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= insufficient for electroweak baryogenesis I?
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Electric Dipole H, ——dS-E | edm
Moment (EDM) -

Radius of corresponding FF: Schiff moment (SM) S’
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Weak interactions: d, ~€—— ( t ] Jep (47 ) =107"efm
(47[)4 MW CP

. e.g. Donoghue, Golowich + Holstein ‘92
Experiment:
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The new kid on the block:
charged particle in storage ring

Bargmann, Michel

charge anomalous MDM .
. + Telegdi '59
dS - = . Xq fq 1 . 3 .
— =5 xQ Q=—|aB+| -a|VxE |+2d(E+Vx B)
dt m v

Wl
\_/

precession sensitive o EDM (
eg d,<10”efm  Bennett eral (BNL g-2) '09

: : : , Orlov et a/ (Fermilab? COSY?)
choose radius and combination of E&M fields:

_ eg. R~10m
dy| ~>107°e fm (storage ring, proposed) B-05T
Proton and helion as well? How about triton? E~17 MV/m

Magnetic quadrupole moment (MQM) M, ?



Fact:
T violated in SM by a dim-4 operator,
so it should be violated also by other operators

Issue:
once a hadronic/nuclear EDM is observed,
how many/which observables do we need to
identify the source(s) of T violation?

Strategy:
use Effective Field Theory
to study various hadronic T-violating effects
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Q
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EFT Game Plan

unknown physics

Standard Model
(incl higher dim ops)

run RG
QCD

match with
- lattice, ...
(xPT) \ 4

Pionless EFT hadronic + nucle&r
observables

QED atomic ”

observables -
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TV Sources

roo—g W O . . Jarlskog ‘85
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Buchmiiller + Wyler '86
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Loco

. P !
q(id+9,6)q—>TrG*G two flavors q:( j

1
S Hv

BATERSG A d
~mga+emge,g +(1-2%)0 Girsa  SU, (2)xSU,(2) ~ SO(4)

. 0 chiral symmetry
_2a(c® 4+ e Yo Guv

5a(c” +¢3’7:) 0,6 qCEDM (g mj

l — = v Cq B f ’
-5 (AP +dPn)ea P geo flse

e dh = 89_M
+?Gf G2 GPrGe gCEDM i (f M2

W

+2(<Tq qiysq—0qtq-qiysTq) CG:O[MZ]

4 5 > 4QC i

C — a = a — a T a ] i
+78(q q qiysA°q—qrA°q-Qiysta OI) C. =O[(47|\3|)20-'j

07

Dl
+Tg3u CITQ/ q CIT 7//17/5q LRC Di 0 (472')225

D, Mz

+_83ij C_Iz-i)/,uﬂ‘aq qrjyluyS/laq

N

+... N.B. To this order, ¥ — P



Mereghetti,

Each breaks chiral symmetry in a particular way, hisckinas
and produces different hadronic interactions. De Vries et a,

in preparation
chiral invariants (CI}: cannot be separated at low energies, {w,o,,0,} > W

/

_ myzz Jo "y three-pion L) L7
ZPT _ 3 coupling Ve
2f.(m, —m))., .
_oN(d o d pv short-range EDM
2N (do +d;7 ) Sﬂ Nv,F contribution Eﬁw
l S(a - PV, TV
o N (QOT . glﬂ3) N pion-nucleon coupling +
+C,NN o, (NS“N)+C, NtN -9, (N SN )
4+ PV, TV
/ two-nucleon contact
terms related by six LO couplings cf. Barton ‘61
chiral symmetry for EDMs and nuclear followers

* higher orceys Where are the differences?



There are differences! For example,

1

‘CY,ﬂN :_ﬁﬂ[gﬂ-n+ §17z3] N+...

g m72zMQCD g/OC\mszQCD myzz Qco £ MSCD j
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2 2 2 3
g m;rMQCD 0 o MQCD M Wl oep MQCDJ

) 18W Nt )
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T fW My M7 My
different orders; pion physics comparable to

two-derivative interactions suppressed two-derivative
important at higher order iInteractions
NE D) 9, Nz,z,N at higher orders for a//sources up to dim 6
' 9 Mereghetti,
2) for 6, link to CSB, eg. g - 0 (m m ) eLe(?Ckeing.s
° 2 P/ qm +v.K.'10
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(Beane et al '06)



Crewther et al/ '79
Thomas '95

Nucleon EDFF (to NLO) Hockings + v.K. '05

Narison '08
Ottnad et al/ '10
De Vries et al/ '10'11

.\ e
T AAREEE V.V S B V.V ;
[ |
\ ) & ~ J
LO for all sources order depends on source
= ensures RG invariance = can provide estimates using
= brings in two parameters reasonable renormalization scale

cf. lattice simulations, only for & term and situation unclear:

m .
m.m M
, ——% ~1: no sighal at same level Berruto et al (RBC) '05
m

S

11/8/2012 12%



A few details

(8’35 p.s)=T.(p)| 7" R(-0")~ic”"q, F,(~q°)  Bemard eral'92'98
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NP +(7/ﬂ7/5 CIZ +2my 7. qﬂ) FA(_CIZ) Maekawa, Veiga
+v.K. '00
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Example: QCEDM
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Thomas '95
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Crewther et al '79

Thomas '95
i:lockings +v.K 05 NUCIQO” EDM (TO NLO) De Vries et a/ '10'11
Narison ‘08
detal'l
e ere . Oterm  CEDM LRC gEDM cT
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b o)t ) ot
e M oco |\/|7 Mz |\/|7 7
d

_P
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réglo—lo

> d, =(0.2+1.5(stat) +0.7(syst) ) -10 “efm=) - QMYQ,%M;g(lWGeV)Z

Baker et a/ '06 (ILL) j P 5 . -2
L WM EM P <(10°GeV)

2)\2 19
(GF f”) Jep #1077 efm =) measurement much above
QCD this means new source

iS2|02s 2dAL-9H7

e

> d,(CKM) ~

» nand p EDMs can be fitted with any one source 16§ . 7"



Crewther et al '79

Thomas '95
i:lockings +v.K 05 NUCI@O“ EDM (TO NLO) De Vries et a/ '10'11
Narison ‘08
detal'l
ad e 0. Oterm  CEDM LRC gEDM cT

dn B 2 ~ 2 M 2 R M 2
b el ool o) o
e I\/IQCD MY MJ, M7 7

d, oW 0w  om  ony oW
(Zmﬂ)z% O(1) o) o) O[MEDJ O(Mrg;/

SM partially sensitive

to sources o
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Nuclear EDFFs & MQFFs
#::ZIP/\/\ vV,
+ v, n @}L‘/\/\

3

N Park, Min + Rho '95

Y il

3
De Vries, Mereghetti, it
Higa, Liu, Stetcu, %
Timmermans + v.K.'11

v - OO - e

a
£ %

= De Vries, Mereghetti, Liu, =
Analogous for J;,J, Timmermans + v.K.'12
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\~/
vV

Y,
generic LO,
but effect vanishes for § when N=Z2
A
e[/
_-70.7 ! Maekawa, Mereghetti, De Vries + v.K. ‘11
+ t.. De Vries et a/, in preparation
N\ J

LO for LRC only et T
einberg '90, '91+,
Ordénez + v.K.'92 3

from solution of the Schrédinger equation
for now, phenom pots (AV18, Reid93, Idaho: agree +/- 10%)

\”/ {even‘rual ly, consistent EFT approach

intfroduces dependence on binding energy B,
11/8/2012 198 .7




A few details

- (perTurbq’rive
(019 B, o ) s
d
dup' Kaplan,
+'956.,[ P, +] F,.(=0°) 3\%‘2969;
1, 2
e ! +e(qiqi_q?5ijj|:vﬂ+"':| FEZ(_qZ)
' S e+
q=p-p +S, [n”aqz -0g~q° +] F,(-q%) Spr'inag;:r?'Ol
1 .
K :E[DJr p'—myv] - 2iS [U”q" —n”“v-q+...] FEl(_qZ)EDFF §
“=(1,0 locit 1 :
v ( ) i +Zg” lp(qi@j +qj5ﬂ)qv |:’Up +] FMZ(—QZ)
Sif| = (O’ igijk) spin TQ/FF\/\/\N De Vries,
Mereghetti,
rest frame Fu.(—0°) = MP—"‘ K(—qz)] Tim”le\ma,rl‘i
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Example: qCEDM
, De Vries et a/ '10
deuteron EDFF; pert pions cf. Khriplovich + Korkin ‘00

FEl,d(_qz):_egAglm L+y/m, 2(_q2/(47)2) {14—0('\?7{ ):l

6m_\4rf /
—\1/_|\/|/,\”\| @m B, L) scale of

F,(x)=1+O(x) momentum

— d ~_0.12-2L 9 e fm variation
fﬂ ~ 47/
deu’reron helion, triton EDMs; non-pert pions De Vries et a/ '11

cf. Liu+ Timmermans '04
d ~-0.10 ?1 e fm

T

{ d =|0.83d,-0.93d, - (o 08 ?0 +o.1491]e fm

T T

d ~|0.85d —0.95d, +(o 08 ?0 0.14?1]efm
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De Vries et a/ '10

. cf. Khriplovich + Korkin ‘00
deuteron MQFF; pert pions

Fyod (—qz):{1+1<1+3(1+,(0) 2:0} Fena(=0°) {1+C’)( m_ H

my M NN
De Vries et al '12

deuteron MQM; non-pert pions cf. Liu + Timmermans '04

= MMy 2|:1-|—K‘1-|—3(1-I—K‘0)

d

Q| | Q|
= o

5

(@)

d 1

m, M, :1.6|:1+K1+1.4(1+K0) : +o.4}



De Vries et al '11

Deuteron EDM (LO) Bsaisou ot of 12
60 term qCEDM LRC qEDM CI

_m g Mg Mg g m? M2
m e olg M | o] 88w g (e | 5l 8 M| ), Moe
€ MQCD f MI/ MT/ fMT/ MI/

> |dy|>3-10"0 efm from long-range contributions to d’

( _
0

3-107

LWAN

> |dy|<10™efm = < %M72§(5.106GeV)_2

Fermilab? COSY?

%M;,wl\/l;,glvl; <(3-107GeV)
\

iso1sAyd wsg JoJ
Yooad paaoddwy

> d EDM can be fitted with any one source
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Deuteron EDM (LO)

60 term qCEDM LRC qEDM
B 2 ~ M2 MZ - 2
W of ) of 8] of i of
e M Gep f M; M2 f M3

dd M2 MZ
d o) o{ n?cj o[ n?j O(1)

» dy=d,+d for 6 term, gEDM, and CI

> nand d EDMs could isolate qCEDM and LRC

11/8/2012

De Vries et al '11
and in preparation
Bsaisou et a/'12

CI

MZ
QCD

j O(W vE
)4

24%
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De Vries et al '11

Deuteron EDM (LO) T
60 term qCEDM LRC qEDM CI
_m g Mg Mo § m? 2
me'_d 0{9 - JOLQ Q‘;DJO(QE Q‘;Dj (9{9 Lo WMQ;?D
e M Gep f M; M7 f Mz Mz
dd M 2 M 2
d_n O(1) OL n%CDJ O( rﬁng O(1) O(1)
S(; — ~ _J
16my B, O(1) O(1) o(1) O(1) O(1)
M o Maco My B, ;
v\ l

5 1037 2
M, =2-1070 efm | can be isolated could be isolated if
(no short-range assumptions) MQM measured
11/8/2012 25 3



Triton and Helion EDMs (LO)

6 term qCEDM LRC qEDM

B AMZ M2 _ 2
mhﬁ o(@) o d 2o | gl g9 | 1 M,
e f MI/ M;r/ fM;/

& oW ow  ow  ow

> 1 and h EDMs can be fitted with any one source

11/8/2012

De Vries et al '11




De Vries et al '11

Triton and Helion EDMs (LO)

6 term qCEDM LRC qEDM CI
d — M 2 M 2 S 2 M 2
L o) of WM | of M ofg M) o, Mo
e f Mz M7 f M2 M2
dt
N oW 0wy o
d, M 2
d_n ( QCDJ ( rr(]g(:DJ [ nc]ggD] (9(1) 0(1)
d, +d, =0.84(d, +d,) for gEDM and ¢ term
d, —d, ~094( ~d,) for gEDM
> 4
d, +d, = 3d, for qCEDM
kaldh +a,d, = fd, +ﬂ2dp +d, for LRC

> n,p,dand h EDMs could isolate 6 term, QqCEDM and LRC, o
and adding T EDM might isolate gEDM and LRC a4



What's needed?

> Triton and helion for LRC (@.5,,=?)
» Deuteron, triton and helion at NLO to test convergence
» EDMs of larger nuclei in terms of same six LECs?
cf. Haxton + Henley '83
> Calculation of LECs for each source in lattice QCD

» Runnings from SM scale to QCD scale

> Measurements...



Conclusion

¢ QCD-based framework exists for calculation of
nuclear T-violating observables

¢ Chiral symmetry properties determine form of
effective T-violating interactions.

¢ Pattern of nucleon, deuteron, helion and triton
T-violating FFs partially reflects T-violating source
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