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Introduction

I

MT

BSM e probing CP with EDM entails physics at very different scales
MT>>V8W>>MQCD>>m7\'>>--.

—— o understanding nature of CP requires
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Light nuclei  dy, d;, dj,
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Introduction

Table 3 Dependence of the deuteron, triton and helion EDMs on 7 LECs for various

PT potentials. Entries are dimensionless in the first two columns and in units of e¢fm

in the remaining columns. “— indicates very small numbers.
Potential (Ref.) dn dy  go/Fx §1/Fx C1F3  CoF3  A/Fymy
Pert. Pion (80,130) 1 1 —0.23

dg | Av18 (81-83,117) 1 1 — —0.19 — — —

CD Bonn (82,83) 1 1 — —0.19 — — —

N2LO (82,83) 1 1 — 018 — — —

AvIS (81,118) —0.05 090 015 —028 001  —0.02 n/a

d; | AvIS8+UIX (83,120) | —0.05 090 007 —0.14 0002 —0.005 0.02

CD Bonn+TM’ (83) | —0.04 088 009 —0.14 002  —0.04 0.02

N2LO (83) 011  —0.14  0.05 —0.10 0.02

Av1S (81,118) —015 -028 -001  0.02 n/a

dy | AVIS+UIX (83,120) | 0.88 —0.05 —0.07 —0.14 -0.002 0.005 0.02

CD Bonn+TM’ (83) | 0.90 —0.04 -0.09 -0.15 —0.02  0.04 0.02

N2LO (83) 090  —0.03 —011 —014 —005 011 0.02

summary of recent calculations of light nuclei EDM,
from U. van Kolck, EM, in preparation

~ 10 % nuclear uncertainty

... when expressed in hadronic couplings



Introduction

probing € with EDM entails physics at very different scales
My 2> vew > Mqcp > mn > ...
understanding nature of CP requires

RN

several, “orthogonal” e robust theoretical tools
probes

Nucleon  dy. dp treated in same theory framework

Light nuclei dd, d3H, d3He Chiral EFT

missing link:

LECs from QCD

What do we learn from symmetry ?



T at the quark-gluon level

e QCD 6 term
g2 . .
[’4 = 79?;26#VQETI'GHVGQﬂ - qLMe'qu - (?RME_[pqL,
e dimension six
1 1 ~ -
E(, = 75 qio"“/’)/s (d()+d3T3)qFH,I, — EZ]iO'lLU’yS (d()+d3T3) G‘uyq

AW e Lol s
+—6vvf“b‘6“”aﬁGi§aGZpG§f + Im% ) (t?qt’iwsq —-q7q .quSq)
| i (= g i = S S j
+5 ImE e (@ 7'qaivyrla - o T aivara)

see Jordy’s talk
e quark electric (QEDM) and chromo-electric dipole moment (QCEDM)

doa — mdo,3 A mdo,3 o chiral breaking, assume o< m, + my
0,3 — M2 ) 0,3 = M2 ~
® 89,3, 0p,3 are O(1)




T at the quark-gluon level

e dimension four: QCD 6 term

2
Ly = 7973;_2 M OPTIG 1, Gop — GLMEP gr — GrMe™ gy,
e dimension six
17‘p,u5 1—~;1J/5~ ~
E() = _E qio Y (d0+d37'3)quu — quo Y (d0+d3T3) G‘u‘,,q
W ube , 1 - -
-‘r%f”h‘ ghves GY, 3(,‘7‘,)(}‘1/) + zlmzl(x) (Z/q qiv’q — gTq - Z/T["\,)(/)
J

R ,
+3 mE e (‘””T’q @iy T — ' qwmsr’q)

see Jordy’s talk
e gluon chromo-electric dipole moment (gCEDM) & xI four-quark

1
dy, 2 = —
(dw, Z1.8) = {w, 1,08} M? e chiral invariant



T at the quark-gluon level

e dimension four: QCD 6 term

2
Ly = *Qéﬁs“"‘wTrGwGaB — qLMe'Pqr — grMe™"Pq,
e dimension six
1. w5 [y pv S (5 p
L = =5 qic*y (d0+d37'3)unu—£qu R <d0+d37—3)Gqu

Aw e . 1 o _ _ .
o S GGG+ I (qqusq —q7q ~th75(1)
s e (Gt dinuS g — arPriq v
4 m=yg)€ QYT 4@V T — 4V T4y T g
see Jordy’s talk
o left-right four-quark (FQLR) operators
1

e e isospin breaking,
T not & Ve

Eig=¢§



T at the hadronic level
e include dim-four and dim-six [ in xPT Lagrangian v

(T L3 8o & 85
Ly = —2N(do+dims) "V NFpu, — 7 N TN — - mNN

A _ _ - _
- m3w? 4+ CiNN 8, (NSHN) + CoNTN 8, (NSHTN)

™

e at LO, EDMs expressed in terms of a few couplings

dy, d, neutron & proton EDM,
one-body contribs. to A > 2 nuclei
20,81, A pion loop to nucleon & proton EDMs
leading /1" OPE potential
C1, C, short-range [ potential
e relative size depends on [ source
— different signals for one, two, three-nucleon EDMs

e Can we go beyond NDA?



QCD Theta Term

2 . .
L = —935;2 PTG, Gop — GLMePqr — GrMe™Pqy,

e rotate 6 away
physics depends on § = 6 — npp

e perform vacuum alignment

i.e. kill I iso-breaking terms givs73q

L4 = fﬁw(é)?]q 4! (0_) (ﬁl& qT3q + my sin 0_?11'75(]) ‘

e CP-even quark mass and mass difference 2 = my+mg,

e CP-odd isoscalar mass term 2ime = mg—my



QCD Theta Term

2 . .
Ly = —Q%E“VO‘BTI‘G”VGO‘[; — Z]LMelqu — T]RMeilpqL,

e rotate 6 away
physics depends on § = 6 — npp

e perform vacuum alignment

i.e. kill T iso-breaking terms givs73q

Ly = —imr(0)gq + r~ () (e gr3g + m.. sin 0 givsq)

e CP-even quark mass and mass difference My = ———— =1n

e CP-odd isoscalar mass term



The QCD Theta Term

. Chiral Lagrangian and NDA

- = T T2
80 81 A/Fr | doy x Q Cip X F7.0
— 2 2 2
m m Q Q
X = 1 E—>% € —— NDA
Mocp Mep Mqcp Mep M3cp

Chiral properties of 6 determine size of LECs

e breaks chiral symmetry

e but not isospin

isoscalar gg at LO

isobreaking requires insertion of ime
g1 and A suppressed

o higher dimensionality of Ny and NN operators costs Q/Mqcp




QCD Theta Term. Symmetry

‘ Ly = —imr(0)gq + r~1(6) (e g3q + m. sin 0 Givsq)

o 0 term and mass splitting are chiral partners
( qivsq ) SUA(2) ( —qo-7q )
qTq aqiysq

e nucleon matrix elements are related

e ie. one spurion enough to construct iso- and 7-breaking couplings

T violation 1—e2 |
= sinf = pg

isospin breaking ~ 2e

e powerful at LO

o breaks down at O(Q?/ MéCD) % ignorance of CP-even LECs
X too many operators when including EM



2
£ = Amy (1 — Flz

Amy nucleon sigma term

2

_ 1 _
) NN + EémN |:N (7-3 —

QCD Theta Term. gg

3

T
2
F‘rr

™ T

N 205N
) PN

™

N

omy = (my — mp)y, strong mass splitting

8o = dmy

1—¢

2

&

sin @




QCD Theta Term. gg

2

2w — 1 _ T3 - T T
LW = Amy (1= == ) NN+ =omy |N (13 — N —2psN N
N 22 5 01N 3 2 Po Fr
Amy nucleon sigma term omy = (my — mp)y, strong mass splitting
1—e2
g0 = omy c sin 0
€
e Jmy not directly accessible experimentally, demmy ~ dmy
e accessible via existing lattice calculations
omy = 2.39 £0.21 MeV e = 0.37 £ 0.03 MeV
A. Walker-Loud, ‘14; Borsanyi et al, ‘14. Aoki ‘13, FLAG Working group.

e precise (~ 10%) determination of gg

l‘ii =(15+2)- 10 3sind

™

errors from lattice only



)

- 2 (3)
20 ms. 5, 1 1 6@ my
= 2= |14 -—7 3 1 g
Fr Fr { MEGITRE (( g“Z) % +g‘*+ )] TR T
2
(mn - mp)st = 6mN [1 + n

e same loop corrections to gy and dmy

o finite LEC 63 only correct 7N coupling

2

1 u? 1

_m 302 + — ) 1og £ 24 -
(2nFr)? (( @t 2) Bz T 2)}

QCD Theta Term. gg

e corrections appear at NNLO

sind = pg

..but...

e and are not log enhanced



QCD Theta term. gg

o what about strangeness?
e in SU(3) xPT

80 omy

2 = — in 1—62 =
80— p; 2 and &:wuzgz.m*3 sin@
Fr Fr Fr ms —m 2F7r

; -

J. de Vries, EM, A. Walker-Loud, in progress
o large O(mg/Mqcp) corrections to

my — my (Mg+ — Myo, N-7 Mixing)
and go (7KK, mmn CP-odd vertex)



QCD Theta term. gg

o what about strangeness?
e in SU(3) xPT

5 5 - 2
20 Smy 20 mz —my, m(1 — &%) 3 .z
—-— =pg— and —:7_(7:2240 3 sinf
Fr Fr Fr mg —im 2F
oy - t - "
& s { b & 1 i H ~
@ ) © @ @ ®) © @
;""1 . - | ,
N o © ® G 0
] =
@ o (m) )

e large (...too large ...) O(mk/Mqcp) e under control NNLO corrections
corrections to

my — my (Mg — Mo, 1-T Mixing)
and g (KK, mmn CP-odd vertex)



QCD Theta term. gg

o what about strangeness?

e in SU(3) xPT

5 5 - 2

20 Smy 20 mz —my, m(1 — &%) 3 .z

—-— =pg— and —:7_(7:2240 3 sinf

Fr Fr Fr mg —im 2F

i oy - t - LS

) é ! { o & ; H

@ ) © @ @ ®) © @

C] ® © ® G ®

] =

o o ) ®

e same divergent loop corrections to m, — mj, and go
o different loop corrections to mg — my; and g, starting at NLO

g0 o< dmy violated by NNLO finite LECs,
8 ==y but 6go ~ 2, not my in

at NLO



QCD Theta Term. g; and A

l 71'37'&'2
r£® — Sqmz | 72 —
stz 2 Pa F.

2

2 o i 2
e §gmy. strong contrib. to mo —m,

Sm? =87+ 55 MeV?

fit to meson data G. Amoros, J. Bijnens, P. Talavera, ‘01.

om%  my - 1 w2
£® = 2Amy St g RN — )| 223 NN
N2 PP, vz P 9F
e tadpole induced, related to nucleon sigma term

( ) TN tiny contrib. to 7-N scattering
beyond accuracy of current analysis



QCD Theta Term. g; and A

1 71'37'&'2
£® = sm? (i - Pg P )

2

2 o i 2
e §gmy. strong contrib. to mo —m,

Sm? =87+ 55 MeV?

fit to meson data G. Amoros, J. Bijnens, P. Talavera, ‘01.

TN

£® = —(3+2)-103sinGm3NN — ¢ [ + pg

e tadpole induced, related to nucleon sigma term

( ) TN tiny contrib. to 7-N scattering
beyond accuracy of current analysis
e g poorly determined
but somewhat larger than expected, & extremely important for deuteron



QCD Theta Term. dy and d;

e symmetry relation breaks down

27 _
E'I(\;W) = 2 [(('Ié + CZ"/)Ff3 + ('le’é} NSHVN eF o
s

2w - T

—2N [(('y + c4y) + c4n pg7'3:| SHYYN eF

e too much isospin violation
from EM & quark masses

e 1o info on 210,1 from CP-even pion photoproduction

e needs genuine “CP-odd” non-ptb information:

fit to data or fit to lattice




QCD Theta Term. dy and d;

b \
(a) (b) (d)
AtNLO
5 2 5 2
- €8A80 W 5T g 848 0 5m
FI(Q®) = d+—2_ |L+logt>+——"T A0 F (11— ——+h
129 1+ (2mFx)? |: +log m2 * 4 mN] Jre(27rF7r)2 6m2 ( 4my *
- ega8o [3mmx
Fo(Q®) = dy+ —=22 |——=
0(07) o + (QnFy)? {4 mN}

o EDFF at various m, and Q? allows to simultaneously fit go, d 1,0

when more precision

e extract ;10’ 1

e check g¢ from symmetry

—> Tom & Taku’s talk



QCD Theta Term. Summary

80 81 AJFx [ dog xQ® | Cio x F207
— 7 7 7 2
0 x = 1| e | e-2 < Q NDA
_ Mocp M(zgco Maqcp M(Z)CI) M(zgco
0 x1073F, || 15 3 3 X X symm.

e symmetry consideration very powerful at low order
e 2o well known

e A and g; known with large errors
no evident way to improve on g

X need experiment/lattice to determine 30,]

% four-nucleon C; .2 are harder,
... but power counting relegates them to subleading role

Improving of lattice will allow to determine 5_1071
& check gy in the near future



Quark CEDM

1 . . ~ 1_ . L~
Ls = -3 qot" gsGuy (Co + 1757'3613) -5 qot" gsGuy (1'3/”3 + lﬁv’ﬁffu) q
+rgivsds (13 — €) q

e CEDM has CP-even chiral partner

1 4ot 8sGuuq 1 ( G0 iv’gGuvgq
2 _ZIUMUi’YSTgsGuuq 2 got" 1gsGuuq
e isovector (CEDM e isoscalar qCEDM

& isoscalar qCMDM & isovector qCMDM



Quark CEDM

1 . . ~ 1_ ~ -
Le = 5 go' gsGuy (60 + l’ystd3) -5 ot g:Gpuy (cm + z'ysdo) q
+rgivsds (T3 — €) g

e CEDM has CP-even chiral partner

1 4ot 8sGuuq 1 ( G0 iv’gGuvgq
2 _ZIO'MUi’YSTgsGuuq 2 got" 1gsGuuq
e isovector (CEDM e isoscalar qCEDM
& isoscalar qCMDM & isovector qCMDM

e d causes vacuum misalignment
e re-alignment causes the appearance of a mass term
1 (o™ gsGuvg)  Am2 i
r = — — = bl
2 (qq) m% &
o need to know matrix elements of go*"ivsG g and giysq !




Quark CEDM

1 . . ~ 1_ - .~
Ls = -3 qot" gsGuy (Co + l’YsT3d3) -5 qot" gsGuy (63T3 + l’sto) q
+rqivs (Zfo + le’}) q

e CEDM has CP-even chiral partner

1 4ot 8sGuuq 1 ( G0 iv’gGuvgq
2 _ZIO'MUi’YSTgsGuuq 2 got" 1gsGuuq
e isovector (CEDM e isoscalar qCEDM
& isoscalar qCMDM & isovector qCMDM

e if PQ solves strong CP problem 6 o do, d3

e isoscalar and isovector resume their original meaning

1 <(70#7/g\GﬂY/[/> _ Am%r m

r

2 (q9) mZ &



Quark CEDM. Chiral Lagrangian and NDA

, 80 §12 A/Fx | do >2< 0> ] Ci ><2F72TQ2
;2 X o 2 1 e M%;D e Wgn Mg? NDA
- m )
( 0 A(;Ij’gD ) X MQ;(rtD 1 M(Z;D EMQQCD M?)ZZD M%(Z:D NDA
(~3 MAS%_D ) x MZZD € I MQQ(‘D M%CB Mgcn no PQ
2 2 2
(6 MA(;;D ) X MmQ7ch € MV(Z;D I MQQCD M%ZD M%:JD e

e assume dy, < my, dg o< my; do 3 = O (50,3 ILZ%)
7

o Chiral Lagrangian very similar to 6

e but now iso-breaking !

o if 8o ~ 83,80 ~ Z1.

important for deuteron, N = Z nuclei




Quark CEDM. gy, and g

e no PQ mechanism

Am? d
g8 = Omy— —Omy— =,
3 mz C
~ Alﬂz a
g = 2 <Am\r — Amy 2") 73,
m% ) @

e dmy correction to m, — my, from ¢3

° Amzﬁ, Amy corrections to m%r and sigma term from ¢



Quark CEDM. gy, and g

e PQ mechanism

< Amk &\ d
8 = <5"1N + dmy ”21” ~C3> =2,
mz  Co€ Cc3
. A\ @
5 = 2 (Amx — Amy ”27'7> ~737
mz co
° SmN correction to m,, — my from ¢3
° Am%, Amy corrections to m%r and sigma term from ¢
e g( only depends on d~0
Do these hold beyond LO?
g0: yes for SU(2) & SU(3) loops g1: yes for SU(2) loops. SU(3) ?
violated by finite LECs violated by finite LECs

go,1 known if Smy, Amf, and Amy




Quark CEDM. dj, and d,

e no symmetry relation; need lattice or experiment

(a) (b) (d)
F (QZ) - + €8A80 |: +1o g 2 + 57 mg <1+ 81 ):|
1 = d —+—— -
(2nFZ) mZ 4 my 580
8480 0* Sm o’
LT L LTy A
e nFn ) om ( amy 2
- ega8o | 3m mx 81
Fo(QY) = d 1
o) ot (2nFZ) { 4 my ( * 3&’0>}

e g1 appears at NLO, only for d)

o EDFF at various m, and Q? allows to simultaneously fit g, 211,0, &g ?



Four quark Left-Right Operators

Le = ReE; (gY"qqvug — qY V59 GV Y5q) (T T — T3 73)
+ImZy (§v"qqvuysq) (T X T),

e more complicated transformation properties,
34 component of a symmetric tensor

xo1 ( Ty @ Ty — Tiytys @ Ty — Myt @ Ty )

4 —eMriyk @ Tlyuns TV @ Ty — TV Y5 @ T



Four quark Left-Right Operators

['6 = RCE] (X44 - X33) — Im51X34
+rLr givsImE; (13 — €)q

e more complicated transformation properties,
34 component of a symmetric tensor

xo1 ( Ty @ Ty — Tiytys @ Ty — Myt @ Ty )

4 —eMriyk @ Tlyuns TV @ Ty — TV Y5 @ T

e ImZ=; causes vacuum misalignment

e re-alignment causes the appearance of a mass term




Four quark Left-Right Operators

['6 = RCE] (X44 - X33) — Im51X34
+rir givsImE 739

e more complicated transformation properties,
34 component of a symmetric tensor

xo1 ( Ty @ Ty — Tiytys @ Ty — Myt @ Ty )

4 —eMriyk @ Tlyuns TV @ Ty — TV Y5 @ T

e Im=; causes vacuum misalignment
e re-alignment causes the appearance of a mass term

e if PQ, no isoscalar component

ALRHI%‘ m

LR = —
m%  ReZE;



Four-quark LR Operators. Chiral Lagrangian and NDA

. 20 81 AJFx [ doy x Q* [ Cia x F20?

— 2 2

0 X 3z 1 sM"éZD e MQQCD Mgcn T NDA
2

(f M[\?;;D ) X Mqgcp 52 1 W((i)(n MEZD Mgzl) no PQ

() xmqen || e | 1 | M2 | & PQ

e isobreaking couplings are more important

o large three-pion coupling

e if PQ, no gp at LO

vector giys T3¢ vs tensor X34

incomplete cancellation of 7 matrix elements,
important mainly for nuclei

e.g three-body force, large correction to g;




Four-quark LR operators. go, g; and A

e no PQ mechanism

ALR 1112 ImEl = ~ ImEl
g0 = —omy———" , A= Ar mi
2 —_— T —
mZ  ReZ; ReZ,
~ ALR m2 ImEl
gl = 2 ALRm,\z - AmNizﬂ —
mg ReZ

2
T

o Ajgpm=, Argmy corrections to m%r and sigma term from Re =

e if PQ, no gp at LO



Four-quark LR operators. go, g; and A

e PQ mechanism

- ~ ImZ
g = 0, A= Apm? mHI
Re:l
. Argmi \ Im=
§1 = 2 <ALRmN — AmN LRZmTr> _l
mz ReZ;

o Aur ’”?—n Ay g my corrections to m%r and sigma term from Re =
e if PQ, no gy at LO



Four-quark LR operators. go, g; and A

e PQ mechanism

_ ~ Im=
g = 0, A= Apm? mﬁl
Re:l
. Argmi \ Im=
g = 2<ALRmNAmN LRzmﬂ> m_l
mz ReZ;

AR /)1%, Ay g my corrections to m%r and sigma term from Re =
if PQ, no gp at LO

’ 80,1 and A known if ALRmN, ALngr ‘

need to evaluate CP even four-quark
already done?

affected by loop corrections?



Chiral Invariant I sources

= = 2 a 2 N2
0 21 AfFr | doyi X Q7 | Cio X FZQ
_ 7 2 2 2
0 x = 1 e | e — £ NDA
, QCD QCD QCD QCD QCD
M 2 > 3 > 2
acp my mz Ox 0 Q
w—2 X Mqcp 2 €7 €13 2 2 NDA
( My ) Q Maep Maep Maep Maep Miep

d R _ .
ngsf“mé“mﬁc‘fxaclﬂpc‘f + 7 ImY1 s (@9 aivsg — aTq - givsTg) (1 © 1,1 ©1°)

e no CP-even partner
e 7-N couplings suppressed by mgr
nucleon EDFF dominated by Zioy 1, momentum independent

Fi(Q®) = 4 +0 % Fo(Q*) =dp+ O %
1 1 7 ) 0 0 Y2 .

QCD QCD

® 20,1, C 12 should be important for light nuclei

but found small

de Vries, et al, ‘11; Bsaisou, et al, ‘14




Conclusions

Connection EDM to BSM physics
e several, “orthogonal” EDMs (e.g. dn, dp, dy ...)
e robust theory at different physics scales

o first principle determination of d,,, d, & [ pion-nucleon couplings

chiral symmetry provides powerful constraints

0 go from 0 determined by (m, — mp)s

qCEDM gp and g; determined by corrections to meson and baryon spectrum
induced by CP-even qCMDM

FQLR 3o, g1 & A determined by CP-even FQLR operators

e no info from symmetry on d, dp,
genuine non-ptb “CP-odd” info needed
Lattice is (or is getting) there!

% no info on four-nucleon couplings C| 25
little info on subleading couplings g (6)
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