Fundamental Symmetries in

Lattice Low-Energy Nuclear Physics

INSTITUTE FOR NUCLEAR THEORY

Intersections of BSM Phenomenology and OGD
for New Physics Searches
14 Sept. - 23 Oct., 2015

André Walker-lL.oud
A

Crrrfee |m




@ Understanding Nuclear Physics from QCD

@ [esting the Standard Model at low-energy

in nuclear environments



Q@ Jesting the Standard Model at low-energy

in nuclear environments

@ Assuming CP-violating new physics from massive
SM extension (MA>Myy), what s the

manifestation of this new physics at low-energy?



Fundamental Symmetries and Low-Energy Nuclear Physics

® 'The Universe is matter dominated at roughly 1 ppb:

Xptn
PIR — 6.19(15) x 10710

T =

Ay

® Sources of CP-violation beyond the Standard Model (SM) are
needed to generate this observed asymmetry

® Assuming nature 1s GPT symmetric, this implies T-violation
which implies fermions will have permanent electric dipole

moments (EDMs)

® 'T'his has motivated

| significant experimental efforts to search (or

plan to search) for-

bermanent EDMs 1n a variety of systems

e, n, p, deuteron, triton, *He, ..., "Hg, **’Ra, **"Pa,...



Fundamental Symmetries and Low-Energy Nuclear Physics

@ In order to interpret a measurement/constraint of an EDM 1n
a nucleon or nuclei as a value/bound of couplings to BSM
physics, we must have a solution to QCD 1n the IR

® QOur tools of choice are lattice QCD (LQCD) and Effective
Field Theory (EF1)

® We desire to compute completely a nucleon EDM resulting
from CGP violating operators, however, this 1s challenging and
will take more time

® In the meantime, we can exploit symmetries (tricks) to
determine the long-range CP-violating 7z-N couplings from

simple spectroscopic LQCD calculations which are expected to
dominate the EDMs of certain nuclei (eg **’Ra)



Fundamental Symmetries and Low-Energy Nuclear Physics

® In alarge nucleus, the long-range pion exchange will (may)
dominate the nuclear EDM

Lopy = Qiﬂw N#. 7N 25}1,7? NrsN QQF%W ms N (Tg - R F) N

T

® TFor the QCD theta term

m2

{g1,G2} ~ !?()A—;T
X

® TFor more generic GP Violating operators

m2

go ~ {907§1}A_§Z g1 ~ 9o



Fundamental Symmetries and Low-Energy Nuclear Physics

® 'The nuclear EDM 1s proportional to the Schiff moment

o _ Z (Po]S2|Pi)(Pi|Hopv |Po)

EO — E — C.C.
1£0
2Mnaga _ _ _
S = 7 T4 (oG + a1G1 + asds)

® The Schiff parameters {@o, @1, a2 } are computed with nuclear
models under the assumption the GPV operator does not
significantly distort the nuclear wave-function

® TFor a QCD theta term only g1 ~ g2 ~ 0 and thus a constraint
on § can be made through the relation




Fundamental Symmetries and Low-Energy Nuclear Physics

® 'The nuclear EDM 1s proportional to the Schiff moment

o _ Z (Po]S2|Pi)(Pi|Hopv |Po)

EO — E — C.C.
1£0
2Mnaga _ _ _
S = 5 T4 (oG + a1G1 + asds)

® 229Ra is interesting nucleus as it is octupole deformed
® “stuff” core making nuclear model calculations more reliable
® nearly degenerate parity partner state

— +
Ey,, — B, =55 KeV

® 10° — 10° enhancement of {&07 ai, CLZ}



Fundamental Symmetries and Low-Energy Nuclear Physics

® Sources of CGP-Violation in quark sector:

Operator |Operator] No. Operators
0 1 1
quark EDM 6 2
quark Chromo-EDM 6 2
Weinberg (GGG) 6 1
4-quark 6 2

4-quark induced 6 1



Fundamental Symmetries and Low-Energy Nuclear Physics

® Sources of CGP-Violation in quark sector:

Operator |Operator] No. Operators
quark EDM 6 2
Weinberg (GGG) 6 1
4-quark 6 2

4-quark induced 6 1



Fundamental Symmetries and Low-Energy Nuclear Physics

® Sources of CGP-Violation in quark sector:

Operator |Operator] No. Operators




QCD Isospin Violation and CP-viwolating w-N

® A precise determination of the strong i1sospin breaking
contribution to Mn-Mp teaches us about CGP-violation

(I learned all this from Emanuele Mereghetti)
_ OMET 2mgm,

go = 0 =«
™mMq — Ty, md_l_mu md_|_mu

2M 1My,

0




Isospin Violation and Lattice QCD

@ oM. ¢ = 2.44(17) MeV

3. 64(21* QCDSF [1508.06401]
. 2.52(29)  BMWc [1406.4088]
| 2.28(26) BMWCc [1306.2287
_2.90(63) RM123[1303.4896]
= 3.13(57)  QCDSF-UKQCD [1206.3156]
- 2.51(52)  Blum et. al. [1006.1311]
2.26(71)  NPLQCD [hep-lat/0605014]
o ,".”“|||]]ﬂ1ﬂﬂmﬂﬂlﬂ[l]]]]““mm ,,,,,,,,,,,,,,,,,, 2. 44(17> weighted average
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Isospin Violation and Lattice QCD

strong isospin breaking correction

OM """ = a(mg — my,)

n—p
. . B.Tiburzi, Nucl. Phys. A764 (2006)
ideal PrObIem fOI" lattice QCD Beane, Orginos, Savage Nucl. Phys. B768 (2007)
arXiv:0904.2404

Mg —"y __ Blum, Izubuchi, etal Phys. Rev. D82 (2010)
5Mn—p = 2.44(17) MeV PoS Lattice2010 (2010)

de Divitiis etal JHEP 1204 (2012)

E Horsley etal Phys. Rev. D86 (2012)
lattice average de Divitiis etal Phys. Rev. D87 (720I3)
Borsanyi etal arXiv:1306.228
Borsanyi etal arXiv:1406.4088
Horsley etal arXiv:1508.06401

S valence sea

.‘. mu,d # my
“partially quenched” lattice
QCD trick that works on the

computer but introduces error
which must be corrected

valence




arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

Partially Quenched Nucleon Lagrangian

o) oD (PQ) PR
L9 = (Bv- DB) + (i ) (BBM) + (i ) (BM1B) + T (BB) tr(M)
B B VPR) P

—(Tuv-DT,) = A(T,Ty) + (47 ]) (T My Ty) - (47 ]) (T T,) tr(My)

+2a(PQ) (BS*BA,) + 282 (BS#4,B) + 2HFY (T”S“Au%)ﬂ/gc [(TYALB) + (BA,T")]

UM == OM =7

L= Nv-DN + i) NM,N + 4 ) NN tr(M_) )
+ (v DT + AT + s (TuMT) + s (TuT) (M)

— — ki i/
—I—QQANS'AN—QQAATMS-ATM—|—gAN [T’uj Aﬁf’ Eji/Nk—l—h.C.} .

2 1
_ 2 (PQ) _ ~ a(PQ)
gan =H , gan = —C,

1 4

g1 3




arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,
Nucleon Masses
B 2Bo N mfr anN 3%9124 3 897TNA
My =Moo+ o5+ g (G4 ov ) = e — gy (me o)
N 3TApo(ga + 91)°
8M (47 fr)?
_ 2B6 an | mg (oan 3m9% 3 8Yana
My =Mo = A fre 2 * A ( 2 +ON(’LL)) B (47Tf77)2m 3(4m fr)? 3 (1, A 1)
n SWAZJLDQ (94 + 1)

Notice 1n the 1sospin splitting, not only the 1sospin violation appears as
expected, but the non-analytic pion loop corrections exactly cancel, and the
PQ eftects exactly cancel! (This 1s only with “symmetric 1sospin breaking”)

The expansion for M,-M,, becomes similar to that of the pions (only even
powers of the pion mass)



arXiv:0904.2404

Isospin Violation and Lattice QCD ,val _ psea 5.
Full NNLO Nucleon mass splitting:

2B6 m? J(mq, A, 1) 5
Z‘[n M. = s M M Ty = 4 2 e o
P dr ks {aN Pl 0 )T T gy e (9'”” OW)
m? 20 9 m?
T L 4 2 2 L 6 2 1 1 s
(47Tf7r)2 [ 9 TMIrNA &N(9A+Q7TNA) aN( gA—i_ ) 1l (,UZ )]

an A% 3
T (2 “ploat 91)2> }



LOQCD Calculation

lattice QCUD calculation performed using the
Spectrum Collaboration anisotropic clover-

Wilson gauge ensembles (developed @ JILAB)

ensemble

AtMyg QTN K

CLt5 [chg X Nsrc]

L T am; aymg

0.0002

0.0004 0.0010 0.0020

16 128 -0.0830 -0.0743
16 128 -0.0840 -0.0743
20 128 -0.0840 -0.0743
24 128 -0.0840 -0.0743
32 256 -0.0840 -0.0743
24 128 -0.0860 -0.0743
32 256 -0.0860 -0.0743

0.03800 0.1033

0.0689 0.0968

0.0393 0.0833

207 x 16 207 x 16 207 x 16 207 x 16
166 x 25 166 x 25 166 x 25 166 x 50

120 x 25
97 x 25

— 193 x 25 —

291 x 10 291 x 10 291 x 10 —

118 x 26
842 x 11

C.Aubin,W.Detmold,
E Mereghetti, K.Orginos,
S.Syritsyn, B. Tiburzi,
AWL



LOQCD Galculation

Scale Setting

m,|MeV]

-------------------------------- 0 —-—
I 2] i
500 mmm@ i
® Em = 650:— i
400:— ) Th i , f
%-600 ;
300
= g550 .
| == S }
200 | S
. - #
BOOE _ -
100'_ h & myeq = 1ImOp0860_smOp0743 b Mmsea = 1mOp0860_smO0p0743
: h b Mg =1ImOp0840_sm0Op0743 450 f § Mg =1mOp0840_smO0p0743
; i § msq = ImOp0830 smOp0743 B § msee = ImOp0830_smOp0743
00087 —0086  —0085 —0081 —0083 —00s2 005 o0t 00 ooz oot
atm}’al atmzsjal
ensemble My MK atd [Nefg X Ngpcl
L T am; aymg [MeV] [MeV] 0.0002 0.0004 0.0010 0.0020
16 128 -0.0830 -0.0743| 488 620 (207 x 16 207 x 16 207 x 16 207 x 16 1.29
16 128 -0.0840 -0.0743| 420 591 |166 x 25 166 x 25 166 x 25 166 x 50 2 44
5latt M L y
20 128 -0.0840 -0.0743| 420 591 [120 x 25 - - - MeV] = 610
24 128 -0.0840 -0.0743| 420 591 | 97 x 25 — 193 x 25 — )
32 256 -0.0840 -0.0743| 420 591 {291 x 10 291 x 10 291 x 10 - 12.2
24 128 -0.0860 -0.0743| 240 5H08 [118 x 26 — — — not renormalized
32 256 -0.0860 -0.0743] 240 508 |842 x 11 - - -




LOQCD Calculation
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LOQCD Calculation  Mn — My

Nucleon Mass Splitting Ratio Cu(t) / Cplt)
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LOQCD CGalculation

14?— ¢

> 12?— .

O |
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| o |
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‘o | g d ¢ mge 426 MeV |
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O' .................................... ]
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slope depends shightly on

plon mass

b & my =244 MeV |
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¢ ¢ mx 498 MeV |

no evidence for
deviations from linear

0 dependence



LQCD Calculation

m [MeV]

mg—
My

0

14t

o 2.4}
; N } i
S 29
L
~—
]
S

ISKS]
M

—

(0¢)

b ¢ my~244 MeV
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0.0002  0.0004 0.0006 0.0008 0.0010 0.0012  0.0014

t5 . . | T 2\/§7T
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m>2 2 2
5M,ngmu=5{a+ﬁ( o } 5M,T_dpmu:5{a[ e (60 + Do (%)]

2m?2
50 e

(ga = 1.27, f» = 130 MeV)

X*/dof =13/5 =26 Y2/dof = 1.66/5 = 0.33



LQCD Calculation

s [MeV]

mg—
My

0

14 F

0 2.4}
() B % %
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o
~—
3
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ISKS]
M
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(0¢)
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¢ & m,~426 MeV
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00002 0.0004 00006 00008 00010 00012 00014 : 0.2 0.3 0.4
a0 . . M/ (2v 27 fo)
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polynomial in m2 NNLO yPT
m2 2 2
5M,,T’_d_m“ =0 o+ My } Mg —My _ m m;
- { Bl | M 5{04[ L (69A+1)1n<u2>]
2m?2
(fx = 130 MeV) + B(w) (47%)2}

2/dof =13/5 = 2.6 X*/dof =1.34/4 =0.33

* ga = 1.50(.29)



LOQCD CGalculation

2.4:- """" i """"""""""" g 2.4;
| | = %
2.2-_ : \/| 2.2 %
[ | =
< | | s | %
= 20} e 20¢
5 | s | |
1'8:' | b my~ 241 MeV 5?1'8; b ¢ my~244 MeV
: é m, =~ 422 MeV : E [ i é m, ~ 426 MeV :
16} | § ma 489 MeV 1 o Lof I T “wrexd98 Mo\ |
00 ol 02 03 01 05 o0 oL 02 o3 04 05
M)Ay mx/(2V 27 fo)
NNLO xPT
A=y _ g {a[ : (62 + 1) (m_i >] exclude heavy mass
n—op 2 .
(94 =127, fr = 130 MeV)  + B() 22
(47 fr) C.Aubin,W.Detmold,
X2/d0f — 166/5 — 0.33 Emanuele Mereghetti,
K.Orginos, S.Syritsyn,
B.Tiburzi,

this 1s striking evidence of a chiral logarithm



Computational Strategy

® QCD Theta term

2(9 N por B
Lopv = —2p5CuG" el LX), = 29F° N#- 7N

oMM 9 _
Symmetries * go = i TdTu_p

T g — My, md_|_mu

OM, ™ = a(mg — my,)

Simple spectroscopic calculation allows us to determine this
long-range CP-Violating pion-nucleon coupling

T'his strategy was developed 1n conversations with
Emanuele Mereghetti while we were both at LBNL



Computational Strategy

® (Quark Chromo-EDM Operators
b, S | N
Lo, = —=qo"vs(do + ds73)G g — §qa“ (€373 + C0)G g



Computational Strategy

® Quark Chromo-EDM Operators

b s L_ .- .
qu — —§q0“ %(do + dSTS)G,qu — §q0“ (0373 -+ CO)GWQ
CZ() A m2 CZg
S (ri o = 0, M - OMy —L =
ymmetries * 90 q N63 N m2 G
B A My  Agm2) ds
g3:_2O-7TN< : =~ >~—
OrN T Co



Computational Strategy

® Quark Chromo-EDM Operators

(R 1_ .- .
qu — —§q0“ %(do + dSTS)G,qu — §q0“ (0373 - CO)GWQ
dO A m2 JS
S t Y - IMy —=F
ymmetries * go = NG, N m? &
_ A MN A m% l
932—20wN< - . >~—3
OrN T Co

Again, all that 1s needed are simple spectroscopic quantities

0 M = nucleon mass splitting induced by O =0q 7349,
o.n = nucleon sigma-term induced by O = —mgq,
0,My = nucleon mass splitting induced by O = —(¢3/2) o' 173G ..q
A,My = nucleon sigma-term induced by O = —(¢y/2) go""G,..q,

A,m2 = pion sigma-term induced by O = —(&,/2) qo"" G .q



Computational Strategy

® (Quark Chromo-EDM Operators
1 1

OO — _§gO-,ul/G'qu 03 — _§QTSO-MVGMVQ

You may recognize these operators...



Computational Strategy

® (Quark Chromo-EDM Operators

1 1
OO — _§gO-,ul/G'qu 03 — _§§?TSO-W/GMVQ

You may recognize these operators...

T'he quantities of interest can be determined by making use of

the Feynman-Hellman 'T'heorem and simple spectroscopic
LOQCD calculations

_ OMp|coO
AqMN = Cp JgEfOO O]

_ OMy|c.O
5qMN — €3 ];;[53 3]




Computational Strategy

® (Quark Chromo-EDM Operators

1 1
OO — _§gO-,ul/G'qu 03 — _§§?TSO-,W/GMVQ

You may recognize these operators...

T'he quantities of interest can be determined by making use of

the Feynman-Hellman 'T'heorem and simple spectroscopic
LOQCD calculations

- ﬁMN [5000] ~ aMN[écOS]
AN My = 0. Mn =
We also need to determine
OM n OM n
OrN — TNy aml 5MN—5 95
Mg + My, Mg — My,
] — 5 —

2 2



Computational Strategy

® (Quark Chromo-EDM Operators
1 1

OO — —§QO'MVGMV(] 03 — _§QT3O-W/GMVQ

Simple spectroscopic LQCD calculations can be used to
determine these important long-range CP-Violating pion-

nucleon couplings

Spectroscopic calculations are what we are best at



Computational Strategy

Quark Chromo-EDM Operators
1 1

OO — —§QO'W/G'W/(] 03 — _quSO-,uI/GMVq

T'he leading contribution will come from the valence quarks
(experience with valence/sea quark mass contribution to
nucleon mass) - begin with this contribution

Invert the valence quarks with a modified Dirac operator

Dy =D + MOy, O3}

Construct nucleon correlation function with these quarks and
determine the resulting nucleon mass

Vary A and determine slope of mass correction to get derivative

. OMp|coO . OMp|c.O




Computational Strategy

® (Quark Chromo-EDM Operators
1 1

OO — _§qaw/ijq 03 — _§qTSO-MVGMVq

T'he leading contribution will come from the valence quarks
(experience with valence/sea quark mass contribution to
nucleon mass) - begin with this contribution

aert the valence quarks with a modified Dirac operator

Dy =D + MOy, O3}

® (Construct nucleOMsgorrelation functio
determine the resulting CONIMPASS

these quarks and

wPc of masggorrection to get derivative

N [€.Os]

® Vary A and determine

C )

_ MN[&OOO]
95

A, S My = &




Computational Strategy

A new method for computing

quark bi-linear matrix elements

developed wnth Chris Bouchard & kostas Orginos
software development also from I horsten Kurth



Feynman-Hellman T heorem and Matrix Elements

Feynman-Hellman I heorem

The Feynman-Hellman Theorem (FHT) relates matrix
elements to (variations in) the spectrum

o,
O\

= (n|Hx|n)

The FHT is often used to determine the scalar quark
matrix elements in the nucleon (needed to interpret direct
dark matter detection) both with Chiral Perturbation
Theory and direct lattice QCD calculations

OmN

m
q
om, —

— <N\quYCI\N>




Feynman-Hellman T heorem and Matrix Elements

Can the FHT be used to compute other matrix elements?

Yes! By now, it has been implemented by
CSSM + QCDSF/UKQCD, PRD90 (2014) [1405.3019]
to explore nucleon structure

| will describe an improved implementation and also relate
the method to another popular newly revived method of
computing matrix elements - the “summation method”



Feynman-Hellman T heorem and Matrix Elements

Consider a two point correlation function in the presence
of some source

Ca() = MO0 (0)|A A) = A-vacuum
— - [ D000 (0) Q) = lim |A)

Sx = )\/d4xj(aj)
j(x) = some bi-linear current density

e.g. Aj(x) = q(x)myq(z)



Feynman-Hellman T heorem and Matrix Elements

We can differentiate the correlator with respect to A

OCN _ OxZ) 1 _s_sA/ At ;
A C\ (1) Z/\/D@e d*z'j(x") O(t)O'(0)

The first term is proportional to a vacuum matrix element
and the second contains the matrix element we are
interested in. We are really interested in the linear-

response

DO~ o [aaleio

A=0

+/dt’<Q|T{O(t)J(t’)OT(O)}|Q>

J(t) = /d?’x j(t,x)



Feynman-Hellman T heorem and Matrix Elements

Let us focus on the second term:
/ at' (QIT{O(8) T (1) OT(0)} ) = / " ar Q170010 (0)0)
+ / Q100 T (0 (0))

. + [ ariomoto @i

e "

(+ disconnected pieces)

t/

The middle contribution is in fact similar to the summation

method, summed over all time slices between the source
and sink



Feynman-Hellman T heorem and Matrix Elements

The FHT relates matrix elements to the spectrum. Can
we find something similar in QFT?

Let us try the first obvious thing, take a derivative of the
effective mass:

mef (6 r) = 21 (Cc(t) > » L n(eBor)

T (t+ 7) t—oo T
amiff(t,T) _ l -—a)\CA(t—I—T) —8)\C>\(t)-
O\ o TL Ct+T) C(t)

NOTE: even for currents with non-vanishing vacuum
matrix elements, this contribution exactly cancels in this
guantity



Feynman-Hellman T heorem and Matrix Elements

We are then left with the following

o R+ = RO

8>\miff (t

Rty = LA OT{OW )OO0

C(t)
To understand this quantity, we begin by inserting
complete set’s of states where appropriate

C(t) = (Q|O(t)O0(0)|)

Ht Ht‘n><n|
= > (Qe”"O(0 O'(0)[$2)
Z 2L Zn = (Q|O]n)

-5 z,715 ZT = (n]OT|Q)
: 2E,




Feynman-Hellman T heorem and Matrix Elements

The numerator term we can separate into the three
| 1 1]

The middle region, Il, is the region we are interested In,
where we have the matrix element of interest. The other
two regions will contribute to systematics that must be
controlled.



Feynman-Hellman T heorem and Matrix Elements

After some algebra and finite sums, one finds for region II:

S oo (OB I()O0)IQ) _,(07]0) (1 oS T LB <n|J|n>>

ZoZ} e Eot 2y
2Eo

Zg 0
1 — G—Anm(t—l—l)
ZoZ) 2E By, 1 — e Bnm

1 1 — e~ Qno(t+1) Z;g Z,
T D (—<0Jn> = 2%l

(n|J|m)
A,,.=FE, —F,,

NOTE: the term we are interested in is enhanced by a
factor of t



Feynman-Hellman T heorem and Matrix Elements

The contributions from regions | and Ill must have some
symmetry. The easiest way to evaluate these terms is to
consider a shifted coordinate system, and a symmetric
correlation function about the origin V& T

—t/2—1 _E S t S 5

|: > (9[0t/2)0(=t/2)J(")|%)

t'=—T/2

T/2

1S (QUE)O/2)0 (—/2)/)

t'=t/2+1

It is straightforward to show this is equivalent to summing
over just the first lattice and non of it’s images



Feynman-Hellman T heorem and Matrix Elements

The sum to the matrix element from these two regions is

s+ Sl | (102 I ()0 (~1/2)|9)

ZoZ e Eot
2FE,

Ey 1—e Bms@/2=t/2) (7 71 AVA
_ —Anpnot 0 n~nm.j n“mgn
— e mg|J|) + QlJ|m
H;J 2B, E,, R | ZOZS < J‘ | > ZOZS < ’ ’ J>
E,,, = (mesonic) states which couple to the current, J

(m.g|J[€2)
anj — <n\(9|mJ>

These terms are also not enhanced by t



Feynman-Hellman T heorem and Matrix Elements

The expression for R(t) is not obviously useful. The
“magic” happens when we consider the differentiation of
the effective mass
a)\miff(t,’r)‘ _ R(t+7) —R(t)
A=0 T

What we are left with in the end, is an expression of the
form (for fixed )
(0[J]0)

oNmS!! (t,T)|A:O: o (Ot + D)e=At

There are no time-independent contributions other than
the matrix element of interest



Feynman-Hellman T heorem and Matrix Elements

Practical Implementation:

We are interested in the linear response of the theory to
external sources.

At the level of a QCD correlation function, we are then
interested in only a single insertion of the current on the
guark propagator, such that the proton for example, would

have a contribution

One then makes suitable replacements of all the quark
flavor-lines with the “Feynman-Hellman” propagator




Feynman-Hellman T heorem and Matrix Elements

Practical Implementation:

@

the “Feynman-Hellman” propagator IS given by

‘ _SFH yv Zsya )

S(z,x) standard quark propagator off some source at
X, to all z

['(z) some bi-linear operator (can be constant)
e.g., 74 for the vector current

I'(2)S(%,z) treat like a source to invert off of
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Iest case: nucleon axial charge, LHPC comparison

there are old LHPC calculations of the nucleon axial
charge with moderate pion masses using DWF on asqgtad
MILC ensembles

the “regular” propagators were on disk at JLab, so we
could simply make the Feynman-Hellman propagators
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gp(t=1)

Iest case: nucleon axial charge, LHPC comparison
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our results are in exquisite agreement with LHPC

PRD 82 (2010), arXiv:1001.3620

(the oscillations are from a large domain wall mass, My = 1.7 )
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ga(t=1)

Iest case: nucleon axwal charge, DWIEF on HISQ

My = 310 MeV we are doing our quark CEDM
a =~ 0.15 fm calculation with this setup
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This is equivalent to taking functional derivatives of the
partition function with respect to the perturbing source,
then setting the source to zero.

It can be applied to non-zero matrix elements

It can be applied to flavor changing matrix elements



Conclusions

This is an exciting time for low-energy precision tests of
the Standard Model.

Lattice QCD is an essential aspect of this research field as
it is the only non-perturbative regulator of QCD, and
therefore it allows us to quantitatively understand the
manifestation/interactions of BSM physics within nuclear
environments.



