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Outline

 Time-Reversal Violation: SM and BSM
1 Nucleon Electric Dipole Form Factor

d Light-Nuclear T-Violating Form Factors
J Outlook & Conclusion

For a review, including heavier nuclei and atoms,
J. Engel, M.J. Ramsey-Musolf, U. van Kolck, Prog. Part. Nucl. Phys. 71 (2013) 21

For TC PV theory,
go back in time and see M. Schindler’s talk, Mon 2:30pm
For more on symmetries,
wake-up after the end of this talk...
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= insufficient for electroweak baryogenesis I?
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Radius of EDFF: Schiff moment (SM) S’ For PCTC FFs, “see” talk by
E. Cisbani, Tue 10:10am

Weak interactions: G? m 2 3 19
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Experimem‘: e.g. Donoghue, Golowich + Holstein '92

d, =(0.2+1.5(stat) £0.7(syst))-10™°e fm  Baker et a/ ‘06 (ILL)

>10715 Bodek et a/ (PSI) —> “see” talk by
>10""e tm (UCN’ proposed) { Budker et a/ (SNS) V. Helaine,

Tue 3:20pm
dyy | <3.1-10"°e fm (95% c.l.) \ -.
Griffith et a/ '09 (W) { \dp\ <7.0.10"2e fm

Nuclear Schiff moment from RPA, ...
Dmitriev + Sen'kov ‘03
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The new kid on the block:
charged particle in storage ring

Bargmann, Michel

charge anomalous MDM :

— + Telegdi '59
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precession sensitive to EDM (
eg d,<10°efm  Bennetteral (BNL g-2) '09

: -l . 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, ...
(xPT) \ 4

Pionless EFT hadronic + nucle&r
observables

QED atomic ”
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TV Sources
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much work in specific models

see J. Engel et a/, PPNP (2013)

lattice simulations:

only for nucleon EDM from 6 term,

0

and situation unclear
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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 =—2N (do +d,z, ) S,Nuv,F* contribution Eﬁw
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m2 g() » PV, TV
= T, two-nucleon contact
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+ ... three-pion N

/ coupling

terms related by

chiral symmetry

+ higher orders six LO couplings cf. Barton '61
for EDMs and nuclear followers
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There are differences! For example,
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two-derivative interactions suppressed ’rwp-der'lva.‘nve
important at higher order interactions

nNg D9 N7,z,N at high orders for a//sources up to dim 6
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~ using lattice QCD &
3 9 MeV (Beane et al '06) 127 -



chiral
symmeftry

Observables

ZZCV.(A/MQCD) 2| F, (28

arbitrary
regulator

V=Vin B MQCD B m7Z' m7z
product Of 1 k non-analytic ‘
>0 P.T-conserving < ° yne.
min — low-ener'gy from |00pS
constants controlled

izc (A/MQCD) L F . Q;A

M oco lm_ m_

pr'oduc’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 a/ '10

De Vries et a/ '10'11
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short-ranged; long-ranged;
LO for all sources order depends on source
= ensures RG invariance = can provide estimates in terms of it
= brings in two parameters pion parameters at "reasonable” .-

renormalization scale



Crewther et al/ '79

Thomas '95

Hockings + v.K. 05 Nucleon EDM (TO NLO) De Vries et a/ '10'11
Narison ‘08 |
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2)\2 19
(GF f”) Jep #1077 efm =) measurement much above
QCD this means new source

iS2|02s 2dA{-9H7

e

> d,(CKM) ~

> nand p EDMs can be fitted with any one source 188



Crewther et al/ '79

Thomas '95

Hockings + v.K. 05 Nucleon EDM ('|'O NLO) De Vries et a/ '10'11
Narison '08 |
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SM partially sensitive
to sources R



Nuclear EDFFs & MQFFs
+ V. + @}L‘/\/\
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N Park, Min + Rho '95
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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 6 when N=Z2
A
e[/
AN Maekawa, Mereghetti, De Vries + v.K. ‘11
+ 20 o De Vries, Mereghetti, Timmermans + v.K. '13
N\ J
Y
LO for LRC only

Weinberg ‘90, 911,
Orddnez + v.K. '92 :

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

\”/ {even’rually, consistent EFT approach

intfroduces dependence on binding energy B,

21% .7



De Vries et a/ '11'13

Deuteron EDM (LO) Bsaisou et a/ '12
6 term qCEDM LRC qEDM CI
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> |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 7 < (3-10GeV)

iso1sAyd wsg Jo4
Yooad paroddwy

\.

> d EDM can be fitted with any one source

2%



De Vries et a/ '11'13

DeUTer'OH EDM (LO) Bsaisou et a/ '12
6 term qCEDM LRC qEDM CI
d — 2 ol M2 M2 - 2 MZ
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€ QCD ¥ ¥ f MI/ |\/|7
dd MZC M2
d. oY) OL rﬁ;} 0[ n‘]?;Dj O(1) O(1)

» dy=d +d, for 0 term, gEDM, and CI

> nand d EDMs could isolate qCEDM and LRC

23%



6 term qCEDM LRC qEDM CI
v u) ool oo,
3—: O(1) OLMEEDJ O(Mrngj O(1) O(1)
16m,, B, j—i O(1) ) O(1) T O(1) j O(1) O(1)
m, /;/l‘—(; (9( i n%D j O(1) O(1) o( ”;]NﬁBd ) 0(15
\v\ |

M, =2.107°0 e fm?

(no short-range assumptions)

Deuteron EDM (LO)

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

can be isolated

could be isolated if
MQM measured

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 M3 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? M 2 < m?2 M 2
L o) of WM | of M pfgm) o, Mo
e f My Mz f M, M3
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, qCEDM and LRC, e
and adding t EDM might isolate qEDM and LRC “4



What's needed?

> Triton and helion for LRC (a,,.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

» 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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