ‘79

Pich, Rafael, NPB ‘91
Hockings, van Kolck, PLB 05

T — ega\ $rn#' B Ottnad et al, PLB ‘10
dp - d0 T dl




M) 0LICH

The Nucleon Electric Dipole Mormeént

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ 0B4erm + quark chromo-EDM (FQLR)

ANC'%%3.H#+%7..D%<)"EH"3-% preteta 116

Mereghetti et al’ 11

— A oA egA $_' — " egAgO $rn#l #
dn - dO dl T (Z#F#)2 lno&;%nﬁ)( gO (Z#F#)Z ch}BnN% 2

"4, #d #(0.13+ 0.03)% e fm
$
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The Nucleon Electric Dipole Mormeént

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ quark EDM + gluon chromo-EDM +4Q (loops are suppressed)

Y
A/07+.,%=(.% . é .

N N

O
[
o

n O"ai

(@
[
OQ
+
o
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M) 0LICH

The Nucleon Electric Dipole Mormeént

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ quark EDM + gluon chromo-EDM + 4Q

(loops are suppressed)

n
nx §
7/

- b B
- -

.
\ \
9 84

Loops appear at next-to-

Y
A/07+.,%=(.% . é .
N N
d =d," d
d,=d,+d

next-to-leading order
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The Nucleon Electric Dipole

M) 0LICH

oment

Quark CEDM Gluon CEDM
Theta term +FQLR Quark EDM + 40
& )2 . 2 2 G 12
M d le "(gl*‘;t 5(”‘”) 5(’"%) w&i%
%* MT M,T (qu*
1#.$.,%=(:d%%%
ol 964 o) | ow | o | on

¥ Measurement of neutron or proton EDM can be fitted by ",K%-./#0+%

¥ For each source proton EDM is .1%-"3+%.#<#8#Weutron EDM

JdV, Mereghetti, Timmermans, van Kolck, PLB. (2011)
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The Nucleon Electric Dipole

M) 0LICH

oment

Quark CEDM Gluon CEDM
Theta term +FQLR Quark EDM + 40
& )2 12 2 " 1 2
all” -3 m $
M d /e ¥ " & 8 () w&ﬂ#
n>n E$ 05 * O/Mz% M, 0 ;r%
1#£.9$.,%=(:d%%%
ol 964 o) | om | ow | o

¥ Current limit:

0<107",

dn <2"10#13efm Baker et al, PRL (2006)

6/ M; < (10° GeV)~

JdV, Mereghetti, Timmermans, van Kolck, PLB. (2011)
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The Nucleon Electric Dipole

M) 0LICH

oment

Quark CEDM Gluon CEDM
Theta term +FQLR Quark EDM + 40
& )2 12 2 " 1 2
" rn# ~ $rn# rnn $
M d /e t " &/M— 5 () W &
n>n ($ 05 * 0 z% Mz %Mzr%
1#.$.,%=(:d%%%
ol 964 o) | ow | o | on

¥ Current limit:

0<107",

.
¥ Certain SUSY-models O = 4—sSln ¢, if natural sin "

dn < 2"10#13efm Baker et al, PRL (2006)

"IM; <10’ GeV)™

JC

Pospelov, Ritz (2005)

. M, >10TeV

JdV, Mereghetti, Timmermans, van Kolck, PLB. (2011)
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The Nucleon Electric Dipole

M) 0LICH

oment

Quark CEDM Gluon CEDM
Theta term +FQLR Quark EDM + 40
&m )2 .3 ) 2 A 2
M d /e "k | g 5| e w| =z
n>n ($%* O/Mz% M, M,
I#.$.,%=(:d%%%
POV I TEY o(1) o(1) o(1)

¥ Current limit:

"o 10#10’

. cu P
¥ Certain SUSY-models #4—%8111 & if M/T

d <2" 10#13eﬁn Baker et al, PRL (2006)
- 2 -2
0/M; < (10° GeV)

Pospelov, Ritz (2005)

=1T7TeV
> sin" <10M®

JdV, Mereghetti, Timmermans, van Kolck, PLB. (2011)




The Nucleon Schiff Moment :9tH

__

F(O)=d+0’S+0"H +...

/N

=(:% 20;)*%:.3+,$%

e

>Qz
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The Nucleon Schiff Moment <°HH

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ 0B4erm + quark chromo-EDM (FQLR)

?0;)*%:.3+,$%

eqd, 1% m, 5%
Sn — gﬁ\go > 2&_ rn# %
6(2#4F,)" M, % m, 4

Thomas, PRD ‘95
Ottnad et al, PLB’10
Mereghetti et al, PLB ‘11

P =P$#"0%$8C¢ %1#.3%""'e0+>%
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The Nucleon Schiff Moment <°HH

¥ Calculated for each source from the PT-odd chiral Lagrangian

¥ quark EDM + gluon chromo-EDM + 4Q (loops are suppressed)

i
\ \
80 84

Loops appear at next-to-
next-to-leading order

JdV et al, PLB'11



The Nucleon Schiff Moment ¥
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Theta term Quark CEDM Quark EDM | Gluon CEDM
" 2 } rnl 2 $ ) $" ;2
M d /e Gl 5() el W&
n A, M, 501, | YR
1#.5.,%=(:d% %%
A o(1) o(1) o(1) o(1)
% ( % (
2 ™. ™.
m; (S /d ) 0(1) 0(1)
P Ph &#$) &#$)
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Probably not....

JdV, Mereghetti, Timmermans, van Kolck, PLB. (2011)

¥ Schiff Moments could -+D"#"$+Htheta & qCEDM) from (QEDM & gCEDM)
¥ Can they be measured?
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Speculative Intermezzo < JoLeH

¥ For chiral-breaking sources such as the 84erm, quark chromo-EDM,
and certain FQ operators, the Schiff moment is ,.$%-3"77+#%
than the EDM (in appropriate units) "

¥ EDM and SM appear from the same loop T é_

- Al

-~
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Speculative Intermezzo

Vi

¥

Y

Y

#) )0LICH

FORSCHUNGSZENTRUM

For chiral-breaking sources such as the 84erm, quark chromo-EDM,
and certain FQ operators, the Schiff moment is ,.$%-3"77+#%

than the EDM (in appropriate units)

EDM and SM appear from the same loop T é_

1)

- Al

-~

v\
% &

Should the nucleon SM be taken into account for the SM’s of heavy
nuclei (e.g. 199Hg) ? The EDM is taken into account.

Or are these effects suppressed?

Dmitriev + Sen’kov PRL ‘03
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Outline of this talk

Part I: Different sources of Time-Reversal Violation

Part Il: Chiral perturbation theory with T-violation

Part Ill: Observables
llla: Nucleon Form Factors
&& &MY (+/$+#.,% M. #3%M"0$.#-%
&&8&%),/07+., YoM.#3%M"0$.#-%

#) JULICH

FORSCHUNGSZENTRU
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EDMs of light nuclei < JoLiet

¥ Measurement of neutron and proton EDM not enough for
disentangling the source ——» A++<%3.#+%.L-+#6"L7+-%

¥ Light nuclei can be described B)$;),%-"3+%1#"3+B.#&%he nucleon
using chiral effective field theory

C,7K%,/07+.,-%)-%,.$%+,./E;Y%

'

Nucleons |~ : : :
CP-violating effective
operators

QCD

Nuclei [ T

FUNDAMENTAL THEORY

nuclear theory
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Storage rings experiments 25"

Anomalous magnetic Electric dipole moment

moment l l

d - o - - R -~ =

— =9I%xQ Q=i aB+|—-a|vxE +2d(E+v><B)

dt m \%
Proton at .
brookhaven/ All-purpose ring (proton,
Fermilab? deuteron, helion) at COSY?

Copyright Mickael Simor, Forschungszentrum Juelick, 1995
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EDM of a general light nucleu$ ==

¥ EDM of a nucleus with A nucleons can be separated in 2 contributions

d, =<¥, || ‘]P;F ¥, >
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EDM of a general light nucleu$ ==

¥ EDM of a nucleus with A nucleons can be separated in 2 contributions
124 . <<%<3)P$/#+<0B"6+41/,09.,%

dy =<" T I" s>+ 2<7 , 1 Jpp 1" 7>

NN

P \1;/
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EDM of a general light nucle(f4::#

¥ EDM of a nucleus with A nucleons can be separated in 2 contributions
124 . <<%<3)P$/#+<0B"6+41/,09.,%

Ay =<" 1l 3 170> + 27 ([ Jyy 05

P+T violating

e "\
_— |||
72 VAR 2R\
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EDM of a general light nucle¢*+¢

¥ EDM of a nucleus with A nucleons can be separated in 2 contributions

dy =<" N T lI"y > + 2<W, || 1y |, >
(E" Hop) l#, >=0

Phenomenological Potentials
Argonne 18, Nijmegen Il, Reid93

Should be replaced by chiral potentials
(see talk by Jan Bsaisou)
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EDM of a general light nucleu$ ==

¥ EDM of a nucleus with A nucleons can be separated in 2 contributions

dy =<¥, || jP;F”\PA >+ 2<7 jPT I, >

#,>=0
#.-A >:Vp?|#A >

O)*+#+,$%1.#%+6+#K%-./[#0+Y %
?2K-$+3"90"77K%<+#)6+<% B ) Ph+*+096+%N+7<%$; +.#K%
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EDM of a general light nucleu>=="

¥ The most important ingredients are the 124.<<%!.$+,9"7%0%C/##+,$-%
¥ They are derived from the PT-odd Lagrangian S/,)U/+%1.#%+"0;%-./#0+T%

124D .$+,9"7%
\ %%3$;+$"43+#3% %%U/"#R%0.7./#4=(:%0%MQ"5%

IR LI IR E

%%E7/.,%0.7.#4=(:%0%\Q%

VN

- f% Pr=cmome [ go + N i N

gl N

4

O

,2

Maekawa, Mereghetti, JdV, van Kolck, NPA (2011)
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i ’ oo
EDM of a general light nucleu>=="

¥ The most important ingredients are the 124.<<%!.$+,9"7%0%C/##+,$-%
¥ They are derived from the PT-odd Lagrangian S/,)U/+%1.#%+"0;%-./#0+T%

124D.$+,9"7% %%$;+$"4$+#3%

L0 NNLO
\ T ". “*"~

Isospin breaking and
relativistic corrections

Maekawa, Mereghetti, JdV, van Kolck, NPA (2011)
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The deuteron EDM S

¥ Deuteron EDM at LO ),%D#),0)D3<%wibutions

One-body: dD — 2d0 — dn + dp

T-violating pion-exchange

L=g,N@#@T)N + g Nn,N

§ T-violating NN interactions

+C, (N 9B H#S(N %)
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The deuteron EDM % 10uicH

Y06% %% %% (+/$+#.,%6)-%6"%-D+0)"7%0"-+%</+%$.%AfgY%

A YU 'p L -

3S g1 3P Y Sl

1-$%L+%

/ &-.6+0$.#Y%
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The deuteron EDM % 10uicH

Y06% %% %% (+/$+#.,%6)-%6"%-D+0)"7%0"-+%</+%$.%AfgY%

A YU 'p L -

3S g1 3P Y Sl

i} §
B LD

1-$%L+%

/ &-.6+0$.#Y%
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P
The deuteron EDM S
2d,

¥ We recycle the work of Liu+Timmermans PRC ‘04

¥ Obtain deuteron wave function from phenomenological potentials
(Argonne 18, Nijmegen I, Reid93)

(E" Hy) 1#, >=0
(E" Ho) 1#, >=Vo |#, >

¥ Results differ within 5% for different potentials ~ Afhan, Gibson PRC10
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.
The deuteron EDM S
2d,

¥ We recycle the work of Liu+Timmermans PRC ‘04

¥ Obtain deuteron wave function from phenomenological potentials
(Argonne 18, Nijmegen I, Reid93)

(E" Hp) 1#, >=0
(E" Hpp) [#4 >=Vor [#, >

¥ Results differ within 5% for different potentials ~ Afhan, Gibson PRC10

gl g Khriplovich+Korkin NPA '00
dD = dn +d. -0.19=e fm +2- 107 22 e fm Liu+Timmermans PRC 04
P F F JdV etal PRC’11

i 4 Bsaisou et al ‘12
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The deuteron EDM

2d,

¥ Which effect <.3),"$+- depends on the ratio of the LECs

Rocg
dO

#) JULICH

FORSCHUNGSZENTRU
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The deuteron EDM

é 2d0 81

#) JOLICH

¥ Which effect <.3),"$+- depends on the ratio of the LECs

FORSCHUNGSZE

R 11 &
dO
¥ 2))-%<+D+,<-%.,%%;+%1/,<"3+,$"7%-./[#0+Y
e Q/"#R%C=(: . _ J7/.,%C=(:%
2:+$"%%$+#3Ib OMQ" B Q/"#R%=(% 0%\Dh
_ 2 2
gl n 2 mj‘[ ! l m.[
T/ _ em _ T
d| A, 1 6%4#% A,
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The deuteron EDM

#) )0LICH
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2:+$"%%$+1

mn 0 — .
Q)" #R%C=(;

QI"#R%=(%

J71.,%C=(:%

OMQ"3% 0%\
(+/$+#.,%=(:d% %% A2
S+$#.,0D#.%., % 1 _?25 1 1
=(:T% m_
¥ For most sources approximately d,= d + dp

WOBOMIOEDM/FQLR d. ="0.19 2~ e fm

#

JdV, Mereghetti, Timmermans, van Kolck, PRL ‘11
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The deuteron EDM < JULICH
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o ["#R%C=(: " o1 371.,%C=(1%
2:+$"% %S+ Svonae | Q#Rw=e > TS
(+/$+#.,%=(:d%%% A2
S+I$#.,0D#.$., % 1 —Z 1 1
=(:T% m_
¥ For most sources approximately dD = dn + dp
WoBoYGOEDM/FQLR  d, = "0.19% e fm [+ (dn +dp)}<\ CSWIh%
#

¥ For qCEDM/FQLR %%94%%%%%%%%%%%%%%eh-YEINO" $7TKI% 7 #E+

JdV, Mereghetti, Timmermans, van Kolck, PRL ‘11
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The deuteron EDM 9 J0icH

["#RY%C=(: 371.,%C=(:%
-+ 81040 "UR04=(0
2:+$"% %S+ Omongy, | Q#R%=(0( " TS
(+/5+#.,%=(:d% %% A2
S,+/$#.,0D#.%.,% 1 —’25 1 1
=(:T% m_
¥ For most sources approximately d," d + dp

WoBOUIGEDM/FALR  d,, = 0. 19 e fim {+ (dn +dp)}<\ cSWIhT6

¥ For qCEDM/FQLR %%%)%%%%%%%%%%%%%%%-)E%\IO",$7K%7"#E+

¥0%%%= P"O$%61',Z /+%n 1—0/6%)%%%%%%%%%%%%%%%%%%%%%%%
Bsaisou et al, EJPA ‘13

JdV, Mereghetti, Timmermans, van Kolck, PRL ‘11
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The deuteron MQM %) J0ticH
e Aspin 1 particle has "%'E,+90 %Q/"<#/D.7+%:.3+,$%

H =Td8*’8]V’BJ

* Thereisis,. one-body contribution%

nucleon magnetic moment(

Sensitiveto L.$; g, and g, exchange%
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The deuteron MQM Y 10uic

e Aspin 1 particle has "%'E,+90 %Q/"<#/D.7+%:.3+,$%

H =Td£*’8]V’B1

* Thereisis,. one-body contribution%

nucleon magnetic moment(

Sensitiveto L.$; g, and g, exchange%

Khriplovich+Korkin NPA '00
Liu+Timmermans PRC 04
Liu et al PLB ‘12

For quark chromo-EDM: d— y =1.6 (,up #Hu)+2. 2 a (,up + )

d



The deuteron MQM

deuteron EDM

d
For theta: «— 0

M, 00442 (Mp+un)efm =0.7-107 6 e fm’

J'L’

dm, =0.22(H, + )
dd

e fm $ 21(u, + 1,)

Liu et al, PLB ‘12



The deuteron EDM and MQM¥/P=5H

+$" LI HRWC=(: " _ J7/.,%C=(:
2:+$"%60%$+H IR OMOS% Q/"#R%=(% OMP
(+/$+#.,%=(:d%%% %2 (
S,+/$#.,0D#.$.,% 1 s . .
3C(+/$+#.,%:Q:de4 %2 (
S(+/$+#.,%=(T% ' _Z‘ * . . .
& )
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¥ C,7K%1.#%9$;+%?3",<"#<%:.<+7%)-%$;+%:Q:%7"#E+#%S$;", %9, +%=(:%

¥ MQM experiment? Storage ring? Probably not.....

Liu et al, PLB ‘12
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Helion (3He) and Triton (3H) EDMs

¥ We recycle the work of Stetcu, Liu, Friar, Hayes, Navratil PLB (2008)
¥ Obtain wave function in no-core shell model
¥ Use phenomenological PT-even potential (Argonne 18, CD-Bonn)

¥ Results differ less than 25% for different potentials (pion exchange)

Stetcu et al, PLB 08
JdV et al PRC’ 11
Song et al PRC ‘13
Bsaisou, Wirzba et al, in prep
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Helion (3He) and Triton (3H) EDMs

¥ We recycle the work of Stetcu, Liu, Friar, Hayes, Navratil PLB (2008)
¥ Obtain wave function in no-core shell model
¥ Use phenomenological PT-even potential (Argonne 18, CD-Bonn)

¥ Results differ less than 25% for different potentials (pion exchange)

¥ C.3D7+3+,3"#K%$.%<+/$+#.,%=(:%'%

¥ No spin-isospin filter: sensitive to g0 exchange
¥ However: "7-.%-;.#%4#" E+%AA%),$+#"09.,-%

¥ 3-body force?
Stetcu et al, PLB 08

JdV et al PRC’ 11
Song et al PRC ‘13
Bsaisou, Wirzba et al, in prep



Helion and Triton EDMs

2:+$"4$+#3%

/\ 124D.$+,9"7%

RRRRRRRRRRRRRRRR

See talk by J. Bsaisou

_
$ —
A, =2015%)e fm +(088d," 005d,)
3He % F# p
# 2, &
duy = . 15% (e fin +(0.90d, -0.05d,|
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Helion and Triton EDMs

U/"#R%0;#.3.4=(:%%0%MQ"5% %%

/\ 124D .$+,9"7%
_ \4 B
oo H 9% - ——— N go or gl

$
dyy, =& 0. 15& " 0. 28&% e fn +(0.88d, -0.054, |

% # #

3 O, ¢ ..
= 01 F,.#OZQF%G m  +(0.90d, " 0.05d,)



Helion and Triton EDMs

U/"#R%0;#.3.4=(:%%0%MQ"5% %%

/\ 124D .$+,9"7%
- \4

LR

S <3 g
d,, =& 0.152%" 0.8 1%eﬁn

%  F, F,

d,, (01 5% 0.29Q)efm
F F

T T

SSSSSSSSSSS

- ———— m g, or &,

EEEEE

\(

-
+(0.88d, - 0.05d, |

+(0.90d, " 0.05d,)
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Helion (3He) and Triton (3HEDMSs

¥ Separating the left-right four-quark operators from quark CEDM ?

¥ G,)U/+%;)# PoD#.D+#%dkce a PT-odd $;#++4L.<K%1.#0+8h

MQA5%

It ()-07")3+#%,.%U/",9$"96+%0"70/7"9.,-%K+$%

JdV etal AOP’ 13
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Helion and Triton EDMs

U/"#R%=(:%

A AIOT+.,%=(:%

Ll d,,, =0.88d, " 0.05d,

\/ d,y, = 0.90d, " 0.05d,

¥ Inthecase of quarkEDM, d,, =~ d, and d;, " d
¥ For other (light) nuclei expect similar behaviour

Y
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Helion and Triton EDMs

E7/.,%0;#.3.4=(:%0%\Q%

AN AN

LK N J _ N
cool N C g, |
— {0 g-m-mmmm 0% -
N - 0 L B ON I’
N N ) i
— n $| gO 1] gl n 3~ n 3~ |
dyye = (0.884, 0.05dp)+0&o.15|:— 0.282-" (0.01FC, O.OZF#CZ)%efm
0 # #
$ 5.

dy; =(090 d, " 0.05d,)+ 8159 02821 +(0.01 F)C, " 0.02 F;EZ)%e fin

% F, F,
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Helion and Triton EDMs

E7/.,%0;#.3.4=(:%0%\Q%

AN AN

L X J _ N
coel N, C 8o |
[ fO% ¢=====- n oY% > >
- W " 0w
\/ \/ ) :
g g ) _ _
dyy, =(0.88d, -0.05d,) + -0.15 2 ~0.28" 1 1(0.01EC, - 0.02FC,) | ¢ fm
d,,; =(090 d, " 0.05d,) ?{).15& " 0285 40,01 FXC " 0.02 Fj@)' e fin
P "T\% F, F, ) %

N ¢SFihTd%
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Helion and Triton EDMs

E7/.,%0;#.3.4=(:%0%\Q%

C ¢ ‘
L AVAVAVAVA _ -f%.__ _____ . S0 ou .

_ _ ( — —
0,155 -0.28%-(0.0112301 ~002 F’C) |e fin

JU T

| dy, =(0884d,-0054, )+

d,,, =(0.90 d, -0.05d,)+ [0.1520 —0.28% L (001 F°C -0.02 F'C,)|fe fm

_—7
G, #+7)"L1%L/$%-3"77%
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Contact Interactions

0.06 T | ) | T T - 0-06 v | . l . :
0.05 0.05
‘g- 0.04 é 0.04
* b
o [}

" = 0.03 ,.,." - 0.03
s =,
- —
: -
E 0.02 Z 0.2
- -
0.01 0.01- _
| | | oL I . |
- m, (GeV) ) m, (GeV)
°C, |
m; C, _

Mitglied der Helmholtz-Gemeinscl
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Helion and Triton EDMs

E7/.,%0;#.3.4=(:%0%\Q%

N

¥ Just as for quark EDM: the EDMs are dominated by the constituent
nucleon EDMs

¥ Z"#<%%$.%<)-+,$",E7+%U/"#R%=(:%1#.3%E7/.,%C=(:%0%\Q%%%

dyye " (088 d, #0.05d,)

dy, " (090 d, #005d,)
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Helion and Triton EDMs

E7/.,%0;#.3.4=(:%0%\Q%

N

¥ Just as for quark EDM: the EDMs are dominated by the constituent
nucleon EDMs

¥ Z"#<%%$.%<)-+,$",E7+%U/"#R%=(:%1#.3%E7/.,%C=(:%0%\Q%%%

dy " (0.88, #0.05d, )

dy,, ~(0.90d, -0.05d, )

k+%+PD+0$%<)*+#+,0+-%1.#%;+"6)+#%,/07+)%



Mitglied der Helmholtz-Gem

. ’ oo
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¥ We can now combine the predictions for different sources
¥ Assume .,+%-./#0+% dominant




Mitglied der Helmholtz-Gemeinschaft

Separating the sources % juicH

¥ We can now combine the predictions for different sources
¥ Assume .,+%-./#0+% dominant

¥ If <+/$+#., EDM is approximately ,+/$#.,%0%D#.$EPM
> Then we can rule out quark Chromo-EDM

¥ Ifalso ;+7)., %S$#)BEObdeviate significantly from ,+/$#.,%0SD#.$., 08880
—09% 3 %DM Point towards Standard Model (theta term)

JdV, Higa, Liu, Mereghetti, Stetcu, Timmermans, van Kolck, PRC ‘11
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Separating the sources 2 J0LICH

¥ We can now combine the predictions for different sources
¥ Assume .,+%-./#0+% dominant

¥ If <+/$+#., EDM is approximately ,+/$#.,%0%D#.$EPM
> Then we can rule out quark Chromo-EDM

¥ Ifalso ;+7)., %S$#)BEObdeviate significantly from ,+/$#.,%0SD#.$., 08880
—O9% > %DM Point towards Standard Model (theta term)

M/#$; +#%$+-$-%
Ay + sy =0.84(d, +d,)
dyy " dyy =094 (d, " d,)" 0. 30 e fin

JdV, Higa, Liu, Mereghetti, Stetcu, Timmermans, van Kolck, PRC ‘11
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¥ We can now combine the predictions for different sources
¥ Assume .,+%-./#0+% dominant

¥ If <+/$+#., EDM is much larger ,+/$#.,200%D#.$EDM
> Points to quark Chromo-EDM

MA#HS,+#%S+-Sebfy, + d,, = —0.57% e fm

JdV, Higa, Liu, Mereghetti, Stetcu, Timmermans, van Kolck, PRC ‘11



Mitglied der Helmholtz-Gemeinschaft

i "
Separating the sources %) 10LicH

¥ We can now combine the predictions for different sources
¥ Assume .,+%-./#0+% dominant

¥ If <+/$+#., EDM is much larger ,+/$#.,200%D#.$EDM
> Points to quark Chromo-EDM

MI#$;+#%3+-Sely,, + d,,, = -0.57 % e fm

\ 1#+<)0$%<+/$+#.,%%

> Q:%H#Y%=(- %
dyy, " dyy =" 0. 3 e fin %.1%.$;+#%,/07+)%
#

JdV, Higa, Liu, Mereghetti, Stetcu, Timmermans, van Kolck, PRC ‘11
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Running through the scales ===

— ruckod New Physics

2
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MT — Integrate out heavy
>02+H8% New Physics
ﬁeff -
QCD running
EW < Integrate out
FI119%J+8%6% heavy SM fields
Lo QCD running
Mgcep
F%J+8%%

Hadronic/nuclear
EDMs

Non-perturbative QCD

Lattice or Chiral Perturbation Theory
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Conclusions/Summary < JULIcH

A single hadronic EDM measurement can be fitted by $;+$"%
S?$" <"#<%:.<+7dr by ,+B D;K-)0-%%

At low energies the effects of new physics can be captured by %
+*+096+95+#"09.,- %.¥938+,-).,4-)P %

Standard techniques used to build the chiral T-odd Lagrangian
(O)*+#+,% sources ——> ()*+#+,% chiral Lagrangians

We have built a 0.,-)-$+,$%1#"3+B.#R%1.#%U/",9$"96+%0"70/8D.,-%
T-odd observables in A=1,2,3,..? nuclear systems

The framework allows the <)-+,$",E7+3+,$ of the various T-odd sources



