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Introduction

A permanent Electric Dipole Moment (EDM)
® signal of T and P violation ( CP)
® insensitive to CP violation in the SM
® BSM CP violation needed for baryogenesis

neutron

current bound
|da| <3.0-107"% ¢ fm
o J. M. Pendlebury ez al., ‘15

ud SM

= dy ~ 107" ¢ fm

o M. Pospelov and A. Ritz, ‘05
® Jarge window & strong motivations for new physics!



The reach of EDM experiments

3 one-loop running to eEDM

o 0

3 —

tree level Higgs prod. —  LHC361b! F. Bernlochner, et al, ‘18
- LHC 300 fb-! A .
& decay — LHC3000f-! V. Cirigliano, et al, ‘19
— EDMs + B-X,y + LEP
-4
23 -2 -1 0 1 2 3
v C

oW
Non standard Higgs couplings: @TgaXWf("” (XM = F* WHY GHY)
® electron EDM much more constraining than LHC

A ~ 100 TeV

® not affected by large theory uncertainties



...and the issue of theory uncertainties
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Non standard top couplings: top chromo-EDM
® runs onto gluon-CEDM and light-quark CEDM — nEDM
® nucleon ME have ~ 100% uncertainties

bounds weakers by factor of 10, commensurable with LHC
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(stolen from Jordy de Vries)

what do we learn from EDM measurements?
how do we control uncertainties from nuclear & hadronic physics?



@ EFTs for T violation
Low-energy EFT for T violation

@ From quarks to nucleons

@® From nucleons to nuclei

@ Disentangling I mechanisms

Outline



The Standard Model as an Effective Field Theory
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Write down all possible operators with
® SM fields
® Jocal SU(3). x SU(2). x U(1)y invariance

® dimension < 4



The Standard Model as an EFT
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Two sources of CPV:
® phase of the CKM matrix (if > 3 gen. of # and d quarks)
® explains all observed CPV v/
® not enough for baryogenesis x
M. B. Gavela et al, ‘93; M. B. Gavela et al, ‘94
® unobservable EDMs x C.Y. Seng, ‘14



The Standard Model as an EFT

i)

1
4
I
[
-l
5

® QCD 0 term:

Ml sin 0r="(0)giv’q

2
85 B ra a
L7=0—"et"*rG G s =
0~ " 642 pr-aB my +my
® () is a parameter of the strong interaction
dy~2-10"0efm

<1010

strong CP problem! axions ...



The Standard Model as an EFT

® why stop at dim=47?

£=ﬁSM+ZCXSOSi+ZCX2606i +ZCX37O7I'+---
A > v =246GeV

® O have the same symmetries as the SM
gauge symmetry!
but not accidental (almost) symmetries as CP



The Standard Model as an EFT

® why stop at dim=47?

£=£SM+ZCXSOSI'+Z

Ci,6 Ci,7
A206i +ZA3O7I'+---
A > v =246GeV
® O have the same symmetries as the SM
gauge symmetry!
but not accidental (almost) symmetries as CP

® one dimension 5 operator S. Weinberg, ‘79

1 T 2T
Ka'jEani CL, Han — ‘XZ/L Cyy,

neutrino masses and mixings

A ~ 10" GeV



The Standard Model as an EFT

LS
three/four bosons h self-coupling scalar-gauge
W
Yukawa dipole vector/axial currents four-fermion

® 2499 dimension 6 ( o< v*/A?), 1149 CPV
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. ‘10 . ..

® CP symmetry is not a generic feature of BSM models. . .



CPV at colliders

pp — HW(lv)

Events /006

i
H
5.11b (7 TeV) + 197 (8 TeV) + 80.2 o' (13 TeV) a
CmMSs
o — Observed
- Expected

—— Observed, H - 4¢
-+~ Expected, H - 4¢
—— Observed, H - 1t
Expected, H - 1t

ain

-2 AInL

Prwen

P Lt
~1-08060402 002 0 002 02040608 1
Tag COS(043)

CMS, 1903.06973 ATLAS, 1707.05393

® CPV dim. 6 operators affect a variety of distributions

® .. but don’t spoil low-energy probes!



Low-energy EFT for T violation



Low-energy EFT for T violation

® integrateout W, Z, ¢, ...

® one dim-4 operator: QCD @ term

L4 = m.0givsq

® 9 (+ 10 w. strangeness) dim-6 hadronic operators:

A <o

gluon CEDM quark (C)EDM  LL RR 4-quark LR LR 4-quark

_ (u,d,s) =(1,8) (1,8) 5~(1,8)
CG Ce,y —ud,us,ds Zuaf,us’ Eus,S

® electron, muon EDMs + 3 (+1) scalar and tensor semileptonic operators



Low-energy EFTs for T violation

A O, A O, 0,5 O i

9 Sk vz S h

q q 0.l 0.l 0t dou,t

matching is perturbative
resum large logs of mw /A, e.g.
d (o) Qem 4
cy = —
dlog 47 sin® 0,

W

loop suppression (often) not enough to eliminate the constraint

correlations between different low energy observables

e.g. eEDM and CP asymmetry in b — sy

u.d,v

d,u,l



Hadronic EFTs

® nucleon and nuclear EDMs as a function of quark/gluon operators?

EFT in terms of pions, nucleons and photons!
® at LO in chiral EFT, for all quark-level ops.

o 80 ~ 81 _ &
L = —=2N (d, d SMVWNF,,, — ——Nm - TN — —=—m3NN
T ( o + 1T3) v T T 2F,,7T3

+C NN 9,, (NS*N) + CoNTN 8, (NSHTN)



Hadronic EFTs

ET = —ZN(KIT()-‘y-ang) S”VVNFHV—&NW~TN— g717r3NN+
2F 2Fx

® operators in Ly & scaling of couplings dictated by chiral symmetry

dy, di neutron & proton EDM,
one-body contribs. to A > 2 nuclei

8o, 1 pion loop to nucleon & proton EDMs, leading OPE [ potential
C1, C» short-range I potential

relative size of the coupling
depends on chiral/isospin properties of I source



Hadronic EFTs

Ly = —2N(do+dims) S"VNFuy — SN - 7N — SLNN + ...
2F, 2

® operators in Ly & scaling of couplings dictated by chiral symmetry

dy, di neutron & proton EDM,
one-body contribs. to A > 2 nuclei

8o, 1 pion loop to nucleon & proton EDMs, leading OPE [ potential
C1, C» short-range I potential

relative size of the coupling
depends on chiral/isospin properties of I source



A2 x ¢

2=(1,8)
A\/—’u.(l X €

® chiral breaking operators generate large go

® chiral & isospin breaking large g

® can we be more precise?

10

00

Ay

€x

Hadronic EFTs

~ 1GeV

NX—’;NO.IS

WARNING
naive dim. analysis!

Hierarchies observable
in experiment



From quarks to nucleons



From quarks to nucleons: quark bilinears.

N2+l Np2+141
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Phenomenology
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Pitschmanri4
Kang '15
Anselminei3
Bacchetta ‘13

Fuyuto '13
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R. Gupta et al, PNDME coll., ‘18

—  dy o (N|go""g|N)

single nucleon charges well determined by LQCD

~ 5% uncertainty on u, d

first signal for s



Nucleon EDM from the 6 term

0" mx = 139 MeV
{>’1\ ]
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70.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

Q*[GeV?] Q*[GeV?]

S. Syritsyn, T. Izubuchi, H. Ohki, ‘19

® Jot of effort from LQCD ...but inconclusive results
® no signal at physical pion mass

® signal at heavier masses
... maybe a bit too heavy to trust y-extrapolation



Nucleon EDM from the 6 term

F4(0 : (0 .
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J. Dragos, T. Luu, A. Shindler, J. de Vries, A. Yousif, ‘19

® Jot of effort from LQCD ...but inconclusive results
® no signal at physical pion mass

® signal at heavier masses
... maybe a bit too heavy to trust y-extrapolation



Nucleon EDM from dim. 6 hadronic operators

my = 139 MeV

Fy,, dy
4

Fyn, dy

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Q*[Gev) @ [GeV]

S. Syritsyn, T. Izubuchi, H. Ohki, ‘19

® qCEDM more promising

® still preliminary
e.g no renormalization

— 1% 1 — — v
[gic"" ¥’ 724G ] = qu’ysr%j +logagio" v’ 7°qGpy + . ..



Nucleon EDM from dim. 6 hadronic operators

° TR ey

o o GEET REET | =si0Mey
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® qCEDM more promising

® still preliminary
e.g no renormalization

— 1% 1 — — 1%
[gic" ’)/57'3un1,] = qu’ysr%j + log a gio" 757'3un1, + ...



Pion nucleon couplings

e chiral-breaking [ operators belong to chiral multiplets
_ Oy Or \ sua aOr
e () (&)= (i

® CP-even = hadron masses and mass splittings related by y symmetry!

® CP-odd = pion-nucleon couplings



Pion nucleon couplings

e chiral-breaking [ operators belong to chiral multiplets
_ Oy Or \ sua aOr
L=¢C < Or ) ( Or ) aOy

® CP-even = hadron masses and mass splittings related by y symmetry!
® CP-odd = pion-nucleon couplings

® e.g. 0term

2m = my + my
me = mg — my
® one spurion enough to construct iso- and 7-breaking couplings

Lo=r" (é) (1715 g73q + M. sin 9211"\/5(1)

T violation 1 -— £’ Sind = o
isospin breaking ~ 2¢ =re




Pion-nucleon couplings. § term.

—0— [1612.07733]
[1406.4088]
— [1306.2287]
2.90(63) [1303.4896]
u 313067 [1206.3156]
. 2.51(52) [1006.1311]
. 2.26(71) [hep-lat/0605014]
oy 2.39(12) weighted average
15 70 25 B % 0 s
SMS_, [MeV]

® y-symmetry relates m-N couplings to spectral properties
® LQCD calculations of m, — m, determines g
2

- 1—e?
U =)l L= 5 (1554204 1.6)- 100

2F - 2e

8 5
20 gy =
T (9)
LQCD  N’LO xPT
® precise prediction of chiral log in d,(0)

8480

dn(6) = dn(p) + é’m

u? .
log = ~ 1.99- 107 efm
m7T



Pion-nucleon couplings. qCEDM

PRELIMINARY

R

.‘
-140

0.10 0.15 0.20 0.25 0.30
€r =My /4T fr

-120

thanks to D. Brantley,
CalLat coll.
0.35

91/ fx

7-N couplings poorly determined

25% = (5 10)(mi&l” + mgel®) fm™!
2‘% = 201 (mel — mgel®) fm .

QCD sum rules, M. Pospelov and A. Ritz, ‘05



Pion-nucleon couplings. qCEDM

PRELIMINARY

R

91/ fx

-100 T
9
-120 thanks to D. Brantley,
_140 CalLat coll.
0.10 0.15 0.20 0.25 0.30 0.35
€r =My /4T fr
® can use similar relations to spectrum
— ~(u) ~@)y [ d d
g = (mucgu + mgyCg ) (d53 - r% (mn - m]))
—— () NN d
8 = (mucg — mMyCyq ) (df‘() + rﬁ (mn + mp)

Co,3: iso-scalar (-vector) chromo-magnetic operators

® results coming soon!



From quarks to nucleons: summary

2 (u,d
Aey ) x

os
Aidu.d) % os

os
21
AYE., :I )% os

AiC(; X

AZZud X €

90/Fr§1/Fx dyF, d,\F,C,,F?

® only a few couplings are known with satisfactory accuracy
® sustained LQCD for nucleon EDMs
® & 7-N couplings

® NN couplings are even harder...



From nucleons to nuclei



Why light ions?

1. “orthogonal” to the nucleon EDM

® sensitive to different combinations of 1" couplings
2. theoreticaly clean

® no Schiff screening, ab initio calculations
3. experimentally feasibile




Staged approach
Stage 1 Stage 2 Stage 3

precursor experiment prototype ring dedicated storage ring

at COSY (FZ Jiilich)

]
(( ~ 150m,

e magnetic storage ring e electrostatic storage ring e magic momentum
e simultaneous O and O beams (701 MeV/c)
now 5 years 10 years

UEDM/(e . cm)

| | | | | | | | | | | | |
10°17 10718 10710 1072 1ol21 1ot 1ot qola gtz qghz 1otz 1otz qgle

J. Pretz, JEDI & CPEDM collaboration



From nucleons to nuclei

One-body [ current

Two-body [ current

NN [ potential

NN T potential
& two-body T currents




One-body [ current

Two-body [ current

NN [ potential

NN T potential
& two-body T currents

From nucleons to nuclei

dy ~ dy,d,

for x-breaking source
2

A
X
dA 2 ﬁdn’p



Deuteron EDM

Deuteron is “isospin filter”
e isoscalar interactions cause mixing with ' P intermediate state
need spin-flip to overlap back with deuteron
e isoscalar (go, C12) TV corrections to wavefunction vanish at LO,

® but g; gives large contribs.



Deuteron EDM

Deuteron is “isospin filter”
e isoscalar interactions cause mixing with ' P intermediate state
need spin-flip to overlap back with deuteron
e isoscalar (go, C12) TV corrections to wavefunction vanish at LO,

® but g; gives large contribs.



Deuteron EDM. Perturbative Pions

One-body I corrections to wavefunction

e only sensitive to isoscalar nucleon EDM

dd - dn + dp
e sensitive to isobreaking g

2 gagimymg, 1+¢



Deuteron EDM. Perturbative Pions

One-body I corrections to wavefunction

e only sensitive to isoscalar nucleon EDM

dd - dn + dp
e sensitive to isobreaking g
_ o B
ds = —O.ZZF—72r

® good agreement with ptb. pion power counting Q/Myy ~ 1/3



Deuteron EDM

Potential (references) dy 4, 8o/ Fx 21/ Fx C F} G, F?
Perturbative pion (141, 129) 1 1 — -0.23 — —
da Av18 (125,130, 131, 86, 132) 091 0.91 —0.19 — —
NZLO (131, 86) 0.94 0.94 — —0.18 — —
from EM and U.van Kolck, ‘15
® several calculations with non-perturbative iteration of OPE potential
® using pheno & chiral T-conserving potentials
C. P. Liu and R. Timmermans, ‘05; J. de Vries et al, ‘11;
J. Bsaisou et al, ‘13, J. Bsaisou et al, ‘15;
N. Yamanaka and E. Hiyama, ‘15
® one-body & I OPE contribution not affected by different potentials
[ ]

results agree well with ptb. pion estimates




EDM of 3He and H

Potential (references) dy dp 8o/ Fx 81/ Fx G F} G F}
Perturbative pion (141, 129) 1 1 — —0.23 — —
da AvI8 (125, 130, 131, 86, 132) 0.91 0.91 — ~0.19 — —
N’LO (131, 86) 0.94 0.94 — —0.18 — —
Av18 (126, 130, 132) —0.05 0.90 0.08 —0.14 0.01 —0.02
dy Av18+UIX (128, 86) —0.05 0.90 0.07 —0.14 0.002 —0.005
N2LO (86) —0.03 0.92 0.11 —0.14 0.05 —0.10
Av18 (126, 130, 132) 0.88 —0.05 —0.08 —0.14 —0.01 0.02
dy Av18+UIX (128, 86) 0.88 —0.05 —0.07 —0.14 —0.002 0.005
NZLO (86) 0.90 —0.03 —0.11 —0.14 —0.05 0.11
® one-body not affected by different potentials
d, = 0.9d, d; = 0.94d,

® OPE agrees well with ptb. pion counting
< 10% error on g,
~ 30% error on g

® short-range C -2 much harder to estimate




EDM of 3He and H

3 3 Y " A=500 MeV'
3 3 100 | \\\r,,,,,,,*——a
: . 90
. . £ 8oy ~48%
N , o L
o . 2 70
X x 60 Fr
TN & 50l
- . 40 1 Lo —o—
N 30 t LO+TPE —e—
2 LO+TPE+RC —+—

/! \ LO NLO N2LO N3LO N4LO
Chiral order PCTC potential

thanks to A. Gnech and M. Viviani

® NLO corrections to the go-induced [ potential are large

® issues with [ three-body forces?

don’t affect d,!



Disentangling 1" mechanisms



Disentangling low-energy couplings

dy (efm)
~N

_6.0 0.5 1.0 15 2.0 25 3.0
d, +d, (efm) le-13

® dy > d,+d, isospin-breaking sources
dy ~d,+d, QCD 6 term
dy =d,+d, qEDM
...but swamped by current theory uncertainties

® (0(20%) uncertainties sufficient to discriminate!



Disentangling low-energy couplings

_6.0 0.5 1.0 15 2.0 2.5 3.0
d,+d, (e fm) te-i3

® dy > d,+d, isospin-breaking sources
dy ~d,+d, QCD 6 term
dy =d,+d, qEDM
...but swamped by current theory uncertainties

® (0(20%) uncertainties sufficient to discriminate!
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Disentangling I sources

(€'/€)expt = (16.6 £2.3) - 10~*

Re(€'/e)

0.001

0.000

(€' /€)Loep = (1.446.9) - 1074

-0.001 |

-0.002
10

107

Im(&ys)

® LQCD/experiment discrepancy in €’ /e could be explained with tiny
right-handed currents

L="2

V2

(&ua Ury" dr + Eus iry"sg) Wy + hec.

® in this scenario: d,, ds and dr, in the next generation of experiments

® and correlated!

falsify with better hadronic and nuclear input



Disentangling 1" sources

107 " '
| |
| i
ozl |Im(€us)] ’ |
| i
T 3 = h
= 2 i
© - = e
— A -
= e =
B ops g i
B | dp= 107 e fm H
] e e ar et R
| |
a7 ! . . .
10 »
107" 107! 10713 10712

dy (e fm)

® LQCD/experiment discrepancy in €’ /e could be explained with tiny
right-handed currents

8
V2

® in this scenario: d,, ds and dr, in the next generation of experiments

L= (&ua HRY"dr + Eus UrY"sR) Wy + hec.

® and correlated!

falsify with better hadronic and nuclear input



Conclusion

Exciting times for EDMs

® several experiments running or coming online

® increase sensitivity to CP violation by one-two orders of magnitude

To take full advantage of EDM experiments:

1. first principle calculations of d,, d,

ongoing LQCD effort

2. robust estimates of 7m-N coupings go, g1
LQCD + xEFT

3. some more work in few (and many)-body nuclear theory
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Introduction

® electron EDM
(via ThO energy levels)

|d,| <8.7-107"efm
ACME collaboration, ‘14.
® neutron EDM
|d,| <3.0-107" efm

J. M. Pendlebury et al, ‘15
® Heg EDM

|diooyy| < 6.2 107" efm

B. Graner et al, ‘16.
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Connection to models

® new physics models induce one, a subset or all these operators

qEDM % \}lit SUSY
4CEDM cgw\ MSSM
>~
gCEDM Cg Higgs Doublet Model
LRLR 2 Leptoquarks

LLRR W LR symmetric models

(semi-) leptonic

M. Pospelov and A. Ritz, ‘05; W. Dekens et al, ‘14;
J. Engel, M. Ramsey-Musolf and U. van Kolck, ‘13;
T. E. Chupp, P. Fierlinger, M. Ramsey-Musolf and J. T. Singh, ‘17;



Effective Field Theories

new physics A > v

e model independent link
to collider phenomenology

SUL(2) invariant operators at EW scale

minimal set of low-energy I operators
connection with flavor/low energy probes
I at1lGeV

from quarks to hadrons
non-perturbative matching (LQCD)

Chiral Effective Theory

e EDMs of nucleons & light nuclei

Many body



Storage Ring EDM experiments

JEDI @ COSY (Julich)

LB

e

& o (a-

® measure spin precession relative to 3 (n < d)

1
v2—1)'6XE}

we=LIE+pxB
m




Storage Ring EDM experiments

JEDI @ COSY (Julich)

10~ '®¢ fm by 20207

- R \i\
«EOM

7 -
///3 i~
—

® measure spin precession relative to 3 (n < d)

wEZE[E—I—,@XB], a="—
m

a > 0: all electric ring a < 0: electric & magnetic ring

w, vanishes for “magic momentum” need both B & E to cancel w,
e.g. proton p = 0.7 GeV, E = 1.171 GeV case of deuteron, *He



	EFTs for T violation
	Low-energy EFT for T violation

	From quarks to nucleons
	From nucleons to nuclei
	Disentangling /T mechanisms

