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Why Electric Dipole Moments (EDMs)?

EDM: d = 3, F.e; 2229 45/ H=-d-E=-dS-E
(polar) Particles —qyia)y

S

P H——H =+dS-E
: T H—H =+dS E
—_— S

Permanent EDMs of subatomic particles violate parity (P) and
—  time-reversal (T) symmetry
CPT theorem: T violation < CP violation
EDMs are a measure of flavor-diagonal CP violation
in fundamental particle interactions!
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Why is CP violation interesting?
One example: baryon-antibaryon asymmetry Agz in the universe

Cosmic background radiation (photon freeze-out point)

WMAP+COBE (2012): 1, SM with CKM matrix:
Apgg = (ng = ng)/ny ~ 1071 Apgg = (ng —ng)/ny ~107°

Sakharov conditions for dynamically generated Agg (1967):

Baryon number violation
C and CP violation

Interactions outside thermal equilibrium

What could be the sources of CP violation
within and/or beyond the SM ?
3117
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Hadronic EDMs

neutron EDM bounds

Y Current bounds:
Beams | UCN Theory
o |ds| <3-10726 e cm
B .. Baker et al. (2006)
L) —24|_ L]
Ew |dp| <8-107%5 e cm
[ )
o | . susy (from "%°Hg)
o "”E‘*;;. Griffith et al. (2009),
w3k e Dimitri & Sen’kov (2003)
MultiCell ®
3He-UCN —<— Sweak .
- SM (CKM matrix):
~— sM d,~10%" ecm
—32 1 1 1 1 1 | | 1 n

1950 1970 1990 2010

) year of experiment
Courtesy Ulf-G. MeiBner

Planned storage ring experiments with sensitivity ~ 1072° e cm:
p @ BNL or FNAL, p, D, 3He @ FZ Jiilich

25.04.2014 Jan Bsaisou 4117




#) JOLICH

FORSCHUNGSZENTRUM

Hadronic EDMs

Hypothesis: EDM measurement — CP beyond SM (CKM-matrix)
!

different CP sources induce different
hierarchies of light nuclei EDMs!

U
Several EDM measurements required
to disentangle sources

Outline: Compile list of SM and BSM CP sources
Derive induced CF hadronic operators
Compute EDMs of n, p, D, *He
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CF sources of dim 4: SM beyond CKM-mechanism

Topological non-trivial field configurations — CP term in Lqcp

Laop = LS, + 96% _PTGE GE (dim 4)

QCD 0-term

2
U(1)a-anomaly: 00— Is P Gh,Ga, — —Om; 5iG75q
6412

G = 0 + argDet (M), M: quark mass matrix, mg = mymg/(my + mg)

Current A-bound from dj: |9 s 107'°  Baker et al. (2006) + Ottnad et al. (2010)
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CFP sources at the hadronic level: §-term
SU(2) ChPT (m, N, ,...): symmetries of QCD preserved by EFT

P 1 CP, 1
_§m;/g,75q SU(2)xSU(2)r MqeGTaq
! !
0s (02Bm; [Fy) Ntz 2N SU@20@a o 4Bmge NTmaN
— ——— N—— —
— 0 Smgl [2=(2.6+0.85)MeV /2

L _6mstr 1 —6 _
| — =07 - =(-0.018 + 0.007)0

N
Mereghetti et al. (2010), JB et al. (2013)

* Gasser & Leutwyler (1984) + Walker-Loud et al. (2012)

Mg=(my+mg)/2,  mg=mumg/(my+mg), €= (mu=mg)/(my+mg)
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CP sources at the hadronic level: §-term induced | 7 NN-vertex

CP terms break SU(2), x SU(2)g symmetry — ground state shifted!

Shift defined by angle 8 = B((MZ, - M2, )sr): Mereghetti et al. (2010)
—_— JBetal. (2013)
(OMZ ) sir
CP,I QFaI
- SU(2)xSU(2
c18Bmy NTN M) ¢ 8Bm, 203 Nt N
—_— shift
—>AmN — g
| 20(5M2) gy 1 — €2 _
N — g1 =C 20OM)ar 1= . (0.003 + 0.002)8
. Fr €

cy: Baruetal. (2011), (6M2)gy: Gasser & Leutwyler (1984)

|90| > |91] 01/90=-0.2+£0.1 ~ O(M,/my) JBetal. (2013)
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CP sources of dim > 4: BSM physics
SUSY, multi-Higgs, Left-Right-Symmetric models, ...

Effective field theory approach:

g!}
% - %
q

»

1TeV ~ Apsm 00GeV g

= All degrees of freedom beyond Aggy are integrated out
— Only SM degrees of freedom remain: g, g, H, W*,...
= BSM d.o.f. encoded in effective coupling constants

= L expansion in powers of 1/Agsm
— eff. operators of dim. 5, 6, ...
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Add to SM all CF effective dim < 6 SOUrCes: Buchmiller et al. (1986), Grzadkowski et al. (2010),
Ng et al. (2012), de Vries et al. (2013), ...

1TeV g dy \/ U
e
! § % Hos > :M < o H

| |
H H /.\
dp

100GeV | | UR
qEDM qCEDM 4qLR gCEDM

dr, ur,
10GeV q X
\ 4 ; % ug dp

— Effective dim-6 sources: new, independent operators

25.04.2014 Jan Bsaisou
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/@P/Sources in ChPT: effective dim-6 sources de vries et al. (2012), JB et al. (in prep)
New, independent operators — new LECs (Lattice QCD, NDA, ... )

Qo1 CF, 1 91: CP, 1 b, di: OF, 1+ A: OF, |
I
| 70 [ v T
cEr v ) N u
EA S E— JEL A E— - ~N
_ M2 MR 2 4
6-term: 0 — 0— eﬁ%L M—I
m? my my, my my
M2 M2 2 4
gCEDM: o< o< eM—;L o< M-
F.my Frmy m3, My Frm}

CF sources — different hierarchies of coupling constants

25.04.2014
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¢-term induced EDMs: nucleons

Leading one-loop contribution: Crewther et al.(1979), Pich et al. (1991)
Ottnad et al. (2010)

s . §
/ \
—

two counter terms

Lattice QCD input required to quantify counter terms!

0.02

0ool Fitting to Lattice QCD data
o @ M, =320 MeV, M, =420 MeV
fg, -0z Shintani (2014, preliminary)
s oo dp=+(21+1.2)-10%F e cm

-0.06 1 dy=—-(27+1.2)-107"%)ecm

00 01 0z 03 04 o5 Guo, MeiBBner (2012) & (in prep)

M, [GeV]

Courtesy Guo & MeiBner (preliminary)
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0-term induced EDMs: deuteron

Leading NN tree-level contribution — CP 4N vertices suppressed!
Flambaum et al. (1984)

35'1
+ + -
3D,
N2LO
ds°(2N) = ( 0.55 + 0.36 +0.05)-107'®fecm (ChPT)
N—— N—— .
hadronic  nuclear JBetal. (inprep)

N2LO _ 16
dp ““(2N) =(-0.05 + 0.02 )-10""*fecm JB et al. (2013)

hadronic
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f-term induced EDMs: helion

daHe = dn + 3Heyﬂ+ ‘He | + 3Heg]+ SHe | + et
—
=0.88d,-0.0474d), e

de Vries et al. (2011)

LO NLO
di2(2N) = (-1.78 + 0.70 = 0.46)-10"'*F e cm
N—— N——
hadronic  nuclear (C h PT)
dMO(2N) = ( 043 + 0.28 = 0.08)-10®Gecm 2o (PR
N—— N——

hadronic  nuclear

Stetcu et al. (2008), Song et al. (2013): dp, dsy, from phen. potentials
- functions of go,1, no controlled uncertainty, discrepancies now resolved
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Testing Strategies for the 0-term

EDM results:
dp = dh+d, +(055+0.37)- 10716 G:ecm JB et al. (in prep)
doe = dn - (1.35+0.88)-10""®*fecm JBetal (in prep)

—
=0.88dy —0.047 dp de Vries etal. (2011)

Testing strategies: ‘

dp(2N) — prediction
= plan A: measure dy, dp, and dp —— 0 ——— dayye

= plan A: measure dy, (dp), and dsye 9(@N) - prediction, o

= plan B: measure d, (or d,) + Lattice QCD~» 6 Predetion 4,

= plan B’: measure d, (or dy) + Lattice QCD~» 6 predietion, dp (or dy)

25.04.2014 Jan Bsaisou 15117




#) JOLICH

FORSCHUNGSZENTRUM

If O-term tests fail: effective BSM dim-6 sources
de Vries et al. (2011), JB et al. (in prep)

& D .

qEDM qCEDM 4gLR gCEDM + 4q

dp w~dp+dy dp >dp+d, dp >dp+dp, dp ~dp+d,
~ dp daHe > dn d3He > dn d3He ~ dn

— o, g1 < aem/(4m) (from photon loop)

2N contribution suppressed!

here: only absolute values considered
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If O-term tests fail: effective BSM dim-6 sources
de Vries et al. (2011), JB et al. (in prep)

g

X
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AX

qEDM qCEDM 4qLR gCEDM + 4q
dp ~dp+dy dp >dp+d, dp >dp+d, dp ~dp+dy
d3He ~ dp daHe > dy d3He > dp d3He ~ dp
|
—> Qo ~0g; dominant!

2N contribution enhanced!

25.04.2014

here: only absolute values considered
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If O-term tests fail: effective BSM dim-6 sources
de Vries et al. (2011), JB et al. (in prep)

B (X AX

qEDM qCEDM 4gLR gCEDM + 4q

dp ~dp+d, dp >dp+d, dp >dp+dy dp ~dp+dy
d3He N dn d3He > dn d3He > dn d3He ~ dn

— g1 > o, 3m-coupling (unsuppressed)

Isospin-breaking 2N contribution enhanced!

here: only absolute values considered
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If O-term tests fail: effective BSM dim-6 sources
de Vries et al. (2011), JB et al. (in prep)

g

D S

qEDM

dD N dp + dn
d3He N dn

qCEDM 4gLR

dp >dp+d, dp >dp+d,
dBHe > dn d3He > dn
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AX

gCEDM + 4q

dD ~ dp + dn
Chopje ~ Op

— g1 ~ go ~ 4N-coupling

2N contribution difficult to quantify!

25.04.2014

here: only absolute values considered
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Conclusions

= (Hadronic) EDMs play a key role in hunting new sources of CF

= Measurements of hadronic EDMs are low-energy measurements
— Predictions have to be given in the language of hadrons
— only reliable systematic methods: ChPT/EFT and/or Lattice QCD

= Deuteron and 2He nucleus provide independent information for
EDMs (different isospin filters)

EDM measurements of p, n, D, and He
(combined with Lattice QCD results)
required
to disentangle the underlying physics
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Another contribution to g/

Mereghetti et al. (2010), JB et al. (2013)

2 _ -
LaN= ...+ Cgs)%:m")ﬂNTmN N 01(3) unkown!
estimate 01(3) by resonance saturation: JB et al. (2013)
,/ rN1535—>N77
0, +
¢ n — mp-mixing amplitude

n '," U
K CF N*— Nmgy coupling
N N(1535) N

69¢ = (0.0006 + 0.0003)7 <« g? = (0.003 +0.002)0

incorporated into increased uncertainty
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QP/SourceS in ChPT: effective dim-6 sources de vries et al. (2012), JB et al. (in prep)
New, independent operators — new LECs (Lattice QCD, NDA)

90: CF, 1 o OF, | db, di: CF, 1+] A: CF, |

% 70 0 vy
Lepr: . " 71
N N N L N

_M2 M3 Y Y
O-term: 0— 0— e M—g 0%
n, my, mg, mpy
Qlem M2 Qlem M2 M‘l‘l’ Olem M4
EDM: T T ec— s
q 47 Frmy 4 Frmy m’3v 47 F,rmi,
M2 M2 2 4
qCEDM: c c ecM—;r c Mx
F-my F.my my, F,rmi,
M? m m
4qgLR: - c— ecl c—
F”mN F‘n' mn F‘rr
M2 eM? 1 eM?
CEDM, 4q: = c——" ec— =
9 g Frmi [ mn “F.m,

OF sources — different hierarchies of couplings
25.04.2014 Jan Bsaisou 20117
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D EDM: Power Counting

f-term gCEDM 49gLR
9% § A(9 ch A4q
2
! (Lo) (LO) (N2LO)
-
2
9 § Ay x M Aqec Asg % M—;
my mN
|
| (NEOT— LO) (LO) (LO)
M2 M2
Ag X m—%l ch X FN A4q
) s ) (N?LO)
(N’LO - N —>N°LO) (N’LO)

Ap x — Agc X —
/ \ 0 C
m3 q

N my my
§ (N*LO - N2LO) (N®LO) (N°LO)
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D CP form factor computation technique:

plane wave: multiple rescatterings:

3511 351 59
[ + + perm.

3Dy 3Dy 3Dy

q ;q
(DI V% Go0x(@)ID)  + (DI Go Vie GO2(@)|D) + perm.

G=Gy+ Gotip Go tio=(1-Vi2Go) Vi

Note:
= Complementary Monte Carlo based test for plane wave contribution

= Additional analytic computation utilizing PEST separable potential

25.04.2014 Jan Bsaisou 22[17
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EDM of the Deuteron at LO: d-term
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LO: giNt#—7N (CPl) - Isospin select.

:55
NLO: g NTm3N (CP, 1) -» LO
KDI
in units of g% e - fm - (ga mn/Fr)
refs. potential no °Pi-int | with °Py-int total

JBetal. (2014)* Avig 1.93x1072 | —0.48x1072 | 1.45x 1072
JBetal (2014)* | CD BONN 1.95x107% | -0.51x107% | 1.45x107°
JBetal. (2014)* | ChPT(N°LO)T | 1.94x1072 | -0.65x 1072 | 1.29x 1072
Song (2013) Avig - - 1.45x 1072
Liu (2004) Avig - - 1.43x 1072
Afnan (2010) Reid93 1.93x1072 | —0.40x1072 | 1.563 x 1072

*:in preparation T: cutoffs at 600 MeV (LS) and 700 MeV (SFR)

BSM CF sources: gi mNN-vertex induces also LO NN contribution

25.04.2014

Jan Bsaisou
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EDM of the Deuteron: NLO- and N?LO-Potentials
| |
0 0
90 91
LO NLO N2LO
— —= —= T —n —n T
7/ | \ 7/ | |
I \\ ,/ | | \\ ,/ | |
1 1 1 1 1
VRN VRN
" 7 B N -
N/ | N/ |
AN | AN I
1 1
I
o N
A
P
24117
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EDM of the Deuteron: NLO- and N?LO-Potentials

N2LO

TSI K

SOX XX

= X: vanishing by selection rules, X: sum of diagrams vanishes
X vertex correction

25.04.2014 Jan Bsaisou 24117
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EDM of the Deuteron: NLO- and N?LO-Currents

25.04.2014

N2LO
7 - Y
—i H_L
\ / / \
\ / / \
4- 1
—= — = , — =
\ / N
vV | My SV
\ / ) j e N
—= T — ——
| | 7
‘ < YWY
1 1 1
*

*: de Vries et al. (2011), JB et al. (2013)
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EDM of the Deuteron: NLO- and N?LO-Currents FORSCHUNGSZENTRUM

LO NLO N3LO

o XX
e S e

KK e

*: de Vries et al. (2011), JB et al. (2013)

= X: vanishing by selection rules, X: sum of diagrams vanishes
25.04.2014 Jan Bsaisou 25(17




3He EDM: Power Counting
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Utilizing Schroedinger equation |¢)) = Go V) to compare NN ~ 3N ops.

25.04.2014

0-term

Ay
(LO)

(N?LO)

Jan Bsaisou

qCEDM

Aqc
(LO)

4qLR
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3He CP form factor computation technique: Faddeev approach

plane wave: multiple rescatterings:

e |————fe | —m— He|  + perm.

: :

(He| V2. Go 0s(q) PHe) + (HelV,2Go V GO () [He) + perm.

= Faddeev equation: (1+ P)|[U)) = V G(1 + P)O3(q) [*He)

|U(3)(@)) = ti2 Go (1 + P)O3(G)PHe) + ti2 Go P|U(3))

P = P12P23 + Pi3Po3
Note: complementary Monte-Carlo based test for plane wave contribution
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3He EDM: quantitative results for g, exchange

] § QN7 -#N  (CP, 1)
e —m—] e 6-term,qCEDM - LO
49LR - N2LO

units: go(gamn/F=)efm

\ author | potental | noint. | withint. [ total |
JB et al. (2014)* AvigUIX 0.45x102 ] 0.13x102 [ 0.57 x 1072
JBetal (2014)* | CDBONNTM | 056 x 1072 | 0.12x107% | 0.67 x 1077
JBetal. (2014)* | ChPT(N°LO)" | 0.56 x 1072 | 0.19x 1072 | 0.76 x 1072
Song (2013) AvsgUIX - - 0.55x 1072
Stetcu (2008) Avsyg UIX - - 1.20x 1072
*in preparation T: cutoffs at 600 MeV (LS) and 700 MeV (SFR)
Results for °H also available (not shown)

Note: calculation finally under control !
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3He EDM: quantitative results for g; exchange

] § giNTmsN - (CP, )
e —— 3l f-term - NLO
qCEDM, 4gLR - LO!

units: g1(gamn/F=)efm

\ Ref. | potential [ noint. [ withint. | total \
JB et al. (2014)* AvisUIX 1.09x107% [ 0.02x107% [ 1.11x107?
JBetal.(2014)* | CDBONNTM | 1.11x1072 | 0.03x 1072 | 1.14x 1072
JBetal. (2014)* | ChPT(N?LO)T | 1.09x 1072 | 0.14x 1072 | 0.96 x 1072

Song (2013) AvsgUIX - . 1.06 x 1072

Stetcu (2008) Avig UIX - - 2.20x 1072
*in preparation T: cutoffs at 600 MeV (LS) and 700 MeV (SFR)

Results for °H also available (not shown)

In the pipeline:JQF3w-vertex contribution (4gLR: LO)

25.04.2014 an Bsaisou 29117
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For completeness: irrelevant results for g, exchange

] § BN (3amg —7-7)N  (CP, ])

o units: g1 (gamn/Fx)efm

\ Ref. | potental [ noint. [ withint. | total \
JB et al. (2014)* AvygUIX 1.36x1072 [ 0.35x1072 | 1.71 x 1072
JBetal.(2014)* | CDBONNTM | 1.46x107% | 0.37x107° | 1.83x107%
JBetal. (2014)* | ChPT(N?LO)T | 1.42x 1072 | 0.14x 1072 | 1.56 x 1072

Song (2013) AvygUIX - - 0.66 x 1072
Stetcu (2008) Avqg UIX - - 3.40x 1072
Stetcu (2008) | CDBONN TM - - 350 x 1072

*in preparation T: cutoffs at 600 MeV (LS) and 700 MeV (SFR)
Results for °H also available (not shown)

Pattern reinforced: JB et al. (2013)* ~ Stetcu (2008)/2

25.04.2014 Jan Bsaisou 30117
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Quantitative EDM results in the -term scenario
Single Nucleon:

d1loop = %(dn _ dp)loop
= (21+09)-107"®gecm  (UBetal (2013))
dy = —(2.9+0.9)-107®fecm  (Guo & MeiBner (2012))
dp = +(1.1+£1.1)-107"®decm (Guo & MeiBner (2012))
Deuteron:

dp = dp+d, + [(0.59+0.39) - (0.05+0.02)]-10""®fecm
= dy+d, + (0.54+0.39)-107"*decm (JBetal (2013))
Helium-3:
dse = dn — [(1.52+0.60) - (0.46 +0.30)]-107'®Hecm
= d, - (1.06+0.67)-10""®Fecm (JB et al. (in prep))
with d, = 0.88d, — 0.047d, (de Vries et al. (2011))
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