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= insufficient for electroweak baryogenesis I?
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e.g. Donoghue, Golowich + Holstein '92

Experiment:
d = (0.2 +1.5(stat) + O.7(syst)) .10"e fm Baker et a/ '06 (ILL)
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The new kid on the block:
charged particle in storage ring

Bargmann, Michel

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

unknown physics

Standard Model
(incl higher dim ops)

run RG
QCD

match with
- lattice, ...
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Pionless EFT hadronic + nucle&r
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QED atomic ”
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TV Sources

_ . . Jarlskog ‘85
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+... contact (dim=6) Ng + Tulin '11
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much work in specific models
see J. Engel et a/, PPNP (2013)

lattice simulations:
only for nucleon EDM from @ term,
and situation unclear

0
~0.02
~0.04]

~0.06-

dy, (e fm)

-0.08 —

A QCDSF (2f clover, 20
v J/E (2f clover, 2008)

B CP-PACS (2f clover, 2008)

@ RBC (2f DWF, 2005)
1 | 1 1 | 1 | 1 1 | 1

-0.10
0

H.-W. Lin 11

0.5

1.0 L5

m> (GeV?)

20



Loco

_ . 1 v
q(|@+ gSG)q—ETrG” GW two flavors q:(dj
/\/\/\/\/\/\

=]

—Mgo+eMqryq +—(1-£7)0 Tiysq  SU_(2)xSU,(2) ~ SO(4)
. 0 chiral symmetry
—=g(c® +cPz. Yo G*¥
Zq( q q 3) y72% q QCEDM C(i)_otg m )
l _ = uv i f M2
_E q (déO) +d(§1)T3)GﬂVq Flu QEDM 7 -
d(l) _O[eg m2 )
+%G f e G2 GPrGer gCEDM " f
c, Ce =O[ Zj
=0 & P M
+7(qq qiysq—qrq-giysTq) ¥
4QC 2
Cs /- 12 Giv %0 — GeA%q - i X A7) o,
+—8(q q qiysA°q—grA"q-qiysta OI) Ci=0 ( )2
4 M3
+ﬂ53| qz,;7“q qz;7,7s9 (4r)°¢
4 i LRC D, =0 ;
D 7

8

T == &3 qzy“A°q C_]Tj7ﬂ7/5ﬂ~aq

N

+... N.B. To this order, ¥ — P



Mereghetti, Hockings + v.K. '10
De Vries et al,'13

Key to disentangle TV sources:
each breaks chiral symmetry in a particular way,
and thus produces different hadronic interactions

0 a chiral pseudo-vector: same as quark mass difference
=) link to P,T-conserving charge symmetry breaking

qCEDM  a chiral vector

LRC a rank-2 chiral tensor

qEDM another rank-2 chiral tensor

gcEDM _— chiral invariants: cannot be separated
4QC at low energies, {W’ 01’8} S W




short-range EDM

Lo =2 N(CTO + CT12'3)SﬂN v, F* contribution
1 -, _ PV, TV
—7 N (QOT T+ 917?3) N pion-nucleon coupling
+C,NN &, (NS“N)+C, NN -6, (N S“N)
M. Ty : PV, TV

— T, two-nucleon contact
2f . (m —m ).

+... three-pion
/ coupling

terms related by
chiral symmetry

@hfw
b=
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+ higher orders six LO couplings cf. Barton '61
for EDMs and nuclear followers

v” =(1,6) velocity
~ Where are the differences?
( j spin
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There are differences! For example,
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different orders; pion physics comparable to
two-derivative interactions suppressed two-derivative
important at higher order iInteractions

NE D) 9, Nz,z,N at high orders for a//sources up to dim 6

. M hetti,
2) for 6, link to CSB, eg. 9 = 0 (m - ) Hock.ngirf'g 2
2& qm

~ using lattice QCD &
3 9 MeV (Beane et al '06) 197 -



chiral
symmetry

Observables

Z ZCN(A/MQCD)

V= len
product of
Vo> 0 P.T-conserving
low-energy
constants

o0
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controlled

arbitrary
regulator
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hon-analytic,
from loops
A
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produc‘r of (odd number' of) P,T-violating LECs,
and P,T-conserving LECs

—(0 RGinvariance

model independent



Crewther et al '79
Thomas '95

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

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

. L
A VAVARE T - VAV SR AV V ;
[ |
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Y Y
short-ranged; long-ranged;
LO for all sources order depends on source
= ensures RG invariance = can provide estimates in terms of
= brings in two parameters pion parameters at "reasonable” .-

renormalization scale



Crewther et al '79

Thomas '95
i:lockings +v.K 05 NUCIQO” EDM (TO NLO) De Vries et a/ '10'11
Narison ‘08
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Baker et a/ '06 (ILL) j P 5 . -2
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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 18§ 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
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v oo ol ol ol o
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SM partially sensitive
to sources R



Nuclear EDFFs & MQFFs
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N Park, Min + Rho '95

S il
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De Vries, Mereghetti, it
Higa, Liu, Stetcu, %

Timmermans + v.K. 11

T = GO if ,

Analogous for J;,J,

De Vries, Mereghetti, Liu,
Timmermans + v.K. '12 #
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51K

Y
generic LO,
but effect vanishes for 0 when N=Z
A
e[/
_-70.7 ! Maekawa, Mereghetti, De Vries + v.K. ‘11
+ N De Vries, Mereghetti, Timmermans + v.K. 13
N\ J
Y
LO for LRC only

Weinberg ‘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,

21% .7



De Vries et al/ '11'13

DZUTeron EDM (LO) Bsaisou et a/ '12
0 term qCEDM LRC qEDM CcI

— 2 ol M2 M2 = 2 MZ
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e MQCD f |\/|7 |\/|7 f MI/ M;/

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

at
0 <3-107"

l

> |dy|<10%efm = J TM;?<(5-10°GeV) "

Fermilab? COSY?

— @ — |

M WM, EM? < (3-107Gev)

iso15Ayd Wsg Joy
YooaJ paroddwit

\.

> d EDM can be fitted with any one source

2%



De Vries et a/ '11'13

DZUTeron EDM (LO) Bsaisou et a/ '12
0 term qCEDM LRC qEDM CcI
d — 2 ol M & M 2 - 2 M 2
md —d 0{9 Mnlﬁ j OL? MQCZ:DJ 0(5 MQCZZDJ O g mz O ol Q(Z:D
€ QcD ¥ 7 f M7 M2
d—d IVISCD MSCD
d (’)(1) O e O 2 (9(1) (9(1)

» dy=d,+d for 6 term, gEDM, and CI

> nand d EDMs could isolate qCEDM and LRC

23%



0 term qCEDM LRC qEDM CI
n ofii] of $4en)of M) of 1) of M
d_d O(1 MCZ?CD MéCD O(1
dn ( ) @ m2 @, m2 ( ) 0(1)
16m. B S, e - _
2
Md MQCD mN Bd
T © o1 O O(1):
o K ¥ oY m, ()."%
\ l 4
-A/ldEZ-].O—39_efm2 v\c Id be isolated if
(no short-range assumptions) can be isolated ould be i1solated |
? ; MQM measured

Deuteron EDM (LO)

De Vries et a/ '11'13
Bsaisou et a/'12

24%



De Vries et al '11

Triton and Helion EDMs (LO)

6 term qCEDM LRC qEDM CI

. ~ MZ MZ _ 5 2
mh % 0(9) O g QSD O 5 QgD ) g mﬁ O \y MQCD
e f My M7 f M} M;

& oW ow  ow  om  ow

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



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 pfgm) o, Mo
e f Mz M7 f M2 M2
dt
N oW  owy oW
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, s
and adding T EDM might isolate gEDM and LRC “4



What's needed?

» Triton and helion existing discrepancy . ... . ..

Song, Lazau.skas + Gudkov. '13
» Triton and helion for LRC (a,,. 5, =7
» 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
» Generalization to SU(3)

> 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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