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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 GP wiolating operators, however, yesterday, we heard a bit
about how challenging this problem 1s

® 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 dominate

the nuclear EDM

Qi?’w N7 - 7N 2gF1’7T s ZQFQ’WWSN (7'3 — ;—iﬁ : 7_") N

Lopy =

® TFor the QCD theta term

m2

{91,921 ~ §0A—;T
X
® TFor more generic GP Violating operators

3 o _.m? L
gs ~ {90791}F g1 ~ 9o
X



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
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Weinberg (GGG) 6 1
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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

o — OM, ™ 2mgm, 5_ . 21N, 1My,
0= —

g — Ty, md_l_mu md_l_mu

0




Isospin Violation and Lattice QCD

@ oM. ¢ = 2.44(17) MeV
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Blum et. al. [1006.1311]
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Isospin Violation and Lattice QCD

strong isospin breaking correction

OM, " = a(mg — my,)

ideal problem for lattice QCD B.Tiburzi, Nucl. Phys. A764 (2006)
Beane, Orginos, Savage Nucl. Phys. B768 (2007)

Mg—"Mqy arXiv:0904.2404
OM, @ " = 2.44(17) MeV  Bjum, lzubuchi, ecal Phys. Rev. D82 (2010)
PoS Lattice2010 (2010)
de Divitiis etal JHEP 1204 (2012)

Horsley etal Phys. Rev. D86 (2012)

de Divitiis etal Phys. Rev. D87 (720|3)
Borsanyi etal arXiv:1306.228
Borsanyi etal arXiv:1406.4088

lattice average

But in (most) lattice calculations m, = mq = m; ?
(except latest)



Isospin Violation and Lattice QCD

strong isospin breaking correction

OM, " = a(mg — my,)

ideal problem for lattice QCD B.Tiburzi, Nucl. Phys. A764 (2006)
Beane, Orginos, Savage Nucl. Phys. B768 (2007)

Mg—"y arXiv:0904.2404
5Mn—p — 244(17) MeV Blum, Izubuchi, etal Phys. Rev. D82 (2010)

PoS Lattice2010 (2010)
de Divitiis etal JHEP 1204 (2012)

lattice average Horsley etal Phys. Rev. D86 (2012)

de Divitiis etal Phys. Rev. D87 (720|3)
Borsanyi etal arXiv:1306.228
Borsanyi etal arXiv:1406.4088

S valence sea

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

computer but introduces error
which must be corrected

valence




Isospin Violation and Lattice QCD

strong isospin breaking correction

OM, " = a(mg — my,)

ideal problem for lattice QCD B.Tiburzi, Nucl. Phys. A764 (2006)
Beane, Orginos, Savage Nucl. Phys. B768 (2007)

Mg—"Mqy arXiv:0904.2404
OM, @ " = 2.44(17) MeV  Bjum, lzubuchi, ecal Phys. Rev. D82 (2010)
PoS Lattice2010 (2010)
de Divitiis etal JHEP 1204 (2012)

Horsley etal Phys. Rev. D86 (2012)

de Divitiis etal Phys. Rev. D87 (720|3)
Borsanyi etal arXiv:1306.228
Borsanyi etal arXiv:1406.4088

lattice average

can we improve this method?
of course!

“Symmetric breaking of isospin symmetry” arXiv:0904.2404



Isospin Violation and Lattice QCD arXiv:0904.2404

“Symmetric breaking of isospin symmetry”

l z
mfjfg — ml, mZCL ence — ml _ 5’ m?CJZCL ence — ml _I_ 5

Zu,d — /DUN Det(D -+ my — 57'3) G_S[UM]

52 —S|\U
— /DU,u Det(D—l—ml) det (1 (D—|—ml)2> e m



Isospin Violation and Lattice QCD arXiv:0904.2404

“Symmetric breaking of isospin symmetry”

[ l
m;sjjzg = my, mza ence __ m; — 5’ mga ence __ my + 5

Zu,d — /DUH Det(D -+ my — 57'3) e_S[UM]

— /DUM Det(D + m;) det (1

Isospin symmetric quantities: error 0(52)
Isospin violating quantities:  error (9(53)

de Divitiis etal JHEP 1204 (2012)
see also
de Divitiis etal Phys. Rev. D87 (2013)



arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

Partially Quenched Pion Lagrangian

2Bf?

£412) zgstr ((%E@“ET) + str (ng + ETmQ)

+ L PV str(9, 20" 5] + L Ystr(9,30, 5 Nstr(0# 207 1) + LY Ystr(9, 204510, £07 )
+ LY Dstr(9, 20 £N)str(2Bmf, S + £12Bmq) + LY Ystr(9, 20" ST (2Bm], T + B2Bmg))
+ L Vfstr(2Bm}, 2 + £72Bmg))? + LYV [str(2Bm{, T — £12Bmg))?

+ Ly Vstr(2Bm{, $2Bm|, ¥ + £12Bmq X 2Bmg)

2 2
L3 %tr (8, 20"%T) + s

tr (ng + ZTmQ>
Iz +14

ll 12 y
+ 5 [ (@uE0 SN + 4r(9, 50, B1)tr (9320 %T) + tr(2Bm] % + 312Bmg))?
+ —tr(9, 20" ST (2BmL ¥ + B12Bmq)) + Iz tr(2Bm, ¥ — ©72Bmg)]?
Q)T 16 Q Q
=479 parFY Iy = 479
» ls + 1y = 16L7?) 4 8L Iy = 8L 4 4L (P

Iy = 1619 4819



arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

Partially Quenched Hairpin Interactions

Partially Quenched (mixed-action) theories exhibit unitarity violating
sicknesses - eg. double pole structure of flavor neutral mesons. Generally

. L2 9 .2 2
G, () = 5~ L P, s ) = —5 T’
MM p? — m%u +ie 2 (p?2 —m2)? Nund 2 (p?2 — m2)?

mg;; — S€a PIOIl IMasSS

It 15 usetul to re-write Lagrangian in terms ot the fields

70) = % () —Ina)) 1) = % (1) + 1))

hep-lat/06 1 1003

0 iA%
— _ Q AQ — 2 222B sea . val
e p? —m3 +ie I (p? — m2 + ie)? PQ = Mg = Mix (g™ = mqg")
For symmetric 1sospin breaking:
i IA7 -
Gro = Or = be AQPQ =0 = B(mg —my) = 2B)

p* —m3 + ie T (p?2 —m2 +ie)3



arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

Partially Quenched Hairpin Interactions
In general, the pion mass at NLO 1s

2 2 28 A2 2 A2
m2 = 2Bmy {1 PNl S (m—;> + 415 (1) A — 0 [1 + In (m—;)] + PQZPQ(,LL)}

(4mfr)?  \ 1 fz Unfr)? z fx
QCD Partially Quenched

For symmetric 1sospin breaking:

2 2B, 2 2B, AL, Suppressed
m2 . = 2Bmy {1 t nf)? In (?) + 415 () IE } T St Partially Quenched

i effects

m2 - m2 i 4] (235)2 . 1 . f f 44 99 h d

70 = Mo+ T p1on mass sphitting iree ol “error " at this order, as

expected: splitting exactly as in QCD at NLO



arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

Partially Quenched Nucleon Lagrangian

o o (PO Q) P2
L = (Bv-Db BB B B BB) tr
(Bo-DB) + gy (BBMe) + Cry (BMB) + gy (BB) (M)
_ e _(PQ)
- (T DT) = AT,T) + Pl (T, M, T,) - 2 (T,7,) (M)

2079 (BSPEBA,) + 2079 (BSVAB) + M) (TSP AT) +\[3¢ (T A,B) + (BAT)]

L= Nv- ]
N PN G )

— — M
+(T,w-DT,)+A(T,T,)+ ) (T, MLT,) +

+2gaNS AN —2ganT,S AT, + gan [T

NN tI‘(./\/l_|_)

NM,N +

O M

(47 f)
AH’Z Eji’Nk -+ hc} .

(T, T,) tr(M.)

ki1

2PQ PO
= 3§\4> 35”

2 1 1 4
1 91 = 70(P LD g = 2a(PQ) 4 15"
M 6 M SM ’ gan =H , gan = —C,

YM = %(\4@ Gar =5y 7,



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 QD jpval — psea _ 57,

“Ruler Plot™ <b1am€ Brian Tiburzi> (Lattice 2008, Chiral Dynamics 2012 )

lom—mmm _

- ) ®
st My = ag + aymy ; |
1.4f p— —+ |
; 9389 MeV sy~ 1758 MeV
_ 13 ~ 800 +m,
8 1.2 @%@@,
- * physical
= 1.1} b @z@f‘“ .
2 4 % 2 P LHPC 2008
i 03 _
| " yQCD 2012
1.0y ) - 1
| x ? RBC: Preliminary DSDR | |
3 X {  RBC:a™' =1.75(3) GeV
0.8:- mﬂ' N/ 174 Mev RBC: ot =2.31(4) GeV
00 01 02 03 04 05 06 07 08

Trying to fit nucleon mass results to baryon chiral perturbation theory, with ga
as a free parameter, leads to ga~0. Serious challenges to convergence of SU(2)
baryon chiral perturbation theory



arXiv:0904.2404

Isospin Violation and Lattice QD jpval — psea _ 57,

NNLO operators (SU(2)) hep-lat/0501018

1 (. - _ _ _
b N MAN + b2 NN tr(M2) + bg' N My N tr(M) + by NN [tr(M))?

BV = e

/\\

+ tiw Tﬁji(M+M+)z‘ilTu,i’jk T téw Tﬁji<M+)ii/ (M+)jj,Tu,i’j’k + téw TuTutr(Mi)
+ ity (TuMyT,) tr(My) +t5° T,T, [tr(/\/l+)]2}

In QCD In symmetric 1sospin breaking PQQCD
4 2845 2 4

My ( ) 5mN _ bé% e

2(4m fr)3 2(4m fr)3

T'his 1s an error of this partially quenched calculation, which must be removed

from the LQQCD calculation, to compare with experiment.
But NOTE! In M,-M,, this error exactly cancels (as we expect)




arXiv:0904.2404

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

2B0 m? T (Mg, A, 1) 5
Mn — M. = U bM bM Ty = A 2 e B
P At {O‘N T g 20 ) e a (9%” aN)
m2  [20 m;
(47 f )2 [ 9 7M%%NA Bl 404N(9124 + g72rNA) - OKN(69124 +1)In (F)]

anA3 3
* 2 (2 Tploat ‘“)2) }



LOQCD Calculation

lattice QCUD calculation performed using the
Spectrum Collaboration anisotropic clover-

Wilson gauge ensembles (developed @ JILAB)

ensemble

atMg QTN K

at5 [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

0.0800 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 Calculation

2 2 2
; m 2m4- —m
Scale Setting: |, = % g, = 2K m
2 2
o my . .
C h h | the scale 1s determined at the
ompute these masses, then extrapolate physical point
1 1 * %
mao(la, sq) = mg + cl( )ZQ + cg ) s & - - - a;mey = a;mao(ly, sg)
* atmg
a, = -
PRy
Q
T'his 1s a “quark mass independent” scale setting scheme
phy
AT R ALTNQ phy mQ 1
mh[MeV] — ~ M~ = QTN = — Q¢Mp——
a¢Tng ¢ AT o y

But recall the lattices generated were generated with fixed strange quark mass
this makes 1t challenging to extrapolate 1n SQ

Also, input strange quark mass was about 10% too light

a;ms¢® = —0.0743 a;m?* = {—0.0743, —0.0728, —0.0713}

S

lightest heawviest



LOQCD Calculation

~ I
E 0.19F
> |
(AN [ :
0.18F I
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I |
a [
0.17F _ 1
C\] |
~— I
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015 65~ 0.01
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| |
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[ |
' 4
|
|
§0.28 : b
| i
| |
027 |
[ | ]
| HH HH agm = —0.0743 |
[ | ]
026F HH HH agm = —0.0728 |7
: HH R ayms = —0.0713 ||
ey
0'28.00 . 0.02 0.04 0.05 006  0.07
2 2
m:/mg,

mz/mg

0.32 —

0.31

0.30

0.27}

0.26

B am, =
HEH HH agm = —0.0728

HEH HH aym = —0.0713 :

—0.0743 |]

0-%155 0160 0.165 _ 0.170
_ 2 2 2
sa = (2my —m3)/mg

0.175

0.180  0.185  0.190

0.195



LOQCD Calculation

Scale Setting

Extrapolation and scale setting

ma(la, sq) = mo + cl(l)lQ +cWgq +---

but we also have the partially quenched results
using SU(3) symmetry to motivate the formula:

2

. 1 1) va
ma(la,sq ", ngjzal) = Mo + Cl(l) (lQ + —s§€“> -+ cgl)sQ Ly,

TABLE II: Correlated extrapolation

PQ asmo atcl(l) atcgl) y? dof @ atmghys a:|fm] a; 1[MeV]
no |0.146(13)(20) 0.49(6)(7) 0.73(7)(11)]6.70 6 0.35]0.2741(18)(22) 0.0322(2)(3) 6101(40)(49)

yes

0.108(14)(23) 0.48(6)(7) 0.73(7)(11)

6.94 6 0.33

0.2750(62)(78) 0.0324(7)(9) 6082(137)(173)

partial quenching has no discernible eflect on scale or ¢

(1)



LOQCD Galculation

Scale Setting

m,|MeV]

100

500 |

400

200

................................ 0 —-—
. [
mmmmm %
z = 650 |- i
4 ;
2 T
;-600 ;
D)
= g550 .
EE :< %
S
' #
B00E _ A
h & myeq = 1ImOp0860_smOp0743 b Mmsea = 1mOp0860_smO0p0743
: h b Mg =1ImOp0840_sm0Op0743 450 f § Mg =1mOp0840_smO0p0743
; f & mMseq = 1mOp0830_smOp0743 b ¢ Msea =1mOp0830.-smOp0743
00087 —0086  —0085 —0081 —0083 —00s2 005 o0t 00 ooz oot
atm}’al atmzsjal
ensemble My MK atd [Nefg X Nepe
L T amy 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| 240 508 [118 x 26 — — — not renormalized
32 256 -0.0860 -0.0743| 240 5H08 |842 x 11 — - —




LOQCD Calculation  Mn — My

Nucleon Mass Sphttmg

.24 — — — :

oasb e o AN A A o - 3

Ratio Gt () / Gp(t)

0.0010

0.0008 b oo e OO S ST B A

I 0]
— | — I @ . B =

= 0.0006 |- T PPy e G _
SlE | z ; z % Py |
= | f Doy REREE
~ I : 2 ; M + m .
S 00004 | gD g b % ----- g Do é ------ ¥ é ------ % ------ 1? ------ $ ...... % ?% ...... % S R . | E

@ =
© =] : : : :

i =] : : : . . )
0.0002 |----- Qoo B R REEEEEEEEEEEEEEEERRRREES R AR L L PRI ITRPTREE S (RRIEERITPITPPIEPPIEPREPRLS _
I - : : : f . |

= :

0.0000 L i
0 5 10 15 20 25 30




LOQCD Calculation  Mn — My

Nucleon Mass Splitting

Ct) _snrye Ao+ 05 + (A + )" (B8 ..
Cp(t) Ao + (5 + (A1 + 5119)6—(A+5Ap)t

= e "MNT L1 4 (85 — 08) + [67 — 67 — A1 (SA™ — SAP)t] e~}

In ratio, excited state mass gap is the nucleon excited state, A >> M, — M

Ratio Gt () / Gp(t)

0.0010 e,
' f & /dm_N/Im0p0840sm0p0743/deltaOp0002/data ||
0.0008 |+ "
—— I : : f : |
= 0.0006 F e e e B ... G b
|+ ! : : : 1 ® l
Sle | | | 1 L]
@) I : : i : % 1 i %] T ]
~— | : : : m 1 i 1
) 0.0004 [ D D g % ------ % ----- B Do é ------ B é ------ é -------------- $ ------ % $ TS T TP P
| v T z z z z
0.0002 @ T s S TP ST e
i = : :
= ?
0.0000 —— - m T 0 » 30
t



LOQCD Calculation  Mn — My

Nucleon Mass Splitting Ratio Cu(t) / Cplt)
Cult) sarmg Ao+ 00 4 (Ay + 67)e=(A+3AME | .
Cyp(t) Ag + 65 + (Ay + 07)e—(A+oAP)t
= e MV (65 — 68) + [07 — 67 — A1 (BA™ — §AP)t e~ 2"}

In ratio, excited state mass gap 1s the nucleon excited state, A >> M,, — M,

0.0010 —— sy!/stemat!m 0.0010
¢ ¢ /dm_N/ImOp0840smOp0743/deltaOp0002/data ||
0.0008 |- e e e S N I I I S ~Jo.0008
s N N . ) ] | . . ]
ﬁ 0.0006 |-+ vmememeeee e T ITII S RTTEITITIERERPRENE RN PP RPN R A {1 ke e ] 0.0006
- . E E - ) i ] E E 3
= : el - i - | " | m——
g 0.0004 - ovvvooo @@SP* ----------- ¢ S S RSN IS e S N B e S {1 P ST B 0.0004
I ) I ) : 1 | : :
|2 : : : I : ) : 1 ] : : : ]
0.0002 - vomveei T NI e s b 4 b e ] 0.0002

10 S s O — 0100
0 5 10 15 20 25 30000 0.03 006 0.09




LQCD Calculation

m IMeV]

mg—
M,*,

0

14t

SKS

¢ m. =244 MeV |
8 b § my 426 MeV |
$ ¢ m. 498 MeV |1

0.0002  0.0004 0.0006 0.0008 0.0010 0.0012  0.0014
&t5

slope depends shightly on

plon mass

b ¢ my~244 MeV |
b & my~426 MeV |]
¢ ¢ m, =498 MeV |

no evidence for
deviations from linear

0 dependence



LQCD Calculation

™ [MeV]

mg—
My

0

14t

i) _ 241
; . } |
S 99
. ©)
~—
S
<,
N
=

SHE)
M

—

oo

¢ & m,~ 244 MeV |
b & my =426 MeV |}
¢ ¢ my~498 MeV |]

¢ m. =244 MeV |
8 b & my~426 MeV |
 § my~ 498 MeV |

0.0002  0.0004 0.0006 0.0008 0.0010 0.0012  0.0014

) . . -/ (2V2r f
" trial fit functions ! 0

polynomial in m2 NNLO yPT

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

m IMeV]

mg—
My

0

14 |

) ] 241
() B } %
S 99
Lo
~—
S
.
s T
s

SHE)
M

—

oo

b ¢ my~244 MeV ||

¢ @mﬂ:244|\/|ev_: _
b & my =426 MeV |}

% 33 m, ~ 426 MeV |1

3§ m.~498MeV | o b § ms =198 MeV
T 00002 00004 0.0006 00008 00010 00012 00014 0.1 0.2 0.3 0.4 0.5
a0 . . mﬂ/@\/ﬁﬂf())
trial fit functions
polynomial in m2 NNLO yPT
2 9 5
5M,,T’_d_m“ =0 o+ My } Mg —My _ m m;
- { Bl | M 5{4 L (69A+1)1H<H2>]
2m?2
(fr = 130 MeV) + B(M) (47Tf7r)2 }

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

* ga = 1.50(.29)



LOQCD CGalculation

) PRELIMINARY

2.4:- o
| —
22} O
[ (-
201 s
18| : s |
; | b my =422 MeV =
16} | ¢  m, 489 MeV

00 o1 0z 03 04 0s

mﬂ/AX
NNLO xPT

2 2
oz =ofal - s 0in (5 )

2
(ga = 1.27, f =130 MeV)  + B(u) ; 4%:;”)2}

x*/dof =1.66/5 = 0.33

0.5

&
—_

0.4}
03}

02}

0.0

ratio of NNLO to LO

correction

C.Aubin,W.Detmold,
Emanuele Mereghetti,
K.Orginos, S.Syritsyn,

B.Tiburzi,
AWL



LOQCD CGalculation

2.4:- """" i """"" /\ """" g 2.46_
| | = | %
22} : VI, %
_ ! -
< | ' = %
EZ 2.0_— 3 2.0
< ] : S
18 | ~ L Ts| ]
' | ¢ my~241 MeV S s d ¢ mx =244 MeV |
: b my ~ 422 MeV E j ¢ ¢ my~426 MeV |
16| | § ma 489 MeV 1 o LOp [ T “wr==498MeV |
00 o1l 02 03 01 05 o0 oL 02 o3 04 05
ma/Ay M/ (2v27 fo)
NNLO xPT
2 2
S 5{4 (G + D (m_;” €X(.3hld€ heavy mass
o . point
m
(94 = 1.27, fr = 130 MeV)  + B(n) 7"
(A fx) 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



LOQCD CGalculation

,,,,,,,,,,,,,,,,,,,,,,,,, _ 1 —
2.4l : " _ == |
i | E
: X 05
221 I -
| . .
o I I =
= 2.0} s 00
N o
/s | =R
I S C[§ m. =241 MeV] SR —05) W o
4 | b ma 422 MeV Sg | OMy l/ 5MNZ
LG | ¢ my =~ 489 MeV oS | My OMY
0-0‘ — .Oll .... 0I2‘ — ‘013. — ‘OI4. — .05 0'0. - .01 .....
mx/Ay
it —olali o e (6g% + 1)1 M oM, —5{
=0 all — n|— n—p —
Y (4mfr)2 7 s ’
2m?
00
My
adding '(8r2f2)> counterterm higher order polynomial
does not improve fit: ¥ consistent orves good fit but poorer

with zero convergence



LOQCD Calculation Mz- — M=o

It this story 1s true, we should be able to predict the behavior of
the E 1sospin splitting. 'I'he E 1s also an 1so-doublet, so the chiral
Lagrangian will be identical in form, with only the LECs being
ditferent.

2 2

OM G = 5{041\7 [1 — JW(@% +1)In (%) ] oMz = (5{@5 [1 - (4:}72;)2 (692 + 1) In (%) ]
+ Bn (1) (41”;:2:)2 } +b=ln) (43:;3)2 }

Contribution from log should be ~10 times smaller, or, rather
insignificant



LOCD Calculation Mz- — M=o

2

m2

(47 fr)?

2.4l

22l

5mN/5

2m?
e Clmad
ga = 1.27
f % | =
I i [1]
| \ i E
| S
: b my =241 MeV | _
| ¢ mgy =~ 422 MeV i
: ¢  my >~ 489 MeV -
o 02 03 o1 s
mz /Ay

any = 1.66 == 0.06 = 0.09

m2 m2
MIra—Mu — =1 — s 2 1)1 —
)| oz = es| - et + v (3
2m
+ B=(1)
g= ~ 0.24
6 _
45} : ;i> -
10} : ﬁ
sof (3 m, ~ 241 MeV ]
| L3 me ~ 422 MeV ;
= i | § ma =489 MeV ]
7| N—— L ]
0.0 0.1 0.2 0.3 0.4 0.5
M /Ay
az = 4.50 £0.24 +0.42



LOCD Calculation Mz- — M=o

mqg—m m721' 2 m72'(‘ 5Mmd—mu -3 1 m72T (6 2 T 1) In (m_721'> ]
oMy = 5{041\7 [1 RRZTTAE (6g4 + 1) In <?) ] = =o0sa=|l— (1], )2 g= 2
2m? 2m?
ga = 1.27 = ~0.24
,,,,,,,,,,,,,,,,,,,,,,,,, 60—
24 : | 55L !
| | % i I |
22F I - i :
Lo | : | w 45 ! ;i> i)
= 2.0 : % g 10} : ﬁ
5 : | = 5 |
o : ¢ my~ 241 MeV | _ 3.0 _ : ¢ mg 241 MeV
: $  mg 422 MeV _ : | ¢ my~422 MeV
16} P me =489 MeV 1 2.5 | 3 m.~ 489 MeV
o0 o1 02 03 o4 05 T s
mx/Ay max/ Ny
any = 1.66 = 0.06 = 0.09 a= = 4.50+0.24 £ 0.42

Expectations from SU(3):
ay = —(br +bp) az = ~(br = bp)



LOGCD Calculation Mz- — M=o arXiv:1 112.2658

Now for something really crazy: combine SU(3) and large-N¢
eXpansions

R3 o< mg — my Ry < (mg —my)/Ng

200
100/ | 150F -
N 100!

200!
_ 50
> >
) 0 O
= 2
[ve) * <t
= _a00| )

—— Rs[LO] _100l —— R4[LO]
—400} - Rs|NLO] |] - Ry[NLO]
phy —150} phy
600} * B ] *x 1
020 40 60 80 100 120 140 160 205010 60 80 100 120 140 160
mit [MeV] Mot [MeV]
20 20a? — bal 3F,) —2Fp — F; 1
Ry(mi,ma) = = by (my — my) — 2% 2= d _
s(mu,ms) = 59 bu (ms =) 117 (47 f)2 bp = sz
_ad [, 3Fp —2Fg —Fp  3F; % -2F 0 - F° | |
117 (47 f)? (47 f)? ’ br = =b1 + =bs
2 §
5
R4(ml7ms) - = 1_8 b2 (ms — ml)

a? + 4ayay + a’ 3FY —2F) — f;? B 2a? 3FS — 2FR — an
36 (47 f)? 9 (4 f)?




LOGCD Calculation Mz- — M=o arXiv:1 112.2658

Now for something really crazy: combine SU(3) and large-N¢
eXpansions

R3 o< mg — my Ry < (mg —my)/Ng

200
4000 e | 150F -
100}
2001
— — 00
> >
() 0 [0}
= = 0
[ael * <
= _o00] T 5o
Rs[LO] _100l R4LO] | ]
—400¢ -~ R3NLO] |] -~ Ry|NLO]
—150¢
Rphy Rphy
_ 600l | | | | | *‘ 3‘ ] - | | | | | *‘ 4‘
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

mlatt [MeV] mlatt [MeV]

Fit yields
b1 [NLO] = —6.6(5), bo[NLO] = 4.3(4), a1 [NLO] = 1.4(1).

sl D = 0.70(5), F =0.47(3), C = —14(1), H=-21(2)



LOCD Calculation Mz- — M=o

2 2 2 2
Mg—"y __ . My 2 % mg—"my _ . My 2 %
g = ofax|1- e v om () | ome 5{0‘: [1 (nfoz 0oz T DI ( 2 )]
2m? 2m?
ga = 1.27 g= ~ 0.24
,,,,,,,,,,,,,,,,,,,,,,,,, _ 6.0 ——————————————
| | 1 ss) |
| : } i |l |
22F I - i I ]
- | l v st | % -
g 20;- i % g 4.0;- i ﬁ
S | S | ]
[ | I Sor | ]
1'8:_ : ¢ my~ 241 MeV | _ 3.0 _ : ¢ mg 241 MeV _
; P me~422MeV i ; P ma >~ 422 MeV ;
L6 | d  my =~ 489 MeV 7 2 | ¢ my =489 MeV
O.-O - 011 ‘‘‘‘‘ 012 - 013 - 014 - 0-.5 2'%:0 - 011 B 0!2 - 013 - 014 - 0-_5
mﬂ/AX mﬁ/AX
any = 1.66 = 0.06 = 0.09 a= = 4.50+0.24 £ 0.42
= —— ~ 271
N 1.66
: agreement within
Expectations from SU(3): a=z _ br —bp SreTen 0
— ~ 2.43 uncertainties and 10%b!
bp ~ 1.07 br ~ —2.58 N br + bp



Computational Strategy

® QCD Theta term

2(9 N por B
Lopv = —225CuG" 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 in 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 - OMpy —L=L
ymmetries * go = NG, N m? &
_ A MN A m% ~3
932—2%1\7< : T >~—
OrN T Co

Again, all that 1s needed are simple spectroscopic quantities

0 M = nucleon mass splitting induced by O =0 ¢ 73¢9,
o.n = nucleon sigma-term induced by O = —mgqq,
04My = nucleon mass splitting induced by O = —(¢3/2) go""'13G .4,
A,My = nucleon sigma-term induced by O = —(¢y/2) 6" 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




Choice of Action

® (Qur choice of action for these calculations 1s

Domain-Wall Valence fermions on dynamical HISQ ensembles

There are several reasons for this choice

it 15 not my fond familanty with Maixed-Action calculations :)



Choice of Action

® (Qur choice of action for these calculations 1s

Domain-Wall Valence fermions on dynamical HISQ ensembles

® control of chiral symmetry is important - renormalization
® calculations at/near physical pion mass

® multiple volumes to perform volume study

® multiple lattice spacings for continuum limit

® publicly available configurations



Choice of Action

® 'The only choice of dynamical configurations which satisty these
criteria are the dynamical HISQ) ensembles from MILCG with
2+1+1 dynamical flavors

a  my/msg 1% myL — mgy
[fm] MeV]
0.15 1/5 16°x48 3.78 306
0.15 1/10 24°x48 399 217
0.15 1/27 32°x48 330 135
0.12 1/5 24°x64 454 309
0.12 1/10 24°x64 322 221
0.12 1/10 323 x64 429 221
0.12 1/10 40°x64 536 221
0.12 1/27 483 x64 3.88 135
0.09 1/5 323x96 450 314
0.09 1/10 48°x96 4.71 221
0.09 1/27 64°x96 3.66 130




Choice of Action

® To control the chiral symmetry and greatly simplify the
operator renormalization, Domain-Wall valence fermions are
very suitable choice



Choice of Action

® To control the chiral symmetry and greatly simplify the
operator renormalization, Domain-Wall valence fermions are
very suitable choice

® (onsider the contribution from the “clover operator”

1
OO — §qO-,uVG'LWq

® one may first think clover-Wilson fermions are perfect, as a
simple re-tuning of the clover-coetficient 1s all that 1s needed

® changing the clover-coefhicient will change the nucleon mass
with an additive mix of both the physical shift of interest and
a discretization correction to the quark mass

® disentangling the physical shift to the nucleon mass from this
operator would 1nvolve a complicated tuning problem
involving non-perturbative renormalization for each choice of
clover-coettficient to subtract unphysical discretization ettects



Choice of Action

® To control the chiral symmetry and greatly simplify the
operator renormalization, Domain-Wall valence fermions are
very suitable choice

® 'There are other simplifications which occur with DWF
involving both the chiral symmetry properties and
renormalization



Outlook

® By exploiting symmetries, we can study the modification of the
nucleon spectrum in the presence of CP conserving operators

which will then determine the values of the CGP-violating 7-N

couplings which arise from the quark chromo-EDM operators
® The long-range CPV pion-nucleon couplings could allow for a

C

C

1rect connection w1th fundamental coethicients 1n dimension-6
uark operators and real nuclear physics, “*’Ra

® We hope to have initial results this year

Chris Bouchard, Chris Monahan, Emanuele Mereghetti,
Kostas Orginos, AWL,, ...



Outlook

® By exploiting symmetries, we can study the modification of the
nucleon spectrum in the presence of CP conserving operators

which will then determine the values of the CGP-violating 7-N

couplings which arise

® 'The long-range CPV

from the quark chromo-EDM operators

pilon-nucleon couplings could allow for a

direct connection w1th fundamental coethicients in dimension-6
quark operators and real nuclear physics, **°Ra

® We hope to have initial results this year

Chris Bouchard, Chris Monahan, Emanuele Mereghetti,
Kostas Orginos, AWL,, ...

[ hank You!



