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Matter Excess in the Universe

HISTORY OF THE UNIVERSE ’ End of |nﬂat|on nB - nB

Porpaton Cosmic Microwave Bkgr.
e SM(s) prediction:*

(ns —1g) /- |owe ~107"°
e WMAP+PLANCK ('13):
ng/n|cme=(6.05+0.07)107"°

Sakharov conditions (’67)
for dyn. generation of net B:

B violation t depart from initial B=0
C & CP violation

to distinguish B and B production rates

out of thermal equilibrium
to dist. B production from back reaction

| Particle Data Group, IBNL©® 2014  Supported by DOE and to escape (B)=0 if CPT holds

) 20 (1) () () () () () [ ~ 1077
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CP violation and the Electric Dipole Moment (EDM)

H - i -
4 EDM: d= 376 oo, d. 5|8
- particles i
- | (polar) (axial)
P i’ H=--pS.B-dS.E
P v s s
" P: H=-pg-B+d3-E
~ d & = & =
3 A T: H=-pg B+d%-E
TN

3 Any non-vanishing EDM of a non-deg.

Fig. 1 f Wikimed i i i
e e % (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): |dn|~10"*'ecm, |de|~10"*®ecm
= Current bounds: |dn|< 3°/1.6*-10726ecm, |dp|< 2-1072°ecm, |de|< 1-1072ecm

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

* from |digg,g| < 74 1073%¢ cm bound of Graner et al. (2016) T from polar ThO: |drpo| s 10721 ecm
Andreas Wirzba 4122




Why are EDMs of light ions interesting?

Road map from EDM Measurements to EDM Sources

Experimentalist’s point of view —

J)
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<« Theorist’s point of view

Andreas Wirzba

d(p) <1.8E-19 ecm

E
d(n) < 2.9 E-26 ecm 2 =
Neutron, Lattice QCD S £ [ quark EDM I
Proton reduced to d(n) < 1.6 E-26 ecm @ >
& d(p) < 2.0 E-25 ecm E"
i i z E v
Nuclei: chiral EFT ] % __)[ quark chromo-EDM ]—)
2H, 3H,*He £ £
d(Hg) < 7.4 E-30 ecm H [
. . Q (@]
Diamagnetic e S o >
atoms: —> 3 gluon chromo-EDM x
. . < S o
Hg, Xe, Ra E‘ @
=
Q
Paramagnetic £ &a
atoms: > 2 | am <ok ———>| four-quark operators g
Tl, Cs £ g
]
® <
a 8
lecules: —> 3 >[ lepton-quark operators }—) 3
YbF, ThO, HfF* ) d(mho) <1E-21 ecm | ‘epton-q P 2
1 enhanced to d(e) < 8.7 E-29 ecm
Leptons: >[ lepton EDM J—>
L -/
muon

(adapted from Jordy de Vries, Jilich, 2013)
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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 05 (2013)
150GeV/ g di \/ UL
H: H : /-\
| | UR dp
gEDM qCEDM 4qLR gCEDM  4q

dL ur,
10GeV | ; % X X

Up dR

! |

|

Y g u
< 1GeV. N é N ; TN NX
v

Total # = 1(A) + 2(qEDM) + 2(qCEDM) + 1 (4qLR) + 1(gCEDM) + 2(4q) [+3(semi)+1(lept)]
1(dim-four) + 8(dim-six) [+3+1] [Caveat: ms > my, my (& mMy>>me) assumed]

Andreas Wirzba — 5 discriminable classes 6l22
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EDM Translator
from ‘quarkish/machine’ to ‘hadronic’/human’ language?

D. VorderstraBe

Andreas Wirzba 7122
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EDM Translator
from ‘quarkish/machine’ to ‘hadronic’/human’ language?

D. 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 7122
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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)
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Calculation: from form factors to EDMs

P
(f(p")|mlf(P)) = Tr (P") T7(G?) ur(p) . 2= (-
r(q°) = 7" Fi(q®) ~ic"" qu 2(q ) 0" s 3(q ) (4 q" -2 a(q )
f
Dirac FF Pauli FF  electric dipole FF (GP) anapole FF (P
F. 2
< df:= lim 3(q ) for s =1/2 fermion

Andreas Wirzba 9l22
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Calculation: from form factors to EDMs

(F(P")|Jmlf(P)) = Tr(P") T (9%) ur(p) . S

2(67) s(q)

M(q°) =" Fi(q®) -ic" qu " quys +(#q" 9" a(q)

f

Dirac FF Pauli FF  electric dipole FF (GP) anapole FF (P

2

)75

for s =1/2 fermion

(16

Andreas Wirzba 9l22

Nucleus A
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in Breit frame
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0-Term Induced Nucleon EDM

Crewther, di Vecchia, Veneziano & Witten, PLB(1979); Pich & de Rafael, NPB(1991); Ottnad et al., PLB(2010)

Isovector mNN coupling:

0 (mn_mp)strong(1 —62)

) ~ (- 7] = Mu—Mg
9% 4Fc 6 ~ (-0.016 £0.002)0 (wheree= mumd)
= dy :gg‘éecmf ~ (1.8+0.3) - 107"%9ecm Bsaisou et al., EPJA 49 (2013), JHEP 03 (2015)

single nucleon EDM:

isovector
7 - AN
" | <
- isoscalar
9o /0 known ~ “controlled” “unknown" coefficients
— lattice QCD required Guo & MeiBner, JHEP 12 (2012)

Andreas Wirzba 10122
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Preliminary Lattice (full QCD) results
neutron EDM and proton EDM

Neutron T —_— Proton
; v NF2¢I DWE.F,®).1_= 0.14
002k, ChPT NF2DWEF,(©) ' '
O N=2clover, AE(6) 0.12F
R . O N=2clover, F,(6)
Us ‘f & N2 clover, F(i0) o.1f
_ ~
g 3 0.08F +
E om % &
s.)/ L 0.06F
Z-0.04F ] N
Z.
~5 + ~ 0.04F A NF2+1 DWE,F0),1,,=8
P E 3 O Ng=2clover, Fy(6)
006 0.02 I 0 N=2clover, AR
N & N=2clover, F(i0)
0.08F ] 0 1 I
. . i . .
02 04 0.02 0.2 04
2 2 2 2
m_(GeV’) m_(GeV")
f=1 (adapted from Eigo Shintani, Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014
[¢]

no systematical errors!

Andreas Wirzba 11122
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Preliminary Lattice (full QCD) results
neutron EDM and proton EDM
Neutron T —_— Proton
T T v N=2 SF0), 1=
0.02F ChPT N2 DWEE® o ' '
O N=2clover, AE(6) 0.12F
/ T O N=2clover, F,(0)
(s \f o N=2clover, F(i6) 0.1F
= E E = 0.08F #
E 0.02 % E
g/ L 0.06F
Z-0.04 - B
~ b & 0.04F A N2+1DWE.F,0).1,=8
F E O Ng=2clover, Fy(0)
-0.06 0.02F B N2clover, A
ok o N=2clover. Fy(i0)
-0.081 1
L L -0.02 . L
0.2 N 04 0.2 N 0.4
m’(GeV°) mA(GeV’)
60=1! (adapted from Eigo Shintani, Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014)

no systematical errors!

>dy=0(-27+1.2)-10°. efm and dp=0(2.1+1.2)-10°°. efm
Akan, Guo & MeiBBner, PLB 736 (2014); see also d = 5(—3.9 +0.2+ 0.9)10'39fm Guo et al., PRL 115 (2015)

Andreas Wirzba 11122
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Preliminary Lattice (full QCD) results
neutron EDM and proton EDM

Neutron Proton
T T T T
A N=2+1 DWF, F,(8), DSDR 32¢
Of= L A N=2+1 DWF, F,(8), Iwasaki 24c
0.2 7 S
. i O N2 clover, F(6)
Y . O Np2clover, AE
/g -0.05f [ s 4 ,g 0.15[ & NF2clover, F(i6)
= v N=2+1 DWF. F,(6), DSDR 32¢ | <~
2 v N;=2+1 DWF, F,(8), Iwasaki 24c L oaf —
=z 01F N;=2 DWF, F,(8) ~z ¢
= O N2 clover, AE(®) °
O N2 clover, F,(6) 0.05 ]
& N2 clover, F(i6)
-0.15[ & N;=3 clover, F(i0) 0 E
& NZ2+1+1 TV, Fy(8)
1 1 j 1 1
0.2 0.4 0.2 N 0.4
2 2, 2
m_(GeV") m_(GeV")

s
1]
—

Eigo Shintani et al., Phys. Rev. D 93, 094503 (2016)

Don’t mention the ... light nuclei

Andreas Wirzba 11122
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Single Nucleon Versus Nuclear EDM

single nucleon EDM:

isovector
Ve - N\
" | <
isoscalar
“controlled”
— lattice QCD required

L E

Andreas Wirzba

i

“unknown" coefficients

Guo & MeiBner, JHEP(2012)

X
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Single Nucleon Versus Nuclear EDM

single nucleon EDM:

isovector
Ve - N\
" | <
isoscalar
“controlled”
— lattice QCD required

two nucleon EDM:

S

I
I
e

controlled

Andreas Wirzba

i

“unknown" coefficients

Guo & MeiBner, JHEP(2012)

Sushkov, Flambaum & Khriplovich, Sov.Phys. JETP (1984)

X

unknown coefficient

12122
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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

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

('Dy)

| term || N’LOChPT | Avis | CD-Bonn || units |

‘ P 0.939+0009 | 0914 | 0927 | d,

n P 0.939+0.009 | 0914 | 0.927 b
H& i 0.183+0.017 | 0.186 | 0.186 || giefm
S Af, || -0748£0.138 | 0703 | -0.719 | Aefm

Bsaisou, dissertation, Univ. Bonn (2014); Bsaisou et al., JHEP 03 (2015)

BSM CF sources: gi mNN vertex is of LO in qCEDM and 4qgLR case
Andreas Wirzba (ALs, AsFr) = {(0.45,0.5); (0.6,0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7) } GeV 13122
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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)

Yamanaka & Hiyama, PRC91 (2015): dﬁ = (1 - gF’aD1 )dN

| term || N’LOChPT | Avis | CD-Bonn || units )

‘ P 0.939+0009 | 0914 | 0927 || dr
n P 0.939+0.009 | 0914 | 0.927 b
H& i 0.183+0.017 | 0.186 | 0.186 || giefm
S Af, || -0748£0.138 | 0703 | -0.719 | Aefm

Bsaisou, dissertation, Univ. Bonn (2014); Bsaisou et al., JHEP 03 (2015)

BSM CF sources: gi mNN vertex is of LO in qCEDM and 4qgLR case
Andreas Wirzba (ALs, AsFr) = {(0.45,0.5); (0.6,0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7) } GeV 13122
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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.
X" @) - X0 )| X0 (o) - XN p)|
@ ' @3 ’
|XN3LO(p) _ xNeLo (p)l |XN4LO(p) _ XNBLO(p)|
Q4 ’ Qs

AXNnLO 0 _ On+2 . max[|XLo (P)| ,

M.
with O:max(ﬂ, —W)
Ao Ap

H‘O.Bfm 0.9fm  1.0fm 1.1fm  1.2fm

2\16
d e =[17 (J—)] ith
an () TP R)] "M TR, 068GV 068GV 0.6GeV 05GeV  0.4GeV

-2.1 T T T T T

202+
214+
216+
218+
220
D
Eg Mev] 22y § % 1 NLO, N2LO, N3LO, N4LO
2241 % % 4
226+
228+

231

232 . .
08 09

o -

; [fm]
Andreas Wirzba 14122
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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.

XNOp) - xO(p)| X0 (p) - X0 ()|
NnLO _ n+2 LO |
ax"Opy = Q ~max[|X ®), = , & ,
N3LO N2LO N4LO N3LO
[XN (p) = X2 (p)| - [X O (p) = X0 (p)| it Qmax(@ Mi)
@ ’ a3 Ay Ap
2\18 R ‘ 0.8fm 0.9fm 1.0fm 1.1fm 1.2fm
d g =[1-ow(- )] win
an ) TP R)] "M TR, 068GV 068GV 0.6GeV 05GeV  0.4GeV
0.92 T T T T
091 -
09+
0.89 -
i % % %
0.88 4
As [fm~1/2] 087 NLO, N2LO, N3LO, N4LO
0.86 -
085+
084 . . . . .
08 09 1 1.1 12
R, [fm]

Andreas Wirzba 14122




#) JOLICH

FORSCHUNGSZENTRUM

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.

Lo |XNLO(p) _ XLO(p)| |XN2LO (p) - XNLO(p)|
( @2 ’ 3 ’
|XN3LO(p) _ xN2Lo (p)l |XN4LO(p) _ XNBLO(p)|

Q* Q5

AX

p) = Q" ~max[|xL°(p)| ,

M.
with O:max(ﬂ, —W)
Ao Ap

, 2 R R ‘ 0.8fm 0.9fm 1.0fm 1.1fm 1.2fm
and f(5)= [1 —exp (——2)] with
R R Ap [ 0.6GeV  0.6GeV 0.6GeV 0.5GeV  0.4GeV

0.0285 T T T T

0.028 -
0.0275
0.027 +
0.0265 -

0.026 4
n=D/S (55l I | * k ] NLO, N2LO, N3LO, N4LO
0.025 +

0.0245 |

0.024 +

0.0235 L L

Andreas Wirzba 14122




#) JOLICH

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.

|XNLO(p) _ XLO(p)| |XN2LO(p) _ XNLO(p)|
Q2 ’ Q3 ’
|XN3LO(p) _ xN2Lo (p)l |XN4LO(p) _ XNBLO(p)|

o4 Qs
‘O.Bfm 0.9fm  1.0fm 1.1fm  1.2fm

AXNnLO(

p) = Q" ~max[|xL°(p)| ,

M.
with O:max(ﬂ, —W)
Ao Ap

2\16 R
d e =[17 (J—)] ith
an () TP R)] "M TR, 068GV 068GV 0.6GeV 05GeV  0.4GeV
016 —— ‘ ‘ ‘ ‘

0.14
0.2+
0.1+
0.08 -
0.06 -

Psp, %7 % t % | | NLO,N2LO, N3LO, N4LO
002 i

-0.02+
-0.04 +

-0.06 . .
08 09

o -

; [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.

|XNLO(p) _ XLO(p)| |XN2LO(p) _ XNLO(p)|
Q2 ’ Q3 ’
|XN3LO(p) _ xN2Lo (p)l |XN4LO(p) _ XNBLO(p)|

o4 Qs
‘O.Bfm 0.9fm  1.0fm 1.1fm  1.2fm

AXNnLO 0 _ On+2 . max[|XLo (P)| ,

M.
with O:max(ﬂ, —W)
Ao Ap

and f(’%)z[PeXp(’%)]e v /C,\o.ec;ev 06GevV  0.6GeV  0.5GeV  0.4CeV
03— : ‘ ‘ ‘
028}
026}
024}
022}

g1 [e-fm]  02F ’ * {‘ |‘ {' 1 NLO, N2LO, N3LO, N4LO

0.18+
0.16+

0.14+

0.12 . .
0.8 09

|

; [fm]
Andreas Wirzba 14122
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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.

XNOp) - xO(p)| X0 (p) - X0 ()|
NnLO n+2 LO |
ax"Cp) = a ~max[|X ®), = : & ;
|XN3LO(p)_XN2LO(p)| |XN4LO(p)_XN3LO(p)| ‘ (\P| M,r)
s with Q= max| —, —
fed fed Ao Ap
T 2 ]6 ) R \ 0.8fm  0.9fm 1.0fm 1.1fm  1.2fm
and f(’?)_[1 eXp( n2) M T06GeV 0.6GeV 06CeV  0.5GeV  0.4GeV
0 . . . . .
02+
04l
06L
I
0.8} % | ]
Afg [efm] 1| 1 NLO, N2LO, N3LO, N4LO
-12¢ 4
14l
-16L
.18 . . . . .
038 09 1 11 12
R, [fm]

Andreas Wirzba 14122
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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 15]22
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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 ][ NPLOChPT [ Awg+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
3H 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 —0.019

% SHe 0.111+£0.013 0.073 0.087 go efm
SH —0.108 +0.013 —0.073 —0.085

o 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 Cyefm—2
SH 0.041 +0.016 0.0014 0.016

Co SHe 0.089 + 0.022 0.0042 0.033 Coefm™2
SH —0.087 +£0.022 | —0.0044 -0.032

Andreas Wirzba Bsaisou, dissertation, Univ. Bonn (2014); Bsaisou et al., JHEP 03 (2015) 15|22
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3He EDM: results for CP-violating = exchange

T = —dNT(1-7°)S" V' NF,., — doNT(1 +75)S* V" NF,.,
+ (MyA)mPrs + N7 - N + gi NT g N
+ CIN'ND, (N'S"N) + CoN'#N - D, (NTZS*N) +---.

tem [[ A [ N°LOGhPT | Avig+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
3H 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 —0.019
@ %He 0.111+0.013 0.073 0.087 go efm
SH —0.108 +0.013 —0.073 —0.085
o 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 Ciefm=2
SH 0.041 +0.016 0.0014 0.016
Co SHe 0.089 + 0.022 0.0042 0.033 Coefm™2
SH —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 15|22
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Discriminating between three CP scenarios at 1 GeV
Dekens et al., JHEP 07 (2014); Bsaisou et al., JHEP 03 (2015)

The Standard Model + §
Ly = Lsu +0m;qivsq
The left-right symmetric model — with two 4-quark operators:
Lip=-1Z[1.1(Urvuur) (duy" d) + 1.4(Trt*y,uR) (dut®™"dL) ] + h.c.
The aligned two-Higgs-doublet model — with the dipole operators:
Laokm = —e% dioyysd F* - % dio,,ysA\d GM + % farcG*H G, G,
— with the hierarchy dy ~ 4dy ~ 20dw

matched on

‘C’;gEFT —duNT(1 = 7°) 8"V NF,,,, — doNT(1 + 73)S* V¥ NF,,,,

+ (mMyA)Pmg + goN'7 - 7N + g N s N

+ CIN'ND,(N'S*N) + CoN'#N - D, (NT#S*N) + ---.

Andreas Wirzba see also talk by Jordy de Vries 16122




#) JULICH

FORSCHUNGSZENTRUM

Discriminating between three CP scenarios at 1 GeV
Dekens et al., JHEP 07 (2014); Bsaisou et al., JHEP 03 (2015)

The Standard Model + §
Ly = Lsu +0m;qivsq
The left-right symmetric model — with two 4-quark operators:
Lip=-1Z[1.1(Urvuur) (duy" d) + 1.4(Trt*y,uR) (dut®™"dL) ] + h.c.
The aligned two-Higgs-doublet model — with the dipole operators:
Laokm = —e% dioyysd F* - % dio,,ysA\d GM + % farcG*H G, G,

— with the hierarchy dy ~ 4dy ~ 20dw
matched on
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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 dape — 0.9 = —0(1.01 £ 031409 £0.29%_ ) -107"%ecm

nucl

Extraction of 8

*includes +0.20 uncertainty from 2N contact terms
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Measurement of the helion
and neutron EDMs

K dape — 0.9 = —0(1.01 £ 031409 £0.29%_ ) -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 dape — 0.9 = —0(1.01 £ 031409 £0.29%_ ) -107"%ecm

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): 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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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

/ dagge — 0.90h = dape = —(1.7 £ 0.5" ) AlFefm

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

/ dagge — 0.90h = dape = —(1.7 £ 0.5" ) AlFefm

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
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Measurement of the deuteron
and nucleon EDMs
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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

\?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 20122
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Conclusions

= EDMs probe New CP-odd Physics (at similar energy scales as LHC)

= The first non-vanishing EDM might be detected in a charge-neutral
case: neutrons or dia-/ paramagnetic atoms or molecules ---
However, measurements of light ion EDMs can play a key role in
disentangling the sources of (flavor-diagonal) CP
= EDM measurements are of low-energy nature:
— non-leptonic predictions have to be in the /language of hadrons
- only systematical methods: ChPT/EFT and Lattice QCD

=  EDMs of light nuclei give independent information to nucleon ones
and may be even larger and, moreover, even simpler

At least the EDMs of p, n, D, and *He would be needed
to have a realistic chance to disentangle the underlying physics

Andreas Wirzba 21]22
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Many thanks to my colleagues

in Julich: Jan Bsaisou, Christoph Hanhart, Susanna Liebig, UIf-G. Mei3ner,
David Minossi, Andreas Nogga, Jordy de Vries

in Bonn: Feng-Kun Guo, Bastian Kubis, UIf-G. Mei3ner
and: Werner Bernreuther, Wouter Dekens, Bira van Kolck, Kolya Nikolaev
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