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VWWhy are EDMs
interesting!?



EDMs and symmetry breaking

® EDMs of non-degenerate systems violate Pand T (CP): 'H ~ d J-E

r N
, EDM 1$ SPIN Quantum level:
Classical

Wigner-Eckart
theorem
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picture
_}
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® Ongoing and planned searches in several systems

* n, p

* Light nuclei: d,t, h

* Atoms: diamagnetic ('*"Xe, '"7Hg, %?°Ra, ...);
paramagnetic (?°>Tl,...)

* Molecules: YbF, ThO, ...




EDMs and new physics

|. Essentially free of SM “background” (CKM)

EDMs in e - em

System | current | projected | SM (CKM)
ThO — e ~ 107 | 10~ ~ 1073°
/L ~ 10~ 19 ~ 1073° O.bserl'vation ;,NO-UICI
——16 pa— ] signal new physics
i ~ 10 ' ~ 10 or a tiny QCD
n ~ 1072 | 10~%° ~ 10731 O-term (< 10°'9)
p ~107B [ 1072 = | ~ 1077 Muleio
— ultiple
19077, 10—29 T —30 10—33
Hg ™~ “O () ™~ “O measurements can
O~xr - — ~ — ) C - — .
P9%e [ ~ 1077 0—2% ~ 10733 disentangle
2251’{a ~ :_0_23 0—26 ~ :_0_33
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2. EDMs probe high scale BSM physics [ d; o e sin(ocp) J
® Current limits: A~100 TeV, for pcp~O(l) ; BSM particles
® New particles with Mgsm = A/v/c ~ | TeV )/ \\\/

S e e e



m; |
2. EDMs probe high scale BSM physics [ d; o e sin(¢@cp) ]
® Current limits: A~100 TeV, for pcp~O(l) ; BSM particles
® New particles with Mgsm = A/v/c ~ | TeV )/ \\\/

Sakharov ‘67 . . ‘e

3. EDMs probe one of the three ingredients of baryogenesis
® B violation .

AN 7V,
R broken
— EDMs, K, B,... /

electroweak
® C and CP violation “« Y OF  orase (P

P <H> % 0
_ e
® Departure from equilibrium ’ o N




Connecting EDMs
to BSM physics



Connecting EDMs to BSM CPV

A
E
Probing nature of BSM CP violation with EDMs requires
A robust theoretical tools to address multi-scale problem
(~TeV)
(/\ > Vew =~ /\Had >2 My >~ me)
NHad
(~GeV)
Best tackled by a chain of EFTs linked by perturbative
and non-perturbative matching
Nuclear/
atomic scale




Connecting EDMs to BSM CPV

A CPV BSM dynamics involving
E new particles with Mesm ~ A\
Y
P 3 >
N i
N
(~TeV)
= S
AHad
(~Gev) (S e Y : T
58 &9 ste
Y
Nuclear/ ;
atomic scale (A,Z) . . >

(Lo

Perturbative
matching

-

i C’S{i ) d
Lsm + Z ray oL

\

A
d>5

J

Non-perturbative
matching

[L (W,N,e,’)’,...)]

l Non-perturbative

~
Nuclear/atomic

matrix elements
= atomic EDMs

- J




Connecting EDMs to BSM CPV

A

CPV BSM dynamics involving
new particles with Mesm ~ /A

N\
” s (o)

>

matching

g (d)
Cn
>< /3\ > Lsw + Z A d—4 Ofld)
d>5 "

-

\

J

Non-perturbative
matching

Y T
@% @2$@ @/%‘S@ > [ﬁ (W,N,e,fy,..,)]

“wtive

Focus of this talk is the matching from quarks/gluons — hadrons

atc Symmetry relations: chiral EFT
Non-perturbative calculation of “LECs”; Lattice QCD




CPV at the quark-gluon level

® CPV L at hadronic scale, induced by leading dim=4,6 operators

( m, = L
Lopy =—my 0 Y Givsg =
q=u,d,s
- | LV - - ma YLV, Q

- A § (/q 4i0 54 FH — =~ Ys E (/q (IO-/JVA/ST un - Vew
2 2 dy, dg ~ —=
q:U,d,S q=u,d,s A2

+ ¢y fUPGL,GYPOGES + 4y Ogg + cogor O
w T 73 4qg Y4q 2q2¢ “Y2q2¢ 1
Cw,4q2q2¢ ™ A_2

N\




CPV at the quark-gluon level

® CPV L at hadronic scale, induced by leading dim=4,6 operators

-

g my = L ]
N = " i 1 m;
Lcepy = —my 0 E q 1759 \ 2 G/
q=u,d,s
Z Iy GO wysq ™ — ly @051 %q GH°
T 5 ( q (Izo'ﬁu/ /'5q | T 598 ( q qo-/.l,l/ 253 q o ~ Vew
. . dq,dq ~ A2
q=u,d,s q=u,d,s A
b ~vfB3,bp,C

+ e f° CGZ,,GVB PG+ cag Ogq + 2920 Oagar "
Cw,4q,2q2¢ ™ A_2

N\

® Dim 6: induced by a variety of BSM scenarios

Foo-m~ MM 7.9 MSSM
2HDM
/ _ \ ) Quark EDM and
/ V \ / chromo-EDM
—ETTO T | | f=1x .-
S e
’) b) g ."




CPV at the quark-gluon level

® CPV L at hadronic scale, induced by leading dim=4,6 operators

-

-

,Ccpv — — Ty v

q=u,d,s

Z q 159

q=u,d,s

q=u,d,s

m, = L
" Zz (1/m;)
1\

_ | S LY - ~_Ta v,a
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® Dim 6: induced by a variety of BSM scenarios

b ~w[3,b ,C
+ Cy fa CGZVGVB’ Gg + C4q ()4(1 + C2q2¢ ()2q2€ 1
Cw,4q2q2¢ ™

N\

Gluon
chromo-EDM



CPV at the quark-gluon level

® CPV L at hadronic scale, induced by leading dim=4,6 operators

-

g my = L ]
5 . * (1/m;
Lcepy = —m 0 E q 1759 - 2 /)
q=u,d,s
Z Iy GO wysq ™ — ly @051 %q GH°
T § ( q (Izo-;w /'5q | T 598 ( q qo-/.l,l/ /D q o ~ Vew
. . dq,dq ~ A2
q=u,d,s q=u,d,s A
b ~3,bv,C
+ e f° CGZ,,GVB PG+ cag Ogq + 2920 Oagar "
Cw,4q2q2¢ ™ A_2

/

® Dim 6: induced by a variety of BSM scenarios

Operator mixing = E é
EDM sensitivity to non-standard Higgs o - N SN
couplings (hVV,...), heavy quark CPV, ... . g N

See Dekens-deVries 1303.3156 for state-of-the art matching and running



CPV at the hadronic level

The above quark-gluon operators induce T1,N CPV operators

Effective Lagrangian constructed according to chiral
transformation properties of each quark-gluon operator

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



CPV at the hadronic level

® |eading pion-nucleon CPV interactions characterized by few LECs

r

\_

i

‘C CPV — _5 A"r (]/N g #.1/‘;'"5 A’T F g 1.7\.'* |

/

/

Nucleon EDM dy

B (7], 0
-\ 0 d,

T-odd P-odd pion-
nucleon couplings

Short-range 4N and
2N2e coupling

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



CPV at the hadronic level

® |eading pion-nucleon CPV interactions characterized by few LECs

r

Z. \7 ] T \ T — _— — . -~ ; — =

e

\_

® At LO all hadronic EDMs are expressed in terms of these LECs:
Nucleon EDM

dn f/() N

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



CPV at the hadronic level

® |eading pion-nucleon CPV interactions characterized by few LECs

r

Z. \ T 7 T \ T — e — T ‘i — —
Lopy = -5 Ndy ouwys N F¥ — N [g() T-T + g1 71’0] N — ol O RR+ ...
T

e

\_

e At LO all hadronic EDMs are expressed in terms of these LECs:

Nuclear EDMs
AN AN

Y FENES -

\/CP violation in current

and potential

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



CPV at the hadronic level

® |eading pion-nucleon CPV interactions characterized by few LECs

-

i \T 7 T T — — — — T ‘l — —
ECPV p— —5 4\ (-[N O"u,y’“;“s ;\ F/JV — j\ [,(/() T-T + g1 ﬂ'o] J\ — F 7T0 T + .

~ s

\_

e At LO all hadronic EDMs are expressed in terms of these LECs:

4 A
A A A A A A A

d® = c d, —+ C, (/p + Cp o + €1 g1 T CAA + ...

- J

® Light nuclei (d,t,h): chiral EFT calculations = c¢i* at ~10% level

® Diamagnetic atoms ('??Hsg,...): O(1-10) uncertainties
8 8

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



CPV at the hadronic level

® |eading pion-nucleon CPV interactions characterized by few LECs

r

Z. \7 ] T \ T — _— — - - ; —_— —3
Lepv = 9 N dy oys N F — N [f/u T-T + g1 WO] N — 7 7T+ ...

e

\_

® At LO all hadronic EDMs are expressed in terms of these LECs:

r N
A A A A - A = A A

d” = c,d, + ¢;dy, + cggo + g1 + A A+ ...

N y

Multiple measurements (n,p,d,t,h, ...,'””Hg) =
handle on CPV mechanism, provided we can reliably estimate
the LECs in terms of short-distance couplings

Great work on this by the Arizona-Groningen and Bonn-Julich groups: see 1505.06272 and 1412.5471 for recent reviews



LECs: symmetry relations

What do we know about CP-violating LECs?

A lot (but not everything) can be learned from
chiral symmetry constraints



LECs: symmetry relations

® Prototype: theta term and mass splitting are chiral partners

givsg \ SUa(@),
qTq !

—qo - Tq
Q qiys5q

)

® Nucleon matrix elements are related. At LO (soft pion theorem)

N;)

(Nym®|givsq|Ni) o< F (Nl g
U
4 — )
_ C demu Y
Jo 0
Mg —+ My,
g J

® Corrections appear at NNLO

Crewther-DiVecchia-
Veneziano-Witten 1979

Mereghetti, van Kolck
1505.06272
and refs therein



LECs: symmetry relations

® Analysis of leading quark-gluon operators: summary
Mereghetti, & van Kolck 1505.06272, and references therein
2o from @ determined by (my, — my)st

qCEDM g and 2 determined by corrections to meson and baryon spectrum
induced by CP-even gCMDM

4-quark Zo, g1 & A determined by CP-even 4-q chiral partner

® No info from symmetry on 4-N

® No info from symmetry on dn, dp

To probe underlying CP violation,
need non-perturbative calculation of “CP-odd” quantities.
Large uncertainties from QCD/model estimates [O(1)—=O(10)]
greatly dilute impact of experimental searches!



Beyond symmetry relations

® |attice QCD can play a key role: systematically improvable calculations

® Nucleon EDMs

(ln Ny [9 : (lu.(l.s : (lu.(lqs : Cu' : C“lCI]

® Pion-nucleon CP-odd couplings

§0,1 [‘9 du,d,s; Cw s C4q]



Beyond symmetry relations

® |attice QCD can play a key role: systematically improvable calculations

® Nucleon EDMs

dn,

~

.d, s du,d,s; Cw Ca“lq]

® Pion-nucleon CP-odd couplings

u,d,sy Cw; C4q]

RECENT PROGRESS

4 )

dn '
7 = —3.8(2)stat (9)gc 107° e fm

Guo et al,, 1502.02295

dn. ’
- = —27(12) 10~ efm

Akan et al., 1406.2882

Fit to Shintani et al, POS (Lat 2013) 298

\_ J
4 )
80— (1542)- 10 3sind

Fr
\_ J

Mereghetti, van Kolck 1505.06272 with input from
A.Walker-Loud,‘14; Borsanyi et al,‘l 4.



Beyond symmetry relations

® |attice QCD can play a key role: systematically improvable calculations

® Nucleon EDMs

_ - RECENT RESULTS
dn,p [(9, d-u.,d,s; Cw s Cf-“lq] (LANL+ UW)1
topic of the rest of this talk

® Pion-nucleon CP-odd couplings

90,1 [9— (iu.,d,.s; Cw; C4q]



Beyond symmetry relations

® |attice QCD can play a key role: systematically improvable calculations

® Nucleon EDMs

dyp |0; du.d.s?? Cu’ Cag] WORK IN PROGRESS
(BNL, LANL, UConn)

® Pion-nucleon CP-odd couplings

Jo,1 [é Cors C4q] (A.Walker-Loud)

™~

Exploit chiral symmetry constraint, relate to
shifts in the mass and sigma term



Beyond symmetry relations

® |attice QCD can play a key role: systematically improvable calculations

® Nucleon EDMs

dn,p [‘9, d'u.,(l,s; du,dﬁ;

® Pion-nucleon CP-odd couplings

o1 105 duas @

FUTURE



Matrix elements
with lattice QCD




dn,p from quark EDMs

® Quarks directly couple to photon in CP-odd way

7; _ LV
L = _5 Z d([ 90 w759 F

qg=u.,d,s

® Problem “factorizes”: need tensor charge of the nucleon™*




Tensor charges from LQCD

Bhattacharya,VC, Cohen, Gupta, Joseph, Lin, Yoon, 1506.04196, 1506.0641 |

® Calculation done with dynamical quarks (2+1+1)** on 9 ensembles:
a €[0.06,0.12] fm, mn € [130,310] MeV, mrL €[3.3,5.5]

® [eatures:

® |ncluded connected and

] . “Connected”
disconnected diagrams

® Studied excited state contamination;

performed non-perturbative
renormalization (RI-SMOM)

® Studied dependence on mq, a, V

“Disconnected’: smaller than statistical
error of connected for q=u,d.

Onl tribution for q=
** Clover on staggered (MILC) Ny contribution for-q=s



Excited states contamination

® Large tins and tsep - tins WOUId t - 0O t _ t - 0O
] . 0 < ins N t. <S€p ins , t
isolate neutron, but weak signal olins sep
® Calculate at different tsep, tins, and . .

keep one excited state in the fit

[CSpt(tsep- tins) — Ble—]\"fotsep + BQB—A’Iltsep _|_ BIQ [e—]\’lotinse—]\”fl(tsep—tins) + G—A’Iltinse—A’IO(tsep—tins)D

1.20 v | l . . | |
Extr?g —_—
i = —t—
° 1.15 1 d\a ’[zzgz‘l.? —O—1 A/
3\ 1.10 r n O \& 3/ @ @
PQIS B i\‘ q
bo 1 05 l’§"§}.r‘i'f|—_ I“ I’-II
a09m310
1 OO I l L I l I I
-6 -4 o) 2 4 6



Simultaneous fit in a, M+, ML

( gr(a, M, L) = ¢y + coa + csM? + cpe” MrL J

squares (Mn =

ﬂ@ ﬁ_ %i
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green(a= 0.09 fm), blue (a=0.06 fm);

310 MeV), diamonds & triangles (M =

220 MeV), circles (M = 130 MeV)
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Including leading chiral logs, no
significant difference in result

With chiral logs
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Results and impact on nEDM

® Flavor diagonal neutron tensor charges in MS @ 2 GeV




® Comparison with non-lattice approaches and impact on nEDM

00"
—05"

(g7)"

U=2GeV  p=? p=2GeV* p=2GeV p=1GeV P=3.2GeV

20,
(gT)d 1 .5:

1.0}
o.sf

LocD QCD  DYSON
SR SCHWINGER

[1] [2]

[I] This work
[2] Pospelov-Ritz 2000
[3] Pitschmann et al 2014

[3]

TRANSVERSITY

[4] [5] [6]

[4] Bacchetta et al 2013
[5] Anselmino et al 2013
[6] Kang et al 2015

NOTE: no
estimate of (gr)*
from other
methods



® Comparison with non-lattice approaches and impact on nEDM

M=2GeV  p=? pP=2GeV*u=2GeV p=1GeV p=3.2Ge

20
(gT)d 1 5
1.0;
0.5§ 1

€ . * ]

LQCD QCD DYSO
SR  SCHWINQGER

........................................



® Comparison with non-lattice approaches and impact on nEDM

U=2GeV | p=? |u=2GeV* p=2GeV p=1GeV P=3.2GeV

20" :

d 15 :
(gT) N 1 Widely used

1.0F . in BSM

I studies of
0.5 : 1 I I I 1 neutron EDM

@ oo T

T i £5
8 —-0.5¢ ;
LQCD DYSON TRANSVERSITY
SCHWINGER

® (gr)“d uncertainty: 50% to 10% + scale/scheme dependence

® (gr)“d smaller central values: d, “less sensitive” to new physics in dq

® (g7)%: important for models in which dq>mq, since ms/mq ~ 20



Bounds on dud

Improved knowledge of (g1)"“? enables more stringent tests of the
pattern of CPV beyond the Standard Model

10—
 d,<29%x107%° ¢ cm [90% CL] |

SR 1 Assuming PQ
U ‘ mechanism and
L. ol _ suppression of
| _ - other CPV
- . _
— _ operators
p — i

_5L

S

E -

B e | RS B B

d; (107> e cm)



Implications for “split SUSY”

® All scalars except for one Higgs doublet are heavy. Good features:
gauge coupling unification, DM candidate, no “flavor/CP problem”

Arkani-Hamed, Dimopoulos 2004, Giudice, Romanino 2004

® d¢q are the dominant CPV operators:

Giudice, Romanino
hep-ph/0510197

EDMs depend on gaugino (Mz2) and Higgsino (M) mass parameters,
their relative phase (@), and ratio of Higgs vevs tan(B) [sin($) sin (2B)]




® Neutron and electron EDMs controlled by same parameters.
They are both within reach of current searches for M, 4 ~ O(10 TeV)

f R
Current limit 1x104F T '\'\' ' SRR =
from ThO | . sin(P)=1 | :
\_ (ACME) Y, 5000 f((h: 8.7x10-%° e cm | tan(B)=I i
N
9 2000 \ .
D)
O \
3. 1000F \
[ d,=10-28¢ cm
I ‘\ -
500 |- Yo -
- d,=5%x10-28 ¢ cm \, |
,
|d,=10-27 ¢ cm \
200‘1 . .1\....1 \1 \ R N B
200 500 1000 2000 5000 1x10*%

M, (GeV)



® The correlation between d» and de provides an interesting
experimental test for Split SUSY (Giudice-Romanino 2004)

10000

7000
5000
The thickness of the
bands reflects the
uncertainty in (gr)“d9*

3000

2000

1500 With old results each
band would be as thick

as the whole plot

u (GeV)

1000

— |de = 8.7 X102 e cm

| | |

500 1000 2000 5000 1x10*
M, (GeV)

e Obtain the stringent upper bound d, < 4 %1028 e cm:
Split SUSY scenario can be falsified by current nEDM searches



dn,p from quark CEDMs

|. Renormalization in “RI-SMOM” scheme suitable for lattice

Bhattacharya,VC, Gupta, Mereghetti, Yoon, 1502.07325

2. Extraction of nucleon EDM from appropriate correlation functions

. . . T ~—— Tc~—
Requires 4-point function:

\ e
<72\JEM /(Z4f0( ) |n) \(;/ ;'z)/

-

Ongoing exploratory studies by RBC-UKQCD & LANL groups



Conclusions

® EDMs are a very powerful probe of new sources of CP violation

® Recent progress in hadronic / nuclear EDMs:

EDMs of light nuclei calculated in chiral EFT in terms of LECs

|dentified powerful chiral symmetry constraints on LECs induced
by BSM operators

Key role of lattice QCD in calculations of the LECs
|. Nucleon EDM from quark EDMs at 10%, with all systematics

2. Early steps towards nucleon EDM from quark chromo EDMs

Significant recent progress on the QCD side (EFT, Lattice)
Quite a bit left to do in the coming years
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CP and chiral symmetry

® Chiral symmetry (Y r—=e*X W R) is
spontaneously broken

Viysy

Figure from M. Creutz,
1103.3304

'ys vll'
(lrﬂ/ lr'/

® Degenerate vacua. Each spontaneously
breaks all but one CPy = X-'CPx

® Choice of fermion phases: CPo (standard

CP) is preserved ( Q| i¥ys¥|Q) =0 )

This defines a “reference vacuum” |Q))



CP and chiral symmetry

® Chiral symmetry (Y r—=e*X W R) is ® Chiral symmetry is explicitly broken by
spontaneously broken quark masses and BSM operators

Diryst/ ViysY
Viys

Figure from M. Creutz,
1103.3304

® Explicit chiral symmetry breaking 0L lifts
degeneracy, i.e. selects “true” vacuum and
the associated unbroken CP

® Degenerate vacua. Each spontaneously
breaks all but one CPy = X-'CPx

® Choice of fermion phases: CPo (standard

CP) is preserved ( {Q| i¥ys¥|Q) =0 ) ® |f we want true vacuum to be |Q)

o then 0L cannot be arbitrary. It satisfies
This defines a “reference vacuum” .

| (x| 6£]2) = 0

“Vacuum alignment”



EDMs of light nuclei

® |eading pion-nucleon CPV interactions characterized by few LECs

r

\_

7 B
AT AT . Nl = — 0
Ecpv = —5 N (/N O w5 N F* — N |:.(/() T T+ 1T J

e

N—-——m

Fx
/"

) = =

T+ ...

® | eading PT violating potential




EDMs of light nuclei

Potential (references) d,, d, G/Fx @1/F. CF: CF? A/F,my
Perturbative pion [135, 147] 1 1 — =023 — — —
dg| Avl8 [87,131,136-138] 0.91 091 — =019 — - -
N2LO [87,137] 094 094 — =018  — — —
Av18 [132,136,138] —0.05 090 0.15 —-0.28 0.01 —0.02 n/a
d, Av18+4+-UIX [87,134] —0.05 090 0.07 —-0.14 0.002 —-0.005 0.02
N2LO [87] —0.03 092 0.11 -0.14 0.05 -0.10 0.02
Av18 [132,136,138] 0.88 —0.05 —0.15 —028 —-0.01 0.02 n/a
dp, Av18+4+-UIX [87,134] 0.88 —0.05 —0.07 —0.14 -0.002 0.005 0.02
N2LO [87] 0.90 -0.03 —-0.11 —-0.14 -0.05 0.11 0.02

Table 3: Dependence of the deuteron, triton and helion EDMs on Z° LECs for various PT
potentials. Entries are dimensionless in the first two columns and in units of efm in the

remaining columns.

“—" indicates very small numbers.

From Mereghetti & van Kolck, arXiv:1505.06272
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From etal, 1502.02295
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d. from theta term

Neutron Proton
— 7|y N2IDWEF (8).8 o
0.02F N,2 DWF, F (6) :
i O N,2clover, AE(8) 0.12
[ O N, 2clover,F (8) :
0= ‘% o N,2clover, F i6) 0.1F
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Figure 4: Summary plot of EDM for neutron (top) and proton (bottom) as a function of pion mass squared
with full QCD calculation in the present analysis and other method and fermion action. Upper triangles
shows our results including total error. The smaller error denotes the statistical error. The cross symbol
denotes the range of model calculation based on the baryon chiral perturbation theory.

From Shintani et al, POS (Lattice 2013) 298



de Vries et al, 1006.2304

Chiral logs
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Strangeness tensor charge
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Quark EDM renormalization

® Tensor quark bilinear x EM field strength.

Neglecting effects of O(em), E renormalizes

multiplicatively (as tensor density)

S

Ouv 5

Non-perturbative renormalization method well known

g I
(/l
/O\ = tree Ieve|>!<
N
P P P2=P’2=q2=-/\2
L J

Bochicchio et al, 1995

Aoki et al 2009

Fix renormalization constant by conditions on 2-quark amputated Green’s
functions in a given gauge, at non-exceptional momentum configurations



Non-perturbative renormalization

® Non-perturbative renormalization (RI-SMOM)

® The “window”: Nocp << q << l/a

ZT in MS-bar
at 2 GeV




Quark CEDM renormalization

® Renormalization of C = igs'V oLy YsGHVe2Y: diagonal + mixing with E, P

U N

g Sy

® C can mix with two classes of operators:

Kuger-Stern Zuber 1975

() ZO ZON () Joglekar and Lee 1976

—_ Deans-Dixon 1978

N 0 Zy N

ren bare

® (O: gauge-invariant operators with same symmetries of C, not vanishing by EOM

® N: Allowed by BRST Ward Ildentities. Vanish by EOM, need not be gauge invariant



Results on isovector tensor charge

® |sovector tensor charge (nd=u) — ju—d _ 1 02(8 I
Ak g =g -
in MS @ 2 GeV a - o
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Quark CEDM renormalization

® Constructed basis [0 O’s and 4 N’s] and identified mixing structure

® Defined RI-MOM scheme for the O’s

® Computed matching between MS-bar and RI-MOM scheme to O(X;)

Bhattacharya,VC, Gupta, Mereghetti, Yoon, 1502.07325

® C can mix with two classes of operators:

Kuger-Stern Zuber 1975

() ZO ZON () Joglekar and Lee 1976

—_— Deans-Dixon 1978

*\T O Z N ‘\*

ren bare

® (O: gauge-invariant operators with same symmetries of C, not vanishing by EOM

® N: Allowed by BRST Ward Identities. Vanish by EOM, need not be gauge invariant



Quark CEDM renormalization

® Operator basis

4 N - j ™
O%S) = C = ig " Gty O’ = Frop = Wt v
(5) 013 = 0+ Ap = 0u[p7" 5tV + Py 5t V]
O = 9P = 9% (Pinst™) -
’ | (V16t"0) Of) = Ap = VstV — bp P st
(5) == R E_,“'ul/ { al,/ 1€ — _
03" = B =5 voFui@ 3 OfF = A = 5 (HQ 1A 3505 — Du{Q. 7} AT 50)
- AN
s ™\ . ,
~ - ]_ = ‘..Du"\" — M ()
Of) = (mFF) = Tr [MQ*t"] € Fu Fa Ve = (D% = M)y
O = (mGG) = Tr Mt Zemﬁcgycgﬁ
O = (md- A)y = Tr [Mt] 8, (v 50)
1 .
09 = (1m0 A)y = L0, (Frtins (M, 19} ) — ® Keep powers of quark mass:
\ 2 J
4 1 ) ® vacuum alignment
Oé‘r’) = (m*P); = 5 iy { MZ, 1%}
5 _ ® ms/N\aocp effects
Oé ) = (m*P)y = Tr [MQ] Viryst®a
Og‘g) = (m?P)3 = Tr [Mt*] Yiys M1
- J




Mixing structure

8P

mEFF

mGG

(md - A)q

(md - A)a

(mQP)l

(mQP)Q

(mQP)g

PrE

AL

82 P

mFF

mGG

(md - A)q

(md - A)a

(m2p)1

AA(’r)




® R|-MOM scheme for CEDM operator:

r/l
= O * Coefficients of
//O\\ - 7 spin-flavor structures

&Y
(q k
~ 7 3 spin-flavor structures:
= tree-level** Ouvysk' &
s W e
b OwvYs (p-p)¥ %
pr=pl=q=lkl=-A? Ys (p+p)u t*
s=u=t2 =-N\?

s=(ptq)?  u=(p-k)>  t=(p-p))?




® R|-MOM scheme for CEDM operator:

/O\ = O * Coefficients of
N 7 spin-flavor structures

, AN
/

r N
Conditions are imposed in

the chiral limit mq —0

\_ J
&Y

(q k
~ 7 3 spin-flavor structures:
SN = tree-level** OuvYskY &2,

v OwyYs (p-p)Y %,

pt=p?=q*=k?=-A? Ys (P+P’)IJ t
s=u=t2 =-A\?

s=(ptq)?  u=(p-k)>  t=(p-p))?




e Match RI-MOM to MS-bar:

C insertion

RI-SMOM __
Oz. —

APT

s ey ) ‘;.g‘r 'i’:; 5
{5 = i‘ >
L) h]
q k <3 e
\A / & <
s
l' J
[
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EDMs in the SM

® Highly suppressed “short-distance” contributions (dq) start at 3 loops

/6666@—5%
tu,c O
N ) ;
9’

" D,’s t

7/111\3\

d

® Dominant “long-distance” contribution

n ) on u,d J u, d




Mannel-Uraltsev mechanism in the SM: charm-mediated six-quark
operators

N
N

Dim-10 operator:
A=ImU; =ImV V V"V,

- e <
L_ = A(Ou S_Ouds)

QmQ

Oas=(ul*d) (dl,iIPT,s) (sT"u)

d, ~ 103! e cm



