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CP violation and the Electric Dipole Moment (EDM)

Fig. courtesy of Wikimedia
A.Knecht 2008

EDM: d=Y,7 e -2 4.5/
particles .

(polar) (axial)
__,5.B =
H=-p5-B-d5-E
P: H=-p2 B+di E
. __, 5. B S F
T: H=-pg-B+d3-E

Any non-vanishing EDM of a non-degenerate
(e.g. subatomic) particle violates P& T

= Assuming CPT to hold, CP is violated as well (flavor-diagonally)
— subatomic EDMs: “rear window” to CP violation in early universe

= Strongly suppressed in SM (CKM-matrix): |d,|~10"*'ecm, |de|~10"*%ecm

= Current bounds: |dy|< 3°/1.6*-10726ecm, |dp|< 2-102ecm, |de|< 1-10728ecm

n: Baker etal.(2006)°, p prediction: Dimitriev & Sen’kov (2003)% e: Baron etal.(2013)t

* from |di0yyql < 7-4-10
Andreas Wirzba

ecm bound of Graner et al. (2016) T from polar ThO: |drno| S 1072'ecm
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A naive estimate of the scale of the nucleon EDM

Khriplovich & Lamoreaux (1997); Kolya Nikolaev (2012)

= CP &P conserving magnetic moment ~ nuclear magneton jiy
N = 5o ™ 10 "*ecm.
= A nonzero EDM requires

parity P violation: the price to pay is ~ 10~/
(G- F2 ~ 1077 with GF ~ 1.166 - 10 7°GeV~2),

and additionally CP violation: the price to pay is ~ 1072
(In4-] = JAKY — 777 7)| /JA(KS > n¥77)| = (2.232 £ 0.011) - 1072).

» Insummary: |dy| ~ 1077 x 103 x uy ~ 1072*ecm

= In SM (without 6 term): extra G F? factor to undo flavor change
> |diM|~ 107" x 1072*ecm ~ 1073'ecm
— The empirical window for search of physics BSM(6=0) is

10~2*ecm > |dy| > 10%%ecm.
Andreas Wirzba 3]25
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Search for EDMs of charged particles in storage rings
General idea:

Initially longitudinally polarized particles interact with radial E field
— build-up of vertical polarization (measured with a polarimeter)

The spin precession relative to the momentum direction is given by the

Thomas-BMT equation (for 3-B=0, 3-E=0, E-B=0):
ds*
dt

QxS with Q=-Z(aB+ (97 -1-a)BxE+n(E+ixB))

i (1a)2 3 iy 8 g
and ,u—(1+a)2mS/S and d anS/S

Andreas Wirzba 4|25
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Method 1: pure electrostatic ring

Qz—% a§+(ﬂ’2717a)BXE+U(E+M —>—%77E

:=0, “Frozen spin method”

only possible for a > 0, i.e. for p and 2H (or '°F), but not for d or 3He

Advantages:
— no magnetic field

— counter rotating beams possible

Disadvantage:
— not possible for deuterons (ap < 0)

srEDM BNL / KAIST Korea (> 2000): design for E-ring for protons
Andreas Wirzba 5/25
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Method 2: combined electric & magnetic ring

Q=—§7 aB+(B_2—1—a)B><E+17(E+f)’xB) —>—%7}(E+3><B)

:=0, “Frozen spin method”

polarimetry+ RF straight
magnetic field (down)
\ C
\

c |
\ B o \-6h- ! _Fo~+@.,B
St —— b
i \ \ /

) ¢
d /A FER \ Eal ) 4
>\ magnetic steering / e
B/ é)é d | magnetic field (up) Tg=hom \ )

d Advantage:
— works for p, deuterons and *He

@ electric defocus (horz) ji@?

“?’;3;¢ ——— electric focus (horz) sy D iSadVantageS:
| electric bend field utility \‘ T . T

| siraight — requires also magnetic fields

b P .
&% , X\ 7 o — two beam pipes

B\ 4 k nule\.lel:g(‘i:\i:{a(illg magnetometers / 2

g electric quad i

ANAESe \

B, . .
£ / — magnetic coils made of copper
A /d

@ \ i
By |_Fot-E5
TR R

injection straight

JEDI Julich/Aachen (3 2011): design for E/B ring

Andreas Wirzba 6125
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Method 3: pure magnetic ring

O=-_=¢ aB  +(4 - ><E+7](£‘+{J’><B)
—— [ ——7
L
Erezcmes;::eln + Wien filter:

accumulation
of vertical spin

Advantage:
— existing COSY accelerator

< precursor experiment:

First attempt for direct measurement
of an EDM of a charged hadron

Disadvantage:

— low sensitivity

2 1072'-10"%*ecm JEDI at COSY
Recent Achievements PRL 115 (15), 117 ('16):

- Spintune o5 = -0.16097... + 10" "%in100s
- Spin coherence time 7 > 1000s

polarized p and D with p = (0.3-3.7) GeV/c X
, - Spin feedback (pol. vector within 12°)
Andreas Wirzba
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How to handle CP-violating sources beyond the SM?

Running through the scales

Energy

M CP viol.
7TeV

Mgy
100 GeV

Mgcep
1 GeV

Andreas Wirzba

A

A

W. Dekens & J. de Vries, JHEP 13

‘New' Physics| sUSY? 2Higgs models? ...?

|[EDM measurements|
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How to handle CP-violating sources beyond the SM?

Running through the scales W. Dekens & J. de Vries, JHEP 13
Energy 4 i
New' Physics| sUSY? 2Higgs models? ...?
MCP viol Integrate out
2 TeV' heavy New Physics
Lefr
Mpw
100 GeV
Mgcop
1GeV
|[EDM measurements

Andreas Wirzba 8l25
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How to handle CP-violating sources beyond the SM?

Running through the scales W. Dekens & J. de Vries, JHEP 13
Energy 4 i
New' Physics| susY? 2Higgs models? ...?
MCP viol Integrate out
2 TeV' heavy New Physics
Lefr
SM running
Mpw
100 GeV
Magep
1 GeV
|[EDM measurements

Andreas Wirzba 8l25
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How to handle CP-violating sources beyond the SM?

Running through the scales W. Dekens & J. de Vries, JHEP 13
Energy 4 _
New' Physics| susY? 2Higgs models? ...?
MCP viol Integrate out
V4 TeV' heavy New Physics
Lesf
SM running
ME Integrate out
1(Y(E/Gev heavy SM fields
i /
Lot
Mqgcp
1 GeV

[EDM measurements

Andreas Wirzba 8l25
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How to handle CP-violating sources beyond the SM?

Running through the scales
A

Energy

M CP viol.
7 TeV

Mpgw
100 GeV

Mocep
1 GeV

Andreas Wirzba

W. Dekens & J. de Vries, JHEP 13

‘New' Physics| suUSY? 2Higgs models? ...?

SM running

ff
e > SM running
eff >

|[EDM measurements

Integrate out
heavy New Physics

Integrate out
heavy SM fields

Non-perturbative QCD

8l25
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How to handle CP-violating sources beyond the SM?

Running through the scales
A

Energy

M CP viol.
7 TeV

Mpgw
100 GeV

Mocep
1 GeV

Andreas Wirzba

W. Dekens & J. de Vries, JHEP 13

‘New' Physics| suUSY? 2Higgs models? ...?

Integrate out
heavy New Physics
eff
M runnln
Integrate out
heavy SM fields
eff M runnln

Non-perturbative QCD

[EDM measurements
Hadronic/nuclear EDMs

‘Lattice or Chiral Perturbation Theory‘

8l25
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How to handle CP-violating sources beyond the SM?

New interactions as higher dimensional operators

= Add to the SM all possible effective interactions

i — 2

= The new interactions appear as higher dimensional operators

Left = Loy + Z

where M., is the scale of the New Physics particles

= Only the lowest dimensional operators should be important

= Hadronic EDMs: non-leptonic CP-violating operators of dim. 6
Not of dim. 5 because of Higgs insertion/chiral symm. at EW/low scales

Andreas Wirzba 9l25
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How to handle CP-violating sources beyond the SM?
Evaluation in Effective Field Theory (EFT) approach

= All degrees of freedom beyond NP (EW) scale are integrated out:

< Only SM degrees of freedom remain: q, g, (H, Z, W*, ...)

= Write down all interactions for these active degrees of freedom that
respect the SM+ Lorentz symmetries: here dim. 6 or higher order

= Need a power-counting scheme to order these infinite # interactions

= Relics of eliminated BSM physics ‘remembered’ by the values of the
low-energy constants (LECs) of the CP-violating contact terms, e.g.

i ~1/M?

\/

Andreas Wirzba 10125
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CP-violating BSM sources of dimension 6 from above EW scale

to their hadronic equivalents below 1 GeV W. Dekens & J. de Vries JHEP'13
150GeV g dL
| |
H H /\
| |
qEDM qCEDM 4qLR gCEDM  4q

dp, ur
10GeV q ; % X
Uur dp
: I
g ™ u
< 1GeV. N N ; ﬂ/ i A N N
\

Total #

1 (9_) + 2(qEDM) + 2(qCEDM) + 1(4qLR) + 1 (gCEDM) + 2(4q) [+3(semi)+1 (Iept)]
= 1(dim-four) + 8(dim-six) [+3+1] [Caveat: ms > my, my (& M, >>me) assumed)]

Andreas Wirzba — 5 discriminable classes 11]25




#) JOLICH

FORSCHUNGSZENTRUM

Road map from EDM Measurements to EDM Sources

Experimentalist’s point of view —

« Theorist’s point of view

Andreas Wirzba

E
d(n) < 2.9 E-26 ecm : =
Neutron, Lattice QCD s & _>[ quark EDM |—
Proton reduced to d(n) < 1.6 E-26 ecm @
& d(p) <20 E-25 ecm o
X . [ T v
Nuclei: chiral EFT 2 3 ——)[ quark chromo-EDM ]_)
2H, *H,*He £ S
d(Hg) < 7.4 E-30 ecm H a
Diamagnetic a % 8 >
atoms: N 5 gluon chromo-EDM =
c S o
Hg, Xe, Ra E‘ £
=
Q
Paramagnetic < [ f " t :t‘
. ———>| four-quark operators '—> =]
atoms: > 2 | dm<oaE- q P g
T, Cs £ 2
<]
- <
© a
Molecules: v f lept k operators }—) %
YbF, ThO, HfF* \ered  d(THO) <1 E-21 eom Gt =
enhanced to d(e) < 8.7 E-29 ecm
Leptons: >{ lepton EDM ]—>
muon d(y) < 1.8 E-19 ecm

(adapted from Jordy de Vries, Jilich, March 14, 2013)
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EDM Translator
from ‘quarkish/machine’ to ‘hadronic’/human’ language?

3-CPO & R2-D2 Dirk VorderstraBe

Andreas Wirzba 13125
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EDM Translator
from ‘quarkish/machine’ to ‘hadronic’/human’ language?

3-CPO & R2-D2 Dirk VorderstraBe

Symmetries (esp. chiral one) plus Goldstone Theorem
- Low-Energy Effective Field Theory with External Sources
i.e. Chiral Perturbation Theory (suitably extended)

Andreas Wirzba 13125
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Scalings of CP hadronic vertices — from 6 to BSM sources

5 discriminable cases: Mereghettietal., AP325(10);de Vries etal., PRC84('11); Bsaisou etal., EPJA49('13)

R

O-term:

gEDM:
qCEDM:

4qLR:
gCEDM:

4q:

9o
CF 1

o(1)
O(agm/4r)
o(1)
O(MZ /m?)
O(MZ /m)*

O(Mz/mR)*

(o)
cr |

O (M [my)
O(agm/4r)
o(1)
o(1)
O(Mz/mi)*

O(M2[mZ)*

d07d1
CF, 1+

O(Mx/my)
o)
O(My/my)
O(M3/mY)
o)
o@)

(mnA)
or, |

O(Mz/m})
O(agm/4r)
O(MZ/m3)
O (M [mp)
O(Mz/m})
O(Mz/m})

*) Goldstone theorem — relative O (M2 /m?2) suppression of N interactions

Andreas Wirzba

Ci2(Cs4)
CP I

X

O(Mz/m})
O(agm/4m)
O(MZ/m3,)
O(MZ/m})
o)
o)

14125
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Calculation: from form factors to EDMs

p/
(f(P")emlf(P)) = T (P') T7(97) ur(p) . R
() =" Fi(q®) —io"" g — = Z(q) s 3(Q)+(¢7O/ ~4°7") s a(qz)
Dirac FF Pauli FF  electric dipole FF (GP) anapole FF(/PS
F. 2
< df:= lim 3(Q) for s =1/2 fermion

Andreas Wirzba 15125
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Calculation: from form factors to EDMs

p
(f(P")|Jemlf(p)) = Tr(p") T(0?) ur(p) g ¢ =)
() =" Fi(q®) —io"" g — = Z(q) s 3(Q)+(¢7O/ ~4°7") s a(qz)
Dirac FF Pauli FF  electric dipole FF (GP) anapole FF (/PS
F. 2
< df:= lim 3(q ) for s =1/2 fermion
Nucleus A
(198, (a) 1) 3 F(d)
in Br?eit frame .l I. Iq “2ma
d
—>0A

Andreas Wirzba 15125



0-Term Induced Nucleon EDM

Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ...

Isospin-conserving mNN coupling:

_ strong 1- 2y _

gg:(mnmp) ( ‘—)0
4F €

=yl ~ (1.8+0.3)-107"® fecm
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Ottnad et al., PLB(2010)

~ (-155+1.9)-107%F (where e = =)

my+mgy

Bsaisou et al., EPJA 49 (2013), JHEP 03 (2015)

Note also: g = 8cymyA% + (0.6 +1.1)-10730 = (3.4 £1.5) - 10730 with the

c(1-2) Mt

; gs AP —
3-pion coupling: A" = T6F iy M’2<_M2
v

single nucleon EDM:

isovector
§ ~
Ve - AN
" \ <<
isoscalar

g8 /0 known ~ “controlled”

—

lattice QCD required

Andreas Wirzba

g+ = (—0.37 £0.09) - 10730

“unknown" coefficients

Guo & MeiBner, JHEP 12 (2012)
16125
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Preliminary Lattice (full QCD) results
neutron EDM and proton EDM

Neutron

N=2+1 DWF. F,(0). (=8 Proton
T T v N7 + T30 g™ 0.14
0.02f ChPT N2 DWF. F,(6) ' '
0 Nz=2clover, AE(®) 0.12F
\ - O Ng=2clover, F,(0)
0= \f & N=2clover, F(i8) 0.1F
—_ ~
b E 0.08F +
E om % &
2 2L 006F
5 Z-0.04F 1] =
Z
& + ~" 0.04fF A N=2+1 DWF.F,(0), 1,,,=8|
F E 3 O N=2clover, F(8)
-0.06, 0.02 0 N2 clover, AE
oF & Nz=2clover, F.(i0)
-0.081 7]
L L -0.02, L L
0.2 0.4 : 0.2 ) 0.4
2 2 2
mn(GeV ) m (GeV")
9 = 1 ' (adapted from Eigo Shintani (Mainz), Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014)

no systematical errors!

Andreas Wirzba 17125
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Preliminary Lattice (full QCD) results

neutron EDM and proton EDM
Neutron Proton
T v NF2+I DWF, F,(6), (=8 0.14 . ;
0.02F ChPT N2 DWF, F,(0)
o N=2clover, AE(e) 0.12F
\ . O Ng=2clover, F,(0)
(U \f & N=2clover, F(i8) 0.1F
= = 0.08fF +
& 002} % E £
2 L 0.06F
5 Z-0.04F B &
Z
= $ 7 0.04F A N=2¢1 DWE.F,0). 1, =8
3 ] 3 O N=2clover, F(8)
-0.06 0.02 o N::Z clover, AE
oF & Nz=2clover, F.(i0)
-0.08F B
L | L L
0.2 04 002 02 N
2 2 2
mn(GeV ) m (GeV")
9 = 1 ' (adapted from Eigo Shintani (Mainz), Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014)

no systematical errors!

> d,=0(-27+1.2)-10°.efm and dp=0(21:12) 107% . efm
Akan, Guo & MeiBner, PLB 736 (2014); see also dy = 6(~3.9 £ 0.2 +£0.9)10™ Sefm Guo et al., PRL 115 (2015)

Andreas Wirzba 17125
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Preliminary Lattice (full QCD) results
neutron EDM and proton EDM

Neutron Proton
T T T T
A N’:Z‘*I DWEF, F,(8), DSDR 32¢
U 0.2k A N=2+1 DWF, F(0), Iwasaki 24c
- i 0 Nj2clover, Fy(6)
Y . 0 NF2clover, AE
~ -0.05 [ ¢ ] g 0.15[ & N2 clover, F(i6)
‘g v N=2+1 DWF, F(6), DSDR 32¢ ‘:;
2L v N2+ DWF, F,(0), Iwasaki 24c| = O.1F 4
SE 01F Nj=2 DWE, F,(6) 7z b
= O N2 clover, AE(9) o
O N2 clover, Fy(8) 0.05F |
& N2 clover Fy(i6)
-0.15[ & N;=3 clover, F(i0) 0 E
> N,:Z*’l*l TM, F,(8)
1 1 j 1 1
0.2 0.4 0.2 0.4
2 2 2 2
m_(GeV") m (GeV")
=11 Eigo Shintani et al., Phys. Rev. D 93, 094503 (2016) M, = 170,330, 420, 530 MeV

Don’t mention the ... light nuclei

Andreas Wirzba 17125
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Single Nucleon Versus Nuclear EDM
Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ... Ottnad et al., PLB(2010)

single nucleon EDM:

isovector
Ve - AN
" \ <<
isoscalar
“controlled” “unknown" coefficients
— lattice QCD required Guo, MeiBner JHEP'12

Andreas Wirzba 18125
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Single Nucleon Versus Nuclear EDM
Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ... Ottnad et al., PLB(2010)

single nucleon EDM:

isovector
Ve - AN
" \ <
isoscalar
“controlled” “unknown" coefficients
— lattice QCD required Guo, MeiBner JHEP'12
two nucleon EDM: Sushkov, Flambaum, Khriplovich Sov.Phys. JETP'84
I
I
-
controlled unknown coefficient

Andreas Wirzba 18125
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EDM of the Deuteron at LO: CP-violating = exchange
L3y = —daN'(1=7°)S"V/NF, — doNT(1 +73) S V" NF,,,
+ (myA)rms +WT/N+ g:NTmsN
+ CN'NDANTSN) + CoN'EN-DNTFSN) + .

:

55,| LO: QMFFN  (CPl) — 0 (Isospin filter!)
NLO: giNTmsN (CP.]) - “.O”in D case

('Dy)

| term [[N°LOXPT [ N'LOXPT | Awvis | CD-Bonn [ units |

‘ ap 0.939(9) 0.936(8) | 0.914 0.927 dn
. dy 0.939(9) 0.936(8) | 0.914 0.927 o
- & g1 0.183(17) | 0.182(2) | o0.186 0.186 || g1efm
s Af, || —0.748(138)| -0.646(23)| -0.703 | -0.719 || Aefm
Bsaisou et al., JHEP 03 (2015); A.W., Bsaisou, Nogga, IJMP E26 (2017

BSM CF sources: gi mNN vertex is of LO in qCEDM and 49gLR case
Andreas Wirzba

(As, Asrr) = {(0.45, 0.5); (0.6, 0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7)} Gev (HILD 19(25
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EDM of the Deuteron at LO: CP-violating = exchange
L3y = —daN'(1=7°)S"V/NF, — doNT(1 +73) S V" NF,,,
+ (myA)rms +WT/N+ g:NTmsN

+ CN'NDANTSN) + CoN'EN-DNTFSN) + .
55,| LO: QMFFN  (CPl) — 0 (Isospin filter!)

NLO: giNTmsN (CP,I) - “LO”in D case
Yamanaka & Hiyama, PRC91 (2015): dﬁ = (1 - gF’aD1 )dN
| term [[N°LOXPT [ N'LOXPT | Awvis | CD-Bonn [ units |

P 0.939(9) 0.936(8) | 0914 | 0927 | dn J
P 0.939(9) 0.936(8) | 0914 | 0927 | dp

('Dy)

.
A—P& g1 0.183(17) 0.182(2) 0.186 0.186 grefm
S Af, || -0.748(138)| —0.646(23)| —0.703 | -0.719 || Aefm
., Bsaisou, Nogga, IUMP E26 (2017

Bsaisou et al., JHEP 03 (2015); A.

BSM CF sources: gi mNN vertex is of LO in qCEDM and 49gLR case

Andreas WIrzba A cr) = £(0.45,0.5); (0.6,0.5); (0.55, 0.6); (0.45,0.7); (0.6,0.7)} Gev (CHLLD 19(25
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3He EDM: results for CP-violating = exchange

: QN'7-7N (GP, 1)  giNTmsN (CP.])

e —m— He LO: g-term, gqCEDM LO: qCEDM, 4gLR
n o N?LO: 4qLR NLO: 6 term

Andreas Wirzba 20125
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3He EDM: results for CP-violating = exchange

: QN7 7N (CGP,I)  giNTmsN (CP.])
SHe —— e LO: 6-term, qCEDM LO: qCEDM, 4gLR
[’ [0
n N?LO: 4qLR NLO: 6 term
[term [[ A ][ N°LOChPT | Avig+UIX | CD-Bonn+TM [[  wnits |
dn SHe 0.904 + 0.013 0.875 0.902 dn
SH —0.030 + 0.007 —0.051 -0.038
dp SHe || -0.029+0.006 ~0.050 —0.037 dp
SH 0.918 +0.013 0.902 0.876
A SHe || -0.017+0.006 ~0.015 ~0.019 Aefm
3H —0.017 + 0.006 —0.015 —0.018
o SHe 0.111+0.013 0.073 0.087 go efm
SH —0.108 +0.013 —0.073 —0.085
91 3He 0.142 +0.019 0.142 0.146 g1 efm
SH 0.139 + 0.019 0.142 0.144
Ay, SHe || —-0.608+0.142 ~0.556 —0.586 Aefm
SH —0.598 + 0.141 —0.564 —0.576
c SHe || -0.042+0.017 | -0.0014 ~0.016 Cyefm—2
3H 0.041 +0.016 0.0014 0.016
Cs SHe 0.089 + 0.022 0.0042 0.033 C, efm™2
3H —0.087 +£0.022 | —0.0044 -0.032

Andreas Wirzba Bsaisou, dissertation, Univ. Bonn (2014); Bsaisou et al., JHEP 03 (2015) 20|25
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3He EDM: results for CP-violating = exchange

Ty = —dNT(1-7%)8"V NF ., — dpNT (1 + 73) S VvV NF,.,,
+ (ITINA)ﬂ'ZT(g + goNTﬁ -TN + g1 NT7T3N
+ CIN'ND, (NTS*N) + CoN'EN - D, (NT7S"N) + ---.
tem [ A ][ NPLOChPT [ Awvjg+UIX | CD-Bonn+TM [[  units |
dn SHe 0.904 + 0.013 0.875 0.902 dn
SH —0.030 + 0.007 —0.051 -0.038
dp SHe || -0.029+0.006 ~0.050 —0.037 dp
SH 0.918 +0.013 0.902 0.876
A SHe || -0.017+0.006 ~0.015 ~0.019 Aefm
3H —0.017 + 0.006 —0.015 —0.018
o %He 0.111+0.013 0.073 0.087 go efm
SH —0.108 +0.013 —0.073 —0.085
91 3He 0.142 +0.019 0.142 0.146 g1 efm
SH 0.139 4+ 0.019 0.142 0.144
Ay, SHe || —-0.608+0.142 ~0.556 —0.586 Aefm
SH —0.598 + 0.141 —0.564 —0.576
c SHe || -0.042+0.017 | -0.0014 ~0.016 Cy efm™2
SH 0.041 +0.016 0.0014 0.016
Cs SHe 0.089 + 0.022 0.0042 0.033 C, efm™2
3H —0.087 +£0.022 | —0.0044 -0.032

Andreas Wirzba (ALs, Aspr) = {(0.45,0.5); (0.6,0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7) } GeV 20|25
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Discriminating between three scenarios at 1 GeV
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

The Standard Model + 6
[’gM =Lsm + 5m257ivsq
The left-right symmetric model — with two 4-quark operators:
Lia=-1Z[1.1(Trvuur) (diy" di) + 1.4(Trt*y,ur) (dit®™y"dL) ] + h.c.

The aligned two-Higgs-doublet model — with the dipole operators:
Laokm = —e% dio,sd F* - % dioys\id G + % frc G G, G,
— with the hierarchy dy ~ 4dy ~ 20dky
matched on
Ciferr = —GN'(1=7°)S" V' NFy — pN'(1+75)S" V" NF,.,
+ (MnA)7P7s + goNT7 - 2N + g1 NT N

+ CIN'ND, (NTS"N) + CoN'#N - D, (NTZS*N) +---.
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Discriminating between three scenarios at 1 GeV
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

The Standard Model + 6
£gM =Lsm + 5m257ivsq
The left-right symmetric model — with two 4-quark operators:
Lia=-1Z[1.1(Trvuur) (diy" di) + 1.4(Trt*y,ur) (dit®™y"dL) ] + h.c.

The aligned two-Higgs-doublet model — with the dipole operators:

% frc G G, G,

Lazhm = —e% dioy,ysd F* - % dioys\id G +

— with the hierarchy dy ~ 4dy ~ 200w

matched on
oy

— = — + - +
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

Q dspe — 0.9ds = 8 (1.01 £0.31p,q £ 0.297 ) - 107 '%ecm

nucl

Extraction of 8

*includes +0.20 uncertainty from 2N contact terms
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

K dspe — 0.9ds = 8 (1.01 £0.31p,q £ 0.297 ) - 107 '%ecm

nucl

Extraction of 8

dp —0.94(dn + dp) = 0(0.89 £ 0.29,5q £ 0.08,,,,c1) - 10~ '®ecm

Prediction for dp — 0.94(d,+dp)

(& triton EDM): b ™ » —dgiac! » Lapi!

*includes +0.20 uncertainty from 2N contact terms
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

K dspe — 0.9ds = 8 (1.01 £0.31p,q £ 0.297 ) - 107 '%ecm
Extraction of 6
dp —0.94(dn + dp) = 0(0.89 £ 0.29,5q £ 0.08,,,,c1) - 10~ '®ecm

Prediction for dp — 0.94(d,+dp)
(& triton EDM): dp ™ ~ —dii! ~ Tahi!

3He
0 _ (mn=mp)*°M(1-¢?) 5 a5
P = Y 0= (-16+2)107%4
-
2 2 strong
o B MM o) ¢ = Mu=mg
gg (mn_mp)strong ) = my+my

0/~0 . —0.2
9i /Qo ’ *includes +0.20 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

< dp — 0.94(dp+dp) ~ dp = —(2.1 £0.5*) ALRefm

Extraction of ALR

*includes +0.1 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs
< dp — 0.94(dp+dp) ~ dp = —(2.1 £0.5*) ALRefm
Extraction of ALR

/ dsgge — 0.90n = dapy, = —(1.7 £ 0.5* ) AtRefm

Prediction for the helion EDM
(& triton EDM): dp ~ diape ~ dayy

*includes +0.1 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs
< dp — 0.94(dp+dp) ~ dp = —(2.1 £0.5*) ALRefm
Extraction of ALR

/ dsgge — 0.90n = dapy, = —(1.7 £ 0.5* ) AtRefm

Prediction for the helion EDM
(& triton EDM): dp ~ diape ~ dayy

9P = Boymy ALR = (-7.5+2.3)AR,
str
LR = (D) N ALR _ (0.1240.02)ALR

Mz

LR LR
-91" /9" > 1 () *includes 0.1 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

\glg - 0.94(dp+dp) = [(0.18+0.02) gy - (0.75+0.14) Alefm

Extraction of gfﬁ (including A correction)
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

\glg - 0.94(dp+dp) = [(0.18+0.02) gy - (0.75+0.14) Alefm

Extraction of gfﬁ (including A correction)

+ Measurement of dsye (Or dsy )
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

\?D - 0.94(dp+dp) = [(0.18+0.02) gy - (0.75+0.14) Alefm

Extraction of gfﬁ (including A correction)

+ Measurement of dspe (Or day )
dspye — 0.9dn
=[(0.11+0.02")go+(0.14+0.02") g1 — (0.61 £ 0.14) A]efm

Extraction of gg

*includes +0.01 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

\?D - 0.94(dp+dp) = [(0.18+0.02) gy - (0.75+0.14) Alefm

Extraction of gfﬁ (including A correction)

+ Measurement of dsye (Or dsy )

dspye — 0.9dn
=[(0.11+0.02")go+(0.14+0.02") g1 — (0.61 £ 0.14) A]efm

SR I Prediction of dsy (or dape)

*includes +0.01 uncertainty from 2N contact terms
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Summary

= D EDM might distinguish between ¢ and other scenarios and
allows extraction of the g; coupling constant via dp —0.94(d,+dj).
(The prefactor of (d,+d,) stands for a 4% probability of the Dy state.)

= SHe (or °H) EDM necessary for a proper test of § and LR scenarios:
= Deuteron & helion work as complementary isospin filters of EDMs

= 2N contact terms cannot be neglected for nuclei beyond D

= a2HDM case: 3He and ®H EDMs would be needed for a proper test
= pure qCEDM: similar to a2HDM scenario

= pure QEDM: dp = 0.94(d), + dp) and daeay = 0.9d,,

= gCEDM, 4quark x singlet: controlled calculation difficult (lattice ?)

= Ultimate progress may eventually come from Lattice QCD
— GP N7 couplings go & g1 may be accessible even for dim-6 case

Andreas Wirzba 25]25
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Jump slides
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O0-term: CP 7w NN vertices determined from LECs

Leading g¢ coupling (from cs) Baluni (1979); Crewther et al. (1979);
Ottnad et al. (2010); Mereghetti et al. (2011);
de Vries et al. (2011); Bsaisou et al. (2013)

gy N'7 - FN-vertex

m*0

s

2
LaN = ...+ c528NT((mu—md) T3 + ﬁ-?)N ¥

5M5” 4B(my - mg)cs - g (SMS”U )F
€

(SMﬁg g MS” (2 44 + O 18)MeV Walker-Loud ('13); Borsanyietal.('14)

& mu/md =0.46 +0.03 Flag Working Group ('14)

—|gf=(155+1.9)-107%-0 Bsaisou et al. ('15)

= (my—ma)/(mu+mqg), 4Bm"=M(1-é), m"=ure
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6-term: subleading g? coupling (from ¢, LEC)

9]t m3NN-vertex | € = (My=mg)/(My+m)

SM? 1-€2)0
(oM )aeo(1 )FS)N

LaN= ...+ c14BNT((mu+md) +

Ci <« oxn: ¢ =(-1.0£0.3) GeV™' Compilation: Baru et al. (2011)

70

M4

¢ :
B (6M3)aco ~ TVE-IE .

4 ’
c(1-%) My 9 y
4Fxmy M2-M2 ,

< g¥(ct) = 8cimyA? interms of AY =

9#3-pion coupling

g7(c1) = (28+1.1)10%F & g =(0.6+1.1)107% N s N
~> g10 = (34 + 15) 10730 Bsaisou et al. '13,15
M, M?
g—e 022010~ ~E | > €5 ~-001 (NDA)
0 Bsaisou et al. '13, 15 My N de Vries et al. (2011)

95 (5M25) is unnaturally small |
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

XMO(p) = XO(p)| X0 (p) - XM O p)
AXNLO(p) = On+2-max|:|XLo(p)|, | = |’ | — |7
|XN3LO(p) _XNZLO(p)| |XN4LO(p) _ XNSLO(p)|] oo max(ﬂ &)
el ’ [ed AN
Ly 2\° . R |08fm 09fm 1.0fm 1ifm 1.2fm
and )= [1 _EXP(_RT?)] M T 0.6Gev 06GeV  0.6GeV  0.5GeV 0.4GeV
03
028}
026}
024}
0zl | NLO, N2LO, N3LO, N4LO
oot 02) F + F | (0.183£0.017)g;efm
o1sl ’ % | = (0.1815+0.0025)gs efm
016 1
0.14]
0125% 09 i [N 12
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

NLO LO N2LO NLO
N 2 o, | X"C@ -xCm| X p) - X" )|
axNnlop) = Q@ -max[|X ®)|, = , & ,
|XN3LO (p) - XNZLO (P)| |XN4LO ) - XNSLO (p)| |P| My
s with Q:max(—i,—i)
aQt [ed AN
>\ 18 R | 0.8fm  0.9fm 1.0fm 1.4fm 1.2fm
and (&) =[1-ep| -5 with ;
i R A, | 0.6GeV 0.6Gev 0.6GeV 0.5GeV 0.4GeV
2.1
2121
2141
-2.16 -
2181 1
22l ] NLO, N2LO, N3LO, N4LO
D 2220 g
Epvev) 0| ] % % | (-2.2233+0.0004) MeV
228+
23+
232 . . .
0.8 09 1 1.1 12

R, [fm]
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

NLO LO N2LO NLO
N 2 o, | X"C@ -xCm| X p) - X" )|
axiop) = Q™ -max[lx ®)|. > : = :
|XN3LO(p)_XN2LO(p)| |XN4LO(p)_XN3LO(p)| " oo |p| Mﬂ,
ot H P wi = max A—L,A—Ib
g vy 2\1° i A 08fm  0.9fm  1.0fm 1.ifm 12fm
an (F)=|1-ev TR wi Al | 0.6GeV 0.6GevV 0.6GeV 0.5GeV 0.4GeV
0
02L
04l
06l i i
08l % | | NLO,N2LO, N3LO, N4LO
—0.748 £ 0.138) Aefm
Afy [e-fm]  If ] ! ( )
-12¢ i — (—0.646 + 0.023) Aefm
4] |
16}
180 09 1 11 12
R, [fm]
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

N 2 o, o XNC® -xCm)| X 0p) - X"
axNnop) = @ -max[|X (p)|, N , = ,
|XN3LO(p) _ XNZLO(p)| |XN4LO (o) - XNSLO(p)| . ol My
e s > ] with Q:max(/\—z,/\—g)
and f(L):[1—exp(—ﬁ)]6 with R | 08fm 0.9fm 1.0fm 1.1fm 1.2fm
Ri R2 A, | 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV
0.16
0.14 -
0.12 -
0.1+
ZZ: NLO, N2LO, N3LO, N4LO
P, 00 ’ | I % ! ] d?, = (0.939 + 0.009)d,
002} = df, = (0.936+0.008)dy
-0.02 + i
-0.04 -
0068 09 1 Il 12
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

NLO LO N2LO NLO
N 2 o, o PNCE =X XN (p) - xNO ()|
axNnop) = @ -max[|X (p)|, N , = ,
|XN3LO(p)_XN2LO(p)| |XN4LO(p)_XN3LO(p)| ol My
s with Q = max| —, —
a 7 (% %)
2\ R | 0.8fm  0.9fm 1.0fm 1.4fm 1.2fm
and (&) =[1-ep| -5 with ;
i R A, | 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV
0.92
091 |
09}
089} I % f
! I NLO, N2LO, N3LO, N4LO
0.88 i
Astim™/2) | | (0.8844 +0.0001) fm"/2
0.86 4
085
0.84 . . .
0.8 09 1 1.1 12

R, [fm]
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Deuteron Quantities in ChPT from NLO to N4LO

Epelbaum, Krebs, MeiBner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

XNO(p) - X (p)] X0 (p) - XN (p)|
N n+2 LO |
AX"nLO = Q - max| [X s s s
(p) [| ®)| = s
|XN3LO(p) _ XNZLO(p)| |XN4LO (o) - XNSLO(p)| bl M
s with Q = max| —, —
Q* Qs AN
2\1° R | 08fm 09fm 1.0fm 1.1fm 1.2fm
and (&) =[1-ep| -5 with ;
i R A, | 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV
0.0285
0.028 +
0.0275
0.027 +
0.0265 |
NLO, N2LO, N3LO, N4LO
0.026 % B
n=DIS omssi | | { (0.02555 + 0.00001)
0.0245 | R
0.024 +
0.0235 . . .
0.8 09 1 1.1 12
. R, [fm]
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