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Ny <10°

BIT=3K
I. Bz 0asan initial condition. Difficulty: washed out by inflation
II. B=0asinitial condition but B # O from "baryogenesis” (after inflation)
Requiremen’rs? Sakharov '67

] B violation:

AB # O processes S St R

O deviation from thermal (and chemical) equilibrium:
AB > 0 and AB < O processes not to occur at the same rate

3 C and CP violation: First part
B=0(B#z0) state (not) invariant under C and CP rstpar




In Standard Model, all conditions fulfilled but not sufficient:

> B violation: U
violated by non-perturbative quantum effects
from non-Abelian electroweak gauge group
--- sphaleron processes, efficient only at /
temperatures above Mgy, ~ 100 GeV. =

Aydouoiw

/MMM /uau|2NWl '~ /A0D° |G| FJPI-MMM//:d 1LY

|W4Y SWSIUDY22W " |DIS

> deviation from thermal (and chemical) equilibrium:
provided by expansion of the universe,
but much too slow above Mg, ~ 100 GeV.

> C and CP violation:
both violated by weak interaction, but €P too small.

: . Wolfenstein ‘83
Kobayashi + Maskawa '73

o~ 1-22/2 Ao 2A(p—n)

}VV\ Uy = 2 1-2%2 A |+0(2*)
O we /IBA(l—p@) “27A 1

212023 A=08 p=01 (=03

Jop = AT+ O(2%) =3-10°°
Jarlskog '85
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> deviation from thermal (and chemical) equilibrium:
provided by expansion of the universe,
but much too slow above Mg, ~ 100 GeV.

> C and CP violation:
both violated by weak interaction, but £P too small.

— = >
Jep (M —my )(m? —mg ) (mg —mg )(mg —m?)(mg —mg )(mZ —mg)/ME,
~107% « n e.g. Canetti, Drewes + Shaposhnikov '12 new
/ physics |

"Every disadvantage has its advantage.” L > \
J. Cruijff (b. 1947), Dutch sececerplayer—philosopher $§)
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Opportunity:
any new signal of ¥,
is likely to represent new physics

Issue:
once a signal is observed,
how many/which observables do we need to
identify the new source(s) of 7(,8 ?

Strategy:
use Effective Field Theory
to study various £, E effects

!
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MT , M|AB|=1’ M|AB|=2"" -

Mey ~<§0>’mz’mvv
~100 GeV

Mq

~1GeV

|vlnuc - f;z’]/rNN ’mn”"

~100 MeV

co ~My.m 4zt ...

The Way of EFT

unknown physics

quarks, gluons,

leptons, photon,
Standard Model weak bosons, Higgs

(incl higher dim ops)  (+dark matter)

SO(3,1),SU(3), xSU (2), xU (1),

up + down quarks, gluons,
electron, ..., photon

SO(3,1),SU (3). xU (1),

hucleons, pions,
electron, ..., photon

SO(3,1),U (1),
SuU -

nuclei,
electron, ..., photon

S0(3,1),U (V).

B e - . mtmee, o



Q 4

Mgy ~<§0>’mz’mvv
~100 GeV

M uc fﬂ’l/rNN ’mﬂ"“'
~100 MeV

Main Idea

quarks, gluons,

leptons, photon,
. S’rar}dar'd MOdel weak bosons, Higgs
(incl hlgher' dim OPS) (+dark matter)

SO(3,1),SU (3), xSU (2), xU (1),

Lo =L5 (a G)+ZOX.(q G)

preserves violate S and transform in
symmetry S specific ways under x symmetry
hucleons, pions,
- electron, ..., photon
SO(3,1),U (@),
PT -
OPT) ¢ symmetry U, (2)x50: 2
(4)
;(EFT Es (” N)+ZZO (77 N)
preserves give rise to specific
symmetry S relations among

5—V|ola’rmg observables

- - e



Chiral Nuclear Filter

BSM models

source of
S violation

low-energy symmetry (violation)

chiral symmetry




Eftective Field Theory and
Time-Reversal Violation in
Light Nuclei
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more ... Review
Electric dipole moments of nucleons, nuclei, and atoms:
The Standard Model and beyond

ﬁ“ﬂ Jonathan Engel?, Michael ]. Ramsey-Musolf>¢*, U. van Kolck %€
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2 2
Weak interactions: d_ ~e Cr - ( i ] Jep (47 f, )3 ~10efm
(47)" (M,
e.g. Donoghue, Golowich + Holstein '92
Experiment:
d = (0.2 +1.5(stat) + O.7(Syst)) .10""e fm Baker et a/ '06 (ILL)
_ Bodek /(ILL+PST
~>10"e fm (UCN, proposed) {Badﬁef;faf(s,\ls)s )
dyyg| <3.1:10 e fm (95% c.l.) ‘

Griffith et a/ '09 (UW)

Nuclear Schiff moment from RPA, ...
Dmitriev + Sen’kov ‘03

|d,| <7.9-10"%e fm

d| ~>10""e fm (storage ring, proposed) Orlov et a/ (BNL? COSY?)

Proton and 3He as well? How about 3H?




M, ~?

Mgy ~<§0>’mz’mw
~100 GeV

Mq

~1GeV

|\/lnuc - fﬂ’l/rNN ’mﬂ"“'
~100 MeV

co ~My.Mm 4zt ..

The Way of EFT

unknown physics

quarks, gluons,

leptons, photon,
. S’rar}dar'd MOdel weak bosons, Higgs
(incl hlgher' dim OPS) (+dark matter)

SO(3,1),SU (3), xSU (2), xU (1),

neglected here



Mgy, ~ (@), m,,m, ~100 GeV

_ Jarlskog '85
Lo =q. 7" [— 0,7, WWUq]qL CKM matrix (dim=4) ; _ 30910—5
cp — V7
)=
+7, [ fuoug + fap,de |+ H.c.+ gSHZ—TrG’”G ... small.. 't Hooft 76
167 o :
. _ D i e o 6 term (dim=4)
e.g. single Higgs @, = & Qy; =R 0 S10—10
1 _ P (A ~ > k color-ED
B TG ot d quark color-EDM
M;rz/ ql_ | ﬂv(gu(Du R gdgpd R) (Cff dlm:6)
[ —= . . s
g +‘\-\ Bu B,uv + gWuWuvTS)gpuuR +(gBd Buv + ngWuVTB)¢ddR:|+ H.c.
%)
§ n lz fabc Ge ébvaCy > quar'k EDM (eff dlm:6)
v P
=l Mz - gluon color-EDM (dim=6)
(472')2 — —j > f - k
+ i, (0,0 U G)dg + 0, ) A%U, G/A%d, )+ H.C. our-quar
; j ( 1 dLUg G.0g xh r O ) contact (dim=6)
(4 ) 5 _ ] Buchmiiller + Wyler '86
Uz dg (PJ ID,¢, +H.C. Weinberg '89
M 2
b g > LR four-quark de Rujula et a/. '91
e e 2 g  confact (dim=6) Ng + Tulin "1




Q 1 The Way of EFT

up + down quarks, gluons,
electron, ..., photon

SO(3,1),SU (3). xU (1),




MQCDNmN,mp,47Z'f”,...~1GEV
q q
RG
H +
W
qa q
up/down quarks neglected from now on...
G _
q
RG — Imaginary —m _
chiral rotation * mass term - 2 ( & )
Baluni '79
X - - q
¢ m +m md — mu 1
<€0>~m/f == ) =— dz4MeV E=— "= —
2 m,+my; 3

average quark mass mass splitting




Dekens + De Vries 13

(47) O'/MZX SN X Ci:O((‘UI\ZI)jUi)
7

(47) §/M M X Dizo[(zll\;;);é:J
Y4

y gener'lcally RG br'mgs in effecTs of O(1)




Loco
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I m ~
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1 (e 0 < ’
——qlc,” +c G
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_i— d(O) d(l) F,U
> a(dg” +ddz) o, GEDM
+% .I:abCG GprGC,u QCEDM
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0 1 The Way of EFT

hucleons, pions,
electron, ..., photon

SO(3,1),U (@),
sU NF)




Mereghetti, Hockings + v.K. '10

De Vr‘ies efa/, '13 Mnuc - fﬂ-l]'/rNN ] m7z-!'°'~100 Mev
N short-range
RG _ isoscalar
A " T > doy VN« andisovector
N (-> proton
449 and nheutron)
EDMs

— Saa L . . isoscalar and isovector

f T )4 x

pion-nucleon couplings

isoscalar and isovector
— C.> + ... (derivative) &, X
2-nucleon contacts

N A e three-pion coupling




Loco

— /- 1 y L
q(i0+9,6)q-5TrG"G,, o Flavors q:(dj

/\/\—/\—/__\’\:\
—mqq+em qzgq "‘%(1_52)9 qiysa SU | (2)xSUr(2) ~ SO(4)
. 0 chiral symmetry
—=g(c® +cPz. Yo G*¥
Zq( q q 3) y7% q QCEDM C(')—O£g m )
1 T f M2
~>aq(d +dfr,)o,.q F* EDM e
d(i):(f)[g )
C abc a ~by c | f s
+?G f Gva pGpﬂ gCEDM
c. =0 W
+1(qa Giysa— Grq -GirsTa) S
4 5 > CcIC 2
C./_ .. . . . 4r) o
+78(q2, q qiysA q—gqTA q-glysti OI) C :O[( )2 j
¥
Dl N y2 N
—|—— .. . . 2
g Fon O A AT, Te LRC D, :O((%)z é:j
M
D, 4

T &) qﬂ?/”laq C_ITjj/ﬂyS/'Laq
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- N.B. To this order, Y > F | e
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Mereghetti, Hockings + v.K. '10
De Vries et al '13

Key to disentangle TV sources:
each breaks chiral symmetry in a particular way,
and thus produces different hadronic interactions

0 a chiral pseudo-vector: same as quark mass difference
= |ink to P,T-conserving charge symmetry breaking

qCEDM  a chiral vector

LRC a rank-2 chiral tensor

qEDM another rank-2 chiral tensor

chiral invariants: cannot be separated
cIC at low energies, {W, 01’8} S W




2
L or = NT(i’lJ°D+ D jN +...
2m, @W
short-range EDM

~2N’ (CTO + (le'?,)S#N v, F* contribution

1

——N'(g,t-n+7g,7;)N 7o U oo

2 f pion-nucleon coupling
+C,N'N 8, (N"S$“N})+C,N"tN -9, (N'S*zN )
A, PV, TV two-nucleon contact
——— T, K
2 fﬁ three-pion coupling ek
+... > \\
— m”g
/ A= (m — mo ) only for LRC
terms related by " pZam
chiral symmetry
+ higher orders six LO couplings cf. Barton '61
~ for EDMs and nuclear followers
v* =(1,0) velocity
gH — (O’éj spin ; Wl':;e are the differences? - -~




There are differences! For example,

1 —r_ _
Lo« =~>r 5 N{[T,t -+ 07| N+...
2 _ 2 2 3
g m, M oco § /OC\mn M QCD M, W oep £& M QCD j
2 ’ \ I 2 ’ 2
f M 7 flz| M 7 M Mz
_ 2 2 3
g MMor 0 a }mﬂMQCD o r\nj/ QCD £ Maco j
2 ! 2 2 2
f M 7 f\r/ M 7 Mz Mz
different orders; pion physics comparable to
two-derivative interactions suppressed two-derivative

important at higher order

N.B.

interactions

1) T, Nz,z;N in high orders for a//sources up to dim 6
2) ford,linkto CSB, eg. _

12 Mereghetti,
Jo :Z—(mn —mp) Hockings + v.K. 10
E qm
38 MeV using lattice QCD
~ €

(Beane et al '06)
= o

= e

’ B -
" g; =T sameeen,



Crewther et al '79
Thomas '95

Nucleon EDFF (to NLO)

Hockings + v.K. 05

Narison '08
' Ottnad et a/ ‘10
P De Vries et a/ '10'11
‘\ 7
N AR - VAVASE S I V'V S *
w
P
(& J A\ J
g=p- p- Y Y
short-ranged; long-ranged;
$SoUp=D) LO for all sources order depends on source
“myw " ensures RG = provides estimates in terms of
invariance pion parameters at “reasonable”
" brings in two renormalization scale
parameters

k
J#(q,k)=—2(n””q“—n”q”)S{[Uﬁmf)jnm+...]( D9+ FP(-9°) 75)

FO(-9)=d® +5V > + HO (—qg?) EDM + Schiff moment + .
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d® =g 4 _9a% || Lo Ay

57 m. £1+ g, j_(mifmio)em +0[ ffli }

(47r1:7[)2 m, 4 my Sep m, QCD
2\/ \/\/\/
— 2 N —
L= —y +Indx U d, |5 288a0M 187 51 My 50.10°G efm
4—d 0 (47”c ) 2 m_
g cf. Crewther etal" 79

r'enor'maliza‘rion

= m —m 2
d© =q© 4 €00, 0+ ( g_l j_( " p)qm L O mzzz
(4z f, ) 30, m, Maceo
Qi> 4O |5 S9a0My 126" 51 8T M, My | g 4047 efm
0 (47Tf ) 2¢ 4 m, m,
T Example from lattice Mereghetti + vK '15
- Shintani et al.'14 no sign of chiral loop, but
; consistent with ndive estimate
< ?H“

I'f]_

do(p) = (—0.04 + 0.45) PETaRE e sin 6,

0.25 0.30 G.Tl {IU,] {D OJ + 'D' —L_}) (Q”F }3 \“_'“‘.':nll'lf';'i 2




F Thomas '95

_ 2 2
S (1) _ €019 1— o7 m, . (mﬂ+ B mﬂo )em +O mfzz
_ A2 2 2 2
6(47[ fﬁ) m: 4 m, m, MQCD
0
~6.8-10°4 efm®
g0 _ _ eg;\gq O+£(mn _mp)qm L0 myzz
6(4rf m?| 2 m, o

N

{ ~ —5.0-10667efm3}

momentum dependence of EDFF from lattice would isolate J,



Nuclear EDMs, MQMs, ...

W :rLVV\
T

= &
e e

+
+

Park, Min + Rho '95

o

De Vries, Mereghetti,

= 0 + Higa, Liu, Stetcu
' ’ ’ ’

a W Timmermans + v.K. '11

Sr——cv De Vries, Mereghetti, Liu,
Analogous fOI" ‘JT 1 ‘]7 Timmermans + v.K. '12

- : -
- [ = S -]
. Z - - .
- = = L S .



\-/ ,
Al bt %'FEF

Y,
generic LO,
but effect vanishes for 0 when N=Z
/ ﬂ
At
+ _-7. s |/ + Maekawa, Mereghetti, De Vries + v.K. ‘11
De Vries, Mereghetti, Timmermans + v.K. '13
\\§ J
Y
LO for LRC only

Weinberg '90, '91
Ordénez + v.K. '92

from solution of the Schrodinger equation

W
\/ intfroduces dependence on binding energy B,




Crewther et al '79 De Vries eta/ '11'13

Thomas 59 Light-Nuclear EDMs (LQO)  Bseiseuefal 131415

De Vries et a/. '10'11

0 term qCEDM LRC qQEDM  gCEDM, CIC
nS ofoui] oftur) o] otNE) ot
3_ o) o(1) o(1) O(1) O(1)
wooow o] o] eo o
o oue) o) (e cw o




Mereghetti + vK '15

Potential (references) d,, d, Go/Fx G1/F. Ci1F? CyF?® AJFymy

Perturbative pion [135, 147] 1 1 —0.23
dg Av18 [87,131.136 138] 091  0.91 —0.19
N2LO [87,137] 094 0.94 —0.18

Av18 [132,136,138] —0.05 090 015 =028 0.01 —0.02 n/a

d, AvIS8+UIX [87,134] —0.05 090 007 =014 0.002 —0.005 0.02

N2LO [87] —0.03 092 011 -0.14 005 -=0.10 0.02

Av18 [132, 136, 138] 0.88 —=0.05 —-0.15 —-0.28 —-0.01 0.02 n/a

dp, AvIS8+UIX [87,134] 0.88 —0.05 —-0.07 —-0.14 —-0.002 0.005 0.02

N?LO [87] 0.90 -0.03 -0.11 -0.14 -0.05 0.11 0.02

[135] De Vries et a/'ll
[131] Liu + Timmermans '04
[138] Yamanaka + Hiyama '15

[147] Khriplovich + Korkin ‘00
[136] De Vries et a/'ll
[132] Stetcu et a/'08

all agree to 10% or better

» dy=d +d  for 6 term, gEDM, gCEDM, CIC
(d, +d, =0.84(d, +d,) for ¢ term and qEDM
d, —d, =0.94(d, —d,) for gEDM

[87] Bsaisou et a/'15
[137] Bsaisou et a/'13
[134] Song et a/'13

some separation of
sources possible



B VIOLATION

In progress,
with
Bingwei Long (Sichuan)
and
Jan Bakker (Groningen),
Rob Timmermans (Groningen),
Jordy de Vries (NIKHEF)




Weinberg '79 Chang + Chang '80
Wiczek + Zee '79 Kuo + Love ‘80
Abbott + Wise '82 Rao + Shrock ‘82

;(i) ) )
Lo =Ls(a.G)+) N'IAZB"l [aqal] +...+Zl\/ﬁﬁ[qTCq q'Cq qTqu +...

i |AB|=1 i |AB|=2
dim=6 dim=9
|AB|=1, AL = AB |AB|=2,AL=0

interesting only if
B—L notexact (why would it be?)

M sg2 K M ygy (true in some models)

Abbott + Wise '82 Ozer '82
RG ° 15€ Caswell, Milutinovi¢ + Senjanovic ‘83

Buchoff + Wagman '15




Conclusion

¢ Baryon asymmetry in the universe suggests that
new sources of B, 1 might be important, but they
must exist anyway because B, T broken already in SM

¢ EFT provides a model-independent framework for
B, X'in the SM and beyond

¢ Chiral symmetry provides a handle to (partially)
distinguish B, X sources at low energies

¢ Light-nuclear EDM measurements could provide
the needed data to isolate ¥ sources

¢ Bin progress

¢ Stronger conclusions possible with
lattice QCD calculations for various B, ¥ sources
heavy nuclear EFT form«ﬂa’rion.

s o — 3 % = -
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