es of the nucleon

Rajan Gupta
Theoretical Division, T-2
Los Alamos National Laboratory, USA
(with S. Park, T. Bhattacharya, S. Mondal, B. Yoon)

Scale in m: 9 @ Scalein 10 ®m: Elem?ntary P

10°n M g > 100,000,000 ~ Particles | / §
14 . u cl  tity .

10 " m v 10,000 up | cham | top

Q;
nucleus f59%
.

. d s |b|lé
down | strange] bottom ||§ @luon
Ve |

1,000

- Resinng ng‘ulinno i Z boso

\ e 747 .'\\ //

<10%m quareo (\“electron <1 electron m'.:tn s \ @ //
? 2 I -

Three Families of Matter

Force Carriers

Leptons Quarks

LA-UR: 23-27930 Lattice 2024, Liverpool, UK




The neutron is a clean but challenging system

Decays weakly = a stable bound state of QCD

Properties:

Charges ga,9p,9s, 971, 9v
Spin content

* Quark contribution

* Gluon contribution

nEDM

Form factors

* Electric, Magnetic

 Axial

Distribution functions, moments
e PDF

« GPD

Radiative corrections to decay

G o
@

udu Ve e

udd



PNDME Collaboration:

NME Collaboration:

Eleven 2+1+1-flavor HISQ ensembles = clover-on-HISQ formulation

Thirteen 2+1-flavor clover ensembles = clover-on-clover formulation
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4-year odyssey

« Sungwoo Park et al., arXiv:2401.00721 (@]lattice 2023
* Sungwoo Park et al., arXiv:2301.07890 (@lattice 2022
* Sungwoo Park et al., arXi1v:2203.09584 (@]lattice 2021




Outline

« Analysis of 8 HISQ Lattice Ensembles
* Clover-on-HISQ calculations

* Removing excited-state contributions
e Renormalization

* CCFV fits

e Results



Clover-on-HISQ calculations

Ensemble ID | a [fm] T s Nery”
[MeV]

al5m310 ~0.15 1917 1917 1917
al2m310 ~0.12 310 4.55 1013 1013 1013
al2m220 ~0.12 228 4.38 744 958 870
a09m310 ~0.09 313 4.51 2263 1017 1024
a09m?220 ~0.09 226 4.79 964 712 847
a09m130 ~0.09 138 3.90 1290 1270 994
a06m310 ~0.06 320 4.52 500 808 976
a06m220 ~0.06 235 4.41 649 1001 1002

HYP smeared Ny = 2 + 1 + 1 MILC HISQ lattices

8 ensembles including one with physical Mﬁhy s

Correlation functions with Clover fermions with a tree-level tadpole improved cqy,
Truncated solver method with bias correction and multigrid for high statistics
Wuppertal smearing with (r) = 0.7 — 0.75 fermi



Lattice Methodology well established for

“connected” and “disconnected” 3-point correlation functions

A
v

Connected Disconnected

disconnected contributions (got via stochastic methods) are
noisier for the same computational cost and smaller 1n value

u+d u+d,conn ldisc
Isoscalar gdast = dasr + 2gA,S,T

—d u—d,conn : : T
Isovector g AST = 9AsST In the 1sospin symmetric limit



Spectral decomposition of I'* and I'

Three-point function for matrix elements of axial current A,

(QIN(2) AL (DN (0)|Q)

Insert T = e HAL Y |n;)(n;| at each At with T |n;) = e H#A%|n;) = e EA¢|n;)

(QN(7) -+ e HAL ZInj)(nd A, e HAL ZInO(niI - N(0)]|Q)

] [

D (QIN|ny) e EE0 (|4, Ing) e B¢ (NI )
i T : : ' . ' |
Aj Matrix Elements A;




Calculating Nucleon Charges

% = ZA’{Ai e EiT 3= z A7Ai(N;|O|N;)eEit B (T70)
i ij

3  (QINA,N|Q)

== amng Ve @)INE) - g4

0, = Yysysy

- = — da

2 t . T—> 00

T

Nm: Amplitudes A; for local N fall as 1/V for each particle




Excited states 1n correlation functions

Challenge: To get the matrix elements within ground state of hadrons
(nucleons), the contributions of all excited states must be removed.

Typical interpolating operators create
(annihilate) all states with the same
quantum numbers aa the Nucleon

All intermediate states with

nucleon quantum numbers are

su d only by A%e~(Mi=Mn)t
ppressed only by Afe

uy,ysd

N 1

B

«  Which excited states make significant
contributions to a given matrix element?

* What are their energies in a finite box?

Towers of multihadron states
N(p)r(—p)
N(0)r(p)m(—p)
N(p)2n(—p)

+ radial excitations

Nm: Amplitudes A; for local N fall as 1/V for each particle




But excited-state matrix elements are enhanced

» Axial Form Factors must satisfy PCAC relation between them E A
— Need to include N (p)m(—p) states to satisfy PCAC . 4 (T)

- (Q|N(1) AL()N(0)|Q) has very large ESC P 7 T
— Used (Q|N A,N|Q) to include N7 state. Data-driven method qi

t
pON_kO ,'k'q i 2 pON,'kO ,-k
e y PT predicts large contributions from N7 state in g ¢ oK I 5 0
— nEDM from O-term
— The pion-nucleon Sigma term Opn — Mygd gg-l-d /‘i‘\:
N S N




PCAC & 2 ways of extracting isovector g4~

N1t included 1n fits

2
Spectrum from [ (via A, or priors)

g4 (Forward ME)

1.6

1.6

T
a=1.414(34)

T
g * ga=1.47
X2/31=1.26,p=0.15 14,3} X2/31=132,p=0.11 {4hm,3*}
aAM; = 0.18(5) @071m170 aAM; =0.12(1) a071m170

15¢ 4 1.5 [

1.4 F , 1.4 1

1.3+ 1.3

1'2‘1':00— 19 e 17w 15w 13 s« lz-r:oo— 190 174 15& 13

-10 -5 0 5 10 10 -5 0 5 10

t—1/2 t—1/2

ga = G4(Q* = 0)

G, Gp, Gp do not satisfy G, Gp, Gp satisfy PCAC
PCAC



Operator mixing calculation in RI-sMOM

Calculated the 3x3 flavor (u, d, s) mixing matrices for
2+1-flavor theory in RI-sMOM: grf = ). £ er I gl r |bare

Landau gauge fixed quark Projected amputated
propagators using momentum Green’s function
source with p o« (1,1,1,1) Tr[(.. )IP] = APA

(Zlfl)ff’ Tr[(j/@\& x&/T" — 56% )P(p', p)]

Using Vector Ward Identity
e[S (p)p -yl  YWDovZy =1

with g, from separate
. 7VWI :
Z; method: Z, (P) = APA(P)/ 9v nucleon matrix element

calculation

Z1 method: Z,,(p) = -

13



1.02
[ ® Method Z;: RI-sMOM

1.00¢t

- ¥ Method Z,: VWI with gy ;25
[ ( ) %
[ ]

0.98

0.96 |
N o.94f—
0.92}
0.90}F
0.88}
0.86;

0.84

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Zy from methods Z,, Z;

—@ @+ X
——

------------------------

X
spread from a

dependence

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

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

L & a=0.15fm

a=0.12fm

0.863_ & a=0.09fm

. & a=0.06fm

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

a [fm]

* Zylz, and ZV|Z (= 1/9v) have
d1fferent MY and a dependence

* gyXZy|z, deviates from VWI
(=1) at large quark mass, but VWI
restored 1n the continuum limit

* To study the systematic effect in
two different methods, {Z1, Z,}
we chiral-continuum extrapolate
grlz, and gr|z,, separately, and
compare the results.



Intrinsic quark’s spin contribution to proton spin

Aq
59 = z S, = 2 Sl=0s Z g4 93 = (N®)|ZaALO)|N ()
q q
[X. Ji, PRL 78 (1997) 610]

LANL (PNDME) result (PRD 98 (2018) 094512):
0.5 z g? = (0.777(39) — 0.438(35) — 0.053(8))/2 = 0.143(31)(36)
q

Compass result 0.13 < ), S, = 0.5, gZ < 0.18



FD axial charges

24141

N

Ne,=2+1

u d s
EA EA EA
= This worl K T L This work + = This work
o 3 . 3 L.
A i PNDME 20 % K PNDME 20 > PNDME 20
h—T1—
i PNDME 18A M= PNDME 18A PNDME 18A
- n Tt .
. Mainz 19A ; U Mainz 19A cﬂ‘ Mainz 19A
I
e > ———
- XQCD 18 Z il £QCD 18 z QCD 18
0.7 0.8 0.9 -0.5 -0.4 -0.3 -0.07  -0.05 —-0.03

LANL (PNDME) result (PRD 98 (2018) 094512):
o.sz g? = (0.777(39) — 0.438(35) — 0.053(8))/2 = 0.143(31)(36)
q

New result

0.5 Z g4 =(0.784(22) — [0.41 — 0.46] — [0.054 — 0.069])/2
q

Compass result 0.13 < ), S, = 0.5, gi<0.18



g't*5¢. Contribution of the quark EDM to neutron EDM

24+1+1

N¢

Ni,=2+1

g7 gr g7
i This work - - This work n el This work
i PNDME 20 :'\'E e PNDME 20 % T PNDME 20
i PNDME 188 i PNDME 188 ] o PNDME 188
-0.25 -0.20 -0.15 0.7 0.8 0.9 —001 000 001
LANL (PNDME) results: : .
Constrains using
- g7 =0.784(28)(10) nEDM on the
>
_ g% — _0204(1 1)(10) N parameter Space (ij),v
of split SUSY <
- gr =-0.0027(16) model
g% _ 0.781(27)(04) 500 1000 M2 (GeV) 5000 104
g’% — _0194(10)(20) PRD 98 (2018) 091501

g5 =-0.0016(12)



Scalar charges gi®**

Effective operator: Xgq — YNN

g%~ %: novel scalar interaction measured in neutron decay

g?’d's’cz tflavor independent interactions (dark matter)

g¥t? . rate of change of nucleon mass with u,d quark mass



g’ : Excited-state effects are large and results very sensitive to Nt / N states

Fits without Nm/Nnm (M, = 1.6 GeV)  with N/ Nnr (M, = 1.2 GeV)

15 , ; ; . 4 . . .
16l = 107137 1. disc — o
Knr, = 0.26%8(2137()) ,pr030010) 35 | KM, = 0.1241(46) , pr:0.12(2)
x°/42 =1.18, p = 0.2 x°/42 =1.19, p=0.18
1f E 3F
25 F
05 2 b
15 b
l,disc ot L
g S 05
-0.5 0F
05 F
T T
-1 | | | -1
-10 -5 0 5 10 -10
13 . ; . 20 — T
gutd _ 11 70(3? gut? =17.0(1.8)
— - ViT ="0U.1 AL ) PEUiLZal Z
12 BEHEE 0O : 18 £ Y42 =196, p=0odz
11 F q 16 [
10
u+d _ _u+d,conn +2 ldisc
9s =Yg s

, D o o ~ ©o ©
T T T T T

10

PRL 127 (2021) 242002 Gy = Mgt ~ 40 MeV Oy = Mgt ~ 60 MeV




Ne=24+1+1

Ne=2+1

aN scatt.

2

[ ¥4

T

This work

Gupta 21ahb
BMW 20A
ETM 14A

HIlH
-
—l—
HH
—H——

Mainz 23efe
RQCD 22xux
yQCD 15A
BMW 15
BMW 11A

H@H
@
H@H
—@—
—0O—
—@—

Hoferichter 23
Ruiz de Elvira 17
Hoferichter 15
Chen 12

Chen 12

Alarcon 11

20 30 40 50 60 70

N

MeV

N

A
~

Ne=2+1+1

Ne=2+1

Sigma terms

This work

BMW 20A
MILC 12C

Ai §'+

é;iéiin

Mainz 23efe
RQCD 22xux
xQCD 15A
BMW 15
MILC 12C
Junnarkar 13
BMW 11A
MILC 09D

0 40 80 120 160

MeV




The pion-nucleon sigma term:

Resolving tension between Lattice QCD and Phenomenology

Orn = mudg§‘+d = mud(N‘ﬂu + cfd‘N)

FLAG Reports 2019, 2021: OxN

2+1+1

» Lattice results ~40 MeV

=

This Work
BMW 20
ETM 19
ETM 14A

2+1 N

* Phenomenology favors ~60 MeV

JLQCD 18
2QCD 15A
BMW 15

Post FLAG 2021 results
BMW (arXiv:2007.03319) o,y =37.4(5.1) MeV (FH)

N scatt.  N;

Ruiz de Elvira 17
Hoferichter 15
Alarcon 11
Pavan 02
Gasser 91

RQCD (JHEP 05 (2023) 035) o,y =43.9(4.7) MeV (FH) 10 20 30 40 50 60 70
Mainz (PRL 131 (2023) 261902) o,y = 43.7(3.6) MeV (FH)
ETM (PRD 102, 054517) o,y =41.6(3.8) MeV (Direct)

LANL Results: PRL 127 (2021) 242002; e-Print: 2105.12095

MeV

« Without including N(k)m(—k) and N(0)7(k)m(—k) states: = 41.9 (4.9) MeV
+ Including N(k)m(—k) and N(0)m(k)m(—k) states: =59.6 (7.4) MeV



https://arxiv.org/abs/2105.12095

Future

* Brute force: increase statistics to get to larger 7
* Two M, = 135 HISQ ensembles

* Variational basis of states including N7 to get
results from smaller 7

14— 1.40 — .
ga=1.292(23)
- a09m130W 1 alM; = 0.248(50)
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