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Electric Dipole Moments (EDMs)

* EDMs are great probes for CP violation

— — T% 'T — —

CPT Theorem: T Violation +— CP Violation

e SM sources are phase of the CKM matrix and QCD 8 term

e BSM CP-odd sources



Electric Dipole Moments (EDMs)

[ dy = —1.52(71) x 1071%0¢ cm]: QCD# term
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Effective CP-odd Lagrangians
E

J Integrating out the heavy fields

_ o)
[A > TeV} LsMEFT = 1My 0q j{2

Chiral symmetry

v N
[Ax o Gev] /& {z: _ ggNﬁ’ #N —I—/glNWON L. L‘/.\ ><

>4 Higher order diagrams




Hierarchy of CPV nuclear forces

CP-even potential CP-odd potential
QQ;W N(G-Va*)1*N GoN(7-®)N
\\:/ 1.O (gAQ)2 ~ QO i .LO (gAQ)gO —1
i @ . T ¢
NNNN NNV (NGN)

LO  ~@Q° N2L.O ~ Q'
C. Maekawa et al ’11



QCD theta term

* General quark mass Lagrangian o M T M
2
My, — Myd
E =
— _ — _ . " — ¢ ¢ m m
L = —q — smq7'3q 4+ zm*9q75q G. tHogft 76 u T Mg
V. Baluni ‘79
MMq Mg
My =
My, + My

e Canbeincluded in xPT as: x =2B(m + sm’r?’) — 2B(m + emT> + im0)

m2

L T 2 str a7 __3 — AT =
£X - 9 m _5mN Nt N+90NT'7TN R. Crewther et al ‘79



QCD theta term

 EDMs are great probes for CP violation = Mt M
2

mey, — My

E =
e ——3] 0 77 ~D G. ‘t Hooft ‘76 My, + Mg

L mq[ SmaT g+ m-04i7°g V. Baluni ‘79
mae, 1y

My =

My, + My
m; tr AT.-3 Y
T str — - =
£X — _77T [_ 6mN Nt N}‘ GoNT - TN R. Crewther et al ‘79

Strong proton-neutron
mass splitting



QCD theta term

 EDMs are great probes for CP violation = T Md
2

mey, — My

E =
A TR . | =750 G. ‘t Hooft ‘76 My, + My

L= —mq—emqr qEF m.0qiy q] V. Baluni ‘79
e, Mg

My =

My, + My
m; tr AT.-3 v
s str — ——
£X — _77T o 5mN NT N["‘ GoINT - WJV] R. Crewther et al ‘79
) str 1 — AN B
Go = JN U=y —(14.74+2.3)-107°0
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J. De Vries et al ‘15
D. A. Brantley et al ‘16



EDMs of Light nuclei

* Chiral Lagrangian

- ——
-
- ~

_ _ 1 - _ _
Ly =goN7 7N + g1 NN + - N(do + d173)e" P 5, NFop + . ..

e He EDM in terms of LECs n D n

dspge = 0.90(1)d,, — 0.03(1)d, 4+ [0.1191)go + 0.14(2)g1]e fm J. Bsaisou etal “15

e LEC values

go = —14.7(2.3) x 107°¢ d, = —0.00125(71)fe fm
g1 = —3.4(2.4) x 10779 d, = 0.0011(10)fe fm
o He EDM J. De Vries et al ‘15 Jack Dragos et al ‘19 ><
[ dsHe(é) = —2.5(0.8) x 10~ 30e fm] At LO, OPE is enough?

Does short-range interaction play a role in LO?
Jack Dragos et al ‘19



CP-even Chiral Lagrangian

2 S Nz =
1L (ga\" . _~(o1-9)(02-9)
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Lippmann-Schwinger (LS) Equation

* LS equation for wave function

(Ho+ V)Y = Ey = (ple) = (plo) + (pl

* LS equation for T-matrix: [ Totr =V + VGOTStr]

TS W p, Eon) = V(0 p +Z/dp”p”zvs%“ (', p")Go(P"™) TS * (0", p, Ecr)

a=a((ls)jm;,tmy)



Cut-off Regulator (A)

* To solve LS equation numerically we need to introduce a regulator

A, p) = e @/ 0T/ = V(',p) = V) A p)

*  Physics should not depend on the regulator!

Tir =V + VGoTi = S(Ecm) = 1 —irm 2 EL3T(p = p' = VEcumy)



S-matrix Parameterization

* Uncoupled channel {a}: S=e

2100 2 ‘ ’i50—|-’i52 :
* coupled channel {a,, a,}: S — ( e~ cosze e sin 2¢ )

jetootid2 gin 9¢ 2192 099 D¢

. Short S ary only S- channel

Vier = \/ >< >< V(p',p) = V(' .p)falp, p)}

\

LO NLO
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CP-even Phase Shifts

[ NDA wOrks]
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CP-even Phase Shifts : 3S1-3D1

C, (fm?)
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CP-even Phase Shifts : 3S1-3D1

[ NDA wOrks]
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Nijmegen PWA I

[ NDA wOrks]
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25 MeV
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Why NDA fails?

* Consider OPE potential in position basis

. L e M=" 3 3
Ve (F) ~ [-AT(r) + Y (r)(&1 - &2)], T(r) = [1 L3 2] |
Ml myr  (mgr)
Y(r)=S—
— Attractive tensor force leads to cut-off dependence MyT

 Solution : promote N“L.O contact potential to LO. A. Nogga etal’05

hd
e

‘/str —

[ |

1.O LO (promoted)
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CP-odd chiral Potentials

Vot = @rp 2F, T @ m2 //‘\\ -
1 iCo [ 1, .o
RTE 20 [CI'(Gl—02)+§q'(01—02)(ﬁ'”f2)] N°LO

) str 1 — 2\ B
[ go = mi L —e )9 } Is C, indeed next-to-next-to-leading order?




T-matrix and S-matrix

CP-even calculation

° T—matl‘iXZ / /

T§0 — V§0 + Vgo GOTstr + TstrGngo + TstrGO‘/go GOTstr

* S-matrix: ~
dsge = 0.11(1)goe fm + .. 1
P I W
g B e21015 Ggp 82[6180 +53P0] Bsaisou et al. >19

SP Paul Froese et al. ’21
219351 cos 2 jetldasi+oam1 | g o Tsp ) [5os, +61 ]

. . S y 39 1P

Sj=1 | ieildssi 9301 ] gin 2 249301 cos 2e Tpp . @sp = [egp +ic epp lPHTIN

210 . ;
—tsp —TDp e zpp = [epp + i€ €gp'] gildany +orr, ]



CP-odd Phase Shifts : j=1
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CP-odd Phase Shifts : j=0

A (fm™)

J de Vries, A Gnech, S Shain ’21
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Why NDA fails?

» There is no sign of convergence. :
B ’A"'%‘;Z~Qp\-6oo MeV
* In practice one uses higher order chiral wavefunctions Al "f\\
1 Te : % os || i/
with limited range in A. . N \:.:_j::::A,;;/,x
_0'56 ! 10 20 30 40 50



Why NDA fails?

* There is no sign of convergence. 0.0f
0.1} A =400-600 MeV
* In practice one uses higher order chiral wavefunctions S o2 [
with limited range in A. s 0000
- W |
-0.5} e e

* Topology of the diagram
responsible for
divergence in j=0

Cs (*So) ‘ C, (Py)

9o
e Solution: Promote N4L.O contact term to LO

V§’0 — +

v
\/‘Y\J S

LO LO (promoted)




CP-odd Phase Shifts : j=0
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CP-odd Phase Shifts : j=0

NDA Fails!
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CP-odd Phase Shifts : j=0

NDA Fails!
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CP-odd Phase Shifts : j=0
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How to deal with C,?

* Best way is to fit with the measurement of

1 iCo [ 1 L o
— This is at present not possible! (2m)3 2 G- (01 —09) + 39" (o1 —02)(71 - 72)
\ )
1. Lattice QCD calculation for NN — NN, in non-zero 8 background. | .
— Major challenge is to overcome signal-to-noise ratio =0forj=1

J. Dragos et al’19



How to deal with C,?

2. Charge-symmetry-breaking (CSB) process: NN — NN~
1Co — _ 1 - —
Ly =——Tr[x] [NO’N V(NN) + s N7oN - V(NTN)]

T

N7 #7ON {C‘)B M m’“ﬂﬂo [NJN V(NN)+ NFoN -V (Nmr)]

N7.#N + [NJN V(NN) + [ NFoN -V (N7N)

~ 0 V. Baru et al ’14

Co = (Bm.0)Cy U. van Kolck et al *00
Simplest process where CSB data is available :  pn — dn®° not sensitive to C,
Interested case:  dd — ar’ CSB data can be used to extract C,

WASA-at COSY collab: P. Adlarson et al’14



More CP-odd operators

Another LO CP-odd chiral Lagrangian (leads to iso-vector potential),
E’ITN — gl NT‘-ON

Similarto g, :j=1 there is no regulator dependence
j = 0 same regulator dependence as g, (upto an isospin factor)

=0forj=1
J =0 a LO counter term is needed, |

| ] ] R
Lyny =C1[f?eN-V(NN)+ NoN -V (NT°N)] Work in progress

— €, at LO should be included in the EDM calculations of 3He, 19°Hg, 22°Ra




0_' hp S
P-odd chiral Lagrangian,
-2 x1078} ,’,' ------------------------------------------------------------------------
hﬂ' T/ — - 3 é -6 :':‘ !
D. B. Kaplan et al’94 6. x10-6| '::
j =0, 1 there are no regulator dependence :’
01020304050
A (fm™)
0.0F '
-0.2
=
Value of h_ determined from P-odd np — dy can be S al e
3 D.‘ e
used in p-odd observables L
D. Blyth et al’18 8} e ————
-0.8} | | | | |
0 10 20 30 40 50

A (fm™)



The QCD Lagrangian
SM Strong CP problem
)
( _gs ~ W [ é 10 ] V< /‘(2
L=qlpqg— qMq—0=G,,G"" <1.2x10 QV@
o C. Abel et al. 20 :

_ %g(iaﬂv,%)d”CEtaquy + ... +hc. Ciaran A J O’Hare et al ’20

|

LEFT

K




The QCD Lagrangian
SM Axion [Upg(1)]
) )
| o Ve
L =qgil)g — qMq — QgGH,VG“‘”—I—iﬁuaa“a ~ o EGWGW
K_ %q—(iaﬂv,%)d”CEtaquy + ...+ h.c. Peccei et al. ’77
|
LEFT

By choosing ‘correct’ vacuum expectation value for axion, we can cancel the theta-term

L=— (é+ fg) g—;équW = a — a+ (a) with (a) = —f,0



We do not want terms in the fom: L ~ Givstsq = L ~ 7°
We can remove these by: q — € q = gq — azqitsysq
But we also have terms like: L ~ aqit3ysq

Thus o, ~ a

Since, q — €337 q = Givsq — a3Gq we can expect axion-(SM CP-even terms)

If Peccei-Quinn mechanism exists, we expect CP-odd couplings

which we can check experimentally!




Axion-SM couplings

CP-odd axion-SM terms

([Electron, proton, neutron, ... ]

= —Jg CL‘I”I’ 9p G‘I’V}%‘I’ 10‘14:— / / Red Giants :

1019 ]
i ., Inv.- Square Law i
o2 /" WEP (Rot- Wash) IS i

rWEP (Microscope)

\\' 10-341 7
—TMyg I ]

1+ aape ) 0% ‘ ‘ | . | !
1015 1011 10°7 0.001 10.000

[ Functions of dim-6 couplings, f, (ma)] >

Vap = —

Gmampg (

"
Put two test masses in orbit around the Earth

J Berge et al. ’18 m, (eV)
Measure the difference in their acceleration. G L smith et al. *00
C D Hoyle et al. ’04
J E Moody , F Wilczek ’84 E Hardy et al. ’17

Ciaran A J O’Hare et al. ’20



Axion-SM couplings

CP-odd axion-SM terms

([Electron, proton, neutron, ... ]

= —g, Yol o — 9 Y aWivs U

.

[ Functions of dim-6 couplings, f, (ma)]

\\' —TrMg

1+ aype )

G
Vap = — m?mB (

Put two test masses in orbit around the Earth
Measure the difference in their acceleration.
J E Moody , F Wilczek ’84

g%

EDM limits still gives the most

stringent constrains
10714 £ / / Red Giants A
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J Berge et al. ’18

G L smith et al. ’00

C D Hoyle et al. ’04

E Hardy et al. ’17

Ciaran A J O’Hare et al. ’20

B Graner et al. ’16
C D panda et al. ’19



Axion-SM couplings

. EDM limits still gives the most
CP-odd axion-SM terms stringent constrains

T T T T T T

T

([Electron, proton, neutron, ... ]
100.000

= —g, aVV — g7 aWiy; ¥ - — MICROSCOPE

z 0.001F nEDM
- | —— pEDM

T
[ Functions of dim-6 couplings, f, (ma)] = o8
B 40713
% L
Gmamp B = [
Vi = — (1-|-OéAB€ Tm“) 10718 F
., I
Put two test masses in orbit around the Earth 10~1° 10”14 10~13 10712 10~ 11
Measure the difference in their acceleration. Joel Berge et al. *18 m.(eV)

J E Moody , F Wilczek *84 Ciaran A J O’Hare et al. ’20



Summary

= B Our work: Phys. Rev. C 103, L012501
* Nuclear EDMs are excellent probes for CP-violation. @ é

\
* Nuclear EDMs can be written as linear combination of low energy constants:
(oo = 0.90(1)d, — 0.03(1)d,, + [0.11(1)go + 0.14(2)g1]e fm]
* For j=0 channel, nucleon-nucleon effects becomes important and should
not be neglected as currently done in the literature. 3.

00—

-05f 7

* We done the calculations with intrinsic nucleon-nucleon :: . s
effects.

* Proposed some strategies to obtain LEC C, : CSB deuteron scattering.

* We created list of all CPV axion-(hadrons, mesons, leptons) interactions
using dim-6 LEFT operators. ] A

 EDM limits are more stringent than macroscopic experiments



